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Abstract

The magnitude of the HIV-1 epidemic in Nigeria is second only to the subtype C epidemic in South Africa, yet the sub-
types prevalent in Nigeria require further characterization. A panel of 50 subtype G and 18 CRF02_AG Nigerian HIV-1
pseudoviruses (PSV) was developed and envelope coreceptor usage, neutralization sensitivity and cross-clade reactiv-
ity were characterized. These PSV were neutralized by some antibodies targeting major neutralizing determinants,

but potentially important differences were observed in specific sensitivities (eg. to sCD4, MPER and V2/V3 monoclonal
antibodies), as well as in properties such as variable loop lengths, number of potential N-linked glycans and charge,
demonstrating distinct antigenic characteristics of CRF02_AG and subtype G. There was preferential neutraliza-

tion of the matched CRF/subtype when PSV from subtype G or CRFO2_AG were tested using pooled plasma. These
novel Nigerian PSV will be useful to study HIV-1 CRF- or subtype-specific humoral immune responses for subtype G
and CRFO2_AG.
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Introduction

Nigeria has the second-largest global HIV epidemic, with
approximately 2 million people living with HIV (PLWH)
in 2022 [1]. HIV prevalence is lower than in other sub-
Saharan African countries, determined by the 2018 Nige-
ria HIV/AIDS Indicator and Impact Survey (NAIIS) to
be 1.4% overall [2]. However, concentrated sub-epidem-
ics exist among key populations such as men who have
sex with men and, due to the country’s large population,
Nigeria accounts for over 40% of all new HIV infec-
tions in Western and Central Africa [3, 4]. While inci-
dence in West Central Africa has decreased since 2010,
there are still many barriers to controlling the epidemic.
A 2017 survey of PLWH in this region found only 48%
were aware of their status, 40% were receiving antiret-
roviral therapy (ART) and only 29% were virally sup-
pressed [3]. Rates of vertical transmission outpace other
regions at 20.2% [2, 3]. Childhood testing and treatment
also require further advancement; in Nigeria, only 26%
of children living with HIV receive ART [3]. Addition-
ally, pretreatment HIV drug resistance prevalence of up
to 20.5% was recently reported, highlighting the need for
additional treatment and prevention modalities [5, 6].

Effective vaccines may be most beneficial in a setting
of limited treatment availability and adherence. Vaccine
efficacy of 31.2% was observed in the RV144 clinical trial
in Thailand, where subtypes B and CRFO1_AE are preva-
lent [7]. Correlates analysis of this study identified that
envelope (Env)-elicited antibodies, specifically against
the V1V2 loop, correlated inversely with infection risk
[8-10]. However, the design of a broadly effective vac-
cine is complicated in part by sequence diversity in the
Env protein. Env diversity of up to 20% within the same
subtype and 35% between different subtypes has been
reported [11]. To be effective, vaccine-induced antibodies
must cross-react with the Envs of circulating viral strains.
The HIV genetic diversity in West Africa is extensive and
increasing [12, 13]. HIV-1 subtype G, CRF02_AG and
their recombinants were shown to be the major circulat-
ing variants in Nigeria, with 50% of all HIV-1 strains in
Nigeria containing a subtype G gp120 Env [14]. Further
understanding of subtype G and CRF02_AG is needed
to better develop methods to control infections in this
region.

While subtype G and CRF02_AG are prominent in
West Africa, they are expanding in other regions such as
Europe, particularly in France. Subtype G and CRF02_
AG Envs from both continents have not been extensively
characterized [15-21]. As of November 2023, 485 sub-
type G env sequences exist in the Los Alamos National
Laboratory (LANL) database for 154 unique individu-
als worldwide, and 635 CRF02_AG env sequences exist
for 314 unique individuals worldwide. Only 64 of these
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subtype G and 26 of the CRF02_AG infections were from
Nigeria. For comparison, 59,990 subtype B env sequences
exist for 4,795 unique individuals worldwide. In addition
to the comparative paucity of genetic information, lit-
tle is known about the humoral immune responses elic-
ited during subtype G and CRF02_AG infections, and
the comparative neutralization sensitivities of G and
CRF02_AG Envs have not been well defined. Under-
standing vulnerable neutralizing determinants of the G
and CRF02_AG Envs, as well as cross-clade reactivities,
will be important for understanding the immunobiology
of subtype G and CRF02_AG.

In this study, we developed and characterized a novel
panel of subtype G and CRF02_AG Envs isolated from
10 Nigerian people with HIV-1 subtype G and 5 with
CRF02_AG infection. Envs were generated from serum
or plasma from participants in three Nigerian cohorts,
including the African Cohort Study (AFRICOS), the
Recruiting Acute Cases of HIV (REACH) study, and the
TRUST/RV368 cohort. Envs expressed as pseudoviruses
(PSV), were evaluated for coreceptor usage, neutraliza-
tion sensitivity to a panel of neutralizing monoclonal
antibodies (NmAbs), and cross-clade reactivities using
polyclonal reagents.

