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Editorial on the Research Topic
HIV-1 genetic diversity, volume I

The HIV pandemic continues to be a major global health problem. In 2021, 38.4
million people were living with HIV worldwide. Despite the increasing availability of
antiretroviral therapy (ART) worldwide, around 650,000 deaths and 1.5 million new HIV
infections occurred in 2021 (UNAIDS, 2022).

A key characteristic of the HIV pandemic is its extraordinary global genetic diversity.
After zoonotic transmission of simian immunodeficiency virus from chimpanzees to
humans in the beginning of the twentieth century, HIV-1 group M diversified in central
Africa in the first half of the century, leading to distinct subtypes, designated by the
letters A, B, C, D, E G, H, J, K, and L (Robertson et al., 2000; Worobey et al., 2008).
The second half of the twentieth century was characterized by the global spread of HIV-
1 and ongoing diversification (Tebit and Arts, 2011; Hemelaar, 2012; Faria et al., 2014).
Genetic divergence between HIV-1 subtypes is around 17-35% at the amino acid level,
depending on the subtypes and genome regions considered (Korber et al., 2001).

HIV-1 genetic variability arises due to the error-prone reverse transcriptase
enzyme, which leads to high rates of mutation and recombination. A prerequisite
for recombination is that an individual is co-infected with two or more different
strains of HIV (Vuilleumier and Bonhoeffer, 2015). Recombinants between subtypes
are designated as either circulating recombinant forms (CRFs) or unique recombinant
forms (URFs) (Robertson et al., 2000). CRFs are defined as recombinant HIV-1 genomes
that are identified in three or more epidemiologically unrelated individuals. URFs refer
to unique recombinant sequences without evidence of onward transmission. CRFs
are consecutively named, in accordance with an internationally defined nomenclature
(Robertson et al.,, 2000). To date, more than 120 distinct CRFs have been described,
a number that continues to increase at pace (Hemelaar et al., 2019, 2020b). CRFs can
undergo further recombination with other pure subtypes or recombinants, resulting
in secondary recombinants, leading to an increasingly complex array of recombinants
(Hemelaar, 2012). The proportion of recombinants has been increasing over time, both
globally and in most regions, and recombinants now constitute close to a quarter of all
HIV-1 infections (Hemelaar et al., 2020a).
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Global
demonstrated that HIV-1 genetic diversity is extremely

molecular  epidemiological ~ studies  have
complex and evolving (Hemelaar et al., 2019, 2020b). The global
spread and evolution of HIV-1 has caused differential global
distributions of HIV-1 subtypes, CRFs, and URFs, leading to
large regional variation in numbers, types, and proportions of
HIV-1 genetic variants. The global HIV-1 epidemic is therefore
diversifying and recombinants play particularly important
roles in Africa, Asia, and South America (Hemelaar et al,
2020a,b). The diverse distribution patterns of HIV variants are
determined by complex factors, including social transmission
networks, urbanization, transportation networks, migration,
founder effects, and population growth. It may also be that
different HIV variants could have an evolutionary advantage
in terms of transmission and pathogenesis (Arien et al., 2007;
Tebit and Arts, 2011; Faria et al., 2014). Increasing global HIV-1
genetic diversity clearly forms a major obstacle to development
of a globally effective HIV-1 vaccine (Gaschen et al., 2002). It
also impacts the design of diagnostic, resistance, and viral load
assays. Finally, the variability and rapid evolution of HIV-1
provide the means to examine the evolutionary relationships
and origins of strains (phylogenetics), the growth dynamics
of transmission networks (phylodynamics), and to track the
geographical spread of HIV-1 (phylogeography) (Hemelaar,
2012, 2013).

This Research Topic brings together studies that further
expand our knowledge of the origins and spread of HIV-1
genetic variants, and examines the impact of HIV-1 diversity
on prevention and treatment efforts, including HIV-1 vaccine
development and drug resistance.

Recombination

In this issue, Bacqué et al. conducted a HIV-1 molecular
epidemiological study among patients recruited in Spain. A
novel CRF derived from subtypes B and FI, designated
CRF66_BE, was characterized using whole genome sequencing
and detailed phylogenetic and recombination analyses. Bayesian
coalescent analyses, which estimated the divergence time of
the most recent common ancestors of the sampled genomes,
showed that the probable origin of CRF66_BF was in Paraguay
around 1984.

Inter-continental transmission of HIV-1 among countries
with close socioeconomic relationship is efficient in driving the
dissemination of novel recombinants. For example, CRF47_BF
of South American origin has expanded considerably in Spain
since it was first reported in 2010, with a predominant
transmission via heterosexual contact. Hill et al. in this issue
revealed that CRF47_BF originated in Brazil, before it spread
into Spain and expanded rapidly until the mid-2010s, with
evidence of spillover into the men who have sex with men
(MSM) population. This and other studies established the
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repeated introduction and expansion of CRFs in Spain, which
highlights the need to establish molecular epidemiological
surveillance systems that could provide timely information on
cross-border introduction and dynamics of HIV-1 strains.

However, precision in CRF characterization can be
compromised by the extreme genome plasticity of HIV-1,
in addition to the lack of complete genome sequences and
a standardized parameter in recombination analyses. Here,
Canada-Garcia et al. identified a novel HIV-1 BFI recombinant
(CRF122_BF1) in Europe and South America that was
previously unidentified (or, rather, misclassified as CRF72_BF1).
Apart from different recombination signals detected in the
polymerase and envelope genes, CRF122_BF1 was otherwise
highly similar to CRF72_BF1 that was described in Brazil. The
study highlighted the continuous emergence of new CRFs as a
result of co-circulation of multiple viral lineages.

The expanding complexity of HIV-1 recombinants in Africa
and Asia are also illustrated in this issue. Among acutely
and recently infected patients in Kigali, Rwanda, Umviligihozo
et al. reported an increasing frequency of URFs from 23% in
a preceding cohort in 2005-2011 to 57% in 2016-2019 that
comprised of inter-subtype A1/C and A1l/C/D recombinants.
Similarly, He et al. reported significant prevalence of URFs
among the newly diagnosed MSM population in Shenyang city
of Liaoning province, northeast China, between 2016 and 2020,
which involved the CRF01_AE/CRF07_BC and CRF01_AE/B
recombinants. Taken together, these studies highlight the
power of molecular epidemiological surveillance in tracking the
evolutionary dynamics of HIV-1 worldwide.

Molecular epidemiology and
phylodynamics

While the study of defined HIV-1 subtypes and
recombinants is clearly important, the emergence and expansion
of diverse lineages within subtypes and CRFs have also become
the focus of attention. Such lineages represent viruses sharing a
common ancestry propagating within a transmission network,
some of which are associated with peculiar biological features
(Cid-Silva et al., 2018; Song et al., 2019; Ge et al., 2021; Wymant
et al, 2022). The study of the emergence, spatiotemporal
propagation, and growth dynamics of HIV-1 variants, based
on the analysis of viral sequence evolution, is the subject of
phylodynamics. Tracking the expansion of HIV-1 lineages
through phylodynamic and phylogenetic methods can inform
the design of public health interventions aimed at epidemic
control (Brenner et al., 2013; Paraskevis et al., 2016; German
etal., 2017; Oster et al., 2018; Vasylyeva et al., 2020).

In this Research Topic several papers fall within the field
of HIV-1 molecular epidemiology. Three of them are focused
on the use of phylodynamics to track HIV-1 epidemic spread
of intra-subtype lineages. Arantes et al. and Arimide et al.
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focus on estimation of growth rates of lineages circulating
in the Amazonas state of Brazil and Ethiopia, respectively.
Arantes et al. found continuous expansion until most recent
times and comparable epidemic growth rates of Amazonian
subtype B non-pandemic [derived from the original subtype
B radiation from Haiti (Gilbert et al, 2007)] and pandemic
(derived from the subtype B expansion from the USA that
disseminated worldwide) lineages. Arimide et al. found sharp
declines in transmission parameters in all Ethiopian subtype
C lineages coinciding with public health awareness campaigns
and behavioral interventions in the mid-1990s, a decade before
ART roll-out. On the other hand, Nduva et al. focused on
phylogeographic analyses to estimate geographic dissemination
of HIV-1 lineages among MSM in Kenya, finding significant
dissemination from the Coast to Nairobi and Nyanza provinces
and from Nairobi to Nyanza. The public health implications of
these results are emphasized by the authors.

The Eastern European and Central Asian region has the
fastest growing HIV-1 epidemic in the world, but is insufficiently
studied. Sivay et al. examined HIV-1 genetic diversity in
Kyrgyzstan, a country in this region for which there were
few prior data, analyzing 555 samples. In contrast to most
countries in the region, where A6 sub-subtype predominates, in
Kyrgyzstan, a Central Asian CRF02_AG variant is predominant,
although A6 is also common. No phylogenetic structure was
seen in A6, but four geographically-associated lineages were
found in CRF02_AG.

The importance of dense sampling for cluster detection
and the usefulness of phylogeny for estimating the place
of HIV-1 acquisition in migrants is highlighted by
Gil et al. who analyzed two densely-sampled Spanish
regions, finding an association of clusters with MSM
and native Spaniards, but 35% of Latin American
immigrants belonged to Spanish clusters (and, therefore,
probably acquired HIV-1 in Spain), compared to 1.2% of
Sub-Saharan Africans.

While most HIV-1 molecular epidemiology studies focus
on the coding regions of HIV, the study by Bhange et al.
highlights intra-subtype genetic variation present in the long
terminal repeat (LTR) promoter region. In their study of
764 ART-naive individuals in India they find nine different
promoter variant strains of subtype C, which contain additional
copies of existing transcription factor binding sites, created
by duplication, which may impact viral gene expression
and latency.

Methodological
detection  are

HIV-1  cluster

epidemiological

improvements  for
needed in molecular
studies, and, in line with this, Guang et al
describe a new method based on next generation
sequencing incorporating within-host diversity
that can detect clusters not detected by consensus

sequence approaches.
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Antiretroviral drug resistance

The relationship of antiretroviral (ARV) drug resistance to
phylogeny and phylodynamics derives from the fact that HIV-1
drug resistant strains may persist for many years, propagating
in phylogenetically-identifiable transmission networks, and
from the frequent use of polymerase sequences obtained for
drug resistance testing for molecular epidemiology studies.
Surveillance of ARV drug resistance transmission is important
to monitor the expansion of drug resistant strains, which may
affect the choice of first-line ART regimens.

Two papers in this issue focus on such surveillance.
Pingarilho et al. analyzed transmitted drug resistance (TDR) and
transmission clusters in newly-diagnosed patients in Portugal,
finding higher proportions of TDR and clustered TDR among
heterosexuals than among MSM, attributing this difference to
higher pre-exposure prophylaxis usage and HIV testing among
MSM. Miranda et al.,, using the EuResist database, examined
trends of TDR and acquired drug resistance (ADR) in Europe
in 1981-2019, comparing late presenters (LP) and non-late
presenters (NLP), finding a decreasing trend in both TDR and
ADR, and similar TDR frequencies and mutation profiles in LP
and NLP.

Monitoring sequence changes in proteins targeted by ARV
drugs can inform drug usage in a geographic area and serve as
guide to optimize therapeutic choices. Along this line, Bimela
et al., using sequences from the Los Alamos HIV Sequence
Database, analyzed changes in frequencies of drug resistance
mutations (DRM) and naturally occurring polymorphisms in
Cameroon, where HIV-1 is highly diverse, before and after
implementation of combination ART, finding much more
frequent changes in reverse transcriptase than in protease and
integrase, mirroring the usage of drugs targeting these enzymes
in Cameroon.

The Los Alamos database was also used by Troyano-Herndez
et al. to perform extensive analyses of capsid and polymerase
sequences of all circulating HIV-1 genetic forms (groups,
subtypes, and CRFs) for variant-specific markers and DRM,
finding that mutations in the capsid associated with resistance
to lenacapavir (the most promising drug targeting this protein)
and major DRM in polymerase in drug-naive individuals were
infrequent in all genetic forms. Valadés-Alcaraz et al. derived
HIV transmembrane glycoproteins consensus sequences for
subtypes and CRFs and assessed their level of conservation in
the different gp41 structural domains, with no natural major
resistance mutation to fusion inhibitor T-20 observed.

Global evolution and vaccines

As highlighted by many studies in this Research Topic,
HIV-1 continues to evolve around the world. To reflect this
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change, Linchangco et al. updated the global whole genome
consensus sequences for HIV-1 subtypes and CRFs from 2002
to 2021, based on sequences deposited in the Los Alamos
database. Finally, global HIV-1 diversity forms a major obstacle
to the development of a globally effective HIV-1 vaccine. Given
the genetic divergence between HIV-1 subtypes, it may be
necessary to employ subtype-specific vaccines in individual
countries according to their HIV-1 subtype distribution. A
study by Elangovan et al. estimated the global and regional
need for subtype-specific therapeutic and prophylactic HIV-
1 vaccines, indicating that to achieve global coverage, HIV-1
vaccines should be mainly directed against subtypes A, B, and C.

Conclusions

The papers in this Research Topic highlight the incessantly
increasing genetic diversification of HIV-1, through the
generation of recombinant forms and the emergence and
expansion of new lineages. These studies also exemplify
the important roles of analyzing the growth dynamics and
tracking the geographic spread of HIV-1 variants, through
phylogenetic, phylodynamic, and phylogeographic methods, for
epidemiological and public health purposes. Another area of
interest in this issue relates to the importance of surveying the
constantly evolving picture of HIV-1 genetic diversity to inform
vaccine immunogen design and to ensure the effectiveness of
ARV drugs.

To date, many molecular epidemiology studies have
been unsystematic and uncoordinated. There is a need for a
coordinated global molecular epidemiological surveillance
system that could provide up-to-date, accurate, and
geographically representative information on the evolution
and spread of HIV variants to aid prevention and treatment
efforts. At present, most subtyping is done as an adjunct to
resistance testing, performed by pol sequencing. This means
that samples are often unrepresentative of populations and
recombinants may be missed, as no information is available
outside pol. Representative sampling from key populations
and/or the general population will be essential and will
depend on the state of the HIV epidemic in each country
(Aldrich and Hemelaar, 2012). Moreover, whole genome
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Global HIV-1 genetic diversity forms a major obstacle to the development of an HIV
vaccine. It may be necessary to employ subtype-specific HIV-1 vaccines in individual
countries according to their HIV-1 subtype distribution. We estimated the global and
regional need for subtype-specific HIV-1 vaccines. We took into account the proportions
of different HIV-1 variants circulating in each country, the genetic composition of HIV-
1 recombinants, and the different genome segments (gag, pol, env) that may be
incorporated into vaccines. We modeled different scenarios according to whether
countries would employ subtype-specific HIV-1 vaccines against (1) the most common
subtype; (2) subtypes contributing more than 5% of HIV infections; or (3) all circulating
subtypes. For therapeutic vaccines targeting the most common HIV-1 subtype in each
country, 16.5 million doses of subtype C vaccine were estimated globally, followed by
subtypes A (14.3 million) and B (4.2 million). A vaccine based on env required 2.6 million
subtype E doses, and a vaccine based on pol required 4.8 million subtype G doses.
For prophylactic vaccines targeting the most common HIV-1 subtype in each country,
1.9 billion doses of subtype A vaccine were estimated globally, followed by subtype
C (1.1 billion) and subtype B (1.0 billion). A vaccine based on env required 1.2 billion
subtype E doses, and a vaccine based on pol required 0.3 billion subtype G doses.
If subtype-specific HIV-1 vaccines are also directed against less common subtypes in
each country, vaccines targeting subtypes D, F, H, and K are also needed and would
require up to five times more vaccine doses in total. We conclude that to provide global
coverage, subtype-specific HIV-1 vaccines need to be directed against subtypes A, B,
and C. Vaccines targeting env also need to include subtype E and those targeting po/
need to include subtype G.
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INTRODUCTION

Thirty-eight million people globally were living with HIV in
2019 (UNAIDS, 2020). Despite the increased availability of
antiretroviral therapy, there were 690,000 deaths and 1.7 million
new infections in 2019 (UNAIDS, 2020). A globally effective
preventative HIV vaccine is likely necessary to end the HIV
pandemic (Fauci, 2017). Furthermore, a therapeutic vaccine
that augments the immune system of HIV-infected individuals
may reduce the need for antiretroviral therapy (Dorrell, 2005).
However, a key stumbling block to the development of an HIV
vaccine is the extensive global genetic diversity of HIV (Barouch,
2008; Hemelaar, 2012, 2013).

HIV has its origins in the zoonotic transmission of Simian
Immunodeficiency Virus (SIV) from chimpanzees to humans a
century ago (Gao et al., 1999). Subsequent to this, HIV-1 Group
M diversified in Central Africa into multiple distinct subtypes: A,
B,C, D, E G, H, J, K, and L (Robertson et al., 2000; Worobey
et al., 2008; Yamaguchi et al., 2020). The global spread of HIV
throughout the second half of the twentieth century led to the
differential global distribution of HIV-1 subtypes (Tebit and Arts,
2011; Hemelaar, 2012; Faria et al., 2014).

Genetic divergence between HIV-1 subtypes is substantial,
with Env displaying a median difference of 25% (range 20-
36%) at the amino acid level between strains from different
subtypes, whereas the difference is 17% (15-22%) for Gag
(Korber et al., 2001). Recombination between different HIV
strains has led to further diversification of the HIV pandemic
(Hemelaar, 2013). Recombinant forms are classified as circulating
recombinant forms (CRFs) if they are found in three or more
epidemiologically distinct individuals or unique recombinant
forms (URFs) if there is no evidence of onward transmission
(Robertson et al., 2000). To date, 106 distinct CRFs have been
identified (Zhou et al., 2020), and collectively, these CRFs
have been estimated to account for 16.7% of HIV-1 infections
worldwide (Hemelaar et al., 2019).

The immune response to HIV is multifaceted, with antibodies
mainly directed against the envelope component of the virus,
whereas cytotoxic T lymphocyte responses are preferentially
directed against Gag and/or Pol (Goulder et al., 2000). The large
genetic divergence between HIV-1 subtypes makes it difficult
to elicit immune responses that are sufficiently cross-reactive
between HIV-1 subtypes (Korber et al., 2001). Given the variation
between HIV-1 subtypes, it has been a common approach in HIV
vaccine design to match the HIV-1 subtype(s) of the immunogen
in the candidate vaccine to the HIV-1 subtype(s) circulating in
the target population. To date, a number of different vaccine
concepts, each using immunogen HIV-1 subtype(s) matched to
circulating HIV-1 subtype(s), have been tested in large-scale
efficacy trials.

Firstly, recombinant HIV-1 envelope proteins were used
as immunogens aimed at generating broadly neutralizing
antibodies. A bivalent subtype B/B recombinant glycoprotein
gpl20 vaccine was trialed in North America and The
Netherlands, where subtype B dominates, and a bivalent
subtype B/E recombinant gp120 vaccine was tested in Thailand,
where subtype B and CRF01_AE cocirculate. Neither of these

vaccines proved efficacious (HIV Vaccine Study Group et al,
2005; Pitisuttithum et al., 2006).

Next, viral vectors were used with the aim of eliciting cytotoxic
T lymphocyte responses. The first such vaccine consisted of
adenovirus type-5 (Ad5) vectors expressing subtype B Gag, Pol,
and Nef proteins. This vaccine was tested in North America, the
Caribbean, South America, and Australia, where subtype B is the
predominant HIV-1 subtype, and in South Africa, where subtype
C dominates. In both trials, the vaccine did not prevent HIV-1
infection or lower the viral-load setpoint (Buchbinder et al., 2008;
Gray et al., 2011).

A subsequent approach aimed to elicit both antibody and
T-cell responses. This strategy consisted of priming with DNA
plasmids expressing subtype B Gag, Pol, and Nef and subtypes
A, B, and C Env proteins, followed by a boost consisting of Ad5
vectors expressing a subtype B Gag-Pol fusion protein and Env
glycoproteins of subtypes A, B, and C. When tested in MSM
populations in the United States (mainly subtype B), the vaccine
did not reduce the rate of HIV-1 acquisition or the viral-load set
point (Hammer et al., 2013).

A further attempt aimed at eliciting both humoral and
cell-mediated immunity used a combination of a canarypox
vector expressing subtype B Env gp41TM, Gag and Pol and
CRF01_AE Env gp120 followed by a boost with bivalent subtype
B/E recombinant gp120 proteins, chosen to match the B and
CRFO1_AE strains circulating in Thailand. The RV144 trial
showed modest efficacy of this vaccine (Rerks-Ngarm et al,
2009). This vaccine concept was then adapted for use in
South Africa by replacing the B/CRFO1_AE immunogens with
subtype C immunogens to match HIV-1 subtype C endemic
in South Africa (Bekker et al., 2018). However, the trial
of this vaccine was recently halted due to lack of efficacy
(Adepoju, 2020).

Given the genetic divergence between HIV-1 subtypes
and their differential global spread, it may be necessary
to employ subtype-specific HIV-1 vaccines in individual
countries according to their HIV-1 subtype distribution. To aid
prioritization of HIV-1 subtypes for vaccine development, we
aimed to estimate the global and regional need for therapeutic
and prophylactic vaccines specific for different HIV-1 subtypes,
taking account of the proportions of different HIV-1 variants
circulating in each country, the genetic composition of HIV-1
recombinants, and the different genome segments of HIV that
may be incorporated into a vaccine.

MATERIALS AND METHODS
HIV-1 Molecular Epidemiology Data

Country-level HIV-1 molecular epidemiology data was collected
by conducting a global survey and a comprehensive systematic
review, as described previously (Hemelaar et al., 2019; Hemelaar
et al., 2020). In total, 2,203 datasets with 383,519 samples were
obtained from 116 countries across 1990-2015, with the data
analyzed for four time periods: 2010-2015, 2005-2009, 2000-
2004, and 1990-1999. In the current study, we used data from
the latest time period (2010-2015) for analysis for most countries.
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For the small number of countries for which no data for 2010-
2015 was available, data from the next most recent time period
(2005-2009, 2000-2004, or 1990-1999) was used. These latter
countries, as well as the time period for which data was used, are
listed in Supplementary Material, p. 7.

Reassignment of CRFs to “Pure” HIV-1

Subtypes

Given the large number of different CRFs (106 distinct CRFs
identified to date (Los Alamos National Laboratory; Zhou
et al., 2020), it would be impractical to make a vaccine specific
for each CRF. Hence, we determined which “pure” HIV-1
subtypes contributed most to each CREF, both to each genome
segment (gag, pol, env) as well as the full-length genome
(which also includes accessory genes (vif, vpu, vpr, nef), the
regulatory genes (rev, tat), and the 5 and 3’ long terminal
repeat regions). Information on the genetic composition of
individual CRFs was obtained from the Los Alamos National
Laboratory (LANL) website (Los Alamos National Laboratory).
CRFs were reassigned to “pure” HIV-1 subtypes according
to the HIV-1 subtype making the largest contribution to the
full-length genome as well as each genome segment. In situations
where unclassified sequences made the largest contribution,
the next largest contributing HIV-1 subtype was taken. If the
subtype composition of certain genome regions was unclear
from the LANL website, the original paper describing the CRF
was examined. The full list of CRFs and their reassignment
to the “pure” HIV-1 subtypes, for full length as well as each
genome segment, can be found in Supplementary Material,
pp. 4-6. Unfortunately, reassignment could not be performed
for CRF30_0206, CRF75_01B, CRF77_cpx, CRF79_0107,
CRF80_0107, CRF81_cpx, and CRF84_A1D due to lack of data
on their subtype composition.

HIV-1 Subtype Proportions in Countries
After Reassignment of CRFs to “Pure”
HIV-1 Subtypes

Upon completion of the reassignment of CRFs to “pure” HIV-
1 subtypes, the proportions of infections accounted for by each
CRF in each country, as previously estimated (Hemelaar et al,,
2020), were added to those of the relevant “pure” HIV-1 subtypes,
thereby generating new proportions of infections that could be
ascribed to each “pure” HIV-1 subtype for the full-length genome
and each genome segment. Country-level “pure” HIV-1 subtype
distributions were combined with UNAIDS data on the number
of people living with HIV in each country in 2016 (UNAIDS,
2017) to generate estimates of regional and global “pure” HIV-1
subtype proportions (Supplementary Material, p. 2).

Estimation of Numbers of Doses for
Subtype-Specific Therapeutic and
Prophylactic HIV-1 Vaccines

Upon estimation of the proportions of “pure” HIV-1 subtypes
in each country, estimates for the numbers of doses needed
for either therapeutic or prophylactic subtype-specific HIV-1
vaccines were calculated. Calculations were performed for three

different scenarios, each using a different cut-off for HIV-1
subtypes eligible for inclusion in vaccines for each country: (1)
Vaccinating against only the most common subtype circulating in
each country (“most common subtype” scenario), (2) Vaccinating
against subtypes with a prevalence of >5% in people living
with HIV in each country (“>5% prevalence” scenario), and (3)
Vaccinating against all circulating subtypes in each country (“all
circulating subtypes” scenario). A fourth scenario was assessed
for therapeutic vaccines, in which each HIV-infected individual
would be vaccinated with a vaccine based on the HIV-1 subtype
they were infected with. All calculations for each scenario were
conducted for the full-length genome and each genome region
(gag, pol, env).

For therapeutic vaccines, the target population was all people
living with HIV in 2016, as estimated by UNAIDS (UNAIDS,
2017). For prophylactic vaccines, the target population was 10-
49-year-old men and women, chosen to include most of the
sexually active population as well as other high-risk groups, using
estimates of population numbers in 2015 reported by the United
Nations (United Nations, 2017). For both the therapeutic and
prophylactic HIV-1 vaccine analyses, the entire target population
in each country was to be vaccinated against every subtype that
made the cut-off in each scenario, i.e., the most common subtype,
all subtypes which contributed >5% of HIV infections, or all
circulating subtypes. The estimated number of subtype-specific
HIV-1 vaccine doses per country were subsequently aggregated
at both the regional and global levels.

The term “dose” in this study was used to describe a “course
of vaccination” with a subtype-specific HIV-1 vaccine. It may,
however, be that a course of vaccination may consist of multiple
doses of the same vaccine or a combination of different types of
vaccines in a “prime-boost” configuration. All calculations were
performed in Microsoft Excel.

RESULTS

Global and Regional Distribution of HIV-1
Subtypes

Given the difficulty in generating a vaccine for each individual
HIV-1 recombinant, we first reassigned each CRF to a “pure”
HIV-1 subtype (A-K) according to the HIV-1 subtype that
contributed most to each CRE both for the full length genome
and the gag, pol, and env regions (Supplementary Material, pp.
4-6). Following reassignment of CRFs, we determined the global
and regional proportions of infections caused by each of the
“pure” HIV-1 subtypes, based on the most recent available HIV-
1 subtype distribution data for each country (Figures 1, 2 and
Supplementary Material, pp. 8-10).

After reassignment of CRFs based on the full-length genome,
half of the global HIV infections were attributable to subtype C
(49.1%), followed by subtype A (24.8%), B (12.0%), G (5.1%),
D (2.5%), F (0.7%), and H, ], and K (0.1% each) (Figure 1B
and Supplementary Material, pp. 8-10). Major changes in
global HIV-1 subtype distribution resulting from reassignment
of CRFs to “pure” HIV-1 subtypes were driven by the major
recombinants CRFO1_AE and CRF02_AG, as CRFO1_AE is
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FIGURE 1 | Global distribution of HIV-1 variants before and after reassignment of CRFs to “pure” HIV-1 subtypes. (A) Global proportions of HIV-1 subtypes A-K,
CRFO1_AE, CRF02_AG, other CRFs and URFs, based on most recent data available for each country. (B-E) Global proportions of HIV-1 variants after reassignment
of CRFs to “pure” HIV-1 subtypes, based on full-length sequence (B), gag (C), pol (D), and env (E). CRF, circulating recombinant form; URF, unique recombinant
form. Data underlying this figure is displayed in Supplementary Material, pp. 8-10.

composed of subtype A in gag and pol, but subtype E in env,
whereas CRF02_AG is composed of subtype A in gag and env
and subtype G in pol (Figure 1 and Supplementary Material, pp.
4-6 and 8-10).

