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Abstract

HIV-1 group M (HIV-1M) lineages downregulate HLA-1 and CD4 expression via their Nef
proteins. We hypothesized that these Nef functions may be partially responsible for the differences
in prevalence of viruses from different lineages that co-circulate within an epidemic. Here, we
characterized these two Nef activities in HIV-1M isolates from Cameroon, where multiple variants
have been circulating since the pandemic’s origin. Single HIV-1 Nef clones from 234 HIV-1-ART
naive individuals living in remote villages and two cosmopolitan cities of Cameroon, sampled
between 2000 and 2013, were isolated from plasma HIVV RNA and analyzed for their capacity

to downregulate HLA-1 and CD4 molecules. We found that, despite a large degree of within-

and inter- lineage variation, the ability of Nef to downregulate HLA-I was similar across these
different viruses. Moreover, Nef-mediated CD4 downregulation activity was also well conserved
across the different lineages found in Cameroon. In addition, we observed a trend towards

higher HLA-I downregulation activity of viruses circulating in the cosmopolitan cities versus the
remote villages, whereas the CD4 downregulation activities were similar across the two settings.
Furthermore, we noted a significant decline of HLA-I downregulation activity from 2000 to 2013,
providing additional evidence supporting the attenuation of the global HIV-1M population over
time. Finally, we identified 18 amino acids associated with differential HLA-I downregulation and
13 amino acids associated with differential CD4 downregulation within the dominant CRF02_AG
lineage. Our lack of observation of HIV lineage-related differences in Nef-mediated HLA-I and
CD4 downregulation function suggests that these activities do not substantively influence the
prevalence of different HIV-1M lineages in Cameroon.

Front Virol. Author manuscript; available in PMC 2024 June 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sonela et al.

Keywords

Page 3

HIV-1 group M; HIV-1 Nef; HLA-I downregulation; CD4 downregulation; Cameroon

Introduction

HIV-1 Nef, a 27-35 kDa protein highly expressed during the early stages of the HIV-1

life cycle, promotes HIV-1 pathogenesis and immune evasion (1-11). Two of Nef’s main
functions are to downregulate HLA-I and CD4 molecules from the cell surface (7, 9, 12—
16). Downregulation of HLA-I molecules allows HIV-1-infected cells to evade immune
recognition by CD8+ T cells (17), while CD4 downregulation enhances HIV-1 infection,
replication (1, 15, 16, 18-20). Specifically, while HIV’s entry receptor CD4 is indispensable
for viral infection of CD4+ T-cells, its continued presence on the cell surface disrupts the
processing of viral glycoproteins and reduces Envelope (Env) incorporation into virions,
impeding their release and infectivity (19-22). CD4 downregulation by Nef is also thought
to prevent superinfection (10, 14, 23) and allows the virus to avoid antibody-dependent cell
cytotoxicity by abrogating CD4-induced Env conformational changes required for antibody
binding (24)

The HIV-1 nefgene is highly polymorphic, with nucleic acid sequence diversity ranging
from 14.4% to 23.8% between different HIV group M subtypes (HIV-1M) (25). There is
also evidence that Nef function may differ between some of the major HIV-1M subtypes (6,
26). For example, Yoon et al. (27) showed that HIV-1 Nef clones derived from HIV-1M
subtype B isolates downregulated HLA-I significantly better than those derived from
subtype D isolates, whereas Nef clones derived from subtype D isolates downregulated CD4
significantly more than those derived from subtype B isolates (27). Also, Turk et al. (28)
observed that Nef closes from subtype B and F isolates downregulated HLA-I significantly
more than those from subtype C isolates (28). Finally, Mann et al. (15) showed that the
HLA-I and CD4 downregulation abilities of Nef differ among HIV-1M subtypes A, B, C,
and D (15) and that these functions correlated with markers of disease progression (16).
These findings suggest that variation in HIV-1 Nef functions among subtypes may contribute
to global differences in viral pathogenesis and spread. However, most of these studies were
restricted to nefgenes sampled from viruses belonging to the major HIV-1M subtypes A, B,
C, and D, and thus did not fully reflect HIV-1M global diversity (15, 16, 27, 28).

Cameroon was the likely site of cross-species transmission that yielded HIV-1 group M
(HIV-1M) (29, 30). Possibly because of this, Cameroon, like other countries in the Cong
Basin, has one of the genetically most diverse HIV epidemics in the world (31-33). Despite
the extensive characterization of HIV-1M diversity in Cameroon and the identification of
multiple highly divergent HIV-1M lineages, primarily complex unique recombinant forms
and rare variants (33, 34), the phenotypic properties of these lineages are almost entirely
unknown. Such rare viruses may have unique biological characteristics, some of which may
help understand why these lineages have remained restricted to Cameroon. It is, therefore,
tempting to speculate that among the large pool of HIV-1M lineages that are presently
circulating within Cameroon, most of them fail to reach some required threshold for HLA-I
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and CD4 downregulation capacity that would enable them to spread and cause large sub-
epidemics within Cameroon and elsewhere. Alternatively, the diversity of HIV-1M lineages
in Cameroon may also be consistent with the hypothesis that, possibly even before the onset
of the global pandemic, multiple HIV-1M lineages co-circulated within Cameroon; and that
the present-day frequency differences between lineages in Cameroon reflect a composite of
slight differences in the times when lineages first arrived (or emerged) in Cameroon. Here,
we measured the ability of donor-derived Nef isolates to downregulate HLA-I and CD4 to
test the hypothesis that varying Nef-driven pathogenicity is associated with the circulating
frequencies of HIV-1M lineages in Cameroon. We additionally wished to evaluate the
impact of specific Nef polymorphisms on the CD4 and HLA-1 downregulation abilities of
this protein.

Materials and methods

Study participants

Plasma samples were collected anonymously and voluntarily from ART-naive individuals
living with HIV and residing in two cosmopolitan cities and 40 remote villages located in
the equatorial rain forest in Cameroon from 2000 to 2013. Samples in remote villages were
collected in 2000, 2012 and 2013, while those in the cities were sampled in 2007, 2008

and 2009. This study was approved by the Cameroonian National Ethics Committee (ethical
clearance number: 2019/04/1156/CE/CNERSH/SP). Viral loads were measured at one time
point before treatment initiation. The characterization of the genetic diversity of HIV-1M
strains circulating in these cohorts has been described in (33, 35).

