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Long-Term and Low-Level Envelope C2V3 Stimulation by Highly
Diverse Virus Isolates Leads to Frequent Development of Broad
and Elite Antibody Neutralization in HIV-1-Infected Individuals
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ABSTRACT A minority of HIV-1-infected patients produce broadly neutralizing anti-
bodies (bNAbs). Identification of viral and host correlates of bNAb production may
help develop vaccines. We aimed to characterize the neutralizing response and viral
and host-associated factors in Angola, which has one of the oldest, most dynamic,
and most diverse HIV-1 epidemics in the world. Three hundred twenty-two HIV-1-
infected adults from Angola were included in this retrospective study. Phylogenetic
analysis of C2V3C3 env gene sequences was used for virus subtyping. Env-binding
antibody reactivity was tested against polypeptides comprising the C2, V3, and C3
regions. Neutralizing-antibody responses were determined against a reference panel
of tier 2 Env pseudoviruses in TZM-bl cells; neutralizing epitope specificities were
predicted using ClustVis. All subtypes were found, along with untypeable strains and
recombinant forms. Notably, 56% of the patients developed cross neutralizing, broadly
neutralizing, or elite neutralizing responses. Broad and elite neutralization was associated
with longer infection time, subtype C, lower CD4* T cell counts, higher age, and higher
titer of C2V3C3-specific antibodies relative to failure to develop bNAbs. Neutralizing anti-
bodies targeted the V3-glycan supersite in most patients. V3 and C3 regions were signif-
icantly less variable in elite neutralizers than in weak neutralizers and nonneutralizers,
suggesting an active role of V3C3-directed bNAbs in controlling HIV-1 replication and
diversification. In conclusion, prolonged and low-level envelope V3C3 stimulation by
highly diverse and ancestral HIV-1 isolates promotes the frequent elicitation of bNAbs.
These results provide important clues for the development of an effective HIV-1 vaccine.

IMPORTANCE Studies on neutralization by antibodies and their determinants in HIV-
1-infected individuals have mostly been conducted in relatively recent epidemics
caused by subtype B and C viruses. Results have suggested that elicitation of broadly
neutralizing antibodies (bNAbs) is uncommon. The mechanisms underlying the elici-
tation of bNADbs are still largely unknown. We performed the first characterization of
the plasma neutralizing response in a cohort of HIV-1-infected patients from Angola.
Angola is characterized by an old and dynamic epidemic caused by highly diverse
HIV-1 variants. Remarkably, more than half of the patients produced bNAbs, mostly
targeting the V3-glycan supersite in HIV-1. This was associated with higher age, lon-
ger infection time, lower CD4* T cell counts, subtype C infection, or higher titer of
C2V3(3-specific antibodies relative to patients that did not develop bNAbs. These
results may help develop the next generation of vaccine candidates for HIV-1.
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HIV-1 Antibody Neutralization in Angola

he HIV-1 envelope glycoprotein is highly immunogenic, and 5% to 50% of HIV-1-

infected adults develop broadly neutralizing antibodies (bNAbs) after several years
of infection (1-7). These bNAbs have little impact on the control of the infection due to
the capacity of autologous isolates to continuously diversify and escape these antibod-
ies (4, 8, 9). However, some recombinant human bNAbs suppress viral replication in
HIV-1-infected individuals (10-15) and prevent human infection by some HIV-1
strains (16), and passive immunization in animal models can protect against infec-
tion and/or disease progression (17). Therefore, bNAbs are promising tools to restrict
HIV-1 transmission and control disease progression if they can be induced by vacci-
nation. Unfortunately, so far, antibodies elicited by candidate immunogens and vac-
cines have shown a limited ability to neutralize heterologous primary HIV-1 strains
(8, 18-24).