Materials and methods

Cohort descriptions

Nigerian subtype G and CRF02_AG plasma samples were
obtained from three Nigerian cohort studies, includ-
ing the African Cohort Study (AFRICOS), the Recruit-
ing Acute Cases of HIV (REACH) study and TRUST/
RV368 (Supplementary Table 1). AFRICOS is an ongo-
ing longitudinal study conducted by the U.S Military HIV
Research Program (MHRP) in Abuja and Lagos, Nigeria
beginning in 2013 as previously described [22]. REACH
was a longitudinal study conducted by the Institute of
Human Virology in Abuja and Jos, Nigeria between 2003
and 2010, as previously described [23]. TRUST/RV368 is
an ongoing prospective observational cohort study con-
ducted by the Institute of Human Virology and MHRP in
Abuja and Lagos, Nigeria beginning in 2013 [24, 25]. All
samples were collected and provided under the respec-
tive IRB-approved protocols. Samples were selected
for use in this study based on availability and estimated
infection >1 year.

Identification of Subtype G and CRF02_AG samples

Extracted RNA from AFRICOS participant plasma were
used in the Multi-Region Hybridization Assay (MHA)
to identify subtype G and/or CRF02_AG probe reactiv-
ity across seven gene regions of the HIV-1 genome as
previously described [14]. Samples that possessed a high
proportion of subtype G reactivity (and/or G/CRF02_AG
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dual reactivity) were subjected to full genome sequencing
at near-endpoint dilution, and subtyping was performed
by phylogenetic analysis (NCBI Genotyping Tool, and
alignment with African subtype G sequences retrieved
from the Los Alamos National Laboratory HIV Data-
base). Samples from five participants in the AFRICOS
cohort (MUW100708A, MUW101091A, MUW101273A,
MUW101769A, and MUW104349A) were identified as
pure subtype G infections. Samples from these five par-
ticipants, in conjunction with another five subtype G
samples from participants in the REACH cohort (SC13,
SC20, SC21, SC26, and SC62) for which subtype and
sequence data (of other clones) have been previously
published [23], were used for envelope clone generation.
CRF02_AG samples came from 5 CRF02_AG infected
individuals identified by full genome sequencing, 4 from
the REACH cohort (SC12, SC28, SC29 and SC30) and
126652 was identified from the TRUST/RV368 Cohort.

HIV+ plasma pools

Plasma pools were generated using equal volumes of
5-10 individual plasmas for each subtype, as previously
described [26]. Pooled plasmas were from chronically
infected individuals with viruses that were determined
to be pure subtype by full-length genome or full-length
Env sequencing. Subtype A plasmas were from Kenya
and Tanzania, subtype B plasmas from the United States,
subtype C plasmas from Tanzania, subtype D plasmas
were from Kenya and Uganda, subtype G and CRF02_AG
plasmas were from Nigeria, and CRFO1_AE plasmas were
from Thailand.

Generation of envelope gene clones for pseudovirus
production

Envelope glycoprotein (gpl160) genes were amplified by
single genome amplification and cloned into eukaryotic
expression vectors for use in pseudovirus assays, as pre-
viously described [26, 27]. Briefly, first round half-length
single genome amplification PCR products were pro-
duced from cDNA generated from plasma or serum viral
RNA. From the (3’-) half-length DNA template, the env
PCR product was produced using the primers BH4minus
(5-TAGGCATTTCCTATGGCAGGAAGAAG; HXB2
5958-5983 nt) and BH2NOENZ2ACE (5-GTCTCGAGATA
CTGCTCCTACTC; HXB2 8904-8882 nt), and Platinum
Taq DNA polymerase (Invitrogen/Thermo). The amplicon
was gel purified using the QIAquick Gel Extraction Kit
(Qiagen), cloned into pcDNA3.1/V5-His-TOPO eukaryotic
cloning vector (Invitrogen/Thermo), and transformed
into either STBL2 or STBL4 cells (Invitrogen/Thermo).
Plasmid DNA were purified from bacterial cultures using
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the Qiagen Plasmid Maxi Kit (Qiagen). Env sequence
was verified by comparison with original SGA-derived
amplicon. The median number of amino acid differences
between the cloned envelope genes and the uncloned
envelope amplicon was 0 (mean 0.75, range 0-3). Env
function was confirmed in the TZM-bl pseudovirus assay.