Preparation of HIV-1 Nef clones

HIV RNA was extracted from stored plasma using the QlAamp® Viral RNA Extraction

Kit (Qiagen, Hilden, Germany) according to manufacturer protocols. Complementary

DNA (cDNA) was generated using the ImProm-11™ Reverse Transcription System kit
(Promega, Madison, Wisconsin, USA), also according to the manufacturer’s protocol.
Following this, the entire nefregion was amplified by nested PCR (ROCHE Expand

High Fidelity kit; Roche-Mannheim, Germany) using non-subtype-specific HIV-1 group

M primers. The PCR cycling conditions were the same for both the first and second

rounds, consisting of 94°C for 2 min followed by 35 cycles of 94°C for 15 s,

55°C for 15 s, 72°C for 50 s and then 72°C for 7 min. The first round primers

were: Nef outer5-le (HXB2: 8513 - 8533; 5’-GTGCCTCTTCAGCTA CCACCG-3’

and Nef outer3-3e (HXB2: 9488 — 9508; Reverse primer 5’-AGCATCTGAGGGTT
AGCCACT-3"). The nefsecond round primers were: NEF8746_Sgrl_Ascl_F (HXB2:
8736-8772; 5’- AGAGC ACCGGCGCGCCTCCACATACCTASAAGAATMAGACARG-3%)
and Nef 9474_Sacll_Clal_R 3-7e (HXB2: 9449-9491; 5’-GCCT
CCGCGGATCGATCAGGCCACRCCTCCCTGGAAASKCCC-37) (35). The second-round
primers contain restriction sites Ascl (forward) and Sacll (reverse), shown in bold, to
facilitate downstream cloning experiments. Each donor-derived HIV-1 nefamplicon was
purified using the QIAQuick PCR purification kit (Qiagen, Germany), digested with Ascl
and Sacll restriction enzymes at 37 °C for 2 hours and cloned into a pSELECT-GFPzeo
expression plasmid (Invitrogen, Canada) that was modified to contain Ascl and Sacll
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restriction sites. The pPSELECT-GFPzeo plasmid contains two transcription units. The first
expression cassete with hEF1/HTLV promoter drives the expression of the inserted nef gene
while, the second unit with the CMV/HTLV promoter drives the expression of the GFP-zeo
gene (36, 37). The digested plasmid and nef amplicon were ligated and ligation mixture
was transformed into OneShot TOP10 competent cells (Invitrogen, Canada) according to
the manufacturer’s instructions. The transformed cells were plated onto Luria-Bertani agar
plates containing zeocin and incubated at 37 °C overnight for 16 hours. Colonies were
picked, boiled at 95 °C for 10 minutes in 10ul of nuclease-free water, and used as templates
in colony PCR to confirm the presence of the nefgene. The bulk plasma-derived nefPCR
products and the nefclones amplified by colony PCR were sequenced using the ABI Prism
Big Dye Terminator v3.1 Sequencing Kit (Applied Biosystems, USA). The resulting bulk
and clonal nefsequences were aligned using MEGA version 10 (38) and a maximum
likelihood tree was constructed using 1Q Tree using the best fit GTR+1+G nucleotide
substitution model (http://igtree.cibiv.univie.ac.at). Branch support values were computed
through 1Q Tree’s ultrafast bootstrap analysis (1000 resampling iterations) with Shimodaira-
Hasegawa approximate likelihood ratios ([SH]-aLRT) = 0.99] (39). The phylogenetic trees
were rooted using an HIV-1 group P sequence (35) and visualized using Figtree v1.4.4

(40). The nefclone sequences were submitted to GenBank under the accession numbers
OR979846 - OR980068.

HLA-I and CD4 downregulation assays

Nef-mediated HLA-I and CD4 downregulation ability was measured as previously described
(15). Briefly, an immortalized CD4+ T cell line previously modified to express high levels of
HLA-A*02 (CEM-A*02) (15) was used to measure the HLA-I and CD4 downregulation
activity of each Nef clone. The cells were maintained in R10 medium (RPMI-1640
supplemented with 10% FBS, 1% L-glutamine, 1% HEPES buffer, and 0.5% penicillin-
streptomycin). A total of 6 x 10° CEM-A*02 cells in MegaCell medium (Sigma, USA)

were transfected with 8000 ng of Nef clone by electroporation (BioRad Gene Pulser

Xcell Electroporation system). The transfected cells were supplemented with R10 and
incubated for 20 hours overnight. The cells were stained with APC-labeled anti-CD4 and
PE-labeled anti-HLA-A*02 antibodies (BD Biosciences, USA). The surface expression of
CD4 and HLA-I were measured by flow cytometry. To determine the relative HLA-I or
CD4 downregulation ability of each donor-derived Nef clone, the median fluorescence
intensity (MFI) of CD4 or HLA-I expression in GFP-positive (7.e. Nef-expressing) cells

was normalized to the MFI of HLA-I or CD4 expression in the negative control (empty
pSELECT-GFPZeo plasmid) and the positive control (Nef from the HIV subtype B SF2
reference strain cloned into pSELECT-GFPZeo) using the following formula = [(Negative
control — Donor Nef)/(Negative control — Positive control)] x 100%. A normalized value of
0% indicates no downregulation activity, while a value of 100% indicates a downregulation
capacity equivalent to that of the positive control. We performed all assays in duplicate, and
the results were presented as the mean of these two measurements.

Site-directed mutagenesis

The Nef mutation 143V was introduced into a participant-derived CRF02_AG nefsequence
(BS21, GenBank accession JX244966) chosen for its high amino acid similarity to the
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consensus CRF02_AG sequence. Briefly, the BS21 sequence was cloned into a TOPO TA
3.1 plasmid (Invitrogen, San Diego, USA) and modified by site-directed mutagenesis using
the QuikChange Il XL Site-Directed Mutagenesis kit (Agilent Technologies, Texas, USA).
Following sequence confirmation, the mutant nefwas cloned into pPSELECT-GFPzeo to
assess CD4 and HLA-I down-regulation analysis as described above. Three independent
HLA-I and CD4 down-regulation assays were performed.

Data analysis

Results

We used Kruskal-Wallis tests to compare Nef-mediated HLA-I and CD4 downregulation
abilities across all HIV-1M lineages and across different years of sampling, and Mann-
Whitney U tests for two-group comparisons. We used Spearman’s correlation to assess the
relationships between Nef-mediated activities and logyg plasma viral load and between
HLA-I and CD4 downregulation capacities. For the set of CRF02_AG Nef clones,

we performed a codon-by-codon sequence-function analysis which is a technique that
independently looks at each coordinate and determines whether the presence or absence of a
particular amino acid is significantly associated with a change in function, to identify amino
acid variants associated with significantly increased or decreased Nef-mediated HLA-I and
CD4 downregulation ability. In this analysis, multiple comparisons were addressed using
g-values (41). Functional comparisons between parental and mutant Nefs were performed
using Unpaired t tests. Overall, p-values <0.05 were considered significant.