Subtype A contributed 25.4% of global HIV infections after
CREF reassignment based on gag, 19.2% for env, and 16.9% for pol
(Figures 1C-E and Supplementary Material, pp. 9-10). Subtype
E contributed 5.3% of global infections after reassignment based
on env, but none for gag and pol, as subtype E has never been
identified for those genome segments. Subtype G constituted
12.7% of infections after reassignment based on pol, but only
5.0% for env and 4.4% for gag. The global contributions of other
subtypes remained relatively stable following CRF reassignment
(Figure 1 and Supplementary Material, pp. 8-10).

In South-East Asia, where CRF01_AE plays an important
role, the proportion of infections attributable to subtype A was
74.4% after CRF reassignment based on the full-length analysis
(Figure 2A and Supplementary Material, pp. 8-10). Subtype
A also constituted 74.4 and 74.2% of infections for gag and
pol in this region, whereas subtype E constituted 67.8% for env
(Figures 2B-D and Supplementary Material, pp. 8-10). In East
Asia, subtype A constituted 47.0% of infections for full length
and gag, and 46.7% for pol. However, subtype E constituted
46.8% of infections for env in this region. In West Africa, where
CRF02_AG plays a major role, subtype A constituted 52.6%
of infections for full length and similar percentages for gag
and env. However, subtype G constituted 78.7% for pol. In the
other regions, which had fewer CRF infections, there was less
change in HIV-1 subtype proportions following reassignment of
CRFs to “pure” HIV-1 subtypes (Figure 2 and Supplementary
Material, pp. 8-10).

Therapeutic HIV-1 Vaccines

If HIV-infected people would be vaccinated against the most
common subtype circulating in each country (“most common
subtype” scenario), based on the full-length genome, 35.1 million
vaccine doses would be required globally, of which 16.5 million
were subtype C, 14.3 million subtype A, and 4.2 million subtype
B, with much fewer doses for other subtypes (Figure 3A and
Table 1). A vaccine based on env required 2.6 million subtype E
doses, and a vaccine based on pol required 4.8 million subtype G
doses (Figure 3A and Table 1). The global need for a therapeutic
subtype C vaccine was largely driven by Southern Africa and
South Asia (Figure 4A and Supplementary Material, p. 11). The
need for a subtype A vaccine was largely driven by East and West
Africa, as well as South-East Asia and Eastern Europe and Central
Asia. Finally, the global need for a subtype B vaccine was driven
by Western and Central Europe and North America and Latin
America (Figure 4A and Supplementary Material, p. 11).

If HIV-infected people would be vaccinated against subtypes
with a prevalence of >5% in people living with HIV in each
country (“>5% prevalence” scenario), based on the full-length
genome, 58.2 million vaccine doses were estimated, of which 22.7
million would be subtype C, 15.9 million subtype A, 6.5 million
subtype B, 5.6 million subtype G, and 5.3 million subtype D
(Figure 3B and Table 1). A vaccine based on env required 2.9
million subtype E doses.

If HIV-infected people would be vaccinated against all
circulating subtypes in each country (“all circulating subtypes”
scenario), 141.3 million doses of vaccine would be required,
based on the full-length genome, of which 33.3 million would be
subtype C, 32.9 million subtype A, 20.8 million subtype B, 17.7
million subtype F, 15.7 million subtype G, 14.1 million subtype
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FIGURE 2 | Regional distribution of HIV-1 subtypes after reassignment of CRFs to “pure” HIV-1 subtypes. Regional proportions of HIV-1 subtypes after reassignment
of CRFs to “pure” HIV-1 subtypes, based on full-length sequence (A), gag (B), pol (C), and env (D). We grouped all countries into 14 regions, as previously
described (Hemelaar et al., 2019). Individual regions are shaded differently on the world map. The proportion of HIV infections attributed to each subtype in each
region is shown in pie charts superimposed onto the regions. The sizes (surface area) of the pie charts for each region are proportional to the relative number of
people living with HIV in each region. URF, unique recombinant form. Data underlying this figure is displayed in Supplementary Material, pp. 8-10.

D, 3.1 million subtype H, 2.7 million subtype J and 1.1 million
subtype K (Figure 3C and Table 1). A vaccine based on env
required 8.5 million subtype E doses.

In the final scenario in which each infected individual would
be vaccinated only against the subtype with which they are
already infected, 34.2 million vaccine doses were estimated, based
on the full-length genome, of which 17.3 million would be
subtype C, 9.3 million subtype A, 4.4 million subtype B, 1.9
million subtype G, and 1.0 million subtype D, reflecting the
global distribution of HIV-1 variants (Figures 1, 3D, Table 1, and
Supplementary Material, 8-10).

Prophylactic HIV-1 Vaccines

If all 10-49-year-old people would be vaccinated against the most
common subtype circulating in each country (“most common
subtype” scenario), based on the full-length genome, an estimated
4.1 billion doses of vaccines would be required globally, of which
1.9 billion were subtype A, 1.1 billion subtype C, and 1.0 billion
subtype B (Figure 3E and Table 1). A vaccine based on env
required 1.2 billion subtype E doses, and a vaccine based on
pol required 262 million subtype G doses. The global need for
a prophylactic subtype A vaccine was largely driven by East Asia
and South-East Asia (Figure 4B and Supplementary Material,
p- 11). This was due to their large populations as well as the
endemic nature of CRFO1_AE in these regions. The need for

a subtype C vaccine was driven largely by South Asia, and the
need for a subtype B vaccine was driven by Western and Central
Europe and North America and Latin America.

In the “>5% prevalence” scenario, 8.2 billion doses of a vaccine
based on the full-length genome were estimated, of which 2.5
billion would be subtype A, 2.5 billion subtype C, and 2.3 billion
subtype B (Figure 3F and Table 1). A vaccine based on env
required 1.6 billion subtype E doses.

Finally, in the “all circulating subtypes” scenario, for a vaccine
based on the full-length genome, 17.5 billion vaccine doses would
be required, of which 3.9 billion would be subtype A, 3.8 billion
subtype C, 3.6 billion subtype B, 2.2 billion subtype G, 1.9 billion
subtype F, 1.3 billion subtype D, and 0.4 billion for subtype H
(Figure 3G and Table 1). A vaccine based on env required 2.1
billion subtype E doses.

DISCUSSION

In this study, we estimated the global and regional need for
subtype-specific therapeutic and prophylactic HIV-1 vaccines.
When targeting the most common HIV-1 subtype in each
country, we estimated the largest number of therapeutic vaccine
doses were needed for a subtype C vaccine (16.5 million),
followed by subtype A (14.3 million) and subtype B (4.2 million).

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 690647


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Elangovan et al.

Subtype-Specific HIV-1 Vaccines

Therapeutic HIV-1 vaccines

A Most common subtype

Number of doses (millions)
8
Number of doses (millions)

70
35 0
» |
P [ |
25 ¥
2
20
15
10 20
5 10
0 0

Env Full Gag [ Env
length

|
Full

Region of genome Region of genome €8

Prophylactic HIV-1 vaccines

E Most common subtype

4500
m 0N g

4000 8000
3500 7000
3000 ‘E 6000
2500 5000
2000 4000
1500 3000
1000 2000
500 1000
[ 0

nv Full nv Full

length
Region of genome

Number of doses (milions)
Number of doses (milions)

length
Region of genome

B Subtypes >5% prevalence C All circulating subtypes D

F  Subtypes >5% prevalence G All circulating subtypes

FIGURE 3 | Global estimates of the number of doses of subtype-specific therapeutic and prophylactic HIV-1 vaccines. Estimates of the number of doses of
subtype-specific therapeutic (A-D) and prophylactic (E-G) HIV-1 vaccines. Estimates are stratified according to genome region (gag, pol, env, and full length) and
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A vaccine based on env required 2.6 million subtype E doses, and
a vaccine based on pol required 4.8 million subtype G doses. The
need for therapeutic subtype C vaccines was largely driven by the
endemicity of subtype C in Southern Africa and South Asia, the
need for subtype A vaccines by East and West Africa, and the
need for subtype B vaccines by Western and Central Europe and
North America and Latin America.

For prophylactic vaccines targeting the most common HIV-1
subtype in each country, 1.9 billion doses of subtype A vaccine
were estimated, followed by subtype C (1.1 billion) and subtype B
(1.0 billion). A vaccine based on env required 1.2 billion subtype
E doses, and a vaccine based on pol required 0.3 billion subtype
G doses. The need for prophylactic subtypes A and E vaccines
was largely driven by East Asia and South-East Asia, owing
to their large populations as well as prevalence of CRFO1_AE.
The need for a prophylactic subtype C vaccine was largely
driven by South Asia.

Employing vaccines against more than one HIV-1 subtype
in each country, as estimated in the “>5% prevalence” and
“all circulating subtypes” scenarios, dramatically increases the
number of vaccine doses and number of different subtype-specific
vaccines required for both therapeutic and prophylactic vaccines.

It is apparent that to provide global coverage against the most
common HIV-1 subtype circulating in each country, subtype-
specific therapeutic and prophylactic HIV-1 vaccines need to

be directed against subtypes A, B, and C. Vaccines targeting
the envelope protein would also need to include subtype E and
those targeting Pol need to include subtype G. If subtype-specific
vaccines are also directed against less common HIV-1 subtypes
in each country, vaccines targeting subtypes D, F, H, and K also
need to be considered and would require up to five times more
vaccine doses in total.

This study has several strengths. We utilized the largest
available global HIV-1 molecular epidemiology database and
applied the novel approach of reassigning CRFs to “pure” HIV-
1 subtypes based on their genetic composition. This enabled us to
address the complexity posed by multiple distinct recombinants
and to generate new estimates of the proportion of infections
caused by each “pure” HIV-1 subtype. In addition, because HIV-
1 vaccines could aim to elicit antibodies or T-cell responses or
both, we generated estimates for subtype-specific HIV-1 vaccines
based on env, gag, and pol as well as the full-length genome.
Moreover, we conducted separate analyses for therapeutic and
prophylactic vaccines. In addition, we examined a number of
different scenarios according to the number of HIV-1 subtypes
eligible for inclusion in a vaccine.

Our study also has some limitations. Although CRFs were
reassigned to “pure” HIV-1 subtypes based on their genetic
composition, we do not know the extent of their overlapping
immunogenic properties. Although the target population for
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TABLE 1 | Global estimates of numbers of doses (millions) of subtype-specific therapeutic and prophylactic HIV-1 vaccines.

HIV-1 Subtypes

Vaccine Type Scenario Genome Region A B (o] D E F G H J K Total
Therapeutic Most common gag 14.28 4.21 16.21 0.06 0.00 0.02 0.04 0.00 0.00 0.00 34.81
pol 9.54 4.22 16.21 0.06 0.00 0.02 4.78 0.00 0.00 0.00 34.81
env 11.65 4.23 16.21 0.06 2.60 0.00 0.06 0.00 0.00 0.00 34.81
Full length 14.25 4.22 16.50 0.06 0.00 0.02 0.06 0.00 0.00 0.00 35.10
>5% gag 15.94 6.47 22.73 5.34 0.00 1.62 5.1 0.28 0.20 0.00 57.69
pol 11.67 7.75 23.89 5.34 0.00 1.62 6.53 0.28 0.32 0.00 57.38
env 13.00 7.75 23.14 5.28 2.92 1.62 5.70 0.31 0.32 0.00 60.02
Full length 15.94 6.52 22.74 5.28 0.00 1.63 5.63 0.28 0.20 0.00 58.24
All subtypes gag 33.12 20.78 32.73 18.11 0.00 17.82 156.20 3.14 2.27 0.70 143.89
pol 32.71 20.78 32.73 18.11 0.00 17.89 18.70 3.05 8.05 1.09 153.12
env 31.20 20.89 32.11 17.96 8.54 17.81 14.22 4.02 8.10 1.09 155.94
Full length 32.86 20.78 33.31 14.08 0.00 17.69 15.66 3.14 2.68 1.07 141.27
Infected subtype gag 9.50 4.34 17.33 1.03 0.00 0.25 1.62 0.04 0.04 0.02 3417
pol 6.37 4.36 17.33 1.03 0.00 0.24 4.66 0.04 0.12 0.02 34.17
env 7.33 4.38 17.33 1.02 1.85 0.25 1.81 0.07 0.12 0.02 34.17
Full length 9.26 4.36 17.33 1.02 0.00 0.25 1.85 0.04 0.04 0.02 34.17
Prophylactic Most common gag 1,968.11 1,004.82 1,095.35 23.24 0.00 2.97 1.34 0.00 0.00 0.00 4,095.84
pol 1,702.24 1,010.52 1,095.35 23.24 0.00 2.97 261.52 0.00 0.00 0.00 4,095.84
env 718.02 1,012.00 1,095.35 23.24 1,180.43 1.50 65.31 0.00 0.00 0.00 4,095.84
Full length 1,898.45 1,010.52 1,116.87 23.24 0.00 2.97 65.31 0.00 0.00 0.00 4,117.36
>5% gag 2,561.34 2,256.68 2,486.53 203.94 0.00 253.16 356.69 21.52 8.40 0.00 8,148.27
pol 2,298.97 2,345.43 2,5667.32 203.94 0.00 253.16 748.038 21.52 19.02 0.00 8,457.38
env 1,160.36 2,345.43 2,481.26 196.47 1,557.26 253.16 489.63 27.85 19.02 0.00 8,530.44
Full length 2,522.69 2,269.40 2,491.46 180.70 0.00 258.09 47717 21.52 8.40 0.00 8,229.43
All subtypes gag 4,033.34 3,627.84 3,660.23 1,443.14 2.46 1,952.32 2,096.18 349.77 84.54 71.15 17,320.97
pol 3,907.84 3,627.84 3,660.23 1,443.14 2.46 2,007.39 2,685.46 345.61 457.35 158.67 18,296.00
env 3,643.27 3,637.83 3,604.44 1,407.96 2,112.43 1,950.97 2,190.60 1,200.43 457.57 157.98 20,363.47
Full length 3,942.57 3,627.84 3,814.19 1,274.02 2.46 1,945.75 2,243.83 362.80 151.96 129.63 17,495.05

Estimates are stratified according to genome region (gag, pol, env, and full length) and the number of subtypes against which people in each country are vaccinated, according to different scenarios, i.e., vaccinating
people against the most common subtype in each country (‘most common’”), subtypes with a prevalence of > 5% in people living with HIV in each country (“>5%"), all subtypes circulating in each country (“all subtypes”),
and the HIV-1 subtype with which HIV-positive people are infected (infected subtype).
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FIGURE 4 | Regional estimates of the number of doses of subtype-specific therapeutic and prophylactic HIV-1 vaccines. Regional estimates for therapeutic (A) and
prophylactic (B) HIV-1 vaccines based on the most common subtype, based on the full-length sequence, in each country. We grouped all countries into 14 regions,
as previously described (Hemelaar et al., 2019). Individual regions are shaded differently on the world map. The estimates for vaccines based on each HIV-1 subtype
are shown in pie charts superimposed onto the regions. The sizes of the pie charts (surface area) correspond to the relative number of vaccine doses for each region
and the total number of vaccine doses is shown below each pie chart. mil, million. Data underlying this figure is displayed in Supplementary Material, p. 11.
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a therapeutic vaccine are people living with HIV, the target
population for a prophylactic vaccine is less certain. We opted
to estimate a one-off vaccination of all people aged 10-49 years
old, to include most sexually active people and other risk
groups (Marzetta et al., 2010). We made no distinction between
routine and catch-up vaccinations (Marzetta et al., 2010). This
comprehensive approach may have led to higher estimates of
numbers of doses needed, but did allow us to gauge the relative
importance of HIV-1 subtypes for regional and global vaccine
development to enable prioritization of relevant HIV-1 subtypes.
Vaccine efficacy may differ between subtype-specific vaccines and
was not factored in Dimitrov et al. (2015). Moreover, a putative
vaccine with high efficacy would likely be administered to larger
populations whereas a vaccine with low/moderate efficacy would
more likely be limited to high risk groups (Esparza et al., 2003).
Duration of protection offered by a putative vaccine was not
modeled and consequently revaccination was also not factored
in. Furthermore, we aimed to estimate the need for subtype-
specific vaccines and did not estimate the actual uptake or use,
which depends on factors such as adoption time, accessibility and
acceptability, which will vary by country (Marzetta et al., 2010).
Lastly, cost and cost-effectiveness were not taken into account.

There are also limitations to the concept of subtype-
specific HIV-1 vaccines. One issue is the need to generate
multiple different vaccines for the different HIV-1 subtypes.
This could be partially overcome by formulation of multivalent
vaccines (“cocktails”) incorporating multiple subtype-specific
preparations (Korber et al., 2017). Another limitation is that a
subtype-specific HIV-1 vaccine would need to be matched to
locally circulating strains, which requires availability of up-to-
date HIV-1 diversity data and the relevant subtype-specific HIV-1
vaccines. Furthermore, protection would be limited to a certain
geographical region and thereby limit travel to other regions,
while at the same time leave vaccinated people vulnerable to
infection by newly imported strains of HIV, as HIV-1 subtype
distribution is very dynamic (Hemelaar et al., 2019).

A crucial outstanding limitation of subtype-specific HIV-1
vaccines is the issue of intrasubtype genetic diversity (Korber
et al.,, 2001; Gaschen et al,, 2002). The HIV-1 vaccine recently
tested, and proven ineffective, in South Africa consisted of a
recombinant canarypox vaccine, which contained a subtype C
env gpl20 isolate sequence (96ZM651 from Zambia), and a
bivalent subtype C gpl20 consisting of two distinct subtype
C recombinant monomeric Env gp120 proteins (derived from
isolates TV1.C from South Africa and 1086.C from Malawi)
(Zambonelli et al., 2016; Bekker et al., 2018). Utilization
of subtype C isolate sequences in the vaccine, matching
subtype C dominating in South Africa, was hoped to lead to
protective immunogenicity. However, intrasubtype diversity is
considerable, with median percentage amino acid differences
within HIV-1 subtypes estimated at 17% (range 4-30%) for Env
and 8% (2-15%) for Gag (Korber et al.,, 2001), thereby limiting
the potential for eliciting cross-reactive protective immune
responses. One way to reduce the genetic distance between
vaccine immunogens and circulating strains is the inclusion of
artificial centralized sequences, such as consensus, ancestral or
center-of tree sequences (Gaschen et al, 2002; Nickle et al.,
2003). For example, subtype C isolate sequences are around

5-15% different to other subtype C isolate sequences, whereas,
a subtype C consensus amino acid sequence is only around 3-
8% different from individual subtype C isolates (Gaschen et al.,
2002). Of note, a group M consensus sequence (i.e., a consensus
of all subtype consensus sequences) would be around 5-15%
different to individual circulating HIV-1 isolates and therefore
not better than a subtype-matched isolate sequence (Gaschen
et al., 2002). Indeed, the use of isolate sequences in all candidate
HIV vaccines tested in phase 3 trials to date may have limited
cross-reactivity and hence limited efficacy (HIV Vaccine Study
Group et al.,, 2005; Pitisuttithum et al., 2006; Buchbinder et al.,
2008; Rerks-Ngarm et al., 2009; Gray et al., 2011; Hammer et al,,
2013; Bekker et al., 2018). Thus, the use of subtype consensus (or
ancestral or center-of-tree) sequences may be a more successful
approach in the future.

Ideally, a globally effective HIV vaccine will need to confer
protection against all diverse HIV-1 subtypes and recombinants.
There are multiple HIV vaccine efforts on-going, utilizing a
number of different approaches to address HIV-1 diversity. One
approach is to use mosaic vaccines, which have been shown to
elicit increased breadth and depth of immune responses (Barouch
etal., 2010). The HVTN 705/Imbokodo trial currently underway
in southern Africa is evaluating a tetravalent vaccine composed
of adenovirus serotype 26 vector expressing mosaic gag, pol and
env inserts combined with subtype C gp140 Env protein, with
the intention of eliciting responses against a wide range of HIV
subtypes, but still matching subtype C predominant in the region.
The HVTN 706/Mosaico trial taking place in North America,
Western Europe, and Latin America evaluates a nearly identical
mosaic vaccine, which also includes a mosaic gp140 glycoprotein
(Baden etal., 2020). Other approaches in preclinical development
include focussing on conserved or structurally important regions
of HIV (Letourneau et al., 2007; Gaiha et al., 2019). For all HIV-1
vaccine approaches, it is crucial to have up-to-date knowledge of
HIV-1 genetic diversity to allow prioritization and development
of vaccine concepts that are likely to provide the greatest benefit
to specific countries, regions, and the world.
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Most studies of HIV-1 transmission have focused on subtypes B and C. In this study,
we determined the genomic sequences of the transmitted founder (TF) viruses from
acutely infected individuals enrolled between 2005 and 2011 into IAVI protocol C in
Rwanda and have compared these isolates to viruses from more recent (2016-2019)
acute/early infections in three at risk populations — MSM, high risk women (HRW),
and discordant couples (DC). For the Protocol C samples, we utilized near full-length
single genome (NFLG) amplification to generate 288 HIV-1 amplicons from 26 acutely
infected seroconverters (SC), while for the 21 recent seroconverter samples (13 from
HRW, two from DC, and six from MSM), we PCR amplified overlapping half-genomes.
Using PacBio SMRT technology combined with the MDPseq workflow, we performed
multiplex sequencing to obtain high accuracy sequences for each amplicon.
Phylogenetic analyses indicated that the majority of recent transmitted viruses from
DC and HRW clustered within those of the earlier Protocol C cohort. However, five of
six sequences from the MSM cohort branched together and were greater than 97 %
identical. Recombination analyses revealed a high frequency (6/26; 23%) of unique
inter-subtype recombination in Protocol C with 19% AC and 4% CD recombinant
viruses, which contrasted with only 6.5% of recombinants defined by sequencing of
the pol gene previously. The frequency of recombinants was significantly higher (12/21;
57%) in the more recent isolates, although, the five related viruses from the MSM
cohort had identical recombination break points. While major drug resistance mutations
were absent from Protocol C viruses, 4/21 of recent isolates exhibited transmitted
nevirapine resistance. These results demonstrate the ongoing evolution and increased
prevalence of recombinant and drug resistant transmitted viruses in Rwanda and
highlight the importance of defining NFLG sequences to fully understand the nature
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of TF viruses and in particular the prevalence of unique recombinant forms (URFs) in

transmission cohorts.

Keywords: HIV-1 transmission, genetic bottleneck, HIV subtype, inter-subtype recombination, antiretroviral drug
resistance mutations, near full-length genome sequencing

INTRODUCTION

Worldwide 37 million people are living with HIV, two-thirds
of these infected individuals are found in Sub-Saharan Africa
(UNAIDS, 2020). Even though more than half are receiving
ART, a significant fraction of treated patients are not virally
suppressed (Hamers et al., 2012; Hauser et al., 2019), and HIV
prevention remains a major problem in the fight against HIV.
A global effort to design and develop an effective HIV-1 vaccine
has been carried out over the last 30years, but one of its
major challenges is the enormous diversity of HIV-1. This can
be attributed to several factors: the high error rate of the viral
reverse transcriptase, since it lacks a proof-reading function;
host immune responses that constantly apply selection pressure
for less susceptible virus; and the propensity for the virus to
undergo recombination (Lukashov and Goudsmit, 1998; Mansky,
1998; Korber et al, 2001; Song et al., 2018). A number of
investigators have studied the interplay between HIV-1 and
host immunity, and have shown that viral adaptation, particularly
to the cellular immune response during the course of infection,
can be a major contributor to viral evolution (Moore et al,
2002; Brumme and Walker, 2009; Crawford et al, 2009;
Kawashima et al., 2009; Carlson et al, 2012, 2016; Monaco
et al., 2016). However, recombination between genetically distinct
viruses has the greatest potential to generate diversity (McCutchan
et al., 1996; Butler et al., 2007; Lau and Wong, 2013; Giovanetti
et al., 2020). HIV-1 has been classified into four phylogenetic
groups M, O, N, and P based on nucleic acid sequencing of
the viral genomic RNA, with group M being by far the most
widespread (Robertson et al., 2000; Desire et al., 2018). The
latter is subdivided into nine different subtypes (A-D, F-H,
J, K, and the newly identified L), with genetic variation between
subtypes ranging from 20 to 35% depending on the genomic
regions and the subtypes being compared (Korber et al., 2001;
Desire et al, 2018; Yamaguchi et al, 2020). The process of
recombination between viruses belonging to different subtypes
and the ongoing spread of those recombinants is the basis for
the emergence of circulating recombinant forms or CRFs. To
date over 102 inter-subtype CRFs have been described (Hemelaar
et al, 2020; LANL, 2021). Therefore, to develop a broadly
effective prophylactic vaccine, there is a clear need to gain
insight into the genotypic and phenotypic features of the viruses
from various geographic locations against which a potential
vaccine must act.

Rwanda is an East-Central African country bordered by the
Democratic Republic of Congo, with a highly diverse HIV-1
population (Rodgers et al.,, 2017), Burundi, where subtype C
is most prevalent (Delatorre and Bello, 2012) and Uganda where
subtypes Al and D predominate, but with a high percentage
of unique recombinant forms (URFs; Lee et al, 2017

Grant et al.,, 2020). Thus, defining the nature of HIV-1 diversity
over time in this geographically small, land-locked country
will be relevant to ongoing HIV-1 vaccine efforts. Based on
a region encompassing the pol gene, an earlier subtype analysis
of over 90 incident infections enrolled under IAVI Protocol
C in Rwanda identified 80% as subtype Al and only 6.5% as
recombinant viruses (Amornkul et al., 2013), while a second
study of smaller sample size, where gag, pol, and env genes
were sequenced, reported 13.5% recombinant forms in the same
cohort (Kemal et al., 2013).

In the current study, we have amplified near full-length
single genomes (NFLG) of viruses from the plasma of a total
of 26 acutely HIV infected individuals from the Rwandan
heterosexual acute infection cohort Protocol C and 21 recently
infected individuals from high-risk cohorts. This allowed us
to define the sequence of the infecting viruses and compare
over two time periods (2005-2012 and 2016-2019) the frequency
of inter-subtype recombination across the full genome. In
addition, because these two periods define very different
availability of anti-retroviral therapies, we were able to compare
the prevalence of antiretroviral drug resistance. These data point
to an increase in genetic mixing and prevalence of transmitted
drug resistance in Rwanda over the last 15years and highlight
the importance of NFLG sequencing for assessing diversity in
viral populations.

MATERIALS AND METHODS

Ethics Statement

Subjects in this study were enrolled in human subjects protocols
approved by the Rwanda National Ethics Committee and Emory
University Institutional Review Board. All study subjects have
provided written informed consent.

Study Subjects

In this study, we have studied HIV-1 Early infection subjects
from two distinct time periods during last 15years in Kigali
Rwanda. During the first period from 2005 to 2011, plasma
samples were collected under IAVI Protocol C (Price et al.,
2020) from 26/97 (27%) seroconvertors from a heterosexual
transmission cohort in Kigali. Individuals enrolled in this cohort
were from HIV-1 discordant couples who underwent couples
counseling and testing and who were followed, with additional
counseling and testing, every 1-3 months to reduce the incidence
of transmission. HIV infection was identified by p24 ELISA
antigen testing or seroconversion. The 26 seroconverters were
selected from the original 97 based on the availability of sample
during the very early/acute period of HIV infection. During the
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second period from 2016 to 2019, 21 individuals who were
followed in government clinics every 3-6months in virtual
cohorts comprised of high-risk women, men having sex with
men and discordant couples, were enrolled immediately
after seroconversion.