Most bNAbs target five highly conserved epitopes in the HIV-1 envelope: the CD4
binding site (CD4bs); the N-linked glycan at position 160 in the V2 apex; the V3 glycan
supersite; the gp41 membrane external proximal region (MPER); and the gp41/gp120
interface, which includes the fusion peptide (17, 25-28). Guiding the immune system
to produce such bNAbs remains a major challenge due to the extremely complex anti-
body maturation pathways and high levels of somatic hypermutation required by HIV-
1-specific antibodies to acquire neutralization breadth (28-30). Exceptions are some
V3-glycan supersite bNAbs that do not require extensive antibody affinity maturation
(28, 31, 32), allowing their development in early stages of infection (32, 33) and explain-
ing their high prevalence in recently infected individuals (1). Such findings, together
with the proved therapeutic value of V3-glycan supersite bNAbs (12), highlight this epi-
tope as a key target for HIV vaccine design.

Understanding the determinants of bNAb production in some HIV-1-infected indi-
viduals is of crucial importance for the development of improved immunogens and im-
munization strategies. In Switzerland, data analysis by the Swiss HIV Cohort indicated
that ethnicity was associated with bNAb induction, with black participants being more
prone to develop bNAb responses (3). Regarding the impact of HIV-1 subtype in
plasma neutralization, some studies found limited to no impact of HIV-1 subtype in
plasma neutralization, suggesting that HIV-1 group M subtypes and neutralization
response evolved independently (4, 34, 35). More recently, in a large longitudinal sub-
Saharan HIV primary infection cohort, cross-clade plasma neutralization was strongly
correlated with subtype C infection (1). Additionally, Rusert et al. (3) found a strong
association between plasma neutralization specificity and HIV-1 subtype, with subtype
B viruses being more vulnerable to CD4 binding site-specific antibodies and non-B viruses
being more vulnerable to V2-glycan-specific neutralizing antibodies. We recently showed
that the frequency and level of antibody response to selected epitopes in the envelope
gp41 differ between HIV-1-infected patients from Germany, France, and Portugal, which
have different subtype distributions (36).

Considering that vaccine effectiveness will depend on the extent to which induced
antibodies will neutralize the diverse HIV-1 variants circulating globally, it is important
to characterize HIV-1 antibody responses in different epidemics and geographies. The
neutralizing-antibody response of HIV-1-infected patients from Angola has never been
evaluated. HIV-1 was introduced into Angola from Kinshasa, the capital city of the
Democratic Republic of Congo (DRC), in 1910 to 1940 (37). As in DRC, all subtypes, mul-
tiple circulatory recombinant forms (CRFs) and unique recombinant forms (URFs) are
present in Angola along with highly divergent and ancestral forms of the different sub-
types (37-42). The genetic complexity of the HIV-1 quasispecies present in infected
individuals is directly related to the development of neutralization breadth regardless
of infection duration (43, 44). This should be particularly evident in old and dynamic
epidemics such as the one in Angola. Here, we carried out the first detailed characteri-
zation of the neutralizing-antibody response against HIV-1 in Angola and identified vi-
ral and host factors associated with the neutralizing response.

November/December 2022 Volume 10 Issue 6

Microbiology Spectrum

10.1128/spectrum.01634-22

2

Downloaded from https://journal s.asm.org/journal/spectrum on 20 November 2025 by 194.210.150.194.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01634-22

HIV-1 Antibody Neutralization in Angola

RESULTS

Characterization of the study population and infecting HIV-1 isolates. Overall,
375 plasma samples from 322 adult HIV-1-infected patients from three sampling years,
2001 (n = 106), 2009 (n = 210), and 2014 (n = 59), were included in this analysis.
Epidemiological, clinical, demographic, and virological characterization of the patients
is provided in Table S1 in the supplemental material. The median age of the patients
was 34 years, and most (242 [75.2%]) were women. The main route of transmission
was heterosexual contact (304 [94.4%)]). There were no significant differences related
to age and sex between sampling years. The median plasma viral load (VL) at the time
of sampling was significantly higher in 2001 than 2009 (4.2-fold higher) and 2014
(33.5-fold higher). The median number of CD4* T cells in 2014 was 1.8-fold higher than
in 2009 (P = 0.0015). The lower VL and higher CD4" T cell number in 2014 are consist-
ent with most patients being on combination antiretroviral therapy (cART), which was
not the case in 2001 and 2009.