Study participants

Two hundred and thirty-four (234) participants were enrolled between 2000 and 2013. Of
these, 125 individuals were recruited in the cosmopolitan cities of Yaoundé (the country’s
capital) and Douala (the country’s economic hub), 109 were enrolled from communities
in remote locations within the equatorial rain forest. Biological gender data were available
for only 103 of the participants; 55 in the cities (amongst whom 41 male and 14 female)
sampled in 2007 and 48 in the remote villages (17 males and 41 female) collected in
2000; 101 participants reported their age and the median was 31 years (inter-quartile range
[IQR] 27-38) for the cities cohort and 32 [IQR 26-41] for the second cohort. The median
plasma HIV-1 RNA viral load was 4.41 logq copies/ml [IQR 3.7-4.9], available for 187
participants; 4.4 [IQR 3.8-4.9] in the cities and 4.5 [IQR 4.0-5.0] in remote villages (Table
1).

The statistically differences in gender, age and the plasma HIV-1 RNA viral loads of
individuals living in cosmopolitan cities versus remote communities are summarized in
Table 1. All individuals were ART-naive, and HIV infection dates were not known.

Selection and functional assessment of Nef clones

We have previously characterized HIV-1 group M (HIV-1M) genetic diversity in this
cohort (35, 42). Overall, CRF02_AG accounted for 59% of all nefclones (n=137), with
the remaining 41% (n=97) comprising various subtypes, sub-subtypes and circulating
recombinant forms (CRFs) observed at frequencies of 1% to 9%. These included subtypes
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A (n=3), G and D (n=12 each), and H (n=3); sub-subtypes Al (n=5), A2 (n=1), and F2
(n=9); and CRFs 01_AE/22_01A1 (n=22), 11 cpx (n=11), 13_cpx (n=2), 25_cpx (n=1),
36_cpx (n=2), 37_cpx (n=2), 45_cpx (n=1). Finally, variants that could not be classified
into any known subtypes or CRFs were classified as either divergent or recombinants
(n=11) (Figure 1). It should be noted that CRF22_01A1 sequences are embedded within

the CRFO1_AE cluster in the nefgene. In addition, all these isolated Nef clones clustered
with their respective bulk plasma sequences (Supplementary Figure 1) and were free of
gross genetic defects. Each Nef clone was transfected into the CEM-A*02 T cell line

(15), after which, Nef-mediated HLA-A*02 and CD4 downregulation was measured by
flow cytometry and normalized to that of the control subtype B strain SF2 (representative
data in Supplementary Figures 2A-F). Replicate measurements were consistent for HLA-I
and CD4 downregulation (Spearman’s, r=0.85 and p < 0.0001; not shown). Overall, the
HLA-1 downregulation functions of the 234 isolated Nef clones ranged from 5% to 106%
relative to SF2 (median 63%; IQR 45% - 83%) (Supplementary Figure 2G) while their CD4
downregulation function ranged from 9% to 108% relative to SF2 (median 94%; IQR 82% -
99%) (Supplementary Figure 2H). HLA-I downregulation significantly correlated with CD4
downregulation (Spearman’s, r=0.48 and p<0.0001; Supplementary Figure 3).

Inter-lineage comparison of Nef-mediated HLA-I and CD4 downregulation among viruses
circulating in Cameroon.

Previous data have shown that Nef function differ across HIV-1M lineages (43). To
detect these differences in our cohort, we stratified our Nef-mediated HLA-1 and CD4
downregulation data by HIV-1M lineage (where we only considered lineages with at
least three representatives). Though HLA-I downregulation activities varied markedly
among the isolates tested, we observed no overall significant differences in this function
across the HIV-1M lineages represented in our cohort (p=0.52; Kruskal-Wallis test,
Figure 2A). Nevertheless, it was interesting that subtype H lineages exhibited the highest
average Nef-mediated HLA-I downregulation ability (median 83%; IQR 26% - 87%)

and subtype G the lowest (median 60% and IQR 48% - 90%). Somewhat in contrast,
Nef-mediated CD4 downregulation showed a much narrower range of activity between
isolates, with the majority displaying normalized function close to 100%. Similar to our
observations for HLA-1 downregulation, we observed no overall significant differences in
CD4 downregulation function across the HIV-1M lineages in our cohort (p=0.40; Kruskal-
Wallis’s test, Figure 2B).

Categorizing our samples based on whether or not they belonged to the main circulating
CRF02_AG lineage revealed no significant differences in the Nef-mediated receptor
downregulation between the two groups (Kruskal-Wallis, p=0.12 for HLA-I and p=0.19

for CD4 downregulation; Supplementary Figures 4A, B). Plasma viral loads (VL) also did
not significantly correlate with either Nef-mediated HLA-1 or CD4 downregulation activities
(Spearman’s correlation, r=0.07 and p=0.36 for HLA-I and r=-0.10 and p=0.17 for CD4
downregulation; Supplementary Figures 5A, B). Furthermore, analyses of the Nef functions
according to the sex revealed no significant differences (data not shown).
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Temporal trends in Nef function over time

It has been previously hypothesized that the evolutionary trajectory of the HIV-1 population
is shifting towards attenuation (44). We therefore examined temporal trends in Nef function
over time. Overall, there were 52 viruses sampled in 2000, 81 in 2007, 14 in 2008, 21

in 2009, 34 in 2012 and 32 in 2013. We therefore examined temporal trends in Nef

function over time. A maximum-likehood (ML) tree revealed no strong evidence of temporal
clustering (Figure 3A).

Our Nef functions analyses revealed an overall steady decline in HLA-I downregulation
activities from 2000 (median 74% and 1QR 49% - 88%) to 2013 (median 54% and IQR
37% - 70%), that reached statistical significance (p=0.04; Kruskal-Wallis test, Figure 3B). In
contrast, the CD4 downregulation activity of the viruses remained similar across the studied
years (Figure 3C). Of note, the viral loads of these samples displayed a possibly decreasing
trend over time (Supplementary Figure 6).

Nef function between the cosmopolitan cities and remote settings in Cameroon

We next compared the HLA-1 and CD4 downregulation ability of Nef clones derived

from viruses circulating in the cities with those derived from viruses circulating in remote
settings. The rationale supporting this is that the two cohorts might have followed different
evolutionary trajectories, possibly driven by sexual partner networks likely to be much
broader in the highly connected cosmopolitan cities of Yaoundé and Douala than in the
much less connected remote villages. For this analysis, we considered samples collected
over approximately the same period: 2009 and 2012 (n=27) for the cities and 2012 (n=28)
for the remote locations. We began by inferring a maximum-likelihood phylogeny from

the 55 clone sequences involved in this comparison, which revealed some evidence of
geographical compartmentalization (see round brackets in Figure 4A). Of note, the Nef
function analyses revealed a trend towards a higher HLA-I downregulation activity of
viruses sampled in the cosmopolitan cities compared to viruses originating from the remote
villages, though this was not statistically significant (Mann-Whitney U test, p=0.06, Figure
4B). The CD4 downregulation ability of Nef clones derived from the two environments was
similar (Mann-Whitney U test, p=0.78, Figure 4C).