Viral RNA Extraction and cDNA Synthesis
Viral RNA was extracted from patient’s plasma using the
QIAamp RNA mini kit (Qiagen, Valencia, CA). For near-full-
length genome amplification, 140 pl plasma were used for vVRNA
isolation, and then the purified vVRNA was converted to full-
length ¢cDNA with SuperScript IIT Reverse Transcriptase (Life
Technologies) enzyme with a reverse HIV-1 primer that designed
at the end of the R region in LTR (Yue et al,, 2015). For 5'
and 3' half genome amplifications, the amount of plasma sample
was calculated according to VL and aliquoted based on 300
copies x # of reaction per each extraction, and then diluted
to 140pl with PBS if less than 140pl

Near Full-Length Single HIV-1 Genome
Amplification

cDNA was serially diluted to yield approximately 30% PCR
positive to ensure the majority of amplicons were derived from
single virus RNA molecule (Yue et al, 2015). A 9kb PCR
fragment extending from the 5' U5 to 3' R region of the
genome was generated by using Q5 Hot Start High Fidelity
DNA Polymerase (NEB; Deymier et al., 2014). The amplification
primers are shown in Table 1 and conditions were as described
previously (Deymier et al., 2014).

One-Step RT-PCR Population
Half-Genome Amplifications

One-step PCR was conducted using the SuperScript™ III
One-Step RT-PCR System with Platinum™ Taq High Fidelity
DNA Polymerase (Invitrogen). Master mix I (MMI) contained
25pm reverse first round primer and template vRNA (300
copies per reaction), adjusted to a total volume of 11pl per

reaction with H,O. The MMI was incubated at 65°C for 5min
to melt secondary structures in the RNA then temperature
was decreased to 4°C to anneal the 5' or 3' first round reverse
primer (Table 1) with the RNA template. Master mix II (MMII)
contains 2XReaction buffer, 5' or 3' first round forward primer
(25 pm; Table 1), SuperScript III/Platinum Taq Mix in a total
volume of 39l per each reaction. The 39 ul MMII was added
to 11pl MMI at 4°C, and then the entire 50 pl reaction was
incubated at 55°C for 30 min in PCR cycler to synthesize cDNA.

After the cDNA was synthesized, the initial PCR step was
2min at 94°C; followed by 30cycles of 94°C 15s, 52°C 30s,
68°C 6min; and an additional one step of 68°C for 10min
for stabilization.

Second round PCR was carried out by using Q5 Hot Start
High Fidelity DNA Polymerase (NEB). The sequences and
positions of the 5' half second round primers are shown in
Table 1. PCR conditions were 98°C 30s as the initial step,
followed by 35cycles of 98°C 10s, 64°C 30s and 72°C 4 min;
plus, an additional step of 72°C 10min prior to keeping the
reaction at 4°C.

The sequences and positions of the 3' half second round
forward primer and reverse primer OFM19 are shown in
Table 1. PCR conditions were 98°C 30s as the initial step,
followed by 35cycles at 98°C 10s, 58°C 30s for annealing
and 72°C 4 min for extension; plus, an additional step of 72°C
10 min prior to keeping the reaction at 4°C. The second round
PCR resulted in a 4,456bp fragment from the 5'half, and a
4,742bp fragment from the 3'half.

PacBio DNA Sequencing Library
Preparation

Four SMRTbell™ libraries of NFLSGA and four SMRTbell™
libraries of half genome amplicons were built to gain deep
sequencing data. The PacBio sequencing method was described
previously (Dilernia et al., 2015). In brief, we combined 75
NFLSGA amplicons for each RSII library; 10 patients’ half
genome PCR products were collected for each RSII library.
The final library DNA concentration was more than 20ng/pl,

TABLE 1 | cDNA and PCR Primers.

Primer name Primer sequence (5'-3)

Position in HXB2 Application

OFM19 5'-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3' 9,604-9,632 cDNA synthesis for NFLSGA
1.3'3'plCb 5'-ACTACTTAAAGCACTCAAGGCAAGCTTTATTG-3' 9,611-9,642 cDNA synthesis for NFLSGA
1U5Cc 5'-CCTTGAGTGCTCTAAGTAGTGTGTGCCCGTCTGT-3' 538-571 First round NFLSGA forward primer
1.3'3'plCb 5'-ACTACTTAAAGCACTCAAGGCAAGCTTTATTG-3' 9,611-9,642 First round NFLSGA reverse primer
2U5Cd 5'-AGTAGTGTGTGCCCGTCTGTTGTGTGACTC-3' 552-581 Second round NFLSGA forward primer
2.3'3'pICb 5'-TAGAGCACTCAAGGCAAGCTTTATTGAGGCTTA-3' 9,604-9,636 Second round NFLSGA reverse primer
Thalf_R1_For 5-TTTGACTAGCGGAGGCTAGAA-3' 761-781 5'HF first round PCR forward primer
1half_R1_Rev 5'-TTCTATGGAGACYCCATGACCC-3' 5,304-5,283 5'HF cDNA synthesis and first round
PCR reverse primer
2half_R1_For 5'-GGGTTTATTACAGGGACAGCAGAG-3' 4,900-4,923 3'HF first round PCR forward primer
OFM19 5'-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3' 9,604-9,632 3'HF cDNA synthesis and first and
second round PCR reverse primer
1half_R2_For 5'-TTTGACTAGCGGAGGCTAGAAGGA-3' 761-784 5'HF second round PCR forward primer
Thalf_R2_Rev 5'-TCCCCTARTGGGATGTGTACTTCTGAAC-3' 5,195-5,222 5'HF second round PCR reverse primer
2half_R2_For 5'-GCAAAACTACTCTGGAAAGGTGAAGGG-3' 4,944-4,970 3'HF second round PCR forward primer
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purity 260/280 ratio was greater than 1.8, and 260/230 ratio
was greater than 2.0; total volume was 30 ul. SMRT sequencing
was performed on a PacBio RSII at the University of Delaware
DNA Sequencing & Genotyping Center.

Sequence Analysis

Data derived from the PacBio RSII was run using the error
correction algorithm MDPseq (Dilernia et al., 2015). Defining
transmitted founder (TF) viral sequences and phylogenetical
analysis were carried out through Geneious v9.1.8 (Biomatters
Ltd). Codon-align for each HIV-1 protein was performed by
Gene Cutter (LANL). Subtyping and recombinant identification
were carried out by Recombinant analysis program (RIP) and
jpHMM at GOBICS (LANL).

GenBank Submission

Near full-length (NFL) sequences were submitted to GenBank.
The accession numbers for the 26 Protocol C derived viruses
are JX236678.1, JX236677.1, and MT942708-MT942972. Those
for the 21 recent seroconverters are MZ642260-MZ642280.

RESULTS
Study Volunteers

This project was conducted in partnership with Projet San
Francisco/Centre for Family Health Research which was
established in Kigali, Rwanda in 1986. Two distinct groups of
HIV-1 infected volunteers were studied: Group 1 represented
acutely and very-early infected individuals from 2005 to 2011
(IAVTs Protocol C cohort), while Group 2 represented infected
individuals with early HIV infection from 2016 to 2019. For
Group 1, HIV discordant couples enrolled in a longitudinal
prospective prevention study were provided with counseling,
condoms and HIV testing of the seronegative partner during
the study (Allen et al, 1992). Couples voluntary counseling
and testing (CVCT) in high prevalence areas has been shown
to reduce transmission incidence of HIV in cohabiting couples
by more than two-thirds (Wall et al., 2019). When infection
of the seronegative partner was identified as described in
methods, they were enrolled in IAVI Protocol C, an acute
infection, long-term follow-up study, and samples were obtained
from both partners (Price et al., 2020). Originally, 94 volunteers
with incident HIV infection were enrolled into Protocol C
from Kigali; in the current study, we analyzed plasma viruses
from the 26 seroconverters with the shortest estimated time
from the date of infection (median time from EDI=23days)
calculated as described in methods; with 16 out of 26 plasma
collected less than 30days post-EDI (Table 2). For Group 2,
individuals were identified in collaboration with government
clinics generally within 3 months of their last seronegative visit
(median time from EDI=91days; Table 3), so that we could
compare the phylogenetics and subtypes of contemporaneous
viruses circulating in 2016 through 2019 with those from 2005
to 2011. We analyzed plasma viruses from 21 of these newly
infected individuals who included partners of HIV-1 discordant

couples (2), female sex workers (FSW; 13), and young MSM
(6; Table 3).

Severity of Genetic Bottleneck During HIV
Transmission in the Protocol C
Heterosexual Acute Transmission Cohort
In sub-Saharan Africa, heterosexual transmission remains the
predominant mode of infection by HIV-1, and accounts for
approximately 75% of newly infected cases worldwide (Monaco
et al, 2017). We performed near full-length, single genome
amplification (NFLSGA ~9,000bp) on HIV-1 from the 26 acute
plasma samples using a high-fidelity nested PCR approach
described previously (Rousseau et al., 2006; Deymier et al,
2014; Yue et al, 2015; Kinloch et al., 2019). A total of 288
PCR amplicons from viral RNA were sequenced with an average
of 11 NFLSGAs per individual using a multiplexed, highly
accurate, DNA sequencing approach based on the PacBio
Sequencing platform combined with the MDPseq work flow
we have described previously (Dilernia et al., 2015). Phylogenetic
analysis of the near full-length genome sequences showed that
in 20 out of 26 Rwandan seroconverters a single virus variant
established infection, with sequences for each individual clustering
in a very homogeneous rake (Figure 1). In contrast, in six
of 26 individuals, infection was initiated by more than one
virus variant (Figure 1); as an example, for the acutely infected
individual 175,071 three clearly distinct sequence branches were
observed in the phylogenetic tree and three different populations
were shown by the highlighter analysis (Figure 2).

Inter-Subtype Recombinants Recognized
by Near Full-Length Sequencing

Worldwide HIV-1 Group M is the major source of the global
pandemic. In this group there are 9 subtypes, over 100 CRF,
and many URF (Hemelaar et al., 2020; LANL, 2021). Globally,
the proportions of recombinants has increased over time,
reaching almost 23% of all infections in the period 2010 to
2015 (Hemelaar et al., 2020), and URF infections occur frequently
in the regions and countries where more than one subtype
circulate (Tebit and Arts, 2011). Based on previous subtyping
of HIV-1 infection for Protocol C volunteers which employed
pol gene sequences (Fabiani et al., 1998; Amornkul et al.,, 2013),
we expected that the 26 viruses would comprise approximately
21 Subtype Al (81%); three subtype C (11%); and two
Recombinant (8%, 1 A1/C and 1 C/D). In contrast, utilizing
the 9kb near full-length genome sequences and the programs
RIP and jpHMM' to detect recombinants, we observed a 3-fold
higher percentage of recombinant viruses, with six (5A1/C
and 1C/D) recombinants (23%) in addition to 18 subtype Al
(69%), and two subtype C (8%) infections (Figures 1, 3A and
Table 2). Each of the recombinant genomes exhibited unique
recombination breakpoints (URFs), with two viruses 175,011
and 175,017 resulting from multiple crossovers between their
subtype Al and C progenitors (Figure 3A). A majority of the
A1/C recombinants retained a portion of the Env gene and/or

'www.hiv.lanl.gov
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TABLE 2 | Transmission variants and subtypes in protocol C individuals.

Transmission Subtype by

PCID Coded ID Sample date EDI VL variants Sequence type NELG Subtype by pol
175,019 R49M 30-Mar-05 10 3,000,000 Single TF Al Al
175,042 R463F 9-Mar-07 10 152,000,000 Single TF Al Al
175,079 R3103M 19-Sep-08 13 750,001 Single TF Al Al
175,089 R3584M 15-Dec-09 13 223,440 Single TF A1C Al
175,005 R53F 16-Jun-05 14 2,090,040 Single TF Al Al
175,062 R1135M 11-Feb-08 14 1,256,940 Single TF Al Al
175,065 R269M 24-Mar-08 14 31,700,000 Single Con Al Al
175,072 R3137M 28-May-08 14 9,061,540 Single Con C C
175,053 R254F 8-Aug-07 15 1,876,000 Single TF A1C C
175,090 R3469F 15-Apr-10 15 2,920,000 >2 TF(P1) Al Al
175,093 R2302M 9-Jul-10 15 3,760,000 Single TF Al Al
175,094 R3843F 14-Oct-10 16 4,400,000 Single TF Al Al
175,059 RO77F 14-Dec-07 17 7,290,000 Single TF Al Al
175,038 R880F 12-Jan-07 21 730,000 Single TF Al Al
175,097 R3894M 18-Mar-11 23 6,934,997 Single TF CD CD
175,092 R3671F 8-Jun-10 25 3,940,000 Single NA Al Al
175,074 R873F 24-Jul-08 37 219,920 2 TF(P1) Al Al
175,071 R1077F 12-Jun-08 41 4,702,444 3 TF(P2) Al Al
175,008 R50M 25-May-05 45 117,608 >2 NA C C
175,020 R57F 12-Oct-05 46 134,472 >2 NA Al Al
175,014 R59M 21-Oct-05 46 806,290 Single TF Al Al
175,017 R44M 3-May-05 49 123,560 Single TF A1C Al
175,011 R63M 14-Dec-05 50 184,270 Single Con A1C A1C
175,012 R40F 31-Mar-05 53 1,398,004 Single TF A1C Al
175,027 R72M 10-Aug-06 67 425,000 >2 NA Al Al
175,010 R65M 27-Jan-06 73 148,220 Single TF Al Al

PCID, protocol C identification number of the participant; Coded ID, coded identification number used in two previous publications (Haaland et al., 2009; Yue et al., 2015); Sample
date, date of sample collection; EDI, time since estimated date of infection; VL, viral load of sample; Transmission variants, number of genetic variants transmitted from partner;
Sequence type, sequence defined as TF: transmitted founder virus sequence amplicon identical to consensus identified in NFLG amplicons; (P1), (P2): TF sequence identified in
subpopulation 1 or 2 of multiple variants, Con: consensus sequence of NFLG amplicons: Subtype by NFLG: subtype as deduced from the NFLG sequence, Subtype by pol:
Subtype defined previously from pol gene sequencing.

TABLE 3 | Summary of recent infection samples and derived near full-length sequences.

Coded ID Sample date EDI VL Subtype Risk group*
BUS71F 10-July-19 91.5 328,000 Al FSW
GIT84F 1-August-19 131 102,000 Al FSW
GWEA4TF 10-October-18 111.5 150,000 Al FSW
GWEBSF 25-June-19 216 120,000 Al FSW
KAG34F 10-November-17 88 191,000 A1/C/D FSW
KIN18F 17-March-17 46 113,000 Al FSW
MAS1F 18-August-16 44.5 553,000 Al FSW
MAS21F 30-March-17 164.5 856,000 Al DC
MASEM 22-November-16 174.5 202,000 A1/C DC
MAS7F 23-November-16 46 47,200 A1/C FSW
MAT81F 24-July-19 181 292,000 A1/C/D FSW
NGA76F 17-July-19 90 141,000 A1/C FSW
NGA77F 17-July-19 90 473,000 A1/C FSW
PSF24M 2-June-17 96 306,000 A1/C MSM
PSF33M 20-October-17 194 160,000 A1/C MSM
PSF36F 4-January-18 94 702,000 A1/C FSW
PSF38M 17-September-18 174 145,000 A1/C MSM
PSF39M 17-February-18 72 100,000 A1/C MSM
PSF3M 21-October-16 51 86,500 A1/C MSM
PSF80OM 19-July-19 17 683,000 C MSM
REM29F 24-August-17 91 148,000 Al FSW

Coded ID, coded identification number of the participant; sample date, date of sample collection; EDI, time since estimated date of infection; VL, viral load of sample; subtype,
subtype defined by near full-length genomic sequence; risk group, risk group of the individual, FSW: female sex worker; DC, HIV discordant couple; and MSM, men having sex
with men.

Frontiers in Microbiology | www.frontiersin.org 26 October 2021 | Volume 12 | Article 734929


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Umviligihozo et al.

Inter-Subtype HIV Recombinants in Rwanda

Nef from their subtype A parent, but no single region was
conserved in all five of these Al/C recombinants. Of these
the five A1/C URFs and 1 C/D URF were single virus transmission
cases: while one of two subtype C and five of 18 subtype Al
involved multi-variant transmission (Figure 1).

Near Full-Length Sequencing of Plasma
Virus in Recent Seroconverters

Near full-length (9kb) single genome amplification is very
inefficient, expensive and time consuming, therefore, for recent
samples, we opted to utilize the more efficient population PCR
amplification of 5' and 3' half-genome regions, with amplicons
that overlapped by ~250 nucleotides. The population amplicons
were then sequenced using next-generation PacBio single
molecule real time sequencing and individual reads were analyzed
using the MDPseq workflow. This allowed us to determine
the consensus sequence for the early virus population and
breakpoints in those determined to be recombinants. A
phylogenetic analysis of the 21 recent seroconversion viruses

in the context of the 26 viruses from Protocol C (Red; Figure 4)
shows that overall, the two viruses from discordant couple
transmissions (Blue) and a majority of the viruses from newly
infected FSWs (Magenta) clustered within the diversity of the
older viral isolates. In contrast five of the six newly infecting
viruses from the cohort of young MSM (Cyan) clustered together
on the phylogenetic tree with the sequences exhibiting very
limited diversity (median 97.5% identity). This would
be consistent with a recent transmission network within a risk
group that otherwise has demonstrated low sero-incidence
(Karita et al., in preparation).

An analysis for recombination using the RIP and jpHMM
tools® revealed that 12 of the 21 recent seroconversions were
initiated by unique A1/C and Al/C/D recombinant forms
(Figure 4, denoted by blue circles). These represent, therefore,
57% of the samples analyzed, a significantly higher frequency
than we observed in the Protocol C samples (23%; p=0.033).
Even if we define the five closely related viruses from MSM

*https://www.hiv.lanl.gov/content/sequence/HIV/HIV Tools.html
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FIGURE 1 | Phylogenetic analysis of virus sequences from Protocol C acute infections. Neighbor-joining tree representing the near full-length genome (NFLG)
sequences of viruses from 26 acutely infected recipients with reference subtypes A1, A6, C, and D. Subtype and recombinants are indicated with specific colors
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as a single recombinant, the frequency (47.1%) while no longer
significant (p=0.182) remains double that of the earlier samples.

Interestingly, while each of the recent recombinants exhibited
unique numbers and positions of crossovers (Figure 3B), a
region of subtype Al Env, extending from just before an
18-residue amphipathic alpha-helical region located on the
outer domain of gp120, known as the alpha 2 helix, to the
membrane-spanning domain of gp41, was conserved throughout.
A similar, albeit shorter region that terminated in the C-terminal
heptad repeat of gp41, was present in four of the five unique
A1/C recombinants identified in the Protocol C samples
(Figure 3A).

Identification of Antiretroviral Drug
Resistance Mutations

Finally, in order to determine whether, in the context of
increased availability of ART, transmitted drug resistance
was increasing, sequences encompassing the protease, reverse
transcriptase, and integrase were extracted from all 47 near
full-length genomes and submitted to the Stanford HIVdb
analysis program, and any major drug resistance mutations
(DRMs) documented. None of the Protocol C viral sequences
analyzed for this study encoded any major DRMs. In contrast,
four of the 21 recent isolates encoded DRMs in the reverse
transcriptase. MAS-21F, MAS-1F, and PSF-80M encoded the
K103N mutation that confers high level resistance to the
non-nucleoside inhibitors nevirapine (NVP) and efavirenz
(EFV). NGA-77F encoded K103S, which confers high level
resistance to NVP and intermediate resistance to EFV, and

E138A, which confers low level resistance to etravirine
and rilpivirine.

DISCUSSION

Here, we report on the NFLG sequences of HIV from 47
acute and early infected Rwandans. This more than quadruples
the number of near full-length sequences previously reported
for this East African country (Lamers et al, 2016). For the
TAVI Protocol C samples, we amplified more than 10 NFLG
single-genome amplicons per individual, a total of 288, from
acute infections that allowed us to define a TF virus sequence
in a majority of cases. This was facilitated by the use of PacBio
single molecule real-time (SMRT) long-read sequencing combined
with the MDPseq workflow, to define accurate sequences
(Dilernia et al., 2015), We utilized the same workflow for the
more efficient, overlapping half-genome population amplicons
generated from recent infections. The long-read technology
allowed the population PCR to be deconvoluted to yield the
individual sequences of the corresponding amplicons in order
to generate a consensus sequence of the infecting virus.

We have previously reported, based on sequencing of the
V1-V4 region of Env that in a majority of transmission events
in both a Zambian discordant couple cohort and the Rwandan
Protocol C cohort infection was established by a single genetic
variant from the transmitting partner (Derdeyn et al., 2004;
Haaland et al, 2009). In general, multiple variant infections
represented only 10-15% of the transmission pairs examined
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(Haaland et al., 2009). In the current study, we observed a
somewhat higher frequency (23%) of infections initiated by
more than one partner-derived virus variant, similar to that
reported in a South African women cohort (Abrahams et al,
2009) and a predominantly MSM cohort (Keele et al., 2008).
We have reported previously that evidence of genital inflammation
and ulcers can lower the barrier to transmission and increase
multi-variant transmission (Haaland et al., 2009; Carlson et al.,
2014), and a recent study in a Kenyan MSM cohort, where
sexually transmitted infections were common reported 39%
(15 out of 38) of the participants were infected with multiple
founder viruses (Macharia et al., 2020). In the heterosexual
protocol C cohort studied here we observed evidence of genital
inflammation or ulcers in just six individuals in the 6 months

prior to HIV-1 infection and these individuals were equally
distributed between the single and multiple variant infections
groups (p=0.67; Chi-square with Yates correction).
Inter-subtype recombination represents a significant
challenge to HIV-1 vaccine design since it provides the
virus with a mechanism to rapidly diversify following
co-infection of an individual with two different subtype
viruses (Robertson et al., 1995). This gives rise to unique
recombinant forms that can be prevalent in regions where
more than one subtype circulates. An example of this is
Uganda, Rwanda’s neighbor, where subtypes A and D
cocirculate, and recent studies have identified a frequency
of recombinants between the two subtypes as high as 49%
(Lee et al.,, 2017; Grant et al., 2020). In contrast, a previous
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FIGURE 4 | Phylogenetic analysis of virus sequences from recent infections in the context of Protocol C acute infections. Neighbor-joining tree representing NFLG
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Couple; Magenta, FSW; Cyan, MSM. Recombinant viruses are highlighted by appended Red (Protocol C) and Blue (Recent Infection) circles. Nodes with bootstrap
values >0.9 are denoted with an asterisk.

analysis of viral subtypes from 30 women in Rwanda in
2013 reported 80% subtype Al, 3% subtype C and D, and
13% AC or AD recombinant forms based on sequencing
of gag, pol, and env (Kemal et al., 2013). Similarly, an earlier
subtype analysis of 92 IAVI Protocol C incident infections
in Rwanda, which was based on a region encompassing the
pol gene, defined 80% as subtype Al and only 6.5% as
recombinant viruses (Amornkul et al., 2013). By contrast,
using NFLG sequences, we identified 23% (6/26) recombinants,
a much higher frequency than even the 8% (2/26) previously
defined for these same individuals through pol sequencing.
This highlights the importance of NFLG sequencing to fully
understand the complexity of virus populations circulating
in multi-subtype countries. Indeed, sequencing of 21 more
recent (2016-2019) incident infection viruses from different
high-risk groups suggests that recombinant viruses are
increasing in frequency, since we observed that 57% of these
recent infections were A1/C, or A1/C/D recombinants. With
the exception of the five viruses that appeared to represent
a recent viral transmission network, the recombinants in
these recent infections and those in Protocol C resulted
from a series of unique recombination events. In contrast,

five of the six viruses from the MSM cohort were highly
related and had identical recombination patterns. Of interest,
one common recombination breakpoint (4912) was shared
by this MSM group (represented by PSF-3M, Figure 3B)
and its nearest neighbor MAS-7F (Figure 4) raising the
possibility that the former evolved from the latter following
further recombination events. Although, the risk groups in
Protocol C and the recent infection cohorts are different,
the majority of infections in the latter represented heterosexual
transmission in high-risk women and discordant couple
partners (15/21), where recombinant viruses remained
prevalent (47%). Nevertheless, this difference in risk groups
should be considered a potential weakness of the comparison.

Although, a majority of the recombinant viruses from the
recent seroconverters exhibited unique recombination break
points, they all retained a common region of Env that was
derived from a subtype Al parent. This region extended
minimally in KAG-34F from the last few residues of the third
variable (V3) loop of gp120, just before the hydrophobic alpha
2 helix, to the beginning of the membrane spanning domain
of gp41. We have shown previously, that, in subtype C viruses,
the alpha 2 helix is under positive selection pressure and that
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variations in this region are in part linked to early neutralizing
antibody escape (Rong et al., 2007). The conserved region also
spans the fifth conserved domain (C5) of gpl20 and the
ectodomain of gp41, both critical for gp120 and gp41 interactions
and trimer stability (Binley et al, 2000; Julien et al., 2013).
Thus it is possible that this region from subtype Al provides
a fitness advantage to the recombinants.

We have recently reported on the presence of DRMs in
the transmitted virus of newly infected partners of Rwandan
couples, where the transmitting partner was on ART but
carried drug resistant virus (Woodson et al., 2018). It was
of interest, therefore, to compare the prevalence and nature
of DRMs in the Protocol C cohort, from a time when
antiretroviral drugs were not widely available, to those in
more recently infected individuals, when treatment with the
standard first-line combination of Tenofovir (TDEF),
Lamivudine (3TC), and EFV following diagnosis was routine.
Although none of the 26 acutely infected individuals from
Protocol C encoded DRMs, a previous study of 78 Rwandans
from the same cohort did identify five individuals with
NNRTI mutations (three with K103N, two with L100I) and
one with the protease inhibitor mutation, M46L (Price et al,,
2011). Our finding that four of the 21 recent infection
viruses encoded K103N/S, which confers resistance to NVP
and EFV, indicates that this mutation is becoming more
prevalent (p=0.035) within the population. Moreover, since
all of these samples were collected prior to the initiation
of ART, for the three females whose virus encoded this
mutation, the resistance mutations must have been present
in the virus of their male partners.

Overall, we demonstrate here, through NFLG sequence
analysis that recombinant viruses are more prevalent in Rwanda
than previously reported, and that the frequency of both
recombinants and NNRTI DRMs appear to have increased
between two sampling periods. It will be critical therefore to
continue to monitor the nature of circulating viruses to ensure
the validity of ongoing vaccine development efforts.
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Mariya V. Sivay™, Alexei V. Totmenin', Daria P. Zyryanova’, Irina P. Osipova’,
Tatyana M. Nalimova’, Mariya P. Gashnikova’, Vladimir V. Ivlev’, Ivan O. Meshkov?,
Umut Z. Chokmorova?, Elmira Narmatova“, Ulukbek Motorov*, Zhyldyz Akmatova?,
Nazgul Asybalieva®, Aybek A. Bekbolotov?, Ulan K. Kadyrbekov?, Rinat A. Maksutov’
and Natalya M. Gashnikova’

" Department of Retroviruses, State Research Center of Virology and Biotechnology “Vector”, Koltsovo, Russia, 2 National
Research Center for Hematology, Moscow, Russia, ° Republican Center of AIDS, Ministry of Health of Kyrgyzstan, Bishkek,
Kyrgyzstan, * Osh Regional Center of AIDS Treatment and Prevention, Osh, Kyrgyzstan

Kyrgyzstan has one of the highest rates of HIV-1 spread in Central Asia. In this study,
we used molecular-epidemiological approaches to examine the HIV-1 epidemic in
Kyrgyzstan. Samples were obtained from HIV-positive individuals who visited HIV/AIDS
clinics. Partial pol gene sequences were used to identify HIV-1 subtypes and drug
resistance mutations (DRMs) and to perform phylogenetic analysis. Genetic diversity
and history reconstruction of the major HIV-1 subtypes were explored using BEAST.
This study includes an analysis of 555 HIV-positive individuals. The study population was
equally represented by men and women aged 1-72 years. Heterosexual transmission
was the most frequent, followed by nosocomial infection. Men were more likely to
acquire HIV-1 during injection drug use and while getting clinical services, while women
were more likely to be infected through sexual contacts (p < 0.01). Heterosexual
transmission was the more prevalent among individuals 25-49 years old; individuals
over 49 years old were more likely to be persons who inject drugs (PWID). The
major HIV-1 variants were CRF02_AG, CRF63_02A, and sub-subtype A6. Major
DRMs were detected in 26.9% of the study individuals; 62.2% of those had DRMs
to at least two antiretroviral (ARV) drug classes. Phylogenetic analysis revealed a
well-defined structure of CRF02_AG, indicating locally evolving sub-epidemics. The
lack of well-defined phylogenetic structure was observed for sub-subtype AB. The
estimated origin date of CRFO2_AG was January 1997; CRF63_02A, April 2004; and
AB, June 1995. A rapid evolutionary dynamic of CRFO2_AG and A6 among Kyrgyz
population since the mid-1990s was observed. We observed the high levels of HIV-1
genetic diversity and drug resistance in the study population. Complex patterns of
HIV-1 phylogenetics in Kyrgyzstan were found. This study highlights the importance of
molecular—epidemiological analysis for HIV-1 surveillance and treatment implementation
to reduce new HIV-1 infections.