Pseudovirus preparation and titration

Preparation of pseudoviruses (PSV) was performed by trans-
fecting 5 x 10° HEK293T cells with 8 pg of env expression
plasmid and 24 pg of an env-deficient HIV-1 backbone
vector (pSG3AEnv), using X-tremeGENE 9 transfection
reagent (Roche). Culture supernatants were harvested at
day 4 and stored at — 80 °C. PSV stock viral input infec-
tivity was evaluated with the assistance of Biomek NXP
liquid handler (Beckman Coulter, Indianapolis, Indiana).
PSV stocks were serial diluted 3-fold for a total of ten
dilutions in 96-well plates and then 12.5uL quadrupli-
cates were transferred to 384-well culture plates. Culture
medium was added to each well to a final volume of 25uL.
Each well then received 3 x 10° TZM-bl cells suspended
in 25puL of growth medium containing 40pg/mL DEAE-
dextran. After a 48-hour incubation at 37 °C in a humidi-
fied 5% CO,—95% air environment, culture medium was
removed from each well to final volume of 30uL. Recon-
stituted Bright-Glo Luciferase Assay Substrate (Pro-
mega Corp, Madison, WI) was added to all wells at a 1:2
dilution(30puL). Relative light units were detected with
the SpectraMax Paradigm Microplate Reader (Molecu-
lar Devices, Sunnyvale, California, USA). Wells produc-
ing relative luminescence units (RLU) > 2.5x background
were scored as positive.

Coreceptor determination by the GHOST cell assay

The GHOST cell infection assay was used to determine
co-receptor usage of viral stocks. Parental, CXCR4-
expressing, or CCR5-expressing GHOST cells (NIH
AIDS Reagent Program, Germantown, MD) were cul-
tured in 24-well plates at 1x10° cells per well. Cells were
infected with undiluted PSV in the presence of 20 pg/ml
of Polybrene infection reagent (MilliporeSigma, Billerica,
MA) for 4 h. Cells were washed, cultured for 2 days and
then harvested and fixed with 2% paraformaldehyde. The
percentage of infected cells expressing green fluorescent
protein was measured by flow cytometry analysis using
an LSRII cytometer and FACSDIVA software (Becton-
Dickinson, San Jose, CA). Post-acquisition analysis was
conducted with FlowJo software (FlowJo, LLC, Ashland,
OR). PSVs were designated as using the CXCR4 or CCR5
receptor if the ratio to control negative (RTCN) was >10;
RTCN= (MFI 28 %pos)infected / (MFI X %pos)uninfected, as
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previously described [28]. Assay controls included an
uninfected negative control, murine leukemia virus as a
positive control, and CCR5 and CXCR4 utilizing PSVs as
cell line controls.

High-throughput pseudovirus (PSV) neutralization assay
NmADb ICgys or titers were determined using TZM-bl
cells in a high-throughput assay utilizing robotic liquid
handling. The following PSVs were assessed: a multi-
subtype tier 1 PSV panel, a CRFO1_AE tier 2 transmitted-
founder PSV panel and murine leukemia virus (MuLV)
(nonspecific control). Serum was diluted 1:5 in growth
medium and serially diluted using the Biomek NXP liq-
uid handler (Beckman Coulter, Indianapolis, Indiana,
USA). Titered serum (12.5ml/well) was transferred to
384-well culture plates and incubated with an equal
volume of PSV for 45 min at 37°C. TZM-bl cells (3x10°
cell/well) with DEAE-dextran (40pg/ml) were added to
each well and incubated for an additional 48 h. Relative
light units were detected with the SpectraMax Paradigm
Microplate Reader (Molecular Devices, Sunnyvale, Cali-
fornia, USA) using the Bright-Glo Luciferase Assay Sys-
tem (Promega Corporation, Madison, Wisconsin, USA).
Neutralization dose—response curves were fitted by non-
linear regression using the LabKey Server, and the final
titer is reported as the reciprocal of the dilution of serum
necessary to achieve 50% neutralization (50% inhibitory
dose).

Data availability

Sequence data that support the findings of this study are
currently being deposited into GenBank. Data are shown
within the manuscript or supplemental information files,
upon publication, neutralization data will be deposited
into the LANL CATNAP database. Data are available
from the corresponding author upon reasonable request.

Results

Development of an HIV-1 subtype G and CRF02_AG Env
panel

Subtype G and CRF02_AG envs were generated by
Single Genome Amplification (SGA) using serum or
plasma collected from three Nigerian cohorts, includ-
ing the AFRICOS, REACH, and TRUST/RV368 cohorts
(Supplemental Table S1). While acute and early HIV-1
infection samples were collected in rare instances, the
majority of the envs were cloned from Fiebig stage VI or
chronic infection. This was a result of sample availability
and also allowed for better comparison with our previ-
ously established multi-subtype chronic Env panel that
represented 10 Envs each from subtypes A, B, C, D, and
CRFO01_AE and CRF02_AG [26]. Ninety-two subtype G
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env sequences were produced and forty-nine CRF02_
AG env sequences were generated. HIV-1 subtype was
determined using the full genome sequences. The envs
were expressed as PSV by co-transfection of 293T cells
with the env plasmid and a plasmid expressing the HIV
backbone (pSG3AEnv); infectivity was evaluated using
the TZMbl cell line. To represent the infectious qua-
sispecies present in each participant, Envs that were suf-
ficiently infectious (RLUs for virus only >10x RLUs for
cell only) were evaluated for neutralization sensitivity in
this study, including 50 Subtype G Envs (10 participants,
3-7 clones per participant) and 18 CRF02_AG Envs (5
participants, 2-6 clones per participant) (Supplemental
Table S1).