Sequence determinants of Nef-mediated HLA-I and CD4 downregulation activity

We next explored the sequence determinants of Nef HLA-I and CD4 function within
CRF02_AG, the dominant circulating variant in Cameroon, by undertaking a codon-by-
codon sequence-function analysis. Here, we compared the receptor downregulation function
of CRF02_AG sequences harboring (versus not harboring) each amino acid observed at each
Nef codon in the dataset (we required a given amino acid to be observed at least five times
at that codon to be included in the analysis). In total, 18 amino acids at 15 different Nef
codons were associated with differential HLA-I downregulation activity at the exploratory
threshold of p<0.05 (Table 2), whereas 13 amino acids at 11 Nef codons were associated
with differential CD4 downregulation activity at this threshold (Table 3). Only one of these
associations, between Nef codon 43 and HLA-I downregulation, met the g<0.2 threshold
for multiple comparisons correction (Table 2). Of note, the Nef 143V substitution was also
associated with decreased CD4 downregulation with p<0.03 (Table 3). We therefore selected
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this mutation for confirmatory testing. To do this, we engineered the 143V substitution into
a participant-derived sequence of high similarity to the consensus CRF02_AG sequence

by site-directed mutagenesis (participant BS21). As expected, the 143V mutant displayed
significantly poorer Nef-mediated HLA-I and CD4 downregulation activity compared to the
parental BS21 sequence (p=0.01 and p=0.002, respectively) (Figures 5A, B), consistent with
the sequence-function analysis.

Discussion

The predominance of CRF02_AG (33, 35) despite the tremendous genetic diversity of other
HIV-1 group M (HIV-1M) lineages circulating in Cameroon, suggests that most of these
other lineages may have failed to reach some required fitness threshold necessarily for wider
spread. Hypothesizing that viral lineage-specific differences in Nef’s ability to downregulate
HLA-I and CD4 expression may be partially responsible for the differences in prevalence

of these lineages, we isolated and functionally assessed unique plasma RNA-derived Nef
clones from 234 ART-naive Cameroonians living with HIV. We found that, despite a

large degree of within-lineage variation, the ability of Nef to downregulate HLA-I and

CD4 molecules did not significantly differ across lineages. We also observed a trend of a
higher HLA-I downregulation activity of viruses circulating in cosmopolitan cities versus
remote villages. Intriguingly, we observed an overall decrease in HLA-I downregulation
activity from 2000 to 2013. Finally, we bioinformatically identified a number of amino acids
associated with altered HLA-1 and CD4 downregulation activities in CRF02_AG, including
the Nef 143V substitution, which we experimentally confirmed to reduce both of these
functions.

Our lack of observation of subtype-specific differences in Nef’s ability to downregulate
either HLA-1 or CD4 molecules is contrary to previous observations by Mann et al. (15)
and Turk et al. (28); though it should be noted that these studies did not investigate the
specific HIV lineages investigated here, particularly CRF02_AG. One possible explanation
could be that evolutionary fitness is unlikely to be the primary determinant of differences
in the prevalence of the different major Cameroonian HIV-1M lineages. In support of this
interpretation, CRF02_AG has a frequency of >50% and subtype A/Al a frequency of 2%
in Cameroon (35), whereas the prevalence of these lineages is reversed in the Democratic
Republic of Congo, with CRF02_AG accounting for 6% of infections and subtype A/AL/A2
accounting for 23% (42). Regional differences in the frequencies of HIV-1M lineages are
likely to be more strongly influenced by factors other than differential viral pathogenesis,
in particular the relative duration of circulation of a given lineage in a region, and the
relative frequencies of variant imports into a region (/.e. founder effects) (45). This was
well illustrated by Faria and collaborators, who elucidated that CRF02_AG was introduced
to Cameroon early on during the pandemic. Since then, at least two CRF02_AG clusters,
unique to Cameroon, are evolving and diffusing at different rates. Faria et al. also revealed
that outward viral migration was mostly driven by chance exportation events (46).

The diversity of HIV-1M lineages in Cameroon and the pervasive presence of rare highly
divergent lineages is consistent with the co-circulation of multiple HIV-1M lineages in
Cameroon well before HIV-1 became a pandemic (47). This suggests that there was likely

Front Virol. Author manuscript; available in PMC 2024 June 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sonela et al.

Page 10

minimal competition between viruses in the different lineages to find and infect new hosts.
Therefore, it is reasonable to think that the present-day frequency differences between
lineages in Cameroon reflect a composite of slight differences in both the times when
lineages first arrived (or emerged) in Cameroon, and the evolutionary fitness these “founder”
viruses. Though we did not detect any significant differences in Nef function between HIV-1
subtypes in the present study, we cannot rule out the possibility that such differences are so
subtle, and/or within-subtype variations so large, that sample sizes substantially greater than
those studied here would be required to detect them. Indeed, a limitation of this study is the
relatively limited number of samples representative of lineages other than CRF02_AG.

Interestingly, our results show that while the CD4 downregulation activity of viruses
sampled between 2000 and 2013 was similar, there was a steady decline of the HLA-I
downregulation ability with the highest activity observed in 2000 and the lowest in 2013.
This data is consistent with a prior study (48, 49) that observed that a key Nef activity,
namely alteration of TCR signaling, was much lower in Nef clones from Botswana, where
the HIV epidemic is older, compared to Nef clones from South Africa, where the epidemic
is much younger (48). Our results are also consistent with a study conducted in Japan that
reported declining HIV replication capacity over time (49).

Using exploratory sequence-function analyses, we identified several residues in CRF02_AG
Nef that were associated with significantly altered HLA-I and/or CD4 downregulation
activity, and therefore could potentially affect these Nef functions. From this analysis

we identified and experimentally verified that Nef-143V has a significant negative impact
on both HLA-I and CD4 downregulation functions. Although 43V has previously been
associated with reduced SERINCS5 downregulation activity in subtype B Nef clones (50),

it has not to our knowledge previously been associated with altered HLA-I or CD4
downregulation activity,

although it is known that the ability of HIV-1 Nef to downregulate SERINCS is strongly
associated with its ability to downregulate CD4. Structurally, position 43V is found within

a disordered region of Nef (residues 35-65) that overlaps with motifs involved in CD4
downregulation (57WL58) and HLA-I downregulation (62EEEE65) (7). The mutation 143V
was previously demonstrated to be a viral “escape mutation” selected in CD8+ T cell
epitopes restricted by HLA-C*03 (51). There are several other examples of escape mutations
in Nef that are associated with reduced Nef function (16, 52, 53), and these may be

relevant for HIV-1 attenuation-based vaccine design. Further work will be needed to confirm
the effect of Nef 43V in different sequence backgrounds, and to assess the effect of this
mutation on Nef expression as well as the mechanism of the defect.