Sequencing and phylogenetic analysis of the C2V3C3 Env region (comprising the
envelope regions C2, V3, and C3) were completed successfully for 206 patients from
2001 (96/106 [90.6%)]) and 2009 (110/210 [52.4%]). The following subtypes were identi-
fied: A1 (2001, n = 33 [34.4%)]; 2009, n = 32 [29.1%]), A2 (2001, n = 6 [6.3%]; 2009, n = 3
[2.7%]), B (2001, n = 2 [2.1%]; 2009, n = 2 [1.8%]), C (2001, n = 12 [12.5%]; 2009, n = 30
[27.3%]), D (2001, n = 2 [2.1%]; 2009, n = 8 [7.3%]), F1 (2001, n = 5 [5.2%]; 2009, n = 6
[5.5%]), G (2001, n = 8 [8.3%]; 2009, n = 11 [10%]), H (2001, n = 19 [19.8%]; 2009, n = 15
[13.6%]), and J (2001, n = 3 [3.1%]; 2009, n = 0 [0.0%]). Untypeable (U) strains were
found at rates of 4.2% (n = 6) in 2001 and 2.7% (n = 3) in 2009 (Fig. S1). Subtype A pre-
vailed in 2001 and 2009, but subtype C increased significantly (2.2-fold; P= 0.0095) in
2009. Of the 176 isolates for which there were protease (PR) and C2V3C3 sequences
available, 74 (42.0%) were nonrecombinant and 102 (58.0%) were recombinant. Recombinant
strains prevailed over pure subtypes in 2001 and 2009 (Table S2). Unfortunately, we could
not sequence the C2V3C3 region from most of the 2014 samples due to their low or unde-
tectable viral load (Table S1). Moreover, the lack of plasma prevented further analysis of sam-
ples collected in 2001.

Characterization of the antibody response. A total of 236 plasma samples, 178
from 2009 and 58 from 2014, were screened for neutralization breadth and potency
against the 12 Env-pseudotyped viruses in the indicator panel (Fig. 1 and Fig. S2). In
2009, 80.9% (144/178) of Angolan patients effectively neutralized at least one virus in
the indicator panel; this increased to 93.1% (54/58) in 2014 (Fig. 1). The overall neutrali-
zation potency, calculated as percent neutralization of all tested variants at a 1:40
plasma dilution (27.43% with a 95% confidence interval [Cl] of 25.94 to 28.92 in 2009
versus 60.52% [95% Cl, 57.37 to 63.66] in 2014; P < 0.0001), and the mean neutraliza-
tion breadth (4.39 [95% Cl, 3.83 to 4.95] in 2009 versus 8.40 [95% Cl, 7.32 to 9.48] in
2014; P < 0.0001) were higher in 2014 than 2009.

The mean neutralization score (NS) (see Materials and Methods) was 11.71 (95% Cl,
10.22 to 13.19), ranging from 0 to 36, and the median was 7 (interquartile range [IQR],
2.0 to 21.0). Remarkably, approximately 30% (68/236) of the plasma samples tested
from the Angolan patients had antibody responses with the capacity to potently neu-
tralize at least half the viruses in the panel (Fig. 2A and B). Overall, considering both
sampling years, 18.6% (44/236) of study participants were elite neutralizers (NS = 25),
10.2% (24/236) were broad neutralizers (18 = NS < 25), 27.1% (64/236) were cross neu-
tralizers (6 = NS < 17), and 44.1% (104/236) were weak neutralizers or did not neutral-
ize any virus in the panel (Fig. 2B).