Keywords: HIV phylogenetics, phylodynamic analysis, Kyrgyzstan, Central Asia, HIV molecular epidemiology
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INTRODUCTION

Kyrgyzstan, or Kyrgyz Republic, is a small country in Central
Asia bordering with Kazakhstan, Uzbekistan, Tajikistan, and
China. In 2020, an estimated 9,200 (8,400-9,900) people lived
with HIV-1 in Kyrgyzstan with a prevalence of 0.2%'. The
HIV-1 epidemic concentrates in the key populations, mainly
persons who inject drugs (PWID) and their sexual partners (Zhao
et al., 2020). Access to HIV-1 care and treatment services is far
behind the global target of 95-95-95 by 2030. In 2020, 76% of
people were aware of their HIV-1 status, 48% of them received
antiretroviral therapy (ART), and only 43% of those were viral
suppressed; the ART coverage among pregnant women was 94%
(see text footnote 1).

Molecular epidemiology and phylogenetic analysis are widely
used to characterize HIV-1 epidemics. HIV-1 phylogenetics has
been extensively used to characterize the virus transmission
networks (Wilkinson et al., 2014; Grabowski et al., 2018) and to
reconstruct the viral origin and spread history (Wilkinson
et al, 2014). The combination of epidemiological and
sociodemographic data with the phylogenetic approaches
reveals data on the risk factors associated with the HIV-1
spread (Wolf et al, 2017; Fujimoto et al., 2021), identifies
sub-epidemics (Peters et al., 2016), and informs prevention and
care interventions (Brenner and Wainberg, 2013).

Molecular-epidemiological and phylogenetic studies of HIV-
1 infection in Central Asia, particularly in Kyrgyzstan, are very
limited. One of the most recent studies in Kyrgyzstan describes a
high rate (range 39-50%) of HIV-1 drug resistance in individuals
with treatment failure (Lapovok et al., 2020). The study of HIV-
1 sub-subtype A6 [also known as Russian Al or A-FSU (Foley
et al., 2016)] describing the transmission networks in former
Soviet Union (FSU) countries concludes that the major driving
source of HIV-1 transmission is migrant workers, emphasizing
an extensive mobility in the region (80-90% of migrants are from
Central Asia) (Aibekova et al., 2018). The study also points at
the emerging HIV-1 epidemic among hetero- and homosexual
populations, surpassing the parenteral transmission (Aibekova
et al., 2018). Drug trafficking from Afghanistan and Tajikistan
to southern Kyrgyzstan significantly increased in the mid-1990s,
resulting in predominant opiate injections over the homemade
drugs (Wolf et al., 2008). Between 1991 and 1999, registered drug
use rate in Kyrgyzstan increased sevenfold (Wolf et al., 2008).
And in the following 5-year period from 2001 to 2006, Kyrgyzstan
had a 15-fold increase of HIV-1 infections, with 76% of cases
detected among PWID (Wolf et al., 2008). However, in the last
decade, national programs on HIV/AIDS in cooperation with
international programs (Thorne et al.,, 2010; Zhao et al., 2020)
have significantly improved HIV-1 care services in the country.
While in 2010, only 9% of HIV-infected people received ART, this
indicator reached 48% in 2020. In 2010, only 17% HIV-infected
people on ART were virally suppressed; this number almost
tripled by 2020 (see text footnote 1). By the beginning of 2021,
86.5% of HIV-positive individuals on ART had undetectable
viral loads’.

'https://www.unaids.org/en/regionscountries/countries/kyrgyzstan
*http://aidscenter.kg/statistika/

In this study, we performed the HIV-1 molecular-
epidemiological survey in Kyrgyzstan. To achieve that
goal, we analyzed HIV-1 genetic diversity and HIV-1 drug
resistance, identified potential transmission clusters, described
epidemiological characteristics of studied individuals, and
reconstructed the evolutionary history of the virus.

MATERIALS AND METHODS
Study Population

The blood samples were collected from HIV-positive adults and
children who visited local HIV/AIDS clinics of the Ministry of
Health of Kyrgyzstan. All the individuals in this study were
diagnosed with HIV-1 infection a year prior to the sample
collection and were on ART for at least a year. Samples
were collected in four provinces (Bishkek, Osh, Jalal-Abad, and
Batken) in Kyrgyzstan from 2016 to 2019. Data collected from
individuals in Jalal-Abad and Batken were combined (further
denoted as JAB) due to the small sample size and geographical
closeness of these regions. HIV-1 testing was performed at the
study sites according to the national guideline’. Samples were
shipped to the Department of Retroviruses, State Research Center
of Virology and Biotechnology “Vector” (Koltsovo, Novosibirsk
region, Russia) for further testing. Demographic and HIV-
related characteristics of individuals were collected at the local
healthcare facilities from clinical records. A woman was assigned
a “pregnant” status if she was pregnant at the time of her visit
for the sample collection. In this study, we refer “children” to
individuals 14 years of age and under; “young adults,” between
15 and 24 years old; “adults,” between 25 and 49 years old; and
“older adults,” individuals of 50 years of age and above. The study
did not recruit individuals from any group; only individuals who
visited HIV/AIDS clinics were included. However, samples from
children and young adults who had in-hospital acquired HIV-1
infection were particularly collected to investigate those cases.

Amplification of HIV-1 Pol Gene

Fragment and Sequencing Analysis

Viral RNA or proviral DNA was extracted using the RealBest
DeltaMag kit (Vector-Best, Novosibirsk, Russia) according
to the manufacturer’s manual. RNA/DNA was used for the
amplification of HIV-1 partial pol gene region coding protease
and reverse transcriptase (HXB2 #K03455 reference strain
coordinates: 2249-3420). Amplification of the pol gene fragments
and sequencing analysis were performed as previously described
(Maksimenko et al., 2020).

HIV-1 Subtyping and Drug Resistance
Analysis

HIV-1 subtyping was performed using automated HIV-1
subtyping tools REGA v 3.0 (Pineda-Pena et al, 2013),
COMET (Struck et al., 2014), and recombinant identification
program (RIP) (Siepel et al, 1995). HIV-1 subtypes were
also investigated using an approximately maximum-likelihood

3http://med kg/images/MyFiles/KP/2018/sbornik_KP_VISH_prikaz_903_
10102017.pdf
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phylogenetic method using FastTree v2.1.9 (Price et al., 2010)
with HIV-1 subtype references from Los Alamos National
Laboratory (LANL) HIV Sequence Database, 2020*. HIV-1
subtype was assigned if three out of four methods agree. Drug
resistance mutations (DRMs) were assessed using Stanford HIV
drug resistance database (HIVdb Program) (Shafer, 2006). DRM
was considered as major according to Stanford HIV drug
resistance database.

Phylogenetic and Cluster Analyses
Phylogenetic analysis was conducted for study and background
sequences; background sequences were selected from BLAST as
100 most closely related (with a BLAST score < le-50) to each
study sequence. Sequences were aligned using MAFFT software
(Katoh et al., 2017). Recombination analysis was performed for
study and background sequences using RDP4 (Martin et al,
2015). Sites of major DRMs (43 codon positions) were removed.
Phylogenetic trees were constructed using IQ-TREE v2 (Minh
et al, 2020) under the GTR + G4 + I substitution model.
Phylogenetic trees were visualized using interactive Tree of
Life (iTOL) (Letunic and Bork, 2021). Monophyletic groups of
study sequences with branch support > 80 were considered
as a distinct viral lineage (clades). Transmission clusters (>2
individuals infected by direct/indirect transmission of genetically
related HIV-1 variants) were identified by Cluster Picker v1.2.3
(Ragonnet-Cronin et al., 2013) using thresholds of 0.045 of
maximum pairwise genetic distance between sequences and a
branch support of 90.

Phylodynamic Analysis

Genetic diversity and history reconstruction of the major HIV-
1 subtypes were explored using a Bayesian Markov chain Monte
Carlo (MCMC) phylogenetic analysis using the BEAST v1.10.4
(Suchard et al., 2018). The temporal structure of the datasets was
estimated using TempEst v1.5.3 (Rambaut et al., 2016). Analysis
was performed using GTR + G4 + I substitution model, with
different combinations of molecular clock models (strict and log-
normal uncorrelated relaxed), and coalescent models [constant
size, exponential growth, Bayesian Skyline, and Gaussian Markov
random field (GMRF) Bayesian Skyride]. The adjustment to the
data was estimated using the log marginal likelihood estimation
(MLE) using path sampling/stepping-stone sampling (PS/SS).
The best-fit model was selected based on the Bayes factor (BF;
BF > 3 was considered significant). Two independent MCMC
runs were performed for 70 x 10° generations. Convergence of
the chains was estimated based on the effective sampling size
(ESS; cutoff value over 200 for all the parameters) in Tracer v1.7.1
(Rambaut et al., 2018).

Statistical Analysis

Categorical variables were analyzed using modified Fisher’s test;
quantitative variables were analyzed using the Kruskal-Wallis
test. The Monte Carlo method (10° simulations) was used for
p-value (P) estimation. P correction was performed to control
the false discovery rate using the Benjamini-Yekutieli procedure.

“http://www.hiv.lanl.gov/

Statistical analysis was performed in RStudio Team (2020)
v1.1.422°,

Nucleotide Sequence Accession

Numbers

Study sequences were submitted to GenBank under accession
numbers MG798935-MG799123, MK228729-MK228833, and
MW303524-MW303757 and can be found in the online
repository®.

Ethics Statement

The study was approved by the Ethical Committee of Research
and Manufacturing Association “Prevention Medicine” of
Ministry of Health of Kyrgyz Republic (2017). Written consent
forms were provided by all the study individuals. For individuals
18 years old and younger, written consent forms were provided
by their parents or legal guardians.

RESULTS

Study Population

The study population included 555 individuals who resided
in four Kyrgyz provinces (202 individuals from Bishkek, 341
individuals from Osh, and 12 individuals from JAB). Detailed
characteristics of the study individuals are presented in Table 1
and Supplementary Table. Men and women were equally
represented in the study population (50.8% men vs. 49.2%
women), with a median age of 31 years (range 3-72 years old).
HIV-1 infection prevailed among individuals in the 25-49 age
group. The median time since HIV-1 diagnosis was 8.1 years
(range 1-19 years); the median time since HIV-1 diagnosis was
longer in Osh than in Bishkek (9 vs. 6.46 years, p < 0.01).
Heterosexual transmission was the most prevalent (38.7%),
followed by the nosocomial infection (21.4%). In Bishkek, over
a half of individuals were infected through heterosexual contacts,
and 30% were PWID. In Osh, most of the individuals acquired
HIV-1 while getting clinical services. Men were more likely
to acquire HIV-1 infection during drug injections (33.5%) and
clinical services (25.3%), while women were more likely acquire
HIV-1 infection through sexual contacts (72.6%, p < 0.01). When
stratified by age group, heterosexual transmission was more
prevalent among adults; older adults were more likely to acquire
HIV-1 while injecting drugs. All the individuals with nosocomial
HIV-1 infection were 24 years old and younger. HIV-1 DRMs to
at least two ARV drug classes were more frequent in children
and young adults compared with older groups (p < 0.01).
Individuals 24 years of age and younger tended to have HIV-
1 infection caused by CRF02_AG, while older individuals were
more likely to be infected with sub-subtype A6 (p < 0.01). Nine
(1.6%) individuals were identified as men who have sex with
men (MSM), with a median age of 28 years (range 23-37 years
old); seven of those individuals resided in Bishkek province.
The median time since HIV-1 diagnosis was 4.6 years (range

Shttp://www.rstudio.com/
Chttps://www.ncbi.nlm.nih.gov/genbank/
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TABLE 1 | Demographic and HIV-related characteristics of the 555 study individuals.

Characteristics Total, n = 555 Bishkek, n = 202 Osh, n = 341 JAB,n =12 p Adj.p

Gender, n (%)

Male 282 (50.8) 98 (48.5) 180 (52.8) 4 (33.3) 0.41 1
Female 273 (49.2) 104 (51.5) 161 (47.2) 8 (66.7)

Age (years), n (%)

3-14 101 (18.2) 5(2.5) 95 (27.9) 1(8.3) <0.01 <0.01
15-24 120 (21.6) 17 (6.9) 1083 (30.2) -

25-49 271 (48.8) 143 (71.1) 119 (34.9) 7 (66.7)

50-72 63 (11.4) 36 (17.9) 24 (7) 3(25)

Years since HIV-1 diagnosis, median 8.1 (range: 1-19) 6.46 (range: 1-18) 9 (range: 2-19) 8.92 (range: 3-15) <0.01 <0.01
Transmission mode, n (%)

Heterosexual 215 (38.7) 117 (57.9) 90 (26.4) 8 (66.7) <0.01 <0.01
MSM 9(1.6) 7 (3.5 2(0.6) -

Vertical 70 (12.6) 8 (4) 60 (17.9) 1(8.9)

PWID 103 (18.6) 61 (30.2) 40 (11.7) 3(25)

Nosocomial 119 (21.4) - 119 (34.9) -

Unknown/No data 39 (7) 9 (4.5) 30 (8.8) -

Pregnancy status, n (%) Pregnant 33(12.1) 33(31.7) - - - -
HIV-1 drug resistance mutations, n (%)

Yes 149 (26.9) 50 (24.8) 97 (28.5) 2 (16.7) 0.3 0.91
No 406 (73.1) 152 (75.2) 245 (71.5) 9(83.3)

Dual- and multi-class HIV-1 drug resistance, n (%)

Yes 99 (66.4) 29 (56.9) 70(72.2) 0 0.06 0.68
No 50 (33.6) 21 (43.1) 27 (27.8) 11 (100)

HIV-1 subtyping, n (%)

CRF02_AG 332 (59.8) 95 (47) 232 (68) 5(41.7) <0.01 <0.01
A6 184 (33.2) 90 (44.6) 89 (26.1) 5(41.7)

CRF63_02A 10(1.8) 4(2) 4(1.2) 2 (16.6)

Minor subtypes and recombinants 29 (5.2 13 (6.4) 16 (4.7) -

Numbers in bold indicate statistically significant associations. JAB, Jalal-Abad and Batken provinces; Adj. p, adjusted p-value; MSM, men who have sex with men; PWID,
persons who inject drugs,; CRF, circulating recombinant form.

4-6 years). Four (44.4%) of nine MSM were infected by minor ~CRF63_02A were combined, and a single phylogenetic tree
HIV-1 variants (subtype B, subtype G, URF B/CRF02_AG, and was constructed. Nineteen study sequences (CRF02_AG,
URF B/G); the remaining five MSM had sub-subtype A6 (n=4) n = 11 and A6, n = 8) were excluded from the analysis
and CRF02_AG (n = 1) HIV-1 infection. None of MSM had due to short sequence length (less than 1,000 base pairs).

HIV-1 DRMs detected. Final datasets included 325 study and 486 background
sequences of CRF02_AG/CRF63_02A, and 173 study and
HIV-1 Subtyping and Drug Resistance 1,056 background sequences of sub-subtype A6. Phylogenetic

Genotyping results were successfully obtained for 555 (89.4%) analyses of CRF02_AG/CRF63_02A and sub-subtype A6
of 621 individuals. The most frequent HIV-1 subtypes were datasets revealed that Kyrgyz sequences intermingle with
CRF02_AG [n =332 (59.8%)], CRF63_02A [n = 10 (1.8%)], and
sub-subtype A6 [n = 184 (33.2%)]. The remaining 29 (5.2%)
sequences represent the minor HIV-1 subtypes and unique  TABLE 2| Distribution of HIV-1 subtypes by the study provinces.
recombinant forms (URFs). Detailed HIV-1 subtype distribution

is shown in Table 2. Subtype, n (%) Bishkek, n = 202 Osh, n =341 JAB,n =12
Major DRMs were identified in 149 of 555 (26.9%) sequences  crroo AG 95 (47%) 282 (68%) 5 (41.7%)
(Table 2 and Figure 1). Nucleoside reverse-transcriptase pg 90 (44.6%) 89 (26.1%) 5 (41.7%)
inhibitor (NRTI)-resistance mutations were detected in 107  cgres ooa 4 (2%) 4(1.8%) 2 (16.6%)
individuals. Non-NRTI (NNRTI)-resistance mutations were g URFs 3(1.5%) 5 (1.5%)
detected in 138 individuals. Protease inhibitor (PI)-resistance @ 3(1.5%) 2(0.6%)
mutations were detected in four individuals. Resistance g 3(1.5%) 2(0.6%)
mutations to at least two ARV drug classes were identified in  cprroo Ac/A6 2 (1%) 4(1.8%)
99/149 (66.4%) sequences. CRFO2_AG/B 1(0.5%) 1(0.3%)
AB/G - 1(0.3%)
Phylogenetic and Cluster Analyses B/G 1(0.5%) 1(0.3%)

Phylogenetic trees were constructed for each major HIV-1 cpe circulating recombinant form; URF, unique recombinant form; JAB, Jalal-Abad
subtype separately (Figure 1); sequences of CRF02_AG and and Batken provinces.
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FIGURE 1 | Maximum-likelihood phylogenetic trees of HIV-1 pol sequences of CRFO2_AG/CRF63_02A (A) and sub-subtype A6 (B). Monophyletic clades (A-D) with
the branch support > 80 and containing for over 70% of study sequences are shaded in yellow. JAB, Jalal-Abad and Batken provinces; CRF, circulating
recombinant form; MSM, men who have sex with men; PWID, persons who inject drugs; DRM, drug resistance mutation.

sequences from the neighboring countries, indicating genetic
similarity and the potential common origins with corresponding
variants in the Eastern Europe and Central Asia regions. The
CRF02_AG/CRF63_02A tree shows the presence of the four
well-defined clades composed of the local study sequences; two
of those clades (A and B, 97 and 100 branch support values)
are predominantly represented by the study sequences from
Bishkek (Figure 1A). Two other clades (C and D, branch support
values of 84 and 87) primarily include study sequences from
Osh. This possibly represents the four distinct locally evolving
sub-epidemics of CRF02_AG in Kyrgyzstan. Clades A and B
were mainly represented by individuals aged 25-49 years infected
by heterosexual and PWID transmission modes. Clades C and
D are predominantly presented by children and young adults
with the nosocomial HIV-1 infection. No noticeable clades
were revealed among sub-subtype A6 study sequences; study
samples scattered across the background sequences, indicating
multiple independent introduction events of sub-subtype A6 to
Kyrgyzstan from the neighboring countries (Figure 1B).

Fifty-seven putative transmission clusters representing 140
individuals (28.1%; 140/498) were detected; 34 clusters were
identified among CRF02_AG sequences, 23 clusters among A6
sequences, and one cluster of CRF63_02A sequences (Figure 2).
Most of the clusters were pairs (n = 38) and triplets (n = 12).
Five clusters of four and one cluster of five sequences were also
found. Nine clusters were identified among individuals from
different study regions. Major DRMs were detected in 33 (23.6%)
clustered individuals; 17 of those individuals had DRMs to at
least two ARV dug classes. No statistically significant association
between demographic and HIV-related characteristics of the
study individuals and phylogenetic clustering was found.

Phylodynamic Analysis

Log-normal uncorrelated relaxed molecular clock model
outperforms a strict model based on the BFs in both
CRF02_AG/CRF63_02A and sub-subtype A6 datasets. BFs also
indicate an advantage of the Bayesian Skyline coalescent model in

CRF02_AG/CRF63_02A, and a small advantage of the Gaussian
Markov random field (GMRF) Bayesian Skyride coalescent
model in the A6 dataset. The estimated median substitution
rate for CRF02_AG/CRF63_02A was 2.79 x 1073 (95%
highest posterior density [HPD]: 1.93 x 1073-3.69 x 1072),
and 255 x 1077 (95% HPD: 1.69 x 107°-3.43 x 1077)
for sub-subtype A6. The demographic history of HIV-1
CRF02_AG/CRF63_02A and sub-subtype A6 in Kyrgyzstan is
presented in Figure 3. CRF02_AG/CRF63_02A Skyline plot
reveals a rapid growth phase in ESS between the late 1990s and
2010 followed by a stable phase (Figure 3A). The estimated date
of origin of the CRF02_AG epidemic in Kyrgyzstan was January
1997 (95% HPD: February 1986-May 2004). The origin date of
CRF63_02A in Kyrgyzstan was estimated as April 2004 (95%
HPD: January 1997-April 2009). The origin dates for the four
major CRF02_AG clades were estimated as September 2000 (95%
HPD: May 1993-August 2005) for clade D, May 2003 (95% HPD:
May 1966-March 2008) for clade C, 2005 (95% HPD: March
1999-February 2009) for clade A, and September 2006 (95%
HPD: July 2001-May 2010) for clade B. The date of origin for
sub-subtype A6 was estimated as June 1995 (95% HPD: August
1985-August 2002). Sub-subtype A6 Skyride plot had a growth
phase in ESS in the mid-2010s; the growth rate began to decline
somewhat thereafter (Figure 3B).

DISCUSSION

In this study, we performed molecular-epidemiological analysis
of HIV-1 in Kyrgyzstan in four provinces, two of which
(Bishkek and Osh) are most severely affected by HIV-1. Our
results showed the predominant circulation of two major HIV-
1 variants—CRF02_AG and sub-subtype A6. A third of HIV-
infected individuals in the study had major HIV-1 DRMs:
two-third of those had DRMs to at least two ARV drug
classes. Phylogenetic analysis revealed a well-defined structure
of CRF02_AG indicating the locally evolving sub-epidemics. The
lack of a well-defined phylogenetic structure was observed for the
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A6 sub-subtype. Small distinct HIV-1 transmission clusters were
detected among study sequences. Clustering was not associated
with any individual characteristics. DRMs were detected in 26.9%
of clustered individuals.

HIV-1 epidemic in Kyrgyzstan is characterized by an overall
low HIV-1 infection prevalence rate, a high HIV-1 prevalence
rate among key populations (Deryabina et al., 2019), and a high
proportion of HIV-positive children (Mansfeld et al., 2015). Our
study found that most of the HIV-positive older adults were
PWID; heterosexual transmission was more common in the 25-
49 age group. This may indicate the shift of the HIV-1 epidemic
to the general population from key groups such as PWID or
change of substance consumption to non-injection drugs. Our
study also found that over a half of children and young adults
in Osh acquired healthcare-associated HIV-1 infection. Earlier
studies described several outbreaks of hospital-acquired HIV-1
among children in Osh province in 2007 (Thorne et al., 2010)
and 2011-2012 (Mansfeld et al., 2015), with the total number of
over 300 reported cases. Although healthcare-associated HIV-1
infections in high-income countries are extremely low, risk of
nosocomial HIV-1 infections in the resource-limited countries

remains high (Ganczak and Barss, 2008; Myburgh et al., 2020).
We also identified significant differences in the transmission
modes between genders. Women were more likely to be infected
thought the sexual contacts; PWID was a dominant transmission
mode among men, followed by nosocomial infection. Similar
epidemiological characteristics of HIV-positive individuals were
described in the previous report (Zhao et al., 2020).

The first HIV-1 case in Kyrgyzstan was identified in 1987
in a foreigner [34]. The first local HIV-1 case was registered
in 1996 (Roth et al., 2012), and HIV-1 cases in Kyrgyzstan
are steadily increasing since then, like in other countries of
Central Asia and Eastern Europe. CRF02_AG predominantly
circulates in West Africa (Bbosa et al., 2019), but since 1999,
this recombinant form is constantly detected in Central Asian
countries (Laga et al., 2015; Aibekova et al., 2018). CRF02_AG
circulating in Central Asia is genetically distant from that from
African countries and phylogenetically represents well-supported
distant clade (Mir et al., 2016). Our study showed the presence
of the four main CRF02_AG region-specific lineages circulating
in Kyrgyzstan. Phylodynamic reconstruction of HIV-1 epidemics
in Kyrgyzstan revealed the date of origin of CRF02_AG as
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FIGURE 3 | Phylodynamic reconstruction of HIV-1 sSCRFO2_AG/CRF63_02A (A) and sub-subtype A6 (B) in Kyrgyzstan. (A) The Bayesian Skyline plot was
reconstructed for the 325 pol gene sequences of CRFO2_AG and 10 sequences of CRF63_02A. The horizontal bold line indicates effective population size through
time; blue-shaded area represents the 95% highest posterior density (HPD). The vertical bold black line indicates the estimated origin date for CRFO2_AG [January
1997 (95% HPD: February 1986-May 2004)]; the vertical dashed line indicates the estimated origin date for CRF63_02A [April 2004 (95% HPD: January 1997-April
2009)]. (B) The Gaussian Markov random field (GMRF) Bayesian Skyride plot was reconstructed for the 173 pol gene sequences of sub-subtype AB. The horizontal
bold line indicates effective population size through time; pink-shaded area represents the 95% HPD. The vertical bold black line indicates the estimated origin date
for sub-subtype AB [June 1995 (95% HPD: August 1985-August 2002)].

January 1997. Osh-specific clades increased earlier than did
the Bishkek-specific clades. Analysis of the characteristics of
the study individuals also showed that people from Osh had
HIV-1 infection for a longer period than those from Bishkek.
The CRF02_AG rise in Osh coincided with the active drug
trafficking from Afghanistan through the so-called “North route.”
The main traffic routes go to the South Kyrgyzstan (Osh
province) through the Tajikistan and Uzbekistan and then spread
across Kyrgyzstan and further to Kazakhstan, Russian, and
other European countries’. Most likely, this viral variant was
introduced to Kyrgyzstan by drug trafficking [Mir et al.,, 2016].
Bishkek-specific clades were predominantly represented by adults

“https://www.unodc.org/documents/publications/NR_Report_21.06.18_low.pdf

who acquired HIV-1 infection through heterosexual contacts
and while injection of drugs, indicating an extensive mixing
between high-risk and heterosexual populations. Osh-specific
clades are represented by children and young adults who
acquired healthcare-associated HIV-1 infection and represented
by in-hospital HIV-1 outbreak sequences. These age groups
play an important role in the local HIV-1 sub-epidemic, and
targeted HIV-1 care interventions should be implemented to
limit HIV-1 spread and improve healthcare services. HIV-1
sub-subtype A6 epidemic in FSU countries is characterized by
monophyletic phylogenetic tree structure, suggesting a common
ancestor for all the viruses (Diez-Fuertes et al., 2015). Our
results revealed a significant geographic dissemination of the
sub-subtype A6 across the FSU countries with the lack of
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country-specific clades. HIV-1 sub-subtype A6 phylogenetics
discovered multiple introductions of the virus to Kyrgyzstan,
which are most likely associated with the intense migration
between Kyrgyzstan and the neighboring countries. The origin
date for sub-subtype A6 in Kyrgyzstan was estimated as June
1995. The HIV-1 effective population size of these subtypes
had an initial growing phase with the further stable phase for
CRF02_AG/CRF63_02A and decline phase for sub-subtype A6.
CRF63_02A (formally known as CRF02_AG recombinant) was
initially described in 2012 as a viral variant that caused an
outbreak in the Asian part of Russia in 2006 (Baryshev et al.,
2012). In our study, a very limited number of CRF63_02A
sequences were detected. A small number (1.6%) of HIV-
positive MSM was found in the study. Almost a half of those
individuals were infected by minor HIV-1 variants (subtypes
B and G, and URFs B/CRF02_AG and B/G); the remaining
five MSM had sub-subtype A6 or CRF02_AG HIV-1 infection.
Despite the very limited number of MSM in our study, these
data indicate the mixing of HIV-1 transmissions between MSM
and general population. Also, the high HIV-1 genetic diversity
among MSM could potentially be one of the driving forces for
further increase of HIV-1 variety in Kyrgyzstan. Data of HIV-
1 prevalence among MSM in Central Asia, and particularly in
Kyrgyzstan, are very limited due to criminalization of same-
sex relationships (Thorne et al., 2010; Wirtz et al, 2013).
However, previous studies reported HIV-1 prevalence rate among
MSM at around 1% (Thorne et al., 2010; El-Bassel et al,
2013). Further studies are needed to better understand HIV-1
epidemiology and HIV-related risk behavior among this high-risk
group in Kyrgyzstan. This study showed that groups of at-risk
people could contribute to the HIV-1 epidemic progression by
maintaining new infections within the risk group or by linking
infections between different populations.