Phylogenetic analysis of the env genes was used to
examine the genetic relatedness between the Nigerian
subtype G and CRF02_AG panel with envs from our
multi-subtype panel and other subtype reference strains
(Fig. 1). Nigerian CRF02_AG envs are most closely related
to subtype A envs; the gp120 and external gp41 region are
derived from subtype A in CRF02_AG [29] and subtype
G env strains cluster distinctly from CRF02_AG.

To evaluate evidence for potential differences in anti-
genic properties of subtype G and CRF02_AG, the
length, number of potential N-linked glycosylation sites
(PNLG), and charge were evaluated for variable loops V1,
V2, V3, V4 and V5 (Fig. 2). Subtype G Envs had longer V1
regions with more V1 PNLG sites than CRF02_AG Envs
(p<0.0001 and p=0.0083, respectively, Fig. 2A). CRF02_
AG Envs had longer V4 loops with more V4 PNLG sites
than subtype G Envs (both p<0.0001, Fig. 2B). CRF02_AG
Envs had more positively charged V2 and V3 regions, and
more negatively charged V4 regions, than did subtype G
Envs (Fig 2C), indicating potential antigenic differences
between Nigerian subtype G and CRF02_AG. Accurate
representation of the number of participants for subtype
G and CRF02_AG can be seen in Supplemental Fig. S1.
For each participant, the mean values for all clones were
plotted for each antigenic property. Since the numbers
compared reduced from 50 vs 18 (clones) down to 10 vs 5
(participants), the statistical significance was lost in some
cases, but the trends in Fig. S1 remain the same as shown
in Fig. 2.

Analysis of subtype G and CRF02_AG Env coreceptor usage
Coreceptor usage of the 50 subtype G and 18 CRF02_AG
PSVs was evaluated using the GHOST cell assay (Supple-
mental Table S1). The GHOST cell lines express CD4 and
either CCR5 or CXCR4. Envs were classified as CCR5-
or CXCR4-utilizing if a ratio to control negative
(RTCN) score for the respective cell line was >10. For
one CRF02_AG Env and the three subtype G Envs that
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Fig. 1 Phylogenetic analysis of Nigerian subtype G and CRF02_AG envs. Relationship of HIV-1 subtype G and CRFO2_AG env nucleotide sequences

with reference subtype envs. Subtype G envs used in this study are represented as dark green (REACH) or light green (AFRICOS) circles. CRF02_AG
Envs are dark blue (REACH) or light blue (TRUST/RV368); one env variant is represented for each individual. Subtype G and CRF02_AG reference

strains are shown as open circles

were poorly infectious in GHOST cells (RTCN <10 for
both cell lines), tropism was predicted using the V3 Env
sequences and the geno2pheno[coreceptor] algorithm
[30]; Envs were classified as utilizing CCR5 if the false-
positive rate (FPR) was >10% (Supplemental Table S1,
bold and italic font). Amongst the 18 CRF02_AG PSV,

there were no CXCR4 Envs, and 6/50 (12%) subtype G
Envs were dual tropic (Table S1).

Neutralization sensitivity of subtype G and CRF02_AG
HIV-1

To evaluate potential differences in neutralization sensi-
tivities of these Nigerian subtype G and CRF02_AG PSV,
they were evaluated in the TZMbl neutralization assay
using reagents that included soluble CD4 (sCD4) and 27
NmAbs targeting oligo-mannose (2G12) and the major
neutralizing determinants of HIV Env, specifically, the
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membrane proximal external region (MPER), V3, V1V2,
CD4 binding site (CD4bs), and the bridging region (BR)
(Figs. 3 and 4, Supplemental Figs. S2 and S3). For direct
comparison of other HIV-1 subtypes with this panel of
68 sucbtype G and CRF02_AG PSV, the neutralization
sensitivities of PSV from additional subtypes and CRFO1_
AE were evaluated. Reference PSV (9 A, 10 B,9 C, 9 D,
5 CRFO1_AE, and 8 older CRF02_AG from other coun-
tries) were utilized from a previously assembled chronic
multi-subtype international panel [26]. The heat map of
3,194 individual IC;, values is shown in Fig. 3. There were