Correlates of the neutralizing response. The neutralizing-antibody response has
been previously associated with viral load, CD4* T cell count, viral diversity, and infec-
tion time (1, 3). We first analyzed the impact of sample collection time on the neutraliz-
ing-antibody responses of the HIV-infected Angolan patients. Strikingly, median NS
was 6.2-fold higher in 2014 than 2009 (31.00 [IQR, 10.50 to 33.00] versus 5.00 [IQR, 1.00
to 13.25]; P < 0.0001) (Fig. 2A). Consistent with this, the frequency of elite neutralizers
was 9.5-fold higher in 2014 than in 2009 (57% [33/58] versus 6% [11/178]; P < 0.0001),
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FIG 1 Neutralization potency and breadth per sampling year. (A) Potency of neutralization (percent
neutralization at a 1:40 plasma dilution) of samples collected in 2009 and 2014 as assessed against
the 12 Env-pseudotyped viruses in the indicator panel. Means and 95% confidence intervals are
shown. (B) Neutralization breadth (number of Env-pseudotyped viruses neutralized at >20%) in
samples collected in 2009 and 2014. Medians and interquartile ranges are shown. P values were
obtained using the Mann-Whitney U test.

and weak neutralizers and nonneutralizers were 2.7-fold more frequent in 2009 than in
2014 (52% [93/178] versus 19.0% [11/58]; P < 0.0001) (Fig. 2B). Broad neutralizers were
2.4-fold more frequent in 2009 than in 2014 (12% [21/178] versus 5% [3/58];
P =0.2107), and a similar trend was observed for cross neutralizers (30% [53/179] ver-
sus 19.0% [11/58]; P = 0.1270). We also analyzed matching plasma pairs from 2009 and
2014 to determine the evolution of neutralizing-antibody response as a function of
infection time. In line with the previous results, neutralizing score increased in 2014 rel-
ative to 2009 in 31 of the 38 matched plasma pairs analyzed (81.6%). (Fig. 2C). The NS
was unrelated to the sex of the patients (Fig. 2D). The significant increase in neutraliz-
ing score in 2014 relative to 2009 in matched samples suggests that higher duration of
infection contributes to increased potency and breadth of the neutralizing-antibody
response in Angolan patients infected with HIV-1.

The inhibitory dilution 50% neutralization titers (IDs,) against the 12-Env-pseudo-
typed-virus indicator panel were determined in a subset of plasma samples from 2009
(n =28) and 2014 (n = 10) showing broad and elite neutralizing activity (Fig. 3A). When
unmatched samples were compared, neutralization titers were significantly higher in 2014
than in 2009 (median log,, IDs, in 2009, 1.903 [IQR, 1.602 to 2.505; 336 plasma-virus pairs];
median log,, IDs, in 2014, 2.204 [IQR, 1.903 to 2.806; 120 plasma-virus pairs]; P = 0.0013)
(Fig. 3B).

To analyze the impact of HIV-1 subtype on neutralization by Angolan samples we
compared the NS in patients infected with subtypes C (n = 27) and A1 (n = 26), the two
prevailing subtypes in Angola, and in patients infected with the other subtypes and
recombinant forms (n = 56). Only samples collected in 2009 were included in this anal-
ysis due to the limited number of samples genotyped in 2014. NS varied significantly
with infecting virus subtype (P = 0.014), with subtype C leading to significantly higher
NS than subtype A1 (median NS = 17.00 [IQR, 6.00 to 25.00] versus 6.00 [IQR, 3.50 to
15.00]; P = 0.0103) or other subtypes (median NS = 17.00 [IQR, 6.00 to 25.00] versus
8.00 [IQR, 1.00 to 17.75]; P = 0.0087) (Fig. 4A). These results indicate that in 2009, virus
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FIG 2 NSs of samples from HIV-1-infected patients from Angola as a function of year of sampling and sex. (A) NSs in 2009 is
represented in blue and in 2014 in red; NSs for all patients is in green. (B) Angolan patients from 2009 and 2014 were categorized
into 4 groups according to the NS as follows: nonneutralizers or weak neutralizers, <6 (gray); cross neutralizers, 6 to 17 (yellow);
broad neutralizers, 18 to 24 (orange); elite neutralizers, 25 to 36 (red). (C) NS in matched samples collected in 2009 and 2014, showing
the NS categories. (D) NS in males and females. Medians and interquartile ranges are shown. P values were obtained using the Mann-
Whitney U test.

subtype was a major determinant of the neutralizing-antibody response in our HIV-1-
infected Angolan patients.