In conclusion, we found that Nef-mediated HLA-I and CD4 downregulation activities varied
substantially within, but not between, the HI\V-1M subtypes circulating in Cameroon. This
suggests that subtype-specific Nef functional variations between lineages is not a major
driver of the HIV-1M lineage diversity in Cameroon. However, Nef expression data was not
collected and future work is required to validate and extend our findings further.

Front Virol. Author manuscript; available in PMC 2024 June 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sonela et al.

Page 11

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding

We wish to acknowledge the Staff of the HIV Pathogenesis Program Laboratory of the University of KwaZulu
Natal and the Center for Research on Emerging and Re-Emerging Diseases (CREMER/IMPM) for the technical
platform for realizing this work. We wish to acknowledge the study participants for graciously donating their
samples for this study. In memory of Eitel Mpoudi Ngolle, who contributed to the investigation, supervision and
administration of the project.

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.
This research was supported by the Sub-Saharan African Network for TB/HIV Research Excellence (SANTHE)
which is funded by the Science for Africa Foundation to the Developing Excellence in Leadership, Training and
Science in Africa (DELTAS Africa) programme [Del-22-007] with support from the Wellcome Trust and the UK
Foreign, Commonwealth & Development Office. The latter is part of the EDCPT2 programme supported by the
European Union; the Bill & Melinda Gates Foundation [INV-033558]; and Gilead Sciences Inc., [19275]. This
work was also supported by the International Centre for Genetic Engineering and Biotechnology (ICGEB) through
a Collaborative Research Programme (CRP/CMR21-02). ZB was supported by a Scholar Award from Michael
Smith Health Research BC. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

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.

References

1. Fackler OT, Moris A, Tibroni N, Giese Sl, Glass B, Schwartz O, et al. Functional characterization
of HIV-1 Nef mutants in the context of viral infection. Virology. 2006; 351: 322-39. DOI: 10.1016/
j.virol.2006.03.044 [PubMed: 16684552]

2. Haller C, Rauch S, Michel N, Hannemann S, Lehmann MJ, Keppler OT, et al. The HIV-1
pathogenicity factor Nef interferes with maturation of stimulatory T-lymphocyte contacts by
modulation of N-Wasp activity. J Biol Chem. 2006; 281: 19618-30. DOI: 10.1074/jbc.M513802200
[PubMed: 16687395]

3. Kirchhoff F, Hunsmann G. The negative (?) factor of HIV and SIV. Res Virol. 1992; 143: 66-9.

DOI: 10.1016/S0923-2516(06)80084-1 [PubMed: 1565862]

4. Kim S, Ikeuchit K, Byrnt R, Groopmant J, Baltimore D. Lack of a negative influence on

viral growth by the nef gene of human immunodeficiency virus type 1 (retrovirus replication/
transcription/latency. Proc Natl Acad Sci USA. 1989; 86 (23) 9544-9548. DOI: 10.1073/
pnas.86.23.9544 [PubMed: 2687883]

5. Kuang XT, Li X, Anmole G, Mwimanzi P, Shahid A, Le AQ, et al. Impaired Nef function

is associated with early control of HIV-1 viremia. J Virol. 2014; 88: 10200-13. DOI: 10.1128/
jvi.01334-14 [PubMed: 24965469]

6. Michel N, Ganter K, Venzke S, Bitzegeio J, Fackler OT, Keppler OT. The Nef protein of human

immunodeficiency virus is a broad-spectrum modulator of chemokine receptor cell surface levels
that acts independently of classical motifs for receptor endocytosis and G i signaling O D. Mol Biol
Cell. 2006; 17: 3578-90. DOI: 10.1091/mbc.E06 [PubMed: 16775006]

7. Buffalo CZ, Iwamoto Y, Hurley JH, Ren X. How HIV Nef proteins hijack membrane traffic

to promote infection. J Virol. 2019; 93 (24) e01322-19. DOI: 10.1128/JV1.01322-19 [PubMed:
31578291]

Front Virol. Author manuscript; available in PMC 2024 June 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sonela et al.

Page 12

8. Pereira EA, daSilva LLP. HIV-1 Nef: taking control of protein trafficking. Traffic. 2016; 17: 976-96.
DOI: 10.1111/tra.12412 [PubMed: 27161574]

9. Foster JL, Denial SJ, Temple BRS, Garcia JV. Mechanisms of HIV-1 Nef function and intracellular
signaling. J Neuroimmune Pharmacol. 2011; 6: 230-46. DOI: 10.1007/s11481-011-9262-y
[PubMed: 21336563]

10. Landi A, lannucci V, Van Nuffel A, Meuwissen P, Verhasselt B. One protein to rule them all:
modulation of cell surface receptors and molecules by HIV Nef. Curr HIV Res. 2011; 9 (7) 496—
504. DOI: 10.2174/157016211798842116 [PubMed: 22103833]

11. Naicker D, Sonela N, Jin SW, Mulaudzi T, Ojwach D, Reddy T, et al. HIV-1 subtype
C Nef-mediated SERINC5 down-regulation significantly contributes to overall Nef activity.
Retrovirology. 2023; 20 (1) 3. doi: 10.1186/s12977-023-00618-7 [PubMed: 37004071]

12. Aiken C, Konner J, Ft Landau N, Lenburg ME, Trono D. Nef induces CD4 endocytosis:
requirement for a critical dileucine motif in the membrane-proximal CD4 cytoplasmic domain.
Cell. 1994; 76 (5) 853-864. DOI: 10.1016/0092-8674(94)90360-3 [PubMed: 8124721]

13. Aiken C, Trono D. Nef stimulates human immunodeficiency virus type 1 proviral DNA synthesis. J
Virol. 1995; 69 (8) 5048-5056. DOI: 10.1128/jvi.69.8.5048-5056.1995 [PubMed: 7541845]

14. Benson RE, Sanfridson A, Ottinger JS, Doyle C, Cullen BR. Downregulation of cell-surface CD4
expression by simian immunodeficiency virus nef prevents viral super infection. J Exp Med. 1993;
177 (6) 1561-1566. DOI: 10.1084/jem.177.6.1561 [PubMed: 8098729]

15. Mann JK, Byakwaga H, Kuang XT, Le AQ, Brumme CJ, Mwimanzi P, et al. Ability of HIV-1 Nef
to downregulate CD4 and HLA class | differs among viral subtypes. Retrovirology. 2013; 10: 100.
doi: 10.1186/1742-4690-10-100 [PubMed: 24041011]

16. Mann JK, Chopera D, Omarjee S, Kuang XT, Le EAQ, Anmole G, et al. Nef-mediated down-
regulation of CD4 and HLA class I in HIV-1 subtype C infection: association with disease
progression and influence of immune pressure. Virology. 2014; 468-470: 214-225. DOI: 10.1016/
j.virol.2014.08.009