210 NmAb/virus pairs for which ICs, values were not
performed (shown in grey shading). Four V2/V3-confor-
mational antibodies (CH01-CHO04) were evaluated only
against the new panel of 50 subtype G and 18 CRF02_AG
PSV (Fig. 3, grey shading, not tested). CRF02_AG Envs
were significantly more sensitive to these 4 V2/V3-spe-
cific NmAbs, as shown in Fig. 3, Fig 4C and most promi-
nently in the supplemental Fig. S2. The ICgs for each
NmADb against all clones from each participant were aver-
aged to generate a geometric mean IC;, (GM IC;;) and
those data are represented in the heat map in Fig. S2. The
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clone averaged data show similar patterns as observed
in Fig. 3, but the differences are more notable when the
averaged data per participant are mapped. The poor
CHO1-CHO4 neutralization of the subtype G clones for
9/10 participants, in comparison to potent neutralization
(by CHO1, CH02, CH03 and CHO04) of all clones from 3/5
CRFO02_AG infected participants can readily be visual-
ized in Fig. S2. Further, using the PG9 conformational
V1V2 NmAb, for 4/5 CRF02 participants, the GM IC,;s
were potent (<5 ug/ml), while only 4/10 subtype G par-
ticipant clone GM ICs,s showed some potency for PG9
(Fig. S2). In contrast, clones from 9/10 subtype G partici-
pants showed strong neutralization by V3 NmAbs, but
clones from only 2/5 CRF02_AG infected participants
showed V3 NmAb neutralization (Fig. S2). These data
indicate distinct differences in the V2 versus V3 accessi-
bility of CRF02_AG Envs, as compared with subtype G
Envs.

To investigate the statistical significance of the dif-
ferences between subtype G and CRF02_AG PSV neu-
tralization observed in the heat maps, sensitivities were
directly compared and ICys graphed for each indi-
vidual NmAb (Fig. 4). Significantly higher sensitivity of
CRF02_AG Envs to MPER-specific NmAbs can be seen
for 3 (4E10, 10E8 and 2F5) of the 5 MPER mAbs tested
(Fig. 4A). While all CRF02_AG Envs were sensitive to

4E10 and 10E8 NmAbs, 4E10 resistance was observed for
22/50 (44%) subtype G Envs (Fisher’s exact test p=0.0003)
and 10E8 resistance was observed for 8/50 subtype G
Envs (16%) (Fig. 3 and Fig. 4A), indicating potential differ-
ences in MPER accessibility. For all CD4bs reagents, the
CRF02_AG PSV were more sensitive than G PSVs, with
significant differences observed for 3BNC117, VRCO1
and sCD4; sCD4 resistance was observed for 46 subtype
G Envs (92%), and only 4 (22%) of the CRF02_AG Envs
(Fisher’s p=0.0001) (Fig. 4D). CRF02_AG Envs were sig-
nificantly more sensitive to the gp120 mannose-depend-
ent NmADb, 2G12, and resistance was observed for 47/50
subtype G Envs (94%), versus 10 (56%) of the CRF02_AG
Envs (p=0.0006). Interestingly, the only instances where
subtype G Envs were more sensitive than CRF02_AG
Envs was for the glycan-dependent V3 NmAbs, PGT121
and PGT126. As shown in the heat maps, subtype G was
much more sensitive to the V3 NmAbs overall, as com-
pared to CRF02_AG. The clone averaged data per partici-
pant (expressed as GM ICgs) are graphed in Fig. S3; the
trends were similar to those observed in Fig. 4.

To contrast the averaged IC; s for these NmAbs against
subtype G versus CRF02_AG and highlight potential
overall sensitivity differences, geometric mean ICgys
were calculated for each NmAb and graphed in compari-
son to determine within which Env target the Subtype G
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and CRF02_AG PSVs were most consistently sensitive or
resistant (Fig. 4F). Subtype G and CRF02_AG Envs were
both universally sensitive (GMT <1 pg/ml) to neutrali-
zation by PGT151 (bridging region), PGT145 (V1V2),
NIH45-46 (CD4bs) and MPER 7H6 (shown in red circles
in Fig. 4F). Subtype G and CRF02_AG Envs were both
universally resistant (GMT >20 pg/ml) to neutraliza-
tion by Z13 (MPER), b12 (CD4bs), and 2219, 3074 and
2191 (V3) (shown in yellow circles, Fig. 4F). No specific
Env domain exhibited enhanced susceptibility for both,
highlighting a lack of similarity in antigenicity. Overall,
the subtype G Envs showed more resistance to NmAb
neutralization; for 13/27 NmAbs tested, subtype G ICss
were significantly higher (Fig. 4), indicating greater
resistance).