Our study has several limitations. Children and young adults
were sampled more intensely than older individuals, which could
have biased some of the observed numbers. In this study, samples
from children and young adults were deliberately collected
from those who potentially acquired HIV-1 infection during
in-hospital outbreaks. Also, this study provides information on
HIV-positive pregnant women in Bishkek province only. Data
on pregnancy status from other provinces were not available.
In this study, we detected a small number of transmission
clusters sized two to four individuals due to a small sampling
fraction. The study dataset represents only around 6% (555 HIV-
positive study individuals of an estimated 9,200 HIV-infections
in 2020 (see text footnote 1) of the total HIV-1 detected cases in
Kyrgyzstan. Major DRMs were detected in 23.6% of individuals
in the HIV-1 transmission clusters. The study as performed does
not power to reveal whether DRMs occurred due to the therapy
failure or whether originating from the transmission of the drug-
resistant virus. HIV-positive individuals not linked to care were
not included in the study, since only individuals who visited
healthcare facilities were included.

To our knowledge, this is the first study that provides
comprehensive data on the HIV-1 epidemic in Kyrgyzstan.
We identified complex patterns of HIV-1 phylogenetics among
the key and general populations and observed high levels

of HIV-1 genetic diversity and drug resistance. Further
studies are needed, accompanied by extensive public health
interventions to limit HIV-1 spread and improve future HIV-
1 care services.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/Supplementary Material.

ETHICS STATEMENT

The study was approved by Ethical Committee of Research and
Manufacturing Association “Prevention Medicine” of Ministry of
Health of Kyrgyz Republic. Written consent forms were provided
by all the study individuals. For individuals 18 years old and
younger, written consent forms were provided by their parent or
legal guardian.

AUTHOR CONTRIBUTIONS

MS, AT, and NG planned and designed the study. DZ, IO,
TN, MG, and VI performed HIV genotyping and collected
the sequences. AT submitted the sequences. MS performed the
analysis of the epidemiological data, performed the phylogenetic
and phylodynamic analyses, produced the illustrations, and
wrote the manuscript. NG supervised the project and edited the
manuscript. IM performed the statistical analysis. UC, EN, UM,
ZA, NA, AB, and UK collected the epidemiological data and
assisted with sample collection at the study sites. All authors
participated in the final review of the manuscript.

FUNDING

This study was supported by the Directives of the Russian
Government Nos. 2314-p dated November 14, 2015 and No.
2656-p dated December 1, 2018.

ACKNOWLEDGMENTS

We thank the study individuals for their contributions to the
study. We also thank the staff at the study HIV/AIDS clinics for
sample management and laboratory testing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.
753675/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 753675


https://www.frontiersin.org/articles/10.3389/fmicb.2021.753675/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.753675/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sivay et al.

HIV-1 in Central Asia

REFERENCES

Aibekova, L., Foley, B., Hortelano, G., Raees, M., Abdraimov, S., Toichuev,
R, et al. (2018). Molecular epidemiology of HIV-1 subtype A in former
Soviet Union countries. PLoS One 13:¢0191891. doi: 10.1371/journal.pone.019
1891

Baryshev, P. B., Bogachev, V. V., and Gashnikova, N. M. (2012). Genetic
characterization of an isolate of HIV type 1 AG recombinant form circulating
in Siberia, Russia. Arch. Virol. 15, 2335-2341. doi: 10.1007/s00705-012-1
442-4

Bbosa, N., Kaleebu, P., and Ssemwanga, D. (2019). HIV subtype diversity
worldwide. Curr. Opin. HIV AIDS 14, 153-160. doi: 10.1097/COH.
0000000000000534

Brenner, B. G., and Wainberg, M. A. (2013). Future of phylogeny in HIV
prevention. J. Acquir. Immune Defic. Syndr. 63 Suppl 2, 248-254. doi: 10.1097/
QAL0b013e318298696

Deryabina, A. P., Patnaik, P, and El-Sadr, W. M. (2019). Underreported
injection drug use and its potential contribution to reported increase in sexual
transmission of HIV in Kazakhstan and Kyrgyzstan. Harm Reduct. J. 16:1.
doi: 10.1186/512954-018-0274-2

Diez-Fuertes, F., Cabello, M., and Thomson, M. M. (2015). Bayesian
phylogeographic analyses clarify the origin of the HIV-1 subtype A variant
circulating in former Soviet Union’s countries. Infect. Genet. Evol. 33, 197-205.
doi: 10.1016/j.meegid.2015.05.003

El-Bassel, N., Strathdee, S. A., and El Sadr, W. M. (2013). HIV and people who use
drugs in central Asia: confronting the perfect storm. Drug Alcohol Depend 132
Suppl 1, S2-S6. doi: 10.1016/j.drugalcdep.2013.07.020

Foley, B. T., Leitner, T., Paraskevis, D., and Peeters, M. (2016). Primate
immunodeficiency virus classification and nomenclature: review. Infect. Genet.
Evol. 46, 150-158. doi: 10.1016/j.meegid.2016.10.018

Fujimoto, K., Bahl, J., Wertheim, J. O., Del Vecchio, N., Hicks, J. T., Damodaran,
L., et al. (2021). Methodological synthesis of Bayesian phylodynamics, HIV-
TRACE, and GEE: HIV-1 transmission epidemiology in a racially/ethnically
diverse Southern U.S. context. Sci. Rep. 11:3325. doi: 10.1038/s41598-021-
82673-8

Ganczak, M., and Barss, P. (2008). Nosocomial HIV infection: epidemiology and
prevention - a global perspective. AIDS Rev. 10, 47-61.

Grabowski, M. K., Herbeck, J. T., and Poon, A. F. Y. (2018). Genetic cluster analysis
for HIV prevention. Curr. HIV/AIDS Rep. 15, 182-189. doi: 10.1007/s11904-
018-0384-1

HIV Sequence Database (2020). HIV Sequence Database. Available online at:
http://www.hiv.lanl.gov/ (accessed November 15, 2020).

Katoh, K., Rozewicki, J., and Yamada, K. D. (2017). MAFFT online service:
multiple sequence alignment, interactive sequence choice and visualization.
Brief Bioinform. 20, 1160-1166. doi: 10.1093/bib/bbx108

Laga, V., Lapovok, 1., Kazennova, E., Ismailova, A., Beisheeva, N., Asybalieva, N.,
et al. (2015). The genetic variability of HIV-1 in Kyrgyzstan: the spread of
CRF02_AG and subtype A1 recombinants. J. HIV AIDS 1. doi: 10.16966/2380-
5536.106

Lapovok, I. A., Saleeva, D. V., Lopatukhin, A. E., Kirichenko, A. A., Murzakova,
A. V., Bekbolotov, A. A,, et al. (2020). HIV-1 genetic characteristics in patients
having experienced virological failure of therapy in the Kyrgyz Republic in
2017-2018. Epidemiol. Infect. Dis. 3, 105-111. doi: 10.18565/epidem.2020.10.
3.105-11

Letunic, I, and Bork, P. (2021). Interactive tree of life iTOL) v5: an online tool for
phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293-W296.
doi: 10.1093/nar/gkab301

Maksimenko, L. V., Totmenin, A. V., Gashnikova, M. P., Astakhova, E. M.,
Shudarnov, S. E., Ostapova, T. S., et al. (2020). Genetic diversity of HIV-1 in
Krasnoyarsk Krai: area with high levels of HIV-1 recombination in Russia.
Biomed. Res. Int. 10:9057541. doi: 10.1155/2020/9057541

Mansfeld, M., Ristola, M., and Likatavicius, G?. (2015). HIV Programme
Review in  Kyrgyzstan. Copenhagen: WHO Regional Office for
Europe.

Martin, D. P., Murrell, B., Golden, M., Khoosal, A., and Muhire, B. (2015). RDP4:
detection and analysis of recombination patterns in virus genomes. Virus Evol.
1:vev003. doi: 10.1093/ve/vev003

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D.,
von Haeseler, A, et al. (2020). IQ-TREE 2: new models and efficient methods
for phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 1530-1534.
doi: 10.1093/molbev/msaa015

Ministry of Health of Kyrgyz Republic (2017). Clinical Protocols on HIV
Infection for Outpatient and Inpatient Services. Bishkek. Available online at:
http://med.kg/images/MyFiles/KP/2018/sbornik_KP_VISH_prikaz_903_1010
2017.pdf (accessed May 20, 2021).

Mir, D,, Jung, M., Delatorre, E., Vidal, N., Peeters, M., and Bello, G. (2016).
Phylodynamics of the major HIV-1 CRF02_AG African lineages and its global
dissemination. Infect. Genet. Evol. 46, 190-199. doi: 10.1016/j.meegid.2016.05.
017

Myburgh, D., Rabie, H., Slogrove, A. L., Edson, C., Cotton, M. F., and Dramowski,
A. (2020). Horizontal HIV transmission to children of HIV-uninfected
mothers: a case series and review of the global literature. Int. J. Infect. Dis. 98,
315-320. doi: 10.1016/j.ijid.2020.06.081

Peters, P. J., Pontones, P., Hoover, K. W., Patel, M. R,, Galang, R. R., Shields, J.,
etal. (2016). HIV infection linked to injection use of oxymorphone in Indiana,
2014-2015. N. Engl. ]. Med. 375, 229-239. doi: 10.1056/NEJMoal515195

Pineda-Pena, A. C., Faria, N. R, Imbrechts, S., Libin, P., Abecasis, A. B., Deforche,
K., et al. (2013). Automated subtyping of HIV-1 genetic sequences for clinical
and surveillance purposes: performance evaluation of the new REGA version
3 and seven other tools. Infect. Genet. Evol. 19, 337-348. doi: 10.1016/j.meegid.
2013.04.032

Price, M. N,, Dehal, P. S., and Arkin, A. P. (2010). FastTree 2 — approximately
maximum-likelihood trees for large alignments. PLoS One 5:€9490. doi: 10.
1371/journal.pone.0009490

Ragonnet-Cronin, M., Hodcroft, E., Hué, S., Fearnhill, E., Delpech, V., Leigh
Brown, A. ], et al. (2013). Automated analysis of phylogenetic clusters. BMC
Bioinformatics 6:317. doi: 10.1186/1471-2105-14-317

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., and Suchard, M. A. (2018).
Posterior summarisation in Bayesian phylogenetics using Tracer 1.7. Syst. Biol.
67, 901-904. doi: 10.1093/sysbio/syy032

Rambaut, A., Lam, T. T., Max Carvalho, L., and Pybus, O. G. (2016). Exploring
the temporal structure of heterochronous sequences using tempest (formerly
Path-O-Gen). Virus Evol. 2:vew007. doi: 10.1093/ve/vew007

Roth, S., Elfving, R., and Khan, A. R. (2012). HIV/AIDS Vulnerabilities in Regional
Transport Corridors in the Kyrgyz Republic and Tajikistan. Manila: Asian
Development Bank.

RStudio Team (2020). RStudio: Integrated Development for R. RStudio. Boston, MA:
RStudio Team.

Shafer, R. W. (2006). Rationale and uses of a public HIV drug-resistance database.
J. Infect. Dis. 194(Suppl. 1), 51-58. doi: 10.1086/505356

Siepel, A. C., Halpern, A. L., Macken, C., and Korber, B. T. (1995). A computer
program designed to screen rapidly for HIV type 1 intersubtype recombinant
sequences. AIDS Res. Hum. Retroviruses 11, 1413-1416. doi: 10.1089/aid.1995.
11.1413

Struck, D., Lawyer, G., Ternes, A. M., Schmit, J. C., and Bercoff, D. P. (2014).
COMET: adaptive context-390based modeling for ultrafast HIV-1 subtype
identification. Nucleic Acids Res. 39142:e144. doi: 10.1093/nar/gku739

Suchard, M. A, Lemey, P., Baele, G., Ayres, D. L., Drummond, A. J., and Rambaut,
A. (2018). Bayesian phylogenetic and phylodynamic data integration using
BEAST 1.10. Virus Evol. 4:vey016. doi: 10.1093/ve/vey016

Thorne, C., Ferencic, N., Malyuta, R., Mimica, J., and Nieniec, T. (2010). Central
Asia: hotspot in the worldwide HIV epidemic. Lancet Infect. Dis. 10, 479-488.
doi: 10.1016/S1473-3099(10)70118-3

Wilkinson, E., Engelbrecht, S., and de Oliveira, T. (2014). Detection of transmission
clusters of HIV-1 subtype C over a 21-year period in Cape Town, South Africa.
PLoS One 9:€109296. doi: 10.1371/journal.pone.0109296

Wirtz, A. L., Kirey, A., Peryskina, A., Houdart, F., and Beyrer, C. (2013).
Uncovering the epidemic of HIV among men who have sex with men in Central
Asia. Drug Alcohol Depend 132(Suppl. 1), S17-S24. doi: 10.1016/j.drugalcdep.
2013.06.031

Wolf, E., Herbeck, J. T., Van Rompaey, S., Kitahata, M., Thomas, K., Pepper,
G., et al. (2017). Phylogenetic evidence of HIV-1 transmission between adult
and adolescent men who have sex with men. AIDS Res. Hum. Retroviruses 33,
318-322. doi: 10.1089/AI1D.2016.0061

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 753675


https://doi.org/10.1371/journal.pone.0191891
https://doi.org/10.1371/journal.pone.0191891
https://doi.org/10.1007/s00705-012-1442-4
https://doi.org/10.1007/s00705-012-1442-4
https://doi.org/10.1097/COH.0000000000000534
https://doi.org/10.1097/COH.0000000000000534
https://doi.org/10.1097/QAI.0b013e3182986f96
https://doi.org/10.1097/QAI.0b013e3182986f96
https://doi.org/10.1186/s12954-018-0274-2
https://doi.org/10.1016/j.meegid.2015.05.003
https://doi.org/10.1016/j.drugalcdep.2013.07.020
https://doi.org/10.1016/j.meegid.2016.10.018
https://doi.org/10.1038/s41598-021-82673-8
https://doi.org/10.1038/s41598-021-82673-8
https://doi.org/10.1007/s11904-018-0384-1
https://doi.org/10.1007/s11904-018-0384-1
http://www.hiv.lanl.gov/
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.16966/2380-5536.106
https://doi.org/10.16966/2380-5536.106
https://doi.org/10.18565/epidem.2020.10.3.105-11
https://doi.org/10.18565/epidem.2020.10.3.105-11
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1155/2020/9057541
https://doi.org/10.1093/ve/vev003
https://doi.org/10.1093/molbev/msaa015
http://med.kg/images/MyFiles/KP/2018/sbornik_KP_VISH_prikaz_903_10102017.pdf
http://med.kg/images/MyFiles/KP/2018/sbornik_KP_VISH_prikaz_903_10102017.pdf
https://doi.org/10.1016/j.meegid.2016.05.017
https://doi.org/10.1016/j.meegid.2016.05.017
https://doi.org/10.1016/j.ijid.2020.06.081
https://doi.org/10.1056/NEJMoa1515195
https://doi.org/10.1016/j.meegid.2013.04.032
https://doi.org/10.1016/j.meegid.2013.04.032
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1186/1471-2105-14-317
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/ve/vew007
https://doi.org/10.1086/505356
https://doi.org/10.1089/aid.1995.11.1413
https://doi.org/10.1089/aid.1995.11.1413
https://doi.org/10.1093/nar/gku739
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1016/S1473-3099(10)70118-3
https://doi.org/10.1371/journal.pone.0109296
https://doi.org/10.1016/j.drugalcdep.2013.06.031
https://doi.org/10.1016/j.drugalcdep.2013.06.031
https://doi.org/10.1089/AID.2016.0061
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sivay et al.

HIV-1 in Central Asia

Wolf, D., Elovich, R., Boltaev, A., and Pulatov, D. (2008). HIV in Central Asia:
Tajikistan, Uzbekistan and Kyrgyzstan. Public Health Aspects of HIV/AIDS in
Low- and Middle-Income Countries. New York, NY: Springer.

Zhao, F., Benedikt, C., and Wilson, D. (2020). Tackling the Worlds Fastest-Growing
HIV Epidemic: More Efficient HIV Responses in Eastern Europe and Central Asia.
Human Development Perspectives. Washington, DC: World Bank.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Sivay, Totmenin, Zyryanova, Osipova, Nalimova, Gashnikova,
Ivlev, Meshkov, Chokmorova, Narmatova, Motorov, Akmatova, Asybalieva,
Bekbolotov, Kadyrbekov, Maksutov and Gashnikova. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 753675


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers

ORIGINAL RESEARCH
published: 15 November 2021

in Microbiolog Y doi: 10.3389/fmicb.2021.774386
-

Identification of CRF66_BF, a New
HIV-1 Circulating Recombinant Form
of South American Origin
Joan Bacqué', Elena Delgado’, Sonia Benito’, Maria Moreno-Lorenzo’,
Vanessa Montero’, Horacio Gil', Mdnica Sanchez’, Maria Carmen Nieto-Toboso?,
Josefa Munoz?, Miren Z. Zubero-Sulibarria?, Estibaliz Ugalde?, Elena Garcia-Bodas’,

OPEN ACCESS Javier E. Cafada’, Jorge del Romero3, Carmen Rodriguez?, Iciar Rodriguez-Avial?,
Luis Elorduy-Otazua®, José J. Portu®, Juan Garcia-Costa’, Antonio Ocampo?,

Edited by: Jorge J. Cabrera® and Michael M. Thomson*

Miguel Angel Martinez,
IrsiCaixa, Spain

Reviewed by:

Gonzalo Jose Bello Bentancor,
Oswaldo Cruz Foundation (FIOCRUZ),
Brazil

Marcel Tongo,

Center for Research on Emerging
and Re-Emerging Diseases
(CREMER), Cameroon

*Correspondence:
Michael M. Thomson
mthomson@isciii.es

Specialty section:

This article was submitted to
Virology,

a section of the journal
Frontiers in Microbiology

Received: 11 September 2021
Accepted: 25 October 2021
Published: 15 November 2021

Citation:

Bacqué J, Delgado E, Benito S,
Moreno-Lorenzo M, Montero V, Gil H,
Sanchez M, Nieto-Toboso MC,
Mufioz J, Zubero-Sulibarria MZ,
Ugalde E, Garcia-Bodas E,

Cahada JE, del Romero J,
Rodriguez C, Rodriguez-Avial |,
Elorduy-Otazua L, Portu JJ,
Garcia-Costa J, Ocampo A,

Cabrera JJ and Thomson MM (2021)
Identification of CRF66_BF, a New
HIV-1 Circulating Recombinant Form
of South American Origin.

Front. Microbiol. 12:774386.

doi: 10.3389/fmicb.2021.774386

" HIV Biology and Variability Unit, Centro Nacional de Microbiologia, Instituto de Salud Carlos Ill, Madrid, Spain, 2 Hospital
Universitario de Basurto, Bilbao, Spain, ¢ Centro Sanitario Sandoval, IdISSC, Madrid, Spain, * Hospital Clinico San Carlos,
Madrrid, Spain, ° Hospital Universitario de Cruces, Barakaldo, Spain, © Hospital Universitario de Araba, Vitoria, Spain,

7 Complejo Hospitalario Universitario de Ourense, Ourense, Spain, ® Complejo Hospitalario Universitario de Vigo, Vigo, Spain

Circulating recombinant forms (CRFs) are important components of the HIV-1 pandemic.
Among 110 reported in the literature, 17 are BF1 intersubtype recombinant, most of
which are of South American origin. Among these, all 5 identified in the Southern Cone
and neighboring countries, except Brazil, derive from a common recombinant ancestor
related to CRF12_BF, which circulates widely in Argentina, as deduced from coincident
breakpoints and clustering in phylogenetic trees. In a HIV-1 molecular epidemiological
study in Spain, we identified a phylogenetic cluster of 20 samples from 3 separate
regions which were of F1 subsubtype, related to the Brazilian strain, in protease-reverse
transcriptase (Pr-RT) and of subtype B in integrase. Remarkably, 14 individuals from this
cluster (designated BF9) were Paraguayans and only 4 were native Spaniards. HIV-1
transmission was predominantly heterosexual, except for a subcluster of 6 individuals,
5 of which were men who have sex with men. Ten additional database sequences,
from Argentina (n = 4), Spain (n = 3), Paraguay (n = 1), Brazil (h = 1), and ltaly
(n = 1), branched within the BF9 cluster. To determine whether it represents a new
CREF, near full-length genome (NFLG) sequences were obtained for 6 viruses from 3
Spanish regions. Bootscan analyses showed a coincident BF1 recombinant structure,
with 5 breakpoints, located in p17949, integrase, gp120, gp41-rev overlap, and nef,
which was identical to that of two BF1 recombinant viruses from Paraguay previously
sequenced in NFLGs. Interestingly, none of the breakpoints coincided with those of
CRF12_BF. In a maximum likelihood phylogenetic tree, all 8 NFLG sequences grouped
in a strongly supported clade segregating from previously identified CRFs and from the
CRF12_BF “family” clade. These results allow us to identify a new HIV-1 CRF, designated
CRF66_BF. Through a Bayesian coalescent analysis, the most recent common ancestor
of CRF66_BF was estimated around 1984 in South America, either in Paraguay or
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Argentina. Among Pr-RT sequences obtained by us from HIV-1-infected Paraguayans
living in Spain, 14 (20.9%) of 67 were of CRF66_BF, suggesting that CRF66_BF may
be one of the major HIV-1 genetic forms circulating in Paraguay. CRF66_BF is the first
reported non-Brazilian South American HIV-1 CRF_BF unrelated to CRF12_BF.

Keywords: HIV-1, circulating recombinant form, molecular epidemiology, phylogeny, phylodynamics

INTRODUCTION

One of the most distinctive features of HIV-1 evolution is
its high recombinogenic potential, possibly the greatest among
human pathogens, which is reflected in the high frequency of
unique recombinant forms (URFs), each generated in a dually-
or multiply-infected individual, found wherever different genetic
forms circulate in the same population (Ndjera et al., 2002).
Some of the HIV-1 recombinant forms have spread beyond a
group of epidemiologically linked individuals, in which case they
are designated circulating recombinant forms (CRFs) (Robertson
et al., 2000). Currently, 110 CRFs have been reported in the
literature and their number is increasing incessantly, due to
both the generation of new CRFs and the identification of old
previously undocumented CRFs. The proportion of CRFs in the
HIV-1 pandemic has increased over time, representing around
17% infections in 2010-2015 (Hemelaar et al., 2020). Among
CRFs, the most numerous are those derived from subtype B
and subusbtype F1, 17 of which have been identified, most
of them originated in South America, derived from the F1
variant circulating in Brazil (Louwagie et al., 1994). The first
CRF_BF identified in South America was CRF12_BE which
circulates widely in Argentina and Uruguay, where URFs related
to CRF12_BF are frequently found (Thomson et al, 2000,
2002; Carr et al,, 2001). Subsequently, 4 CRF_BFs related to
CRF12_BE as evidenced by shared breakpoints and phylogenetic
clustering, were identified in the Southern Cone of South
America or neighboring countries, CRF17_BF (Aulicino et al.,
2012), CRF38_BF (Ruchansky et al., 2009), CRF44_BF (Delgado
et al., 2010), and CRF89_BF (Delgado et al., 2021), the last
three having clear country associations, with Uruguay, Chile, and
Bolivia, and Peru, respectively. Due to their common ancestry,
these 5 CRFs and related URFs have been proposed to constitute
a “family” of recombinant viruses (Thomson and Néjera, 2005;
Zhang et al., 2010; Delgado et al., 2021). By contrast, all CRF_BFs
identified in Brazil are unrelated to CRF12_BF (De S4 Filho et al.,
2006; Guimaraes et al., 2008; Sanabani et al., 2010; Pessoa et al,,
2014; Reis et al., 2017, 2019). Here we report the identification of
a new CRF_BEF, found mainly in Paraguayan immigrants in Spain
and also identified in Paraguay and Argentina. Interestingly,
unlike all South American CRF_BFs identified to date outside of
Brazil, it has no relationship with CRF12_BF.

MATERIALS AND METHODS

Samples
Plasma samples from HIV-1-infected individuals were collected
in 14 Spanish regions for antiretroviral drug resistance tests and

for a molecular epidemiological study. The study was approved
by the Committee of Research Ethics of Instituto de Salud Carlos
III, Majadahonda, Madrid, Spain. The study did not require
written informed consent by the study participants, as it used
samples and data collected as part of routine clinical practice and
patients’ data were anonymized without retaining data allowing
individual identification.

RNA Extraction, Reverse
Transcription-Polymerase Chain

Reaction Amplification, and Sequencing

An ~14 kb pol fragment in protease-reverse transcriptase
(Pr-RT) was amplified from plasma RNA by Reverse
Transcription-Polymerase Chain Reaction (RT-PCR) followed
by nested PCR as described previously (Delgado et al., 2015)
and sequenced with the Sanger method using a capillary
automated sequencer. Some samples were also subject to
amplification and sequencing of integrase. Near full-length
genome (NFLG) sequences were obtained for selected
samples by RT-PCR/nested PCR amplification from plasma
RNA in four overlapping segments and sequenced by the
Sanger method, as described (Delgado et al, 2002; Sierra
et al, 2005; Canada et al., 2021). Newly derived sequences
are deposited in GenBank under accessions MK298150,
0OKO011530-OK011552.

Phylogenetic Sequence Analyses

Sequences were aligned with MAFFT v7 (Katoh and Standley,
2013). Initial phylogenetic trees with all Pr-RT sequences
obtained by us were constructed via approximate maximum
likelihood with FastTree v2.1.10 (Price et al, 2010), using
the general time reversible evolutionary model with CAT
approximation to account for among-site rate heterogeneity,
with assessment of node support with Shimodaira-Hasegawa
(SH)-like local support values (Guindon et al., 2010). A second
phylogenetic tree with the Pr-RT sequences of interest and
all Pr-RT sequences from the Los Alamos HIV Sequence
Database (Los Alamos National Laboratory, 2021) labeled
as being from F1 subsubtype or BF1 recombinant viruses,
excluding those sequences identified as BF1 recombinant
within Pr-RT, according to the analyses with REGA HIV-
1 Subtyping Tool v3 (Pineda-Pefia et al., 2013), was also
constructed with FastTree, as described above. Subsequent
maximum likelihood (ML) trees with sequences of interest
were constructed with W-IQ-Tree (Trifinopoulos et al,
2016), using the best-fit substitution model selected by
ModelFinder program (Kalyaanamoorthy et al, 2017), with
assessment of node support with the ultrafast bootstrap
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approximation approach (Hoang et al, 2018). Trees were
visualized with MEGA v7.0 (Kumar et al., 2016) or FigTree v1.4.2
(Rambaut").