17. Cohen GB, Gandhi RT, Davis DM, Mandelboim O, Chen BK, Strominger JL, et al. The
selective downregulation of class | major histocompatibility complex proteins by HIV-1
protects HIV-infected cells from NK cells. Immunity. 1999; 10 (6) 661-671. DOI: 10.1016/
S1074-7613(00)80065-5 [PubMed: 10403641]

18. Mann JK, Omarjee S, Khumalo P, Ndung’u T. Genetic determinants of Nef-mediated CD4 and
HLA class | down-regulation differences between HIV-1 subtypes B and C. Virol J. 2015; 12: 200.
doi: 10.1186/s12985-015-0429-7 [PubMed: 26607225]

19. Willey RL, Maldarelli F, Martin MA, Strebel K. Human immunodeficiency virus type 1 Vpu
protein regulates the formation of intracellular gp160-CD4 complexes. J Virol. 1992; 66 (1) 226—
234. DOI: 10.1128/jvi.66.1.226-234.1992 [PubMed: 1727486]

20. Argafaraz ER, Schindler M, Kirchhoff F, Cortes MJ, Lama J. Enhanced CD4 down-modulation by
late stage HIV-1 nef alleles is associated with increased env incorporation and viral replication. J
Biol Chem. 2003; 278 (36) 33912-33919. DOI: 10.1074/jbc.M303679200 [PubMed: 12816953]

21. Ross TM, Oran AE, Cullen BR. Inhibition of HI\-1 progeny virion release by cell-surface
CD4 is relieved by expression of the viral Nef protein. Curr Biol. 1999; 9 doi: 10.1016/
S0960-9822(99)80283-8

22. Lama J, Mangasarian A, Trono D. Cell-surface expression of CD4 reduces HIV-1 infectivity by
blocking Env incorporation in a Nef- and Vpu-inhibitable manner. Curr Biol. 1999; 9 (12) 622-
631. DOI: 10.1016/S0960-9822(99)80284-X [PubMed: 10375528]

23. Veillette M, Désormeaux A, Medjahed H, Gharsallah N-E, Coutu M, Baalwa J, et al. Interaction
with cellular CD4 exposes HIV-1 envelope epitopes targeted by antibody-dependent cell-mediated
cytotoxicity. J Virol. 2014; 88 (5) 2633-2644. DOI: 10.1128/jvi.03230-13 [PubMed: 24352444]

24. Welker R, Harris M, Cardel B, Kréausslich H-G. Virion incorporation of human immunodeficiency
virus type 1 Nef is mediated by a bipartite membrane-targeting signal: analysis of its
role in enhancement of viral infectivity. J Virol. 1998; 72 (11) 8833-8840. DOI: 10.1128/
jvi.72.11.8833-8840.1998 [PubMed: 9765428]

25. Jubier-Maurin V, Saragosti S, Perret JL, Mpoudi E, Esu-Williams E, Mulanga C, et al. Genetic
characterization of the nef gene from human immunodeficiency virus type 1 group M strains

Front Virol. Author manuscript; available in PMC 2024 June 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sonela et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

Page 13

representing genetic subtypes A, B, C, E, F, G, and H. AIDS Res Hum Retroviruses. 1999; 15 (1)
23-32. DOI: 10.1089/088922299311673 [PubMed: 10024049]

Omondi FH, Chandrarathna S, Mujib S, Brumme CJ, Jin SW, Sudderuddin H, et al. Nef-mediated
immune evasion function correlate with viral reservoir size in early-treated individuals. J Virol.
2019; 93 (6) €01832-18. DOI: 10.1128/jvi.01832-18 [PubMed: 30602611]

Yoon K, Gyun Jeong J, Yoon H, Lee JS, Kim S. Differential effects of primary human
immunodeficiency virus type 1 nef sequences on downregulation of CD4 and MHC class I.
Biochem Biophys Res Commun. 2001; 284 (3) 638-642. DOI: 10.1006/bbrc.2001.5026 [PubMed:
11396948]

Turk G, Gundlach S, Carobene M, Schindler M, Salomon H, Benaroch P. Single nef proteins
from HIV type 1 subtypes C and F fail to upregulate invariant chain cell surface expression but
are active for other functions. AIDS Res Hum Retroviruses. 2009; 25 (3) 285-296. DOI: 10.1089/
aid.2008.0132 [PubMed: 19327048]

Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, Michael SF, et al. Origin of HIV-1 in the
chimpanzee pan troglodytes troglodytes. Nature. 1999; 397 (6718) 436—441. DOI: 10.1038/17130
[PubMed: 9989410]

Keele BF, Van Heuverswyn F, Li Y, Bailes E, Takehisa J, Santiago ML, et al. Chimpanzee
reservoirs of pandemic and nonpandemic HIV-1. Sci (New York NY). 2006; 313 (5786) 523-526.
DOI: 10.1126/science.1126531

Brennan CA, Bodelle P, Coffey R, Devare SG, Golden A, Hackett J Jr, et al. The

prevalence of diverse HIV-1 strains was stable in cameroonian blood donors from 1996 to
2004. JAIDS J Acquired Immune Deficiency Syndromes. 2008; 49 (4) 432-9. DOI: 10.1097/
QAI.0b013e31818a6561

Carr JK, Wolfe ND, Torimiro JN, et al. HIV-1 recombinants with multiple parental strains in
low-prevalence, remote regions of cameroon: Evolutionary relics? Retrovirology. 2010; 7: 39. doi:
10.1186/1742-4690-7-39 [PubMed: 20426823]

Tongo M, Martin DP, Zembe L, Mpoudi-Ngole E, Williamson C, Burgers WA. Characterization of
HIV-1 gag and nef in Cameroon: Further evidence of extreme diversity at the origin of the HIV-1
group M epidemic. Virol J. 2013; 10: 29. doi: 10.1186/1743-422X-10-29 [PubMed: 23339631]
Tongo M, Dorfman JR, Martin DP. High Degree of HIV-1 Group M (HIV-1M) Genetic Diversity
within Circulating Recombinant Forms: Insight into the Early Events of HIV-1M Evolution. J
Virol. 2016; 90 (5) 2221-2229. DOI: 10.1128/jvi.02302-15

Godwe C, Goni OH, San JE, Sonela N, Tchakoute M, Nanfack A, et al. Phylogeographic evidence
of extensive spatial mixing of diverse HIV-1 group M lineages within Cameroon but not between
its neighbours. 2023.