Cross-subtype reactivity of subtype G and CRF02_AG PSVs
and plasma

Using previously characterized plasma pools, the cross-
reactivity of Nigerian subtype G and CRF02_AG strains
was evaluated to better understand polyclonal neu-
tralization sensitivities. Pools were used to determine
overall clade-specific neutralization and to avoid the
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variabilities that can be observed when using individual
plasmas. Neutralization profiles of all PSV were evalu-
ated using plasma pools from subtypes A, B, C, D, and
G, as well as CRFO1_AE and CRF02_AG (Fig. 5A and
5C). Nigerian subtype G and CRF02_AG plasma pools
were generated by pooling equal volumes of plasma
from 5 participants with chronic HIV-infection from
the REACH and AFRICOS cohorts. In the same man-
ner, plasma pools representing other subtypes were
generated previously, each including plasma from 5 to
10 pure-subtype chronically infected individuals [26].
The potency of neutralization by the subtype C
plasma pool was statistically greater than that of the
respective matched plasma pool for both subtype
G PSVs (p=0.0007, Fig. 5A) and CRF02_AG PSVs
(p=0.009; Fig. 5C). These results are consistent with
previous data reporting the neutralization breadth
of subtype C-specific IgG from Tanzania [26]. The
subtype G plasma pool was more potent against sub-
type G PSVs as compared to the subtype CRF02_AG
plasma pool (p<0.0001, Fig. 5A), indicating potentially
stronger clade-specific neutralization. Additionally,
when the potency of the G and CRF02_AG plasma
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Fig. 5 Cross-clade reactivity of subtype G and CRF02_AG PSV and HIV+ plasma. Plasma pool neutralization was evaluated in the TZMbl
neutralization assay against the subtype G and CRFO2_AG PSV and reference strains for subtype A, B, C, D and CRFO2_AG. Sensitivity

to neutralization by plasma pools from pure HIV-1

subtypes/CRFs was determined for all A) subtype G and €) CRFO2_AG PSV. Plasma potency

was determined against PSVs from different HIV subtypes/CRFs for the B) subtype G and D) CRF02_AG plasma pools. Statistical differences were
determined using Mann Whitney U Test; * = p<0.05, ** = p<0.005, *** = p<0.0005
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pools was evaluated against viruses from the 5 subtypes
and 2 CRFs, the CRF02_AG plasma pool was more
potent against CRF02_AG PSV as compared to G PSV
(p=0.0058, Fig. 5D). The G plasma pool also trended
towards better neutralization of the G viruses (Fig. 5B).

The subtype G plasma pool showed the best coverage
of subtype G Envs, with minimal to no breadth observed
against PSVs from other subtypes (Fig. 5B). The CRF02_
AG plasma pool showed the greatest coverage against
CRF02_AG and subtypes A, B and C, with minimal cross-
neutralization observed against PSVs from subtypes G
and CRF01_AE (Fig. 5D). Additionally, correlations were
observed between plasma breadth and potency for sub-
type G (p=0.1659, r=0.6055) and CRF02_AG (p=0.0341,
r=0.8214). Strong correlations were also observed
between the magnitude and frequency of within subtype
PSVs neutralized for subtype G (p=0.0202, r=0.8727)
and CRF02_AG (p=0.0095, r=0.9009) (data not shown),
as expected. Data obtained when the 1Dy, values for PSV
from each participant were averaged and graphed by par-
ticipant showed the same trends as data shown in Fig. 5
(data not shown).

Discussion
While HIV acquisition rates in West Central Africa
have declined, additional prevention measures may be
required to effectively control the epidemic, as subtype
G and CRF02_AG are also prominent and expanding
in areas outside of Africa. Subtype G and B/G recombi-
nant HIV strains circulate not only in Nigeria, but also in
Western Europe, particularly in Spain and Portugal [17,
18, 31]. Reports have identified subtype G infections in
China and Russia, indicating a greater need for surveil-
lance of this subtype [15, 32]. Introduction of these sub-
types to Europe and Asia has led to expansion of local
epidemics and to an increase in population viral diversity
[33, 34]. The current prevalence and global expansion of
HIV subtype G and CRF02_AG highlights the need to
better represent these subtypes in future vaccine designs
and in studies characterizing antigenic and immunogenic
properties of HIV-1 subtypes. That approximately 50% of
the gp120 Envs in Nigeria are subtype G [14], combined
with our observation that for nearly 50% of the NmAbs
tested, subtype G is significantly less sensitive to neutrali-
zation than CRF02_AG, warrants improved understand-
ing of the biology and immunology of these subtypes.
CRF02_AG is also becoming more widespread,
expanding in Spain, France, Brazil and Russia [19, 20, 35—
37]. Recently, a panel of 33 CRF02_AG PSVs from France
was characterized using 11 NmAbs [21] and distinct dif-
ferences were observed between our findings using West
African CRF02_AG and the French CRF02_AG Envs.
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While they observed relative resistance to PGT145 and
PG9 amongst the French PSV, the Nigerian PSV in our
panel showed sensitivity to both PGT145 (14/18 sensi-
tive) and PG9 (16/18 sensitive). Similar to our panel, the
French CRF02_AG PSV demonstrated strong susceptibil-
ity to CD4bs NmAbs 3BNC117, NIH45-46, and VRCO1,
as well as to the MPER NmADb 10E8 [21]. Both CRF02_
AG panels showed resistance to V3-directed NmAbs
(particularly 10-1074). Unfortunately, they did not test
the four V2/V3 conformational CHO1-CH04 NmAbs
[38], where strong sensitivity was observed for the Nige-
rian CRF02_AG PSV (Figs. 3 and 4).