Mosaic structures were analyzed by bootscanning (Salminen
et al.,, 1995) with SimPlot v1.3.5 (Lole et al., 1999). In these
analyses, trees were constructed using the neighbor-joining
method with the Kimura 2-parameter model and a window
width of 400 nucleotides. Recombinant segments identified
with SimPlot were further phylogenetically analyzed via ML
with W-IQ-Tree. Intersubtype breakpoint locations were also
determined with jpHMM (Schultz et al., 2009).

Temporal and Geographical Estimations
The time and the location of the most recent common
ancestor (MRCA) of the identified CRF was estimated using
Pr-RT sequences with the Bayesian Markov chain Monte Carlo
(MCMC) coalescent method implemented in BEAST v1.10.4
(Suchard et al., 2018), using a discrete trait approach. Prior
to the BEAST analysis, the existence of temporal signal in the
dataset was assessed with TempEst v1.5.3 (Rambaut et al., 2016),
which determines the correlation of genetic divergence among
sequences (measured as root-to-tip distance) with time. The
BEAST analysis was performed using the SRD06 codon-based
evolutionary model (with two codon position partitions: 1st+2",
and 3rd) (Shapiro et al., 2006). A uniform prior distribution
(2x1074-2x 1072 subs/ site/year) was used for the substitution
rate. We also specified an uncorrelated lognormal relaxed clock
and a Bayesian SkyGrid coalescent tree prior (Gill et al., 2013).
In the SkyGrid analysis, the number of grid points was set at 50
and the time at last transition point at 60 years. The MCMCs were
run for 50 million generations. We performed runs in duplicate,
combining the posterior tree files with LogCombiner v1.10.4.
Mixing and convergence were checked with Tracer v1.6, ensuring
that effective sample size values of all parameters were >200. The
posterior distribution of trees was summarized in a maximum
clade credibility (MCC) tree with TreeAnnotator v1.10.4, after
removal a 10% burn-in. MCC trees were visualized with FigTree.
Parameter uncertainty was summarized in 95% highest posterior
density (HPD) intervals.

RESULTS

Identification of a BF Intersubtype
Recombinant Cluster and
Epidemiological Associations

In a molecular epidemiology study on HIV-1 in Spain we
identified a cluster of 20 viruses of F1 subsubtype in Pr-RT, that
in integrase, sequenced in 4 samples, were of subtype B, which
was designated BF9. Inclusion in the phylogenetic analyses of Pr-
RT sequences from all viruses in the Los Alamos HIV Sequence
Database (Los Alamos National Laboratory, 2021) classified as
being of F1 subsubtype or BF1 recombinant, excluding those
sequences that were BF1 recombinant within Pr-RT, according
to REGA HIV-1 Subtyping Tool, identified 10 additional viruses

Uhttp://tree.bio.ed.ac.uk/software/figtree/

belonging to BF9, from Argentina (n = 4), Spain (n = 3),
Paraguay (n = 1), Brazil (n = 1), and Italy (n = 1) (Figure 1
and Supplementary Figure 1). Pr-RT sequences of the BF9
cluster were most closely related to F1 viruses of the Brazilian
variant (Figure 1). Epidemiological data of the 20 samples of
the BF9 cluster from Spain processed by us are shown in
Table 1. Remarkably, 14 individuals were from Paraguay [with
the remaining 6 being from Spain (n = 4), Argentina, and
Equatorial Guinea] and all 3 other database sequences from
samples collected in Spain were from Latin Americans, one
each from Paraguay, Argentina, and an unspecified country.
Transmission was predominantly heterosexual, but 7 were men
who have sex with men (MSM), the sequences of 5 of whom
branched in a subcluster (Figure 1).

Analyses of Near Full-Length Genome
Sequences and Identification of a New
Circulating Recombinant Form

To determine whether viruses from the BF9 cluster represent
a new CRE we obtained NFLG sequences from 6 samples
from 3 Spanish regions and analyzed their mosaic structures
by bootscanning. Two additional NFLG sequences of BF
recombinant viruses from databases were also analyzed by
bootscanning, both from Paraguay: 02PY_PSP0094, that
branched in the BF9 cluster in Pr-RT, and 02PY_PSP0093, that
showed high similarity to NFLGs of the BF9 cluster in BLAST
searches of the Los Alamos database. All 8 analyzed genomes
showed coincident mosaic structures, with 5 breakpoints,
located in p175%, integrase, gp120, gp41-rev overlap, and nef
(Figure 2). Breakpoints were more precisely located using
the midpoint of B-F1 transitions, according to the positions
where 75% consensuses of subtype B and the F1 Brazilian strain
genomes differ, in HXB2 positions 950, 4327, 6486, 8498, and
9161. Breakpoint locations were also determined with jpHMM
(Supplementary Table), which also found 5 breakpoints for
each virus in intervals overlapping those of the other analyzed
viruses and the 75% consensus B-F1 transition intervals in all
cases except the breakpoint interval in nef of MD497796, that
did not overlap the consensus B-F1 transition interval, and
that in p178% of PV106451, that was not detected by jpHMM.
ML phylogenetic trees constructed with each interbreakpoint
fragment confirmed the subtype assignation determined with
bootscanning (Figure 3).

In an ML tree constructed with the 7 NFLG genomes of
the BF9 cluster and 02PY_PSP0093, all 8 genomes grouped
in a strongly supported clade segregating away from all other
CRF_BFs and of the clade formed by the 5 CRF_BFs of the
CRF12_BF family (Figure 4). It should be pointed out that
02PY_PSP0093 did not branch in the BF9 cluster in the tree of
Pr-RT (Supplementary Figure 1), which suggests that the Pr-RT
segment of this virus could derive from secondary recombination
with an F1 strain different from the parental F1 strain of all
other BF9 viruses.

These results, therefore, allow to define a new CRE, which
was designated CRF66_BF, whose mosaic structure is shown
in Figure 5.
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FIGURE 1 | Maximum likelihood tree of Pr-RT sequences of BF9 cluster constructed with IQ-Tree. Sequences used in this analysis were those from the BF9 cluster
shown in the tree of Supplementary Figure 1, constructed with FastTree, plus sequences of F1 subsubtype from different countries and of CRF_BFs that are of
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TABLE 1 | Epidemiological data of patients and GenBank accessions of sequences.

Sample ID City of sample Region of sample Year of sample Year of HIV Gender Transmission Country of origin GenBank accessions
collection collection collection diagnosis route*

X4352_2 Vigo Galicia 2017 2017 M HT Spain MK298150 (NFLG)
GA836205 Vigo Galicia 2020 2020 M HT Argentina OK011531 (Pr-RT)

OK011530 (integrase)
GA922739 Ourense Galicia 2018 2017 M HT Spain OK011532 (NFLG)
MD096203 Madrid Madrid 2017 2011 F HT Paraguay OK011534 (Pr-RT)

OK011533 (integrase)
MD497796 Madrid Madrid 2017 2017 M MSM Equatorial Guinea OK011534 (NFLG)
MD745908 Madrid Madrid 2019 2019 M MSM Spain OK011536 (Pr-RT)
MD821027 Madrid Madrid 2018 2018 M MSM Paraguay OK011537 (Pr-RT)
MD844680 Madrid Madrid 2020 2020 M MSM Paraguay OK011538 (Pr-RT)
MD947238 Madrid Madrid 2018 2016 M MSM Paraguay OK011539 (Pr-RT)
PV003808 Bilbao Basque Country 2020 2020 M MSM Paraguay OK011541 (Pr-RT)

OK011540 (integrase)
PV041472 Bilbao Basque Country 2014 2014 F HT Paraguay OKO011542 (Pr-RT)
PV106451 Bilbao Basque Country 2010 2010 F HT Paraguay OK011543 (NFLG)
PV208413_2 Bilbao Basque Country 2009 2009 M HT Paraguay OK011544 (Pr-RT)
PV320606 Bilbao Basque Country 2014 2014 M HT Paraguay OK011545 (Pr-RT)
PV571209 Bilbao Basque Country 2013 2013 M HT Paraguay OK011546 (Pr-RT)
PV623909 Bilbao Basque Country 2011 2011 F HT Paraguay OK011547 (NFLG)
PV820832 Bilbao Basque Country 2008 2008 M Sexual Paraguay OK011548 (Pr-RT)
PVv844167 Vitoria Basque Country 2016 2016 M HT Paraguay OK011549 (NFLG)
PV860355 Bilbao Basque Country 2011 2011 M HT Paraguay OK011550 (Pr-RT)
PV867970 Bilbao Basque Country 2020 2020 M MSM Spain OK011552 (Pr-RT)

(

OK011551 (integrase)

*HT: heterosexual; MSM: man who has sex with men.
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FIGURE 2 | Bootscan analyses of 6 NFLG sequences of viruses of the BF9 cluster obtained by us and of two BF1 database NFLG sequences from Paraguay,
02PY_PSP0093 and 02PY_PSP0094. The horizontal axis represents the position in the HXB2 genome of the midpoint of a 400 nt window moving in 20 nt
increments and the vertical axis represents bootstrap values supporting clustering with subtype reference sequences.

Prevalence of CRF66_BF Among
HIV-1-Infected Paraguayans Residing in
Spain and Among Sequences From
Samples Collected in Paraguay
Deposited at the HIV-1 Sequence

Database
Among 67 HIV-1-infected Paraguayans residing in Spain studied
by us, CRF66_BF was the most common non-subtype B genetic
form, representing 20.9% (14 of 67) of total infections, 48.3%
(14 of 29) of non-subtype B infections, and 60.1% (14 of 23) of
F1/BF1 infections.

At the Los Alamos HIV Sequence Database, there are HIV-
1 sequences from samples collected in Paraguay from only 23
individuals, of which 12 are NFLG sequences from samples
collected in 2002 or 2003 and 11 are env V3 region sequences
from samples with unknown collection years. In phylogenetic
analyses, 2 of 12 NFLG and 1 of 11 V3 sequences [combined, 3
(13%) of 23 viruses] branched in the clade formed by CRF66_BF
viruses (Supplementary Figure 2). However, due to the short
length of the Paraguayan V3 sequences, the reliability of the tree
of this segment for identifying CRF66_BF viruses is uncertain,
since several CRF_BF and the subtype G references branched

apart from other references of the same genetic form, and one
CRF72_BF reference branched within the CRF66_BF clade.

Temporal and Geographical Estimations

of CRF66_BF Origin

To estimate the time and place of origin of CRF66_BF, Pr-RT
sequences where analyzed with a Bayesian coalescent method
with BEAST 1.10.4. Prior to this analysis, TempEst analysis
determined that there was an adequate temporal signal in
the dataset (r*> = 0.5871). In the BEAST analysis, for the
sequences corresponding to South American individuals residing
in Spain, the assigned location trait was their country of
origin, rather than their place of residence. This was done
because most individuals harboring CRF66_BF identified in
Spain were of South American origin (mostly from Paraguay)
and because we found no definitive evidence of the local
circulation of CRF66_BF in Spain, as reflected in clusters mainly
comprising Spanish individuals. Therefore, we assumed that
South Americans harboring CRF66_BF viruses had acquired
HIV-1 in their countries of origin. In this analysis, the
substitution rate was estimated at 1.987 x 1072 subs/site/year
(95% HPD, 8.885 x 10~* - 3.282 x 1073 subs/site/year) and
the time of the MRCA of CRF66_BF was estimated around
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FIGURE 3 | Phylogenetic trees of interbreakpoint genome segments of the BF recombinant viruses analyzed by bootscanning, constructed with IQ-Tree. HXB2
positions delimiting the analyzed segments are indicated on top of the trees. Sequence names of BF viruses are in bold type. Names of subtype references are
preceded by the corresponding subtype name. Only ultrafast bootstrap values >80% are shown.

1984 (95% HPD, 1970-1996), with its most probable location in
Paraguay (PP = 0.76), with Argentina in second place (PP = 0.22)
(Figure 6). Considering the possibility that local subclusters
each found in one city could represent local transmissions, we
performed a second analysis in which we assigned the country
of location of the most recent diagnoses of such clusters to
Spain, irrespective of the countries of origin of the individuals. In
this analysis, Paraguay was also estimated as the most probable
location of the MRCA of CRF66_BF, although with a lower
support (PP = 0.55), and the support for Argentina increased to a
PP = 0.42 (Supplementary Figure 3).

DISCUSSION

The results of this study allow to define a new HIV-1 CRE,
designated CRF66_BFE, which is the 18h reported CRF derived
from subtypes B and F. Samples harboring CRF66_BF were
collected in 5 countries, in South America (Argentina, Paraguay,
and Brazil) and Western Europe (Spain and Italy), with a majority
collected in Spain. However, of samples collected in Spain, a great
majority were from Paraguayan individuals. Bayesian coalescent
analyses (performed with the assumption that South American

individuals living in Spain harboring CRF66_BF viruses had
acquired them in their countries of origin), pointed to a most
probable origin of CRF66_BF in Paraguay (PP = 0.76), with
Argentina being the second most probable location (PP = 0.22).
When the analysis was performed assigning the most recently
diagnosed samples of clusters found in a single Spanish city to
Spain as the location trait, irrespective of the country of origin
of the individual, the PPs for a MRCA in Paraguay or Argentina
were not very different (0.55 vs. 0.42, respectively). Therefore,
the results point to a South American origin of CRF66_BE, either
in Paraguay or Argentina, without a definitive support for either
country. However, given the great predominance of Paraguayans
among CRF66_BF-infected individuals living in Spain, we
cannot rule out that the same could happen in Argentina,
where Paraguayans represent the largest immigrant national
group (Instituto Nacional de Estadisticas y Censos, Republica
Argentina, 2021). If this was the case, and information on country
of origin of the sampled individuals living in Argentina was
included in the analyses, it is possible that the support for a root
of the CRF66_BF tree in Paraguay would increase.

The estimated date of origin of CRF66_BF around 1984 is
consistent with the published estimated origin of the Brazilian F1
strain (around 1977) (Bello et al., 2007) and is similar to those

Frontiers in Microbiology | www.frontiersin.org

50

November 2021 | Volume 12 | Article 774386


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Bacqué et al.

|dentification of CRF66_BF

12_BF.A32879
12_BF. ARMA159 ]CRF12_BF

17_BF. ARMA033
17_BF.PY02_PSP0095 ]CRF17_BF
89_BF.BOL0137

89_BF.P3177 ]CRF89_BF

38_BF.UY04_4022
38_BF.UY05_4752 JCRF38_BF
44_BFCH80
44_BF.CH12:]CRF44_BF

F1.V1850

F1.FIN9363

46_BF.01BR125
46_BF.01BRRJUDS08 ]CRF45_BF

100 39_BF.038RRJ103
—L___ 39 BF.04BRRI179 ]CRF39~BF
[~ 02PY_PSPu0S:

02PY_PSP0094

CRF66_BF

72_BF.10BR_MG002
lﬁzz_emosn_v.teom :]CRF72-BF
100 40_BF.04BRRJ11S
40_BF.04BRSQ46 CRF40_BF
42_BF.luBF_0S 03

42_8F.luBF_19 05 |CRF42_BF

100 71_BF.10BR_SP026 :ICRF71_BF
28_BF BREPI12313

28_BF.1BREPIM12817 :| CRF28_BF

29_BF.0264RI
29_BF.0647sv:| CRF29_BF

100 $9_BF BRGO4028
100 99_BF.BRGO4056:}CRF99—BF

100 90_BF.BRTO10_68
90_BF.BRGOAPg01 |CRFI0_BF
91| — B.HXB2_LAL IB_BRU
100L— B.BK132

100 D.94UG114
100 KEQTB11
K.96CM_MPS35

100 A1.PS1044_Day0
A1.92UG037
100 G.DRCBL
G.HH8793_12_1
100 J.04CMU11421
—:LSE9280_7887

100 C.ETH2220
C.04ZASK146

100

FIGURE 4 | Maximum likelihood tree of NFLG sequences of viruses of the
BF9 cluster and PY02_PSP0094, constructed with IQ-Tree. References of all
published CRF_BFs and of HIV-1 subtypes are also included in the analysis.
The tree is rooted with SIVcpz virus MB66. Names of sequences obtained by
us are in bold type. In reference sequences, the subtype or CRF is indicated
before the virus name. Only ultrafast bootstrap values >90% are shown.

of other South American CRF_BFs (CRF12, CRF28/29, CRF38,
CRF89, and CRF90) reported in the literature (Bello et al., 20105
Ristic et al., 2011; Reis et al., 2017; Delgado et al., 2021), although
younger than some other estimates for CRF12_BF in the 1970s

(Dilernia et al., 2011; Delgado et al., 2021) and older than the
estimate for CRF99_BE around 1993 (Reis et al., 2017).

Among HIV-1-infected Paraguayans residing in Spain studied
by us, there was relatively high prevalence (21%) of CRF66_BF
infections, which suggests that CRF66_BF could be one of the
major HIV-1 genetic forms circulating in Paraguay. A better
knowledge of the current prevalence of CRF66_BF in Paraguay
would require sequencing a representative sample of recent HIV-
1 diagnoses in the country. However, HIV-1 sequences from
only 23 patients sampled in Paraguay are available at the Los
Alamos HIV Sequence database, and the most recent molecular
epidemiological study published to date involves the analysis of
sequences from 55 samples collected 18 to 19 years ago (Aguayo
et al., 2008), which are not available in public databases.

Notably, CRF66_BE, unlike all other non-Brazilian CRF_BFs
identified to date in South America (CRF12_BE, CRF17_BE
CRF38_BE, CRF44_BF, and CRF89_BE all circulating in the
Southern Cone or neighboring countries), is unrelated to
CRF12_BE as deduced from the lack of breakpoint coincidence
and of phylogenetic clustering with CRF12_BF. This implies
that CRF66_BF originated independently from viruses of the
CRF12_BF family, with a presumable ancestry in Brazil, where
B and F1 viruses are circulating (Louwagie et al., 1994).

CRF66_BF is the 5th CRF of South American ancestry
originally identified in Western Europe [after CRF42_BF (Struck
et al, 2015), CRF47_BF (Fernindez-Garcia et al., 2010),
CRF60_BC (Simonetti et al., 2014), and CRF89_BF (Delgado
et al., 2021)], which, together with the reported propagation of
HIV-1 variants of South America origin among the European
population (de Oliveira et al., 2010; Collago Veras et al., 2012;
Thomson et al, 2012; Lai et al., 2014; Carvalho et al., 2015;
Delgado et al.,, 2015; Fabeni et al., 2015, 2020; Vinken et al,,
2019), points to an increasing relationship between the HIV-1
epidemics in both continents. This reflects migratory fluxes, most
notably in Spain, where around 2.5 million South Americans
live, representing nearly 40% of the migrant population (Instituto
Nacional de Estadistica, 2021a), and immigration from South
America has increased greatly in recent years (Instituto Nacional
de Estadistica, 2021b) (Supplementary Figure 4). Considering
the large and increasing South American immigrant population
in Europe and the relative scarcity of HIV-1 sequences available
in public databases from some South American countries (such
as Colombia, Guyana, Ecuador, Bolivia, Paraguay, Chile, and
Uruguay) (Supplementary Figure 5), studies on HIV-1 genetic
diversity and molecular epidemiology among South American
immigrants living in Europe could provide novel insights into
the HIV-1 epidemics in their countries of origin, although the
acquisition of some HIV-1 infections in their European countries
of residence, reflected in branching in European clusters, should
be taken into account (Osorno et al., 11th Conference on HIV
Science, abstract PEC252, 18-21 July 2021%), as well as on the
diffusion of South American HIV-1 variants in Europe.

It is interesting to note that although transmission of
CRF66_BF is predominantly via heterosexual contact, most
individuals in a cluster are MSM (Figure 1), which suggests

Zhttps://ias2021.org/wp-content/uploads/2021/07/IAS2021_Abstracts_web.pdf
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diffusion from a heterosexual to a MSM network. HIV-1 large CRF02_AG cluster in Spain (Delgado et al., 2019), although
propagation between heterosexual and MSM networks has also  in the latter case the direction of propagation was from MSM
been reported for CRF89_BF (Delgado et al., 2021) and for a  to heterosexuals.
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One of the essential tasks of Biology is naming and
classifying organisms. In this work, we have accomplished
this task by identifying a new HIV-1 circulating recombinant
form, derived from subtypes B and F1, named CRF66_BF.
CRF66_BF most likely originated in South America, either in
Paraguay or Argentina, and, unlike all non-Brazilian South
American CRFs identified to date, is unrelated to CRF12_BF. The
identification and genetic characterization of HIV-1 variants is
the first and necessary step for molecular epidemiological studies
examining their geographic dissemination, growth dynamics,
and epidemiological associations, as well as for analyzing their
biological properties, such as pathogenic and transmissibility
potentials, response to antiretroviral therapies, and susceptibility
to immune responses inducible by vaccines. Such studies on
CRF66_BF and other South American CRFs may be the
subject of future work.
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In a multicentric, observational, investigator-blinded, and longitudinal clinical study of 764
ART-naive subjects, we identified nine different promoter variant strains of HIV-1 subtype C
(HIV-1C) emerging in the Indian population, with some of these variants being reported for
the first time. Unlike several previous studies, our work here focuses on the evolving viral
regulatory elements, not the coding sequences. The emerging viral strains contain additional
copies of the existing transcription factor binding sites (TFBS), including TCF-1o/LEF-1, RBEII,
AP-1, and NF-kB, created by sequence duplication. The additional TFBS are genetically
diverse and may blur the distinction between the modulatory region of the promoter and the
viral enhancer. In a follow-up analysis, we found trends, but no significant associations between
any specific variant promoter and prognostic markers, probably because the emerging viral
strains might not have established mono infections yet. lllumina sequencing of four clinical
samples containing a coinfection indicated the domination of one strain over the other and
establishing a stable ratio with the second strain at the follow-up time points. Since a single
promoter regulates viral gene expression and constitutes the master regulatory circuit with
Tat, the acquisition of additional and variant copies of the TFBS may significantly impact viral
latency and latent reservoir characteristics. Further studies are urgently warranted to understand
how the diverse TFBS profiles of the viral promoter may modulate the characteristics of the
latent reservoir, especially following the initiation of antiretroviral therapy.
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Promoter Variants of HIV-1 Subtype C

INTRODUCTION

Based on phylogenetic association, the viral strains of HIV-1
are classified into four groups (M, N, O, and P), and within
group M, into 10 different genetic subtypes, A, B, C, D, E
G, H, ], K, L (Yamaguchi et al., 2020), and numerous recombinant
forms. Of the various genetic subtypes of HIV-1 unevenly
distributed globally, HIV-1C and its recombinant forms are
responsible for nearly half of the global infections (Locateli
et al., 2007; Tebit and Arts, 2011; Hemelaar et al., 2019).
Despite the high prevalence of HIV-1C, only a limited number
of studies are available examining the causes underlying the
expansion of these viral strains and their impact on
disease manifestation.

Although the basic architecture of HIV-1 LTR is broadly
conserved among the diverse HIV-1 genetic families, subtype-
associated differences are manifested (Ramirez de Arellano
et al., 2006). The configuration of transcription factor binding
sites (TFBS), including those of NF-kB, NF-AT, AP-1, and
other regulatory elements such as the TATA box, and the
TAR region, in HIV-1C LTR (C-LTR) differs from that of the
other viral subtypes (Ramirez de Arellano et al, 2006). Of
the TFBS variations, differences in the copy number and
sequence of the NF-xB motif are unique to HIV-1C. C-LTR
typically contains three or four NF-kB motifs in the enhancer
region compared to only one motif present in HIV-1A/E or
two motifs in all the other HIV-1 subtypes (Bachu et al,
2012a). Further, the additional copies of the NF-kB motif in
C-LTR are genetically variable, alluding to a possibility that
the viral promoters are receptive to a diverse and broader
range of cellular signals. For instance, the four copies of the
NF-kB motif in the enhancer of 4-xB viral strains represent
three genetically distinct NF-xB binding sites (Bachu et al.,
2012a). Apart from the NF-xB motif, other regulatory elements,
including AP-1, RBEIII, and TCF-1a/LEF-1, also show subtype-
associated variations, although the impact of such variations
has not been examined.

Several publications reported the insertion or deletion of
TFBS in HIV-1 LTR. One example is the sequence duplication
of the TCF-1a/LEF-1, RBF-2, AP-1, and c-EBPa binding motif
in the modulatory region of the LTR, technically called the
most frequent naturally occurring length polymorphism (MFNLP;
Koken et al., 1992; Ait-Khaled et al., 1995; Estable et al., 1996;
Zhang et al,, 1997). Approximately 38% of the HIV-1B viral
isolates contain MFNLP, a phenomenon believed to be a
compensatory mechanism to ensure the presence of at least
one functional RBEIII site in the LTR (Estable et al., 1998).
Although RBEIII duplication has been found in several subtypes,
the significance of this phenomenon has been examined
predominantly in HIV-1B. It, however, remains inconclusive
whether the presence of RBEIII duplication is directly associated
with reduced viral replication or slower disease progression

Abbreviations: TFBS, Transcription factor binding site; HIV-1C, HIV-1 subtype
C; LTR, Long terminal repeats; C-LTR, HIV-1C LTR; NGS, Next-generation
sequencing; RT-PCR, Reverse transcription polymerase chain reaction; ART,
Antiretroviral therapy.

(Estable, 2007). A small number of reports reported RBEIII
duplication in HIV-1C infection, however, without evaluating
its effect on the replication fitness of the viral strains and
disease progression (Rodriguez et al., 2007).

Over the past several years, our laboratory has documented
the emergence of LTR variant strains of HIV-1C in India and
elsewhere (Siddappa et al., 2004; Bachu et al., 2012b; Boullosa
et al, 2014). While the appearance of genetic diversity and
such diversity impacting viral evolution are common to the
various genetic subtypes of HIV-1, the genetic variation
we describe in HIV-1C is non-sporadic and radically different
in an important aspect. Viral evolution in HIV-1C appears to
be directional toward modulating transcriptional strength of
the promoter by creating additional copies of the existing TFBS,
such as NF-xB, AP-1, RBEIII, and TCF-1a/LEF-1 motifs, by
sequence duplication and co-duplication. A single viral promoter
in HIV-1 regulates two diametrically opposite functions critical
for viral survival - transcriptional activation and silencing.
Hence, any variation in the constitution of the TFBS (copy
number difference and/or genetic variation) may have a profound
impact on viral replication fitness.

Here, in a multicentric, observational, non-interventional,
investigator-blinded, and longitudinal clinical study,
we examined the promoter sequences of 455 primary viral
isolates derived from ART-naive subjects. We show that the
magnitude of TFBS variation is much larger than we reported
previously. At least nine different TFBS variant viral strains
have emerged in recent years. Using the Illumina MiSeq
platform, we attempted to characterize the proviral DNA of
a selected subset of viral variants containing the RBEIII
motif duplication. The data allude to the possibility that
some of the emerging strains could achieve greater replication
fitness levels and may establish expanding epidemics in the
future, which requires monitoring. This work provides
important insights into the HIV-1 evolution taking place at
the level of population in India.

MATERIALS AND METHODS
Study Participants and Samples

Participants were recruited at four different sites in India
for primary screening (PS) and longitudinal study (LS) -
All India Institute of Medical Sciences (AIIMS), New Delhi
(PS=107, LS =73); National AIDS Research Institute (NARI),
Pune (PS =61, LS=38); St. John’s National Academy of Health
Sciences, Bangalore (PS=116, LS=60); and Y. R. Gaitonde
Centre for AIDS Research and Education (YRG CARE),
Chennai (PS=171, LS=37). Subjects above 18years of age
with documented evidence of serological positive test for
HIV-1 were recruited to the study. From the hospital records,
all the study participants were reportedly ART-naive at
baseline. Further, the approximate date of initial infection
and the duration of the infection are not available for most
of the participants. The study subjects were likely exposed
to the viral infection for several years before they reported
to the clinics.
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Ethics Statement

Written informed consent was obtained from all study
participants, following specific institutional review board-
approved protocols. Ethical approval for the study was granted
by the Institutional Review Board of each clinical site. All the
clinical sites screened the potential subjects, counselled, recruited
the study participants, and maintained the clinical cohorts for
the present study. The Human Ethics and Biosafety Committee
of Jawaharlal Nehru Centre for Advanced Scientific Research
(JNCASR), Bangalore, reviewed the proposal and approved
the study.