Takebe Y, Seiki M, Fujisawa J, Hoy P, Yokota K, Arai K, et al. SR alpha promoter: an efficient and
versatile mammalian cDNA expression system composed of the simian virus 40 early promoter
and the r-U5 segment of human t-cell leukemia virus type 1 long terminal repeat. Mol Cell Biol.
1988; 8 (1) 466-472. DOI: 10.1128/mch.8.1.466-472.1988 [PubMed: 2827008]

Yu J, Russell JE. Structural and functional analysis of an mRNP complex that mediates the high
stability of human beta-globin mRNA. Mol Cell Biol. 2001; 21 (17) 5879-5888. DOI: 10.1128/
MCB.21.17.5879-5888.2001 [PubMed: 11486027]

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular evolutionary genetics
analysis across computing platforms. Mol Biol Evol. 2018; 35: 1547-9. DOI: 10.1093/molbev/
msy096 [PubMed: 29722887]

Guindon S, Lethiec F, Duroux P, Gascuel O. PHYML Online - A web server for fast

maximum likelihood-based phylogenetic inference. Nucleic Acids Res. 2005; 33: W557-W559.
doi: 10.1093/nar/gki352 [PubMed: 15980534]

Rambaut A. FigTree 1.4.4. 2018. Available online at: http://Tree.Bio.Ed.Ac.Uk/Software/Figtree/

Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proc Natl Acad Sci USA.
2003; 100: 9440-5. DOI: 10.1073/PNAS.1530509100 [PubMed: 12883005]

Godwe C, Vidal N, Muwonga J, Butel C, Serrano L, Edidi S, et al. Structural Features and Genetic
Diversity in Gag Gene of Rare HIV-1 Subtypes From the Democratic Republic of Congo. 2023.
Available online at: https://Home.Liebertpub.Com/Aid

Front Virol. Author manuscript; available in PMC 2024 June 14.


http://Tree.Bio.Ed.Ac.Uk/Software/Figtree/
https://Home.Liebertpub.Com/Aid

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sonela et al.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 14

Mann JK, Byakwaga H, Kuang XT, Le AQ, Brumme CJ, Mwimanzi P, et al. Ability of HIV-1 nef
to downregulate CD4 and HLA class i differs among viral subtypes. Retrovirology. 2013; 10: 100.
doi: 10.1186/1742-4690-10-100 [PubMed: 24041011]

Blanquart F, Grabowski MK, Herbeck J, Nalugoda F, Serwadda D, Eller MA, et al. A transmission-
virulence evolutionary trade-off explains attenuation of HIV-1 in Uganda. Elife. 2016; 5 e20492
doi: 10.7554/eL ife.20492 [PubMed: 27815945]

Rambaut A, Robertson DL, Pybus OG, Peeters M, Holmes EC. Phylogeny and the origin of HIV-1.
Nature. 2001; 410 (6832) 1047-1048. DOI: 10.1038/35074179 [PubMed: 11323659]

Faria NR, Rambaut A, Suchard MA, Baele G, Bedford T, Ward MJ, et al. The early spread and
epidemic ignition of HIV-1 in human populations. Sci (1979). 2014; 346 (6205) 56-61. DOI:
10.1126/science.1256739

Tongo M, Dorfman JR, Abrahams MR, Mpoudi-Ngole E, Burgers WA, Martin DP. Near full-length
HIV type 1M genomic sequences from Cameroon. Evol Med Public Health. 2015; 2015: 254-65.
DOI: 10.1093/emph/eov022 [PubMed: 26354000]

Naidoo L, Mzobe Z, Jin SW, Rajkoomar E, Reddy T, Brockman MA, et al. Nef-mediated inhibition
of NFAT following TCR stimulation differs between HIV-1 subtypes. Virology. 2019; 531: 192—
202. DOI: 10.1016/j.virol.2019.02.011 [PubMed: 30927712]

Nomura S, Hosoya N, Brumme ZL, Brockman MA, Kikuchi T, Koga M, et al. Significant
reductions in gag-protease-mediated HIV-1 replication capacity during the course of the epidemic
in Japan. J Virol. 2013; 87 (3) 1465-1476. DOI: 10.1128/jvi.02122-12 [PubMed: 23152532]

Jin SW, Alsahafi N, Kuang XT, Swann SA, Toyoda M, Géttlinger H, et al. Natural HIV-1 Nef
polymorphisms impair SERINC5 downregulation activity. Cell Rep. 2019; 29 (6) 1449-1457. e5
doi: 10.1016/j.celrep.2019.10.007 [PubMed: 31693887]

Brumme ZL, Brumme CJ, Carlson J, Streeck H, John M, Eichbaum Q, et al. Marked epitope- and
allele-specific differences in rates of mutation in human immunodeficiency type 1 (HIV-1) gag,
pol, and nef cytotoxic t-lymphocyte epitopes in acute/early HIV-1 infection. J Virol. 2008; 82 (18)
9216-9227. DOI: 10.1128/JV1.01041-08 [PubMed: 18614631]

Ueno T, Motozono C, Dohki S, Mwimanzi P, Rauch S, Oliver T. Fackler, shinichi

oka, masafumi takiguchi; CTL-mediated selective pressure influences dynamic evolution and
pathogenic functions of HIV-1 Nefl. J Immunol. 2008; 180 (2) 1107-1116. DOI: 10.4049/
jimmunol.180.2.1107 [PubMed: 18178851]

Mann JK, Rajkoomar E, Jin SW, Mkhize Q, Baiyegunhi O, Mbona P, et al. Consequences of
HLA-associated mutations in HIV-1 subtype ¢ nef on HLA-i downregulation ability. J Med Virol.
2020; 92 (8) 1182-1190. DOI: 10.1002/jmv.25676 [PubMed: 31944317]

Front Virol. Author manuscript; available in PMC 2024 June 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sonela et al.

i
¥
EEOEEENEEONNCCENEN

>
IR

Page 15

Legend

CRF02_AG

CRF37_cpx
DivergJ/Recomb.

G

CRF25_cpx
CRF01_AE/CRF22_01A1
CRF36_cpx

CRF13_cpx

CRF11_cpx

3:0

RF45_cpx
1

>»0

reference sequences

TR —
-rrg -
w i
-ﬂ:}‘\
N,
-"" ™

Figure 1.
Genetic diversity of HIV-1 group M Nef clones from Cameroon. Maximum-likelihood

phylogenetic tree of 234 nefclone sequences. The tree was constructed with 1000 full
maximum likelihood bootstrap replicates using 1Q Tree and using the best fit GTR+1+G
nucleotide substitution model (http:/igtree.cibiv.univie.ac.at). Each HIV-1 group M lineage
is represented by a unique color. The tree was rooted with an HIV-1 group P sequence.
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Inter-subtype comparison of HIV-1 Nef-mediated HLA-I and CD4 downregulation abilities.
HLA-I (A) and CD4 (B) downregulation activities were compared between the different
HIV-1 group M lineages circulating in Cameroon. Only lineages with at least three
representatives are shown. Colors match those in Figure 1. Variants that could not be
classified into any known subtypes and recombinant forms were classified as Divergent/
Recombinants (Diverg./Recomb.). Horizontal line and error bars represent the median and
interquartile range, respectively. We used the Kruskal-Wallis tests to compare Nef functions