The difference observed in V1V2 NmADb reactivity in
these two populations could be indicative of regional dif-
ferences evolving in the strains circulating in Europe ver-
sus West Africa and this warrants further study. However,
the French panel incorporated mainly early infection
PSV (estimated to be from 24-115 days post-infection),
whereas our panels were derived mostly from Fiebig
stage VI or chronic infection. It is interesting to note that
in an extensive analysis of 219 PSV for impact of age,
clade and geography on neutralization profiles, Hraber
et al. found no evidence that transmitted/founder viruses
are more susceptible to neutralization and are therefore
easier targets for vaccination than chronic viruses [39].
In that study, 112/219 viruses were from intermediate or
late HIV infection stages. Chronic infection viruses, such
as those presented herein, were also used to define the
antigenic distinction between subtype B and CRFO1_AE,
found to be co-circulating in Thailand [40]. This obser-
vation remained the same when Envs from earlier in
infection were incorporated [39]. We postulate that data
obtained using our current chronic panel suggest a simi-
lar antigenic distinction between subtype G and CRF02_
AG co-circulating in Nigeria. It will be very important to
study the acute and early infection samples that are now
possible to collect through our AFRICOS protocol [41].

Many of the current HIV-1 vaccine approaches focus
on eliciting neutralizing antibodies targeting important
epitopes of the HIV-1 Env [42, 43]. Variations of the Env
protein are currently being evaluated as vaccine immu-
nogens, including monomeric or trimeric Env proteins,
Env-domain scaffold proteins, and Env peptides. Env
epitopes targeted by NmAbs are represented in these
antigens with the expectation that antibodies with simi-
lar specificities and function will be elicited. Major Env
domains targeted by NmAbs include the V1V2, V3,
CD4bs, MPER and the bridging region. These vulner-
able Env targets were evaluated in this study; subtypes G
and CRF02_AG Envs were relatively sensitive to NmAbs
targeting the Env bridging region and/or V1V2. Bridg-
ing region NmAbs (PGT151 and 35022) bind both the
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gp120 and gp4l Env subunits, with preferential bind-
ing to native-like Env trimers [44]. V1V2 NmAbs also
recognize quaternary epitopes at the V2 domain of the
trimer apex [45-47] and conformational domains that
can include V3 [38]. This indicates the probable impor-
tance of trimeric or conformationally relevant antigens
for elicitation of protective antibody responses in this
region. The considerable resistance of the subtype G
PSV to inhibition by sCD4 and b12 indicates a difference
in how these Envs may engage CD4. Also, differences in
V1V2 and V3 NmAb sensitivities strongly suggest dif-
ferential exposure of these variable loops in CRF02_AG
versus subtype G. The data shown are limited to the
NmAbs analyzed, and many of the available NmAbs
are derived from subtype B infections (eg. b12, 2G12).
However, the number of non-B specific NmAbs is now
growing due to acute infection studies [48, 49] and
other longitudinal studies [50, 51]; some of these newer
NmAbs were included here.

Beyond applications in vaccine approaches, sev-
eral mAbs are now being evaluated as therapeutics in
clinical trials, including NmAbs targeting the MPER
(10E8v4), V3 (10-1074), V1V2 (PGDM1400) and CD4bs
(3BNC117, VRCO01, N6) [52]. Of these available NmAbs,
10E8 may represent the greatest coverage for both sub-
types G (84% PSVs sensitive, 1.12 pg/ml GMT) and
CRF02_AG (100% PSVs sensitive, 0.21 ug/ml GMT), as
suggested in this study. Additionally, tri-specific NmAb
cocktails have been developed, simultaneously targeting
the MPER, V1V2 and CD4bs; these cocktails have shown
improvements over use of single NmAbs in conferring
complete immunity in non-human primate challenge
studies [53]. The tri-specific NmAb therapeutic approach
may improve coverage against distinct HIV-1 subtypes.
Another observation for NmAbs that has been made
by several groups, including ours [54] is the increas-
ing resistance of more contemporary viruses to several
NmAbs over the decades of the epidemic. In our present
study, we used the available samples from chronic infec-
tion within the available cohorts in Nigeria. We consid-
ered the span of years included for the Envs from each
subtype/CRF and felt that, although not optimal, the
span or mixture of temporal sampling was about the
same for each subtype/CREF. Thus, for subtype G, clones
were included from years 2007-2014, and for CRF02_AG,
clones were included for 2006-2015, rather similar time
frames. In addition, within subtype G we assessed all 27
mAbs for IC;ys against the clones (N=22) from the par-
ticipants who gave samples in 2007-08 and compared
them with the IC;ys against the clones (N=28) from the
participants who gave samples in 2013-14. The p-values
by Mann-Whitney U were not significant, except for
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1/27 mAbs (3BNC117, moderately significant) (data not
shown). We conclude that, although temporal differences
in sampling may exert some influence and this is a caveat
of the study, we found no significant evidence of change
in neutralization sensitivity over the time span used in
this study.