Primary Screening: LTR Amplification and
Molecular Typing of the Viral Promoter

For the molecular typing of the viral promoter, 15ml of
peripheral blood was collected from every participant at one
time. Of this sample, 3-5ml of blood was allocated to determine
the CD4 cell count by flow cytometry and the extraction of
genomic DNA from whole blood. From the rest of the blood
sample, PBMC were isolated by density-gradient centrifugation.
The PBMC and plasma samples were stored in 1ml aliquots
in a liquid nitrogen container or a deep freezer, respectively,
for further clinical analysis.

Genomic DNA was extracted from 200 pl of the whole blood
using a commercial DNA extraction kit (GenElute™ Blood
Genomic DNA kit, Cat. No. NA2020, Sigma-Aldrich,
United States) and was eluted in 200 pl volume. The extracted
DNA samples from the clinical sites were shipped to JNCASR
on cold packages. The LTR sequences were amplified using
200-300ng of genomic DNA as a template from each of the
clinical samples using Taq DNA Polymerase (Cat. No. M073L,
New England Biolabs, MA, United States) in a Peqstar 2x
thermal cycler (Peglab, VWR). The U3 region of LTR was
amplified using a nested-PCR strategy with the primers listed
in Supplementary Table S1. Strict procedural and physical
safeguards were implemented to minimize carryover
contamination that included reagent preparation and PCR setup,
amplification, and post-PCR processing of samples in separate
rooms. The PCR products were purified using a commercial
DNA purification kit (FavorPrep Gel/PCR Purification Kit, Cat.
No. FAGCKO001, Favorgen Biotech Corp. Ping-Tung 908, Taiwan).
The amplified LTR sequences were analyzed using Sanger
Dideoxy sequencing (Applied Biosystems, CA, United States).
All the sequences were subjected to further quality control by
multiple sequence alignment and phylogenetic analysis with
the in-house laboratory sequence database using the ClustalW
algorithm of BioEdit sequence alignment editor and MEGA6.0
software, respectively. Different viral strains were categorized
by analyzing the LTR spanning modulatory and enhancer region
from the TCF-1a/LEF-1 motif up to the SplIIl motif.

Phylogenetic Analysis

The phylogenetic analysis of the HIV-1C LTR variants derived
from 455 patient samples was performed with 31 reference
sequences representing different HIV-1 subtypes. The analysis
was performed with 1,000 bootstrap values. The evolutionary

history was inferred by using the maximum likelihood method
based on the Tamura-Nei model (Tamura and Nei, 1993). The
tree with the highest log likelihood (—36587.28) is shown.
Initial tree(s) for the heuristic search were obtained by applying
Neighbor-Join and BioN] algorithms to a matrix of pairwise
distances estimated using the maximum composite likelihood
(MCL) approach and then selecting the topology with superior
log likelihood value. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. The
analysis involved 486 nucleotide sequences. A total of 292
positions were included in the final data set. Evolutionary
analysis was conducted in MEGA7.0 (Kumar et al., 2016).

The Follow-Up Clinical Procedures
Following successful characterization of the viral promoter at
JNCASR, the clinical sites were advised to recruit specific study
subjects without disclosing the nature of the viral LTR. The
clinical sites were, thus, blinded to the identity of the viral
LTR. All the clinical procedures were performed at the clinical
sites using the same protocols and kits as described below.
A total of 15ml of peripheral blood were collected in a
BD vacutainer (Cat. no. 367525, Becton Dickinson, CA,
United States) from each participant at 0, 6, 12, 18, 24, and
36 months during 2015-19. The PBMC and plasma samples
were stored in 1ml aliquots in a liquid nitrogen container or
a deep freezer, respectively. The CD4 T-cell count was determined
using the BD Multitest commercial kit-CD3/CD8/CD45/CD4
(Cat. No. 340491, Becton Dickinson, CA, United States) following
the manufacturer’s instructions. The samples were analyzed
using a BD FACSCalibur flow cytometer or any other suitable
machine. Calibration of the flow cytometer was performed
using BD CaliBRITE 3 and APC beads (Cat. no. 340486 and
340487, respectively, Becton Dickinson, CA, United States).
The plasma viral RNA load was determined at 0 and 12-month
time points using the Abbott m2000rt Real-Time PCR machine
(Abbott Molecular Inc. Des Plaines, IL, United States). Levels
of soluble CD14 (sCD14) in the plasma were determined using
Human sCD14 Quantikine ELISA Kit (Cat No. DC140, R &
D Systems, MN, United States). Analysis of sCD14 was performed
at months 0 and 12.

RNA Isolation and RT-PCR for the
Next-Generation Sequencing

RNA was extracted from 1ml of the stored plasma samples
using a commercial viral RNA isolation kit (NucliSENS
miniMAG nucleic acid extraction kit, Ref. No. 200293,
BioMerieux, France). The complementary DNA (cDNA) was
synthesized using HIV-specific primers (Supplementary
Table S1) and a commercial kit (SuperScript™ IV First-
Strand Synthesis System with ezDNase™ Enzyme (Cat. No.
18091150, Invitrogen, Carlsbad, CA, United States). The
reaction vials were incubated at 65°C for 5min, following
2-min incubation on ice and 50°C for 50 min. The reactions
were terminated by incubating the samples at 85°C for 5 min,
followed by RNaseH treatment. The ¢cDNA was used for
the amplification of LTR.
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The Next-Generation Sequencing

The PCR products containing the RBEIII motif duplication
were subjected to the NGS analysis using the Miseq Illumina
platform. Each sample was amplified in duplicates using primers
containing a unique 8bp barcode sequence specific for each
sample. The amplification of the U3 region (~300-350bp) using
genomic DNA or cDNA prepared from plasma RNA was
performed the same way as described above for the primary
screening except that the primers contained a unique sequence
barcode at the 5-end as listed (Supplementary Tables S1,
$2). The concentration of the purified PCR product was
determined using the Qubit™ dsDNA BR assay kit (Cat. No.
Q32850, Invitrogen, CA, United States). All the samples were
pooled at an equal concentration and were processed further.
We pulsed the LTR amplicon of Indie.Cl, a reference HIV-1C
molecular clone, as internal quality control for sequencing.

DNA was quantified using the QUBIT 3 Fluorometer and
a dsDNA HS Dye. After adding an “A” nucleotide to the 3’
ends, the adenylated fragments were ligated with loop adapters
and cleaved with the uracil-specific excision reagent (USER)
enzyme. The DNA was further purified using AMPure beads
and then enriched by PCR in 6cycles using NEBNext Ultra
II Q5 master mix (Cat. No. E7645L, New England Biolabs,
Inc., MA, United States), Illumina universal primer, and sample-
specific octamer primers. The amplified products were cleaned
by using AMPure beads, and the final DNA library was eluted
in 15pl of 0.1X TE buffer. The volume of 1pl of the library
was used to quantify by QUBIT 3 Fluorometer using dS DNA
HS reagent. The analysis of the fragment size was performed
on Agilent 4150 Tape Station by loading 1ul of the library
to Agilent D1000 Screen Tape. The library was sequenced using
the Illumina MiSeq system and MiSeq Reagent kit v3 (Cat.
No. MS-102-3003, Illumina, San Diego, CA, United States)
following the manufacturer’s instructions.

Data analysis was performed using a custom pipeline as
depicted (Supplementary Figure S2). First, the quality assessment
was performed using FastQC (version 0.11.5), and the sequencing
adapters were removed using Trimmomatic-master (version
0.33) from the raw paired-end data. Second, the paired reads
from both the forward and reverse files were merged using
the PEAR algorithm of PANDAseq (version 3.9.1) with the
minimum and maximum read length set to be 200 and 500,
respectively, with an overlap of at least 8 base pairs. Next,
the merged reads were mapped to the LTR region of the two
reference sequences: Indie.C1 (AB023804.1) and D24
(EF469243.2), using local alignment in Bowtie2 software (version
2.3.5.1). Using custom C++ and shell scripts, the mapped reads
were demultiplexed in individual samples based on the
combination of forward and reverse barcodes (Supplementary
Table S2). The reads containing the C-kB motif sequence
(HIV-1C) were considered for further analysis using a custom
C++ script. All the HIV-1C reads were then grouped in multiple
categories based on the number of motifs and sequence of
NF-«B, RBEIII, and TCF-1a/LEF-1 motifs using a custom C++
script. The percentage of every category was then calculated
based on the total number of reads within each sample, using
the custom shell, C++, and R scripts. Next, DeconSeq (version

0.4.3) was used to analyze and filter out inter-sample sporadic
contamination. A reference database was prepared manually
for every major-variant category (category with >10% of total
reads at all time points), by taking only the most abundant
variant of that category from each time point of the sample.
The reference database of a variant category was used to cross-
check for contamination in the same variant category of the
other samples, where the variant category is <10% in one or
more time points. The percent coverage and identity thresholds
were set to 90% each to allow a maximum of 5 mismatches
or indels in a sequence stretch of 50 bases. The sum of
percentages of all the variants classified as clean for a category,
in all the time points, was done using custom shell and R
scripts. From the total number of reads for each time point
of a sample, the number of contaminated reads was eliminated,
and the clean reads were taken ahead for calculating the
percentage prevalence of single and double-RBEIII variants.

Statistical Analysis

The data were analyzed using GraphPad prism 9, except the
sequences used for phylogeny determination. p values of 0.05
or less were considered statistically significant. A non-parametric,
Kruskal-Wallis (for multiple comparisons) test was applied to
evaluate statistical significance in the case of a cross-sectional
analysis of plasma viral load. One-way ANOVA was used to
evaluate statistical significance for cross-sectional analysis of
CD4 cell count and sCD14 levels. Two-way ANOVA was used
to evaluate statistical significance in the case of longitudinal
analysis of all the three parameters, plasma viral load, CD4
cell count, and sCD14.

Data Availability Statement

All the sequences reported in this paper are available from
the GenBank database under accession nos. MN840242.1-
MNB840356.1, MT847032-MT847207, and MT593868-
MT594037. The raw data files for Illumina MiSeq are available
under accession no. PRJNA720640.

RESULTS

The Magnitude of TFBS Variation in HIV-1C
LTR

We collected 764 primary clinical samples from four different
clinical sites in India, All India Institute of Medical Sciences
(AIIMS), New Delhi; National AIDS Research Institute (NARI),
Pune; St. John’s National Academy of Health Sciences, Bangalore;
and Y. R. Gaitonde Centre for AIDS Research and Education
(YRG CARE), Chennai, between 2016 and 2019. Using the
genomic DNA, we could successfully amplify the U3 region
in the LTR of 518 of 764 viral samples, whereas the amplification
of the rest of the samples failed. The sequences of the 518
amplified PCR products were determined by the Sanger
sequencing method. Of the 518 sequences, the genetic typing
of only 455 could be accomplished. The sequence analysis
indicated a rapidly changing TFBS profile in HIV-1C (Figure 1A).
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The proportion of viral variants across the four clinical sites
was comparable without geographic skewing (Table 1). A large
majority of the variant LTRs contain additional copies of the
existing TFBS, including that of NF-kB, RBF-2, AP-1, and
TCF-1a/LEF-1 binding sites (Figures 1B, 2A). Based on the
TFBS profile, the sequences of the copied TFBS, and their
temporal location, the various viral promoters may be classified
into three categories.

Category-1 is represented by the viral promoters containing
three NF-kB motifs without the duplication of any other TFBS.
This group consists of the canonical LR-HHC-LTR and a new
variant LR-FHC-LTR. The canonical LR-HHC-LTR represents
the largest group among all HIV-1C promoters, comprising
302 of 455 sequences (66.4%). This LTR contains three tandemly
arranged NF-kB sites in the enhancer, representing two distinct
kB-motifs, two H-kB motifs (5-GGGACTTTCC-3’), and one
C-kB motif (5-GGGGCGTTCC-3’, differences underlined).
Immediately upstream of the viral enhancer, an RBF-2 binding
site (R, RBEIII motif, 5'-ACTGCTGA-3’) and further upstream
a TCF-1o/LEF-1 site (L, 5-TACAAA/GG/A-3") are located.
The canonical HIV-1C promoter is identified here as
LR-HHC-LTR to denote the 5" to 3" arrangement of the three
kinds of TFBS, TCF-1a/LEF-1, RBEIII, and NF-kB. The second
member of category-1 contains a variant LR-FHC-LTR comprising
40 of 455 (8.8%) sequences. The characteristic feature of these
viral strains is the presence of three genetically distinct NF-«xB

motifs in the viral enhancer. Thus, the two viral strains of
category-1 formed the major proportion of all the LTRs, 342/455
(75.2%; Figure 1). Multisequence alignments of several
representative viral strains of the canonical LR-HHC
(Supplementary Figure S1A) and the variant LR-FHC
(Supplementary Figure S1B) are presented. The LR-FHC-LTR,
being reported here for the first time, may have originated
from the 4-xB viral strain FHHC of category 2, as described below.

Category-2 viral LTRs contain an additional (fourth) NF-xB
binding site (F-kB site, 5'-GGGACTTTCT-3’) located downstream
of the RBEIII site. The 4-kB LTRs, thus, contain one F-, two
H-, and one C-xB motifs, in that order, hence are labeled
LR-FHHC. An alignment of several representative 4-kB viral
sequences shows a high degree of sequence conservation at
all the TFBS (Supplementary Figure S1C).

Double-RBEIIl LTRs Show Profound
Variation in Number, Genetic Sequence,
and Position of TFBS
Category-3 viral strains, representing 18.7% (85/455) sequences
analyzed here, are characterized by the duplication of the RBEIII
motif (Figure 1B), a duplication analogous of MENLP described
previously in HIV-1B (Estable et al., 1996). This group is denoted
s “RR” to signify the duplication of the RBEIII motif (R;
Figure 2A). Of note, although the RBEIII motif duplication is
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FIGURE 1 | Profile of HIV-1C promoter variants in the Indian population. (A) The time of sample collection, sample number, and the nature of the promoter
configuration are illustrated. The pie charts represent the percentage prevalence of the variant viral strains as color-coded — canonical HHC (beige), FHC (blue),
FHHC (green), RR (duplication of RBEIII; red), and duplication of RBEIIl like and NF-kB (grey). The data for the periods 2000-2003 and 2010-2011 are adapted from
Bachu et al. (2012a) and replotted. The data of the present study are presented in the pie chart 2016-19. (B) The magnitude of TFBS variation in HIV-1C LTR. The
upper panel represents the genome organization of HIV-1 followed by the TFBS arrangement in the canonical HIV-1C LTR. Sp1 motifs are depicted as grey circles,
RBEIII motifs (R) as red triangles, and TCF-1a/LEF-1 sites (L) as open rectangular boxes. The various types of NF-kB binding sites (H, C, F, and h) are depicted as
green square boxes. The various HIV-1C viral strains are classified into three main categories based on the NF-xB and/or RBEIIl motif duplication. (I) The 3-xB LTR
viral strains. (Il) The canonical 4-xB LTR viral strains. (Ill) The viral strains containing the RBEIIl site duplication. The two RBEIIl sites are separated by an interceding
sequence that constitutes an additional copy of a kB-motif (H), kB-like motif (h), TCF-1a/LEF-1 motif (L), or sequence without a distinct pattern (X). The analysis
represents 455 of the 518 LTR sequences, and we could not type 63 other sequences.
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TABLE 1 | Proportion of promoter variants at each clinical site.

Category Variant AlIMS NARI St. John’s Hospital YRG CARE All clinics
| HHC 66 (61.6%) 38 (62.3%) 79 (68.1%) 119 (69.6%) 302 (66.4%)
FHC 13 (12.2%) 5 (8.2%) 8 (6.9%) 14 (8.2%) 40 (8.8%)
Il FHHC 8 (7.5%) 6 (9.8%) 9 (7.8%) 5(2.9%) 28 (6.2%)
Il RR 20 (18.7%) 12 (19.7%) 20 (17.2%) 33 (19.3%) 85 (18.7%)
Total 107 61 116 171 455
A B
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FIGURE 2 | The nature of the RBEIIl cluster duplication in HIV-1C. (A) A schematic representation of the RBEIIl cluster duplication in the RR group of HIV-
1C variants. The top panel depicts the arrangement of TFBS in the canonical HHC-LTR. The bottom panel portrays the RBEIII cluster duplication (RR, two
RBEIIl clusters) in two variant LTRs — the co-duplication of RBEIIl and TCF-1a/LEF motifs or RBEIll and NF-xB motifs. Of note, the RBEIIl cluster duplication
comprises the copying of a sequence that recruits both RBF-2 and AP-1 (c-Jun and ATF) collectively. The original and duplicated sequences are marked with
solid and dotted arrows, respectively. The two RBEIIl clusters are typically separated from each other by an intervening sequence that constitutes a binding
site for NF-xB (a canonical H-kB site or a non-canonical h-kB site), TCF-1o/LEF-1 motif, or a sequence of undefined character. (B) The relative prevalence of
the RBEIIl and/or NF-kB motif duplication in HIV-1 subtypes. All the available LTR sequences containing the duplication of one or both TFBS were
downloaded from the LANL HIV database and categorized under the major HIV-1 subtypes as shown. A single sequence per patient was included in the
analysis. The grey and black bars represent the prevalence of duplication of RBEIIl and NF-kB motifs, respectively. n: the number of sequences, CRF:

common to all the HIV-1 subtypes (Estable et al., 1998; Gomez-
Romdn et al, 2000), a co-duplication of RBEIIl and NF-kB
motifs is unique to HIV-1C, not seen in other HIV-1 subtypes
(Figure 2B). Several unique molecular properties qualify the
duplication of the RBEIII site, as described below.

Firstly, the duplicated sequence consists of three different
elements — two of the elements invariably coduplicated, along
with a third variable element. The two elements coduplicated are
the eight base RBEIII core motif (5-ACTGCTGA-3") which binds
the RBF-2 factor, and a downstream seven base motif (5-TGACACA-
3’) that forms a binding site for AP-1 factors (Jun, Fos, or ATF;
Figure 2A). Notably, the RBEIII core sequence overlaps with the
binding site of the AP-1 factor. Thus, a part of the duplicated
sequence (5'-ACTGCTGACACA-3’,) appears to mediate the binding
of a TF complex consisting of RBF-2, AP-1, and this cluster is
highly conserved in the double-RBEIII LTRs or RR group. Secondly,
in addition to the duplication of the 5-ACTGCTGACACA-3’
sequence, additional sequences are also coduplicated, forming the
basis for further classification of the viral strains. In a canonical
HIV-1C LTR, the RBEIII motif is flanked by an upstream TCF-1a/
LEF-1 site (5-TACAAA/GG/A-3’) and a downstream NF-xB

element (5-GGGACTTTCC-3"). When the RBEIII motif is
duplicated, one of these two TFBS is also coduplicated serving
as an intervening sequence, forming at least two subgroups -
viral strains containing the co-duplication of a TCF-1a/LEF-1 or
NEF-B site. Thirdly, the variant LTRs contain three or two NF-kB
motifs in the enhancer region.

Based on the nature of the intervening sequence, the viral
strains may be classified into two major subgroups, one containing
the presence of a canonical NF-xB motif (5'-GGGACTTTCC-3’,
LRHR-HC), or xB-like motif (5'-GGGACTTTCA-3’, which is
denoted as “h” kB-motif in the present work, strains LRhR-HC
and LRhR-HHC) and the second subgroup with a TCF-lo/
LEF-1 (5-TACAAA/GG/A-3’, LRLR-HC, and LRLR-HHC) or
an incomplete TCF-1a/LEF-1 binding sequence. A third subgroup
may also be identified where the intervening sequence does
not seem to form a binding site for a defined host factor
(LRXR-HC and LRXR-HHC). Multisequence alignments of the
variant viral promoters are presented (Supplementary
Figures S1D-]). Of note, the three NF-xB motifs in LRHR-HC,
LRhR-HC, and LRhR-HHC strains are not arranged in tandem,
thus, blurring the distinction between the viral enhancer
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(consisting of the only NF-kB motifs) and the upstream
modulatory region.

In a phylogenetic analysis of 455 LTR sequences, compared
with 31 reference sequences, all the viral strains of the cohort
grouped with HIV-1C ascertaining their genetic identity
(Figure 3). Notably, the various promoter variant viral sequences
combined homogeneously, without forming separate clusters
based on the TFBS variation.

Longitudinal Analysis of Prognostic
Markers

Increased transcriptional strength of the LTR may augment
plasma viral load modulating various prognostic markers and
immune activation markers. To this end, we monitored a few
prognostic markers, such as the plasma viral load, CD4 cell
count, and soluble CD14 levels, in the blood samples at the
baseline and at two or three follow-up time points spaced
6 months apart. Unfortunately, this objective could be fulfilled
only partially given practical constraints. Following the primary
screening and typing of the viral promoters, we could recruit
only 208 of the 455 study participants for the follow-up analysis.
Subsequently, with the implementation of the “Test and Treat”
policy in 2017 in India, several participants enrolled for the
follow-up analysis were excluded from the study. Consequently,
the longitudinal analysis could be accomplished only with a
small number of study participants, who did not prefer to
switch to ART.

The demographic features of the 208 study participants at
the baseline are summarized (Table 2). Of the 208 study
participants, the percentage of female, male, and transgender
are 55.3% (115/208), 43.8% (91/208), and 1.0% (2/208),
respectively. The average (mean) age of the study participants
was 34.4+8.45years (median=33years). For the subsequent
analyses, all the viral strains were classified into four categories
based on the nature of the TFBS variations identified in the
viral promoter - HHC (the conventional LTRs containing the
HHC «B-binding sites), FHC (all the three xB-binding sites
are genetically distinct in these LTRs), FHHC (the LTRs contain
four «xB-binding sites), and RR (double-RBEIII strains; the
seven viral variant strains are pooled into a single category,
given the limited number of samples in individual groups).

We compared the levels of plasma viral load, CD4 cell
count, and sCD14 among these four categories at the baseline
in a cross-sectional analysis. This analysis did not show a
significant difference in any of the three parameters among
the four groups (Figure 4, left panels). At MO, the median
PVL values for the HHC, FHC, FHHC, and RR groups were
12,609.0, 13,553.0, 10,440.0, and 6,321.0 copies/ml, respectively
(Figure 4A, left panel). The median values of CD4 cell count
and sCD14 were also similarly comparable among the four
groups. We also compared the three clinical parameters between
the baseline and 12M time point for PVL and sCD14 and
baseline, 6M and 12M for CD4 cell count (Figure 4, right
panels). All the three parameters appeared to remain stable
without a significant change between the baseline and 12M.
The promoter configuration did not appear to make a significant
difference for any of the three parameters examined. For

instance, the median PVL values at 12 M were 18,450.0, 52,539.0,
13,266.0, and 6,090.0 copies/ml, for HHC, FHC, FHHC, and
RR groups, respectively. The CD4 cell count remained stable
over the 12-month observation period among all four groups.
The sCD14 levels appeared to show an increasing trend among
all four groups at the follow-up; these differences, however,
were not statistically significant. Of note, in the complete-case
analysis, a trend of low-level plasma viral load was manifested
for the RR variants compared to the three other groups
(Figure 4A, right panel). However, the viral load increased
between the time points among all the groups.

The Coexistence of Viral Variants in
Natural Infection

Of the various promoter variant viral strains described in the
present work, the emergence of LTRs containing RBEIII
duplication is relevant to HIV-1 latent reservoirs. In the context
of HIV-1B, the RBEIII site and the AP-1 motif are known to
play a predominantly suppressive role, especially in the absence
of cellular activation (Naghavi et al., 1999; Bernhard et al,
2013; Kropp et al, 2014). The relative proportion of reads
representing single vs. double-RBEIII motif-containing viral
sequences in a coinfection may offer leads as per the biological
significance of RBEIII duplication in natural infection.

To this end, we identified a subset of four of 85 subjects
of our cohort who showed the presence of a coinfection of
single- and double-RBEIII viral strains in Sanger sequencing.
The clinical profile of the four subjects (2079, 3767, 4084, and
VESJ020) is summarized (Table 3). We performed an NGS
analysis, using the MiSeq Illumina platform (Supplementary
Figure S2), of the whole blood genomic DNA and plasma
viral RNA of the four subjects at the baseline and two or
three follow-up time points.

The NGS data confirmed the coexistence of single- and
double-RBEIII viral strains in all four subjects in both the
DNA and RNA compartments. Importantly, in two subjects
(2079 and 4084), the single-RBEIII strains represented a
significantly larger proportion of reads in the plasma RNA
compared to the double-RBEIII strains (Figure 5). Only in
subject VFS]020, the double-RBEIII reads dominated the single-
RBEIII reads at all the time points, whereas in subject 3767,
a mixed profile was observed. The data between the replicate
samples are consistent with each other ascertaining the
reproducibility of the analysis. A broad-level concurrence between
the plasma RNA and genomic DNA was also noted.

DISCUSSION

The key finding of the present work is the continuing evolution
of the HIV-1C viral promoter and as a consequence, the
emergence of new variants at the population level. In 2004,
we reported the emergence of HIV-1C strains containing four
copies of the NF-kB binding motif in the viral enhancer for
the first time in India (Siddappa et al., 2004; Bachu et al,
2012b). The 4-xB viral strains dominated the canonical viral
strains containing three copies of NF-kB motifs in natural
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FIGURE 3 | Phylogenetic analysis of HIV-1C LTR variant sequences. A total of 455 viral sequences isolated from study participants are included in the analysis. The
analysis also includes four HIV-1C reference sequences and three sequences representing each primary genetic subtype of HIV-1, as described in materials and
methods. Different LTR variants are represented using different symbols and colors, as depicted. The evolutionary history was inferred by using the maximum
likelihood method based on the Tamura-Nei model. The analysis was performed with 1,000 bootstrap values. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. There were a total of 292 positions in the final data set. Evolutionary analyses were performed using MEGA 7.0

software.

infection and under all experimental conditions, alluding to
the additional copy of NF-xB motif conferring replication
advantage (Bachu et al., 2012a). Subsequently, the 4-kB viral
strains were also detected in Brazil and several African countries,
suggesting that the phenomenon is not specific to a single
country (Boullosa et al., 2014). Although our initial focus was
limited to the NF-xB motif duplication and its impact on
viral gene expression, we also observed the duplication of other

TF binding motifs, including RBEIII and AP-1, though at a
lower frequency (Bachu et al, 2012a,b).

Sequence Motif Duplication in HIV-1C
Differs From That of Other HIV-1 Families
Gene duplication accompanied by sequence variation played
a crucial role in the acquisition of novel properties leading
to the evolutionary success of organisms (Carroll, 2005).
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TABLE 2 | Characteristics of study participants at the time of recruitment.

Parameters

Total number of participants 208
Gender

Female 55.3% (n =115)
Male 43.8% (n =91)
Transgender 1.0% (n =2)
Age (years)

Mean and SD 34.4 +£8.45
Median 33

ART status Naive

In viruses, the duplication of biologically important sequence
motifs may confer the same survival advantage as gene
duplication has done in higher organisms (Kropp et al,
2014). The significance of sequence motif duplication in
the coding sequences of HIV-1 has attracted more attention
conventionally compared to that of regulatory sequences
(Marlowe et al., 2004; Guglietta et al., 2010; Sharma et al,,
2018). Further, numerous publications reported the deletion
or duplication of different regions in the enhancer, core
promoter, and modulatory regions that removed or added
copies of TFBS (Leonard et al., 1989; Michael et al., 1994;
Montano et al., 1997; Naghavi et al., 1999). However, such
sequence modifications have been sporadic, typically limited
to the individual or a small number of viral strains, and
cannot be generalized.