across lineages.
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Figure 3. Comparison of Nef-mediated HLA-I and CD4 downregulation over time.
(A) Represents a maximum-likelihood phylogenetic tree of CRF02_AG nefclone sequences

according to the year of sampling. The tree was constructed with 1000 full maximum
likelihood bootstrap replicates using 1Q Tree and using the best fit GTR+I+G nucleotide
substitution model (http://igtree.cibiv.univie.ac.at). The tree was rooted with a sequence
belonging to the Diverg./Recomb. lineage. The arc shapes represent a cluster. Sequences
from a specific year are represented by a unique color. The arc shapes represent a

cluster. The small square identifies identical sequences from two individuals from the same
community who share the same viral strain. HLA-I (B) and CD4 (C) downregulation
activities of Nef clones derived from the samples collected in 2000, 2007, 2008, 2009,
2012 and 2013. Horizontal line and error bars represent the median and interquartile range,
respectively. We used the Kruskal-Wallis tests to compare Nef functions across sampling
years.
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Figure 4. Comparison of Nef-mediated HLA-I and CD4 downregulation between cosmopolitan
cities and remote villages.

(A) represents a maximum-likelihood phylogenetic tree of CRF02_AG nefclone sequences
according to location sampling. The tree was constructed with 1000 full maximum
likelihood bootstrap replicates using 1Q Tree and using the best fit GTR+I+G nucleotide
substitution model (http://igtree.cibiv.univie.ac.at). The tree was rooted with a sequence
from HIV-1 group P. The arc shapes represent a cluster. Sequences from a specific location
are represented by a unique color. HLA-I (B) and CD4 (C) downregulation activities of
Nef clones derived from participants from cosmopolitan cities (2009/2012) versus remote
villages (2012). Horizontal line and error bars represent the median and interquartile range,
respectively. We used the Kruskal-Wallis tests to compare Nef functions across lineages.
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Figure 5.

CD4 and HLA-I downregulation activities for HIV Nef mutants. HLA-I downregulation (A)

and CD4 downregulation (B) abilities for the parental sequence (BS21) and its 143V mutant.
Bars represent the mean and standard deviation. P-values were calculated using the Unpaired
student’s t-test.
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Table 1

Participant characteristics (n=234).

Participant N (total=234) 125 109

Biological Sex? Male/Female 41/14 17/31 <0.0001
Median age?in years [IQR]¢ 31[27-38] 32[26 - 41] 0.799
Median viral load€ in logy, copies/ml [IQR] 4.4[3.8-4.9] 4.5[4.0-5.0] 0.66

a - . .
103 participants with available data
b - I .
101 participants with available data
c . .
IQR = inter-quartile range
d . .
p-values calculated using Mann-Whitney test

6187 participants with available data.
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Table 2
Amino acids associated with Nef-mediated HLA-I downregulation function in CRF02_AG
Nef clones.
4 K K 61.8 87.7 122 7 259 | 0.0298 | 05914
10 L I 55.0 68.8 30 95 -138 | 0.0413 | 05926
20 M | 70.2 59.1 64 64 111 0.0277 0.5914
25 G P 515 66.9 9 112 -155 | 0.0228 | 05914
32 A A 66.4 45.0 122 7 214 0.0339 | 0.5914
43 Y I 29.6 65.8 6 123 -36.1 | 0.0086 | 0.5810
43 [ I 66.0 36.3 117 12 307 0.0002 | 0.0603
116 H H 60.2 83.1 106 23 229 | 00107 | 05810
116 N H 83.1 60.2 23 106 229 0.0107 | 0.5810
149 E D 905 60.8 7 121 297 0.0058 | 0.5810
150 P P 61.6 835 123 5 220 | 00319 | 05914
151 E A 54.1 62.4 19 109 -8.3 0.0393 | 0.5926
173 | M 42.1 66.9 16 111 -24.9 0.0330 0.5914
191 \4 F 463 66.4 11 118 -20.0 | 0.0384 | 05926
192 T K 83.1 61.2 9 120 21.9 0.0143 | 0.5810
192 K K 59.8 71.9 64 65 121 | 00184 | 05914
194 T I 55.3 68.8 24 105 -135 | 0.0445 | 0.6032
198 M L 817 60.8 20 109 209 0.0274 | 05914

aNumbered according to HXB2.

bAmino acid (AA) associated with altered HLA-I downregulation activity (p<0.05). Only AA observed in a minimum of five sequences were

analyzed.

cThe consensus amino acid (Cons) at the designated codon from the reference 2021 consensus CRF02_AG Nef sequence from the Los Alamos

HIV sequence database.

The median normalized HLA-1 downregulation activity of the Nef clones with (+) and without (-) the amino acid.

eThe number of sequences with (+) and without (-) the amino acid.

The median Nef activity of the clones with the amino acid minus the median Nef activity of those without amino acid.
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Table 3
Amino acids associated with Nef-mediated CD4 downregulation function in CRF02_AG
9 Nef clones.
g
=
3
(9>}
g 35 R Q 87.3 95.5 13 116 -8.2 0.0496 | 0.6595
@) 43 v I 65.3 95.0 6 123 -29.7 0.0292 | 0.6595
Al 65 E E 95.8 88.4 119 10 7.4 0.0303 | 0.6595
§ 104 R K 83.8 95.5 1 118 -117 00138 | 0.6595
% 126 N[N 95.2 52.3 121 8 42.9 0.0105 | 0.6595
E 146 v v 95.2 84.1 119 10 111 00174 | 0.6595
3 146 E v 84.1 95.2 10 119 111 00174 | 0.6595
r< 150 P P 935 104.4 123 5 -10.9 0.0371 | 0.6595
% 151 Y, A 99.6 93.4 12 116 6.2 0.0060 | 0.6595
5 174 E E 93.4 99.1 112 15 5.7 0.0303 | 0.6595
= 174 D |E 99.5 935 14 113 6.0 0.0453 | 0.6595
- 178 K R 88.7 95.1 10 118 -6.4 0.0477 | 0.6595
198 M L 97.9 92.6 20 109 5.3 0.0323 | 0.6595

aNumbered according to HXB2.

bAmino acid (AA) associated with altered CD4 downregulation activity (p<0.05). Only AA observed in a minimum of five sequences were

analyzed.

syduasnuel Joyiny sispund JINd adoin3 ¢
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eThe number of sequences with (+) and without (-) the amino acid.

dThe median normalized CD4 down-regulation activity of the Nef clones with (+) and without (-) the amino acid.

The median Nef activity of the clones with the amino acid minus the median Nef activity of those without amino acid.

cThe consensus amino acid (Cons) at a particular codon from the reference 2021 consensus CRF02_AG Nef sequence from the Los Alamos HIV
sequence database.
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