Fc-mediated effector mechanisms may also be impor-
tant, or required, to inhibit or control HIV infection
in vivo [55]. Additional experiments will be required to
characterize the sensitivity of subtype G and CRF02_AG
viral strains to ADCC and effector-specific functional
activities mediated by antibodies with these important
non-neutralizing functions. Studies using samples from
acute infection will also be critical.

Development of an effective HIV vaccine may need to
be focused on specific HIV subtypes circulating in the
target region due to the high genetic diversity, or on con-
served Env epitopes to elicit immune responses that will
be protective against diverse circulating strains. To better
understand the cross-reactivity of co-circulating subtype
G and CRF02_AG Env strains, we evaluated plasma pool
neutralization against the new PSV panels. We observed
poor cross-reactivity between the Nigerian subtype G
and CRF02_AG (Fig. 5). Similarly, poor cross-reactivity
between major co-circulating subtypes has also been
observed in Thailand, where subtypes B and CRFO1_AE,
and their recombinants, are prevalent [26, 56]. These
results need to be taken into consideration when design-
ing vaccine Env antigens, as one antigen subtype alone
may not be effective at providing broad protection. Both
co-circulating subtypes were included in the vaccina-
tion strategy for the moderately efficacious RV144 Thai
trial [7, 57]. Inclusion of antigens representing the major
and distinct circulating HIV subtypes may increase the
breadth required for protective immunity. It may be nec-
essary to include both subtype G and CRF02_AG in vac-
cines to achieve strain coverage and protection for this
West African sub-region.

Results from this study will contribute to increasing the
information needed to better understand the immuno-
biology of the strains co-circulating in Nigeria. The novel
panel of 68 chronic PSVs and env sequences described
here will significantly add to the available reagents for use
in research involving these understudied viruses. Surveil-
lance of the phylogenetic and neutralization differences
in contemporary circulating subtype G and CRF02_AG
strains should be utilized to better design vaccine immu-
nogens and to select appropriate therapeutic NmAbs.
Development of an HIV vaccine effective against subtype
G and CRF02_AG would significantly advance the goals
to reduce HIV incidence in Nigeria and end the AIDS
epidemic as a public health threat.
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The online version contains supplementary material available at https://doi.
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Supplementary Material 1: Table S1.Panel of 50 subtype G Envs and 18
CRF02_AG Envs from Nigeria. The participants and subtype/CRF for each
env clone in the panel are listed at the left of the table. The years in which
the samples were collected, the samples source, the amino acid sequence
for the tip of the V3 loop and the coreceptor usage (R5 denotes CCR5
usage and X4/R5 denotes dual tropic or use of both CXCR4 and CCR5) are
indicated. Bold and italic font indicate PSV for which the Geno2Pheno tool
was used to predict coreceptor usage.

Supplementary Material 2: Fig. S1. Antigenic characteristics of Nigerian
subtype G and CRF02_AG Envs shown by averaged values per partici-
pant. A geometric mean value for all sequences for each participant was
derived and graphed for: A) Variable loop length, B) number of potential
N-linked glycosylation sites (PNLG), and C) overall charge, and presented
for subtype G (green) and CRFO2_AG (blue) Envs. Statistical differences
were determined using Mann Whitney U Test; * = p<0.05, ** = p<0.005,
*** = p<0.0005.

Supplementary Material 3: Fig. S2. Heat map of the NmAb neutralization
of subtype G and CRF02_AG GM IC4,s compared with reference panel PSV
ICs05. The ICsqs for each NmAb against all of the clones from each par-
ticipant were used to generate a GM IC5, and a heat map of these values
was generated. The clone subtypes or CRFs are indicated at the top of the
figure and the NmAbs and Env domains are listed to the left. As indicated
by the scale, stronger red coloring indicates more potent neutralization;
grey shading denotes not tested.

Supplementary Material 4: Fig. S3. Neutralization profiles for subtype G
versus CRFO2_AG using individual NmAbs and GM IC50s for all clones
per participant. NmAbs targeting the A) MPER, B) V3, C) V1V2, D) CD4bs
and E) bridging regions and gp120 glycan were tested and GM IC50s
were generated for all clones for each participant and graphed. Statistical
differences between Subtype G and CRF02_AG PSV were determined
using Mann Whitney U Test; *= p<0.05, ** = p<0.005, *** = p<0.0005,

as indicated. F) The NmAb GM IC5, was determined for all subtype G or
CRF02_AG PSV and plotted to reflect relative NmAb potencies and dif-
ferences between HIV subtype G and CRFO2_AG. The dotted and dashed
lines indicate NmAb neutralization potency of GM IC5, = 1 mg/ml or 10
mg/ml, respectively. NmAbs shown in red circles are potently neutralizing
against both subtype G and CRF02_AG; NmAbs shown in yellow were
weakly neutralizing against both.
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