One notable exception to this observation is the occurrence
of the MFNLP, which primarily represents the duplication of the
RBEIII motif in the viral modulatory region with the concomitant
co-duplication of the flanking sequences for the binding of other
host factors. The RBEIII motif duplication in HIV-1B was found
in approximately 38% of primary viral isolates (Estable et al.,
1996). Importantly, RBEIII motif duplication in HIV-1B is believed
to ensure the presence of a binding site for RBF-2 when the
original copy becomes non-functional due to mutations (Chen
et al., 2005; Sadowski and Mitchell, 2005).

RBEIII motif duplication in HIV-1C differs from that of
HIV-1B in two crucial qualities. First, the creation of an
additional RBEIII motif is not associated with the inactivation
of the original motif. In other words, nearly all the double-
RBEIII viral strains in our cohort of HIV-1C contained two
copies of the intact motif without any mutations in the core
sequence. Preliminary leads from our laboratory confirm the
functional activity of both the motifs in such LTRs. Of note,
the participants of the present study are all reportedly ART-naive
by self-declaration. Our data, however, do not rule out the
possibility of ART exposure in HIV-1C leading to the inactivation
of the original RBEIIl motif, necessitating the need for the
creation of a second and functional RBEIII motif in the
promoter. Second, the co-duplication of the RBEIII and NF-xB
motifs is unique to HIV-1C, a property not seen in any other
HIV-1 genetic subtype. Thus, HIV-1C appears to exploit the
strategy of sequence motif duplication differently compared to
other viral subtypes.

Importantly, the addition of more copies of NF-kB to the
viral promoter may be beneficial by enhancing the transcriptional
strength of the LTR. However, a stronger LTR can be detrimental
to maintaining stable latency. HIV-1C appears to have found
two different solutions to the paradox of gene expression
regulation - limiting the copy number of the NF-kB motifs
to three and duplicating the RBEIII motif.

Limiting the Number of NF-kB Motifs in the
Viral Enhancer

Three viral strains, LR-HHC, LR-FHHC, and LR-FHC, lack
RBEIII duplication. The prevalence of the LR-FHHC viral
strains was only 2% (13 of 607 primary viral isolates) in a
southern Indian cohort when discovered during 2000-2003
for the first time (Bachu et al., 2012a). The prevalence of
these strains increased to approximately 25% (39/159) during
2010-2011, evaluated at four different clinical sites of India,
suggesting transmission success of 4-kB viral strains at the
population level (Bachu et al., 2012a). However, in the present
study, the prevalence of the LR-FHHC viral strains dropped
to 6.2% (28 of 455) during 2017-2019. Notably, a new variant
viral group, LR-FHC representing the second-largest proportion
among the emerging variants with 8.8% (40 of 455), was
identified here for the first time. Given the reduction in the
prevalence of LR-FHHC strains and the concomitant appearance
of the LR-FHC strains, the former may have originated from
the latter.

This observation leads to three logical conclusions. First,
LR-FHHC strains, given the stronger transactivation properties
of the promoter, may lack replication competence over a
sustained period explaining the transient nature of their
prevalence in the population. Second, the 4-kB viral strains
must relinquish one xB-motif to regain the 3-kB formulation
of the enhancer to down modulate the transcriptional strength
of the viral promoter. The LR-FHHC strains relinquished one
of the two H-«B sites to this end to become LR-FHC. Three,
both the canonical LR-HHC and the variant LR-FHC strains
contain the same number of NF-kxB motifs in the enhancer.
However, all the three kB motifs of the FHC-LTR are genetically
variable. We propose that the LR-FHC-LTR is likely to
be responsive to a broader range of cellular activation signals
compared to the LR-HHC-LTR, given the NF-«kB motif variation.
Thus, by deleting one H-kB site from the LR-FHHC-LTR,
HIV-1C appears to have down-modulated transcriptional strength
of the viral promoter on the one hand but retained the broader
reception potential to cellular signals on the other hand. If
the LR-FHC viral strains enjoy a replication advantage at the
population level, they are expected to replace the canonical
HHC strains in the coming years.

Is the RBEIIl Motif Duplication Essential to
Impose Avid Latency of a Stronger Viral
Promoter?

Seven different variant LTRs identified in this work contain
a second copy of the RBEIII motif added by sequence motif
duplication (Figure 1; Supplementary Figure S1D-]J). Unlike
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FIGURE 4 | Cross-sectional and longitudinal analyses of prognostic markers. (A) Plasma viral load, (B) CD4 cell count, and (C) soluble CD14 levels of the four
groups are presented at the baseline (left panels) and follow-up points (right panels). An available-case and complete-case analysis is presented for all the
prognostic markers. The sample size used in each evaluation and the corresponding statistics are presented, in the tables. Given the limited sample numbers, the
seven RR groups were pooled into a single double-RBEIll arm. Different LTR variant types are represented using different symbols and colors, as depicted. A non-
parametric test, that is, the Kruskal-Wallis test, was applied for the statistical analysis of the plasma viral load. One-way ANOVA with Dunnett multiple comparison
test was applied to CD4 cell count and sCD14. Two-way ANOVA was used for the comparison of the longitudinal analysis.

in HIV-1B where a new RBEIIl site is created as a
compensatory mechanism when the original copy is mutated
(Estable et al., 1996), in HIV-1C, both the RBEIII motifs
are, in contrast, intact without a mutation in the core motif
(5’-ACTGCTGA-3"). Thus, RBEIII duplication in HIV-1C
appears to confer a novel function or an enhanced phenotype
of the existing function but not compensating for a loss
of function.

A second quality of the RBEIII motif duplication in
HIV-1C is also relevant, especially for HIV latency. While
RBEIII motif duplication is common to all the HIV-1 genetic
subtypes (Figure 2B; Ait-Khaled et al., 1995; Zhang et al,,
1997; Estable et al., 1998; Chen et al., 2005), one significant
distinction unique to HIV-1C is the co-duplication of the
NF-kB motif, not seen in other subtypes. One variant LTR,
LRhR-HHC, contains a total of four NF-kB motifs like the
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TABLE 3 | The clinical profile of the four study subjects containing a duplication of the RBEIII motif.
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4084 38/F 07/05/2016  LR-HHC, 6,924 5,179 509 415 442 983.0 448.3
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FIGURE 5 | The frequencies of single- and double-RBElll variants in a subset of study participants. (A) Two independent analyses were performed (replicates 1 and
2) using both the whole blood genomic DNA and plasma viral RNA. The samples were collected at six-month intervals, as shown. An asterisk (*) represents the
samples collected post-ART. The dark, grey, and hollow bars represent the percentage prevalence of double-RBElll, single-RBEIIl, and minority/un-typable viral
strains, respectively. (B) Multiple sequence alignment of single- and double-RBEIll promoter variants in respective subjects, as indicated. TFBS of relevance are
marked using open square boxes. The viral variants are aligned with the Indie.C1 reference sequence, which was pulsed in the sequencing sample as an internal
control. Dashes and dots represent sequence deletion and sequence homology, respectively. (C) Prognostic markers, plasma viral load (PVL), and CD4 cell count
are represented by a filled box with a solid line and an open box with a dotted line, respectively.

old FHHC-LTR. However, the variant LTR contains two
RBEIII sites, unlike the LR-FHHC-LTR that has only one
(Figure 1). Additionally, the duplicated kB-motif (h-kB) of
LRhR-HHC is genetically distinct (5-GGGACTTTCA-3")
from the other three types (C-, H-, and F-«kB) described
above. The Single Nucleotide Mutation Model predicted
the 5-GGGACTTTCA-3" motif to bind the p50 homodimer
with reduced affinity compared to the consensus NF-xB
motif 5-GGGACTTTCC-3’. This binding prediction was
supported by the bimolecular dsDNA microarray analysis,
as demonstrated (Du et al, 2014). Lastly, the duplicated
kB-motif of LRhR-HHC-LTR is separated from the
viral enhancer by one RBEIII motif thus, obliterating the
distinction between the viral modulatory and enhancer
elements. The biological significance of creating one of each
RBEIII and NF-kB motifs in the LRhR-HHC-LTR is of
interest.

In the absence of cell activation, the RBEIII motif functions
predominantly as a repressive element by recruiting RBF-2
comprising three different cell factors, including TFII-I (Chen
et al, 2005). While TFII-I can activate several cellular genes,
it can also suppress gene expression from several other cellular
promoters, including c-fos (Roy, 2012). Thus, the presence of
two copies of the RBEIII motif in the LTR may have a profound
impact on viral latency, probably by stabilizing the latency phase.
The NF-xB binding motifs, in contrast, play a predominantly
positive role in enhancing transcription from the LTR, under
the conditions of cell activation. Thus, a higher copy number
of the NF-kB motif (4 copies Vs. 3) in the promoter may offset
the negative impact of the RBEIII motifs, especially when the
provirus is induced out of latency. Of note, unlike the variant
LRhR-HHC, a different variant strain LRhR-HC contains one
less NF-kB motif (two RBEIII but only three NF-kB motifs).
Preliminary results from our laboratory show that the
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LRhR-HC-LTR requires a profoundly stronger activation signal,
compared to LRhR-HHC-LTR or the canonical LR-HHC-LTR,
for latency reversal in Jurkat cells or primary CD4 cells (Bhange
et al., unpublished observations).

A different variant promoter pair (LRLR-HHC and LRLR-HC)
is also of interest in this respect. This pair also contains an
RBEII motif duplication where the motifs are accompanied
by the co-duplication of the TCF-1o/LEF-1 motif, not the
NF-kB site. One member of the pair contains three NF-xB
motifs (LRLR-HHC), while the other only two (LRLR-HC).
This variant promoter pair may have similar gene expression
properties as that of the LRhR-HHC- and LRhR-HC-LTRs if
the additional copy of TCF-1a/LEF-1 is a functional equivalent
of the NF-kB motif.

The Implication of Promoter Variations for
HIV-1 Pathogenesis and Evolution

Since a single promoter regulates the expression of all the
HIV-1 proteins and regulates latency, a profound variation
in the TFBS composition is expected to have a significant
impact on the various properties of the virus, including
latency, viral load, disease progression, and viral evolution.
The evolution of regulatory elements may play a role as
essential or even more important than that of coding sequences
(Carroll, 2005). However, little attention has been focused
on the evolution of the regulatory elements in HIV-1, than
that of the protein-coding regions (Maljkovic Berry
et al., 2007).

In our study, the cross-sectional and longitudinal analyses
did not find a statistically significant difference in the levels
of any of the prognostic markers among the promoter variant
strains categorized into four groups, HHC, FHC, FHHC,
and RR (Figure 4). A significant difference in PVL and
CD4 cell count was found in a previous study from our
laboratory when a cohort of 80 patients was divided into
HHC and FHHC groups (Bachu et al., 2012a). The present
study did not find such differences, except for the RR group
manifesting a trend in the complete-case analysis, which
was not statistically significant. The analytical power of the
present study was profoundly compromised given the loss
of study participants due to the implementation of the test
and treat policy.

Commensurate with our findings, previous studies of the
RBEIIl motif duplication in HIV-1B also failed to find an
association between the LTR profile and clinical or transcriptional
phenotypes in a cross-sectional cohort (Estable et al, 1996).
A different study failed to identify a correlation between the
RBEIII motif duplication and the syncytium-inducing property
of envelope and, thus, disease progression (Koken et al., 1994).
Likewise, Koken et al. (1994) reported the lack of an association
between the copy number of the RBEIII motif and disease
progression.

The coexistence of viral strains could be a likely explanation
for the absence of association between the LTR variant forms
and prognostic markers in our cohort. Deep sequencing of
the samples identified the presence of a coinfection in all

four subjects in our study. At present, it appears that the
double-RBEIII viral infections are found only as coinfections
along with the single-RBEIII strains. In three of the four
subjects, single-RBEIII viral strains seem to dominate the
double-RBEIII variants in both the genomic DNA and RNA
compartments and at most of the follow-up time points. If
RBEIII cluster duplication indeed manifests a suppressive
effect on viral gene expression, a distinct association between
the duplication and the prognostic markers may become
evident in a mono-infection, but not in a coinfection.
The dominant influence of the RBEIII motif duplication on
viral gene expression has been confirmed using panels of
engineered viral clones (Bhange et al., unpublished
observations).

In summary, our work records the emergence of several
promoter variant viral strains in HIV-1C of India over recent
years. Sequences representing the variant viral forms are also
found in the sequence databases derived from different global
regions where HIV-1C is predominant. Sequence motif
duplication creates additional copies of TFBS that play a crucial
role in regulating HIV latency and even blurs the distinction
between the viral enhancer and modulatory regions. Given
that the RBEIII and AP-1 sites play a crucial role in regulating
latency (Duverger et al., 2013), the influence of the RBEIII
motif duplication, especially when accompanied by the
co-duplication of the NF-xB motifs, needs experimental
evaluation. Consistent monitoring will be necessary to understand
which variant viral strains will survive to establish spreading
epidemics in the coming years. Detailed investigations are
warranted to evaluate the impact of the TFBS profile differences
on HIV-1 latency and latent reservoir properties. ART
administration may have a profound impact on the promoter
variations described here by exacerbating the frequency of such
sequence duplications. Further, the present study could not
examine the influence of the duration of the viral infection
and disease state on promoter variations, as such details are
not available from clinics. The present study also restricted
the scope of sequence duplication evaluation to the LTR and
did not examine sequence motif duplication in the other regions
of the viral genome.
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HIV consensus sequences are used in various bioinformatic, evolutionary, and vaccine
related research. Since the previous HIV-1 subtype and CRF consensus sequences
were constructed in 2002, the number of publicly available HIV-1 sequences have grown
exponentially, especially from non-EU and US countries. Here, we reconstruct 90 new
HIV-1 subtype and CRF consensus sequences from 3,470 high-quality, representative,
full genome sequences in the LANL HIV database. While subtypes and CRFs are
unevenly spread across the world, in total 89 countries were represented. For consensus
sequences that were based on at least 20 genomes, we found that on average 2.3%
(range 0.8-10%) of the consensus genome site states changed from 2002 to 2021,
of which about half were nucleotide state differences and the rest insertions and
deletions. Interestingly, the 2021 consensus sequences were shorter than in 2002,
and compared to 4,674 HIV-1 worldwide genome sequences, the 2021 consensuses
were somewhat closer to the worldwide genome sequences, i.e., showing on average
fewer nucleotide state differences. Some subtypes/CRFs have had limited geographical
spread, and thus sampling of subtypes/CRFs is uneven, at least in part, due to the
epidemiological dynamics. Thus, taken as a whole, the 2021 consensus sequences
likely are good representations of the typical subtype/CRF genome nucleotide states.
The new consensus sequences are available at the LANL HIV database.

Keywords: HIV, subtypes, consensus sequences, evolution, molecular epidemiology, pandemic

INTRODUCTION

In 2020, 37.7 million people worldwide were living with HIV, of which 1.5 million became infected
in 2020. Until 2020, 36.3 million people have died from AIDS-related illnesses (UNAIDS, 2021).
Most of these infections are by HIV-1. The burden of HIV is uneven across the world, between
countries, within and between risk groups, and between ethnic groups in different geographical
regions. In large due to founder effects, different genetic variants, i.e., subtypes and circulating
recombinant forms (CRFs), have spread unevenly across the world (Hemelaar et al., 2019, 2020).
While analyses of individual HIV sequences provides comprehensive information about
worldwide and local epidemics as well as detailed information about within-host evolution, global
reference sequences have many uses. One type of reference sequences is consensus sequences, i.e.,
a sequence that represents the most commonly found nucleotide (or amino acid) at each site.
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Such sequences are useful as references for bioinformatic
processing in, for instance, alignments and contig assembly,
for detection of hypermutants, gene detection and annotation,
and for representing simplified views and data from complex
populations (Rose and Korber, 2000; Lee, 2003; Seah et al., 2020;
Domingo et al., 2021; Frith et al., 2021; Kulikova et al., 2021;
Zhang et al., 2021). Consensus sequences have also been used
in studies of protein functions, binding, and vaccine designs
(Novitsky et al., 2002; Gao et al., 2005; Nickle et al., 2007; Yan
et al., 2007; Sternke et al., 2019).

The LANL HIV database (Foley et al., 2018) provides global
consensus sequences for HIV-1 subtypes and CRFs. The most
recent genome level consensus sequences are from 2002 (and
some gene specific consensus sequences from 2004). Since
2002, the number of available sequences in the database has
grown exponentially, from 85,926 to 1,073,050 in 2021, a >12-
fold increase (Figure 1). Similarly, near full length genomes
(sequences > 7,000 nt long) have increased from 574 to 21,952,
a massive > 38-fold increase. Over this time, sequencing of
non-EU and non-US samples has increased the most, and
thus the increase mostly reflects HIV-1 sequences from the
rest of the world, where most of the infected people live
(UNAIDS, 2021). Therefore, it is necessary to re-evaluate the
global consensus sequences.

MATERIALS AND METHODS

Sequence Data
To generate new HIV-1 consensus sequences, we used the
LANL HIV database 2019 filtered web alignments of full
genomes, available at  https://www.hiv.lanl.gov/content/
sequence/NEWALIGN/align.html. This alignment is a high-
quality selection of the complete 2019 web alignment. The
sequences in this set have no or only one minor frameshift,
<1% nucleotide ambiguities, no nucleotide ambiguities
that affect translation, and no unusual indels. This set was
considered ideal for global consensus sequence generation.
This set contained 4,312 sequences. For comparison to our new
consensus sequences, we used the latest previously calculated
consensus sequences, from 2002, also available at https:
/Iwww hiv.lanl.gov/content/sequence/NEWALIGN/align.html.
To evaluate how distant actual HIV-1 genomes are from the
consensus sequences, we included (1) HIV-1 genome sequences
with >7,000 nt, (2) sequences that have a sampling year,
(3) sequences that were not labeled as “problematic” in the
LANL HIV database (see https://www.hiv.lanl.gov/components/
sequence/HIV/search/help.html for an explanation of what
“problematic” means), and (4) restricted the data to only include
one sequence per patient when >1 sequence was known to
come from a patient. This set contained 4,674 sequences,
accessed 2021-06-23.

Consensus Calculation

Consensus sequence calculations were performed with the
Advanced Consensus Maker, available at https://www.hiv.lanl.
gov/content/sequence/ CONSENSUS/AdvCon.html. We used a

minimum of three sequences per HIV-1 subtype or circulating
recombinant form (CRF) to generate new consensus sequences
(reducing the number of useable sequences to 3,470 from the
2019 web alignment of 4,312 sequences), a majority rule that
assigns the most common nucleotide state to each site, tie-
breaking that follows the typical nucleotide frequency in HIV-1
sequences (i.e., priority in order A, G, T, C), and no gap removal.
These settings are the current defaults for these consensus
calculations, and have been used for the previous consensus
sequence calculations at the LANL HIV database.

Sequence Comparisons

Pairwise alignments were made with MAFFT V7 (Katoh
and Standley, 2013), followed by codon correction using
GeneCutter,' in all sequence comparisons. Pairwise comparisons
were performed between previous and new consensus sequences
as well as between individual HIV-1 genome sequences
(>7,000 nt) and consensus sequences (Figure 2). Each pairwise
alignment was then analyzed with a custom python script that
counted state changes, insertions, deletions, and sequence length.
Flanking gaps in each pairwise alignment were ignored. The R
programming environment and ggplot (R Development Core
Team, 2003; Wickham, 2016) were used to generate violin plots
to display distributions of these categories, and Wilcoxon rank
sum tests with Bonferroni multiple-test correction to assess
potential differences.

RESULTS

Changes in HIV-1 Consensus Sequences

The number of HIV-1 sequences in the LANL HIV database
has grown over time (Figure 1). Both the total number of
sequences and the number of near full genomes (>7,000 nt)
has grown roughly exponentially. The substantial growth of the
database since 2002, when genome level consensus sequences
were last updated, motivated us to assess potential changes in
the consensus sequences. In total, 90 new HIV-1 subtype or
CRF consensus sequences were generated based on at least
three available near full genome sequences in each such set
(Supplemental Results). Out of those, 18 subtypes/CRFs (and
CPZ) allowed for comparison between the 2002 and 2021
consensus sequences (Table 1). In 2002, only four of these
subtype consensus sequences were based on a substantial number
of sequences (Al, B, C, and D used > 30 sequences), while the
rest used <10 sequences each. In 2021, nearly all used substantial
numbers; subtypes B and C, the two most sequenced subtypes
in the database, used 1,294 and 744 sequences, respectively, for
the 2021 consensus sequences. Typically, the 2021 consensus
sequences were shorter than in 2002, i.e., they had more
“deletions” than “insertions” relative to the 2002 consensuses.
Typically, there were also many “substitutions” between the 2002
and 2021 consensuses, on average 109 nucleotide state differences
across the entire genome (1.1%), excluding HIV-1 group O and
CPZ consensuses, which had more. Overall, counting all indel

'https://www.hiv.lanl.gov/content/sequence/ GENE_CUTTER/cutter.html
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FIGURE 1 | Growth of HIV-1 sequences in the LANL HIV database. The growth of the number of publicly available HIV sequences has been roughly exponential
since the beginning of the HIV era. The y-axis is logarithmic to make the near full genome (>7,000 nt) sequence count visible. The red vertical line shows when the
last previous HIV consensus sequences were calculated in 2002, and the blue line when we calculated the new ones in this publication in 2021.
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and nucleotide state differences (including those in group O
and CPZ), on average 2.3% (range 0.8-10%) of the consensus
genomes changed from 2002 to 2021.

Interestingly, non-synonymous “substitutions” dominated in
the 2002 to 2021 consensus comparisons (Figure 3). Overall,
“substitutions” in codon positions 1 and 2 were about 3.5 times
more frequent than in codon position 3. This result should not be
surprising because the “substitutions” (as well as “insertions” and
“deletions”) are simply differences between the 2002 and 2021
consensus sequences, which are manmade constructs not only
reflecting evolutionary processes but also sampling effects. On
the other hand, most nucleotide state differences (“substitutions”)
occurred in env, and least in pol (Figure 3), which is expected
from the known differences in the evolutionary rate across
the HIV-1 genome.

Consensus Sequences Remain Equally
Distant From Worldwide Sequences Over
Time

Even though the consensus sequences have changed since 2002
until 2021 (Table 1), most subtypes/CRFs have stayed within
a similar genetic distance to the consensuses over this time
span (Figure 4). We compared eight subtypes/CRFs that had
at least 20 worldwide genome sequences sampled in 2002 (and
2021). Overall, 2021 consensuses were somewhat closer to the
worldwide genome sequences, i.e., showing on average fewer

nucleotide state differences, but only subtypes B, G, and group
O sequences displayed significant differences (Figure 4A).

To assess whether the changes in the 2021 consensus
sequences induced significant differences over time, we compared
the 2021 consensus sequences to genome sequences sampled
until 2002 or 2021, i.e., the 2021 set had additional sequences
that became available after 2002 (“N Genome Seq” columns in
Table 1). Again, on average most subtypes/CRFs showed no
significant change in their distance to the worldwide sequences
available until 2002 or 2021 (Figure 4B). Only group O sequences
showed a significant difference. We note that group O consensus
sequences had the biggest change from 2002 to 2021 (401
nucleotide state changes) and a 29% growth in available genome
sequences (Table 1).

While comparing 2002-2021 consensuses to each other
showed more deletions than insertions (Table 1), comparing
consensuses to worldwide genome sequences showed the
opposite (Supplementary Figures 1, 2). Thus, Subtypes/CRFs
01_AE, 02_AG, B, C, D, and group O had significant changes
in insertions, while only 01_AE, B, and C showed significant
changes in deletions.

DISCUSSION

The LANL HIV database has grown exponentially, adding
hundreds of thousands of sequences since the 2002 and
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FIGURE 2 | Principal distances between consensus and database sequences. In this cartoon, sequences evolve through mutations over time, radiating out from the
origin (center of circles) and sampled through time (A). At some time (red circle) all sequences sampled until then (red dots) are used to compute a consensus
sequence (red square). Individual distances from that consensus sequence to all sequences available until then form a distance distribution in panel (B), displayed as
a red violin plot of all distances r. An example of a r distance is shown in panel (A). At a later time (blue circle), a new consensus sequence is computed (blue
square), and, similarly, all distances (b) to sequences available until that time (red and blue dots) form the blue distribution in panel (B). The distance between the first
and second consensus sequences is s. We can also consider distances from the second consensus sequence to samples collected only available until the first
consensus was made (y). Note that some samples that originated from a time before the first consensus was made were not publicly available until the second
consensus was made (blue dots inside red circle).

TABLE 1 | 2002-2021 HIV-1 consensus sequence comparison.

Subtype/CRF Insertions Deletions Substitutions N seq used in cons 2002 N seq used in N genome N genome
cons 2021 seq in 2002 seq in 2021
Al 3 10 60 40 173 57 188
B 3 403 96 31 1,294 326 2,024
C 6 35 56 66 744 189 1,214
D 0 25 68 33 71 53 77
F1 17 23 135 4 42 12 73
G 9 22 205 5 80 21 85
H 16 4 221 3 10 8 10
(e} 24 97 401 4 49 35 45
01_AE 4 110 52 9 350 122 636
02_AG 4 66 94 7 130 49 160
04_CPX 29 13 109 3 5 5 5
06_CPX 10 21 118 4 11 4 11
07_BC 1 46 86 3 22 2 38
08_BC 6 12 121 4 21 8 33
10_CD 15 16 51 3 3 3 3
11_CPX 8 20 149 6 22 12 23
12_BF 20 10 53 6 12 15
14_BG 27 7 91 6 8 12
CPz 181 62 736 5 21 7 18

Insertions, deletions, and substitutions are relative differences comparing 2002-2021 consensus sequences.

thousands of full genome sequences that informed the new HIV-  genome, of which about half were nucleotide state differences.
1 subtype/CRF consensus sequences in this study (in 2021). Of that, nearly 3/4 were non-synonymous changes, i.e., changes
The new consensuses differed overall in about 2.3% of the inducingamino acid differences. Such changes may be important
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FIGURE 3 | Differences between 2002 and 2021 HIV-1 subtype/CRF consensus sequences. Dots show nucleotide state differences for 1st (orange), 2nd (red), and
3rd (open) codon positions along the respective subtype/CRF genome (gray lines). The genome locations for the structural genes are shown for reference, and
overlayed with relative densities of 1st + 2nd (red) and 3rd (black) codon position differences across all subtypes/CRFs.

for vaccine design and other scientific purposes where protein
sequences are important.

As shown in Figure 4, most real-world HIV-1 genome
sequences stayed at about the same distance from the 2021
consensuses as they did in 2002. This is explained by the relatively
small overall difference between the 2002 and 2021 consensuses
as compared to the distances to the real-world genome sequences,
i.e., at about 1.1% consensus-to-consensus distance and about
5% consensus-to-real sequence distance. The principle of this is
shown in Figure 2. The differences were, however, uneven across
many aspects of the data. On the genome level, env had most
differences because it (mostly the variable loop regions) evolves
faster than other parts of the genome. Moreover, for certain uses,
a 1% overall genome difference is meaningless because a specific
amino acid at a certain site may make all the difference. On
the subtype/CREF level, some subtype/CRF consensus sequences
changed more than others, ranging from 0.8 to 10% (Table 1),
e.g., while CRFO1 only changed nucleotide state at 49 sites
when going from building consensus sequences based on nine
sequences in 2002 to 350 in 2021, subtype H consensus sequences
differed at 222 sites going from 3 to 10 underlying sequences.

Consensus sequences are computational constructs rather
than real world biological entities. As such, consensus sequences
may not exist in nature, yet it has been shown that they may
describe stable and representative protein structures (Sternke
et al., 2019) that may be suitable for vaccines (Novitsky et al.,
2002; Nickle et al., 2007). Furthermore, consensus sequences are
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