The indicator virus panel used in the neutralization experiments contains three sub-
type C strains (25710, CE1176, and CE0217) that could be more closely related to the
subtype C isolates from the Angolan patients and explain the higher NS observed in
patients infected with subtype C viruses. To examine this issue, we compared the suscep-
tibility of the reference panel isolates to neutralization and found a significant variation
related to virus subtype (Fig. 4B). The easiest viruses to neutralize were isolate 25710 (sub-
type G India) and 398F1 (subtype A; Tanzania). On the other hand, viruses most resistant
to neutralization were 2278 (subtype B; Spain) and CNE8 (CRFO1_AE; China).

To investigate the impact of the evolutionary distance between the HIV-1 Angolan
isolates and the indicator virus panel on the neutralizing-antibody responses, we aligned
the C2V3C3 amino acid sequences from the Angolan isolates (in 2009) with those from
the indicator virus panel. As expected, subtype C viruses from the patients were more
closely related to subtype C viruses of the indicator panel than to other subtypes (Fig.
S3A). There was a significant negative correlation of amino acid distance of the indicator
panel to NS (Spearman r = —0.2319; P = 0.019) (Fig. S3B). Hence, the closer the isolate
from the indicator panel was to the patient’s C2V3C3 amino acid sequence, the more
easily it was neutralized. On average, clade C reference strain 25710 from the indicator
panel was the closest indicator virus panel member to the Angolan isolates, and, not sur-
prisingly, it was the easiest virus to neutralize. At the other end of the spectrum, clade B
reference strain 2278 was the furthest from the C2V3C3 Angolan sequences and was the
most difficult virus to neutralize, along with the CRFO1_AE virus (CNE8). Nevertheless,
many patients infected with all subtypes developed potent bNAb responses despite the
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FIG 3 Antibody neutralization titers in a subset of plasma samples from elite and broad neutralizers from 2009 (n = 28) and 2014 (n = 10). (A) Heat map of
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indicating higher ID,s. Subtype was determined in the env gene except for samples noted with asterisks, where subtype was determined in the pol gene.
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Comparison of antibody neutralization titers in 2009 and 2014. Log,, IDs,s obtained with each patient sample against the 12 Env-pseudotyped viruses in
the indicator panel are plotted. Lines indicate medians with interquartile ranges. The P value was obtained using the Mann-Whitney U test.

great genetic distance from the viruses of the indicator panel, indicating that other fac-
tors besides the relatedness to the indicator panel strains contribute to the potency of
the neutralizing response.

Drug-naive patients (in 2009) with <200 CD4* T cells/uL at study entry had signifi-
cantly higher NS values than patients with >200 CD4* T cells/uL (median NS in
patients with =200 CD4* T cells/uL was 7.00 [IQR, 3.50 to 21.00] versus 4.00 [IQR, 1.00
to 12.00] in patients with >200 CD4* T cells/uL; P = 0.0193) (Fig. 5A). Moreover, NS values
were inversely associated with CD4* T cell counts (Spearman r = —0.3043; P = 0.0005)
(Fig. 5B) and directly associated with age (Spearman r = 0.1644; P = 0.0302) in these
patients (Fig. 5C). These results suggest that elicitation of high levels of broadly neutraliz-
ing antibodies in these patients is directly related to prolonged antigenic stimulation (45).

Epitope specificities of the plasma neutralizing antibodies. In the same subset
of 38 plasma samples (28 from 2009 and 10 from 2014) from broad and elite neutral-
izers, the epitope specificities were mapped using a computational clustering tool
based on the epitope specificities of a panel of human bNAbs (46). Six (15.8%) samples
did not cluster with any of the bNAbs. Thirty-two (84.2%) samples clustered with one
of the bNAbs. Of these samples, most (68.8% [22/32], of which 16 were from 2009 and
6 from 2014) clustered with PGT128 and 2G12, two bNAbs that target the V3 glycan
supersite with important contact residues in V3 and V4 (Fig. 6) (47, 48). Five (15.6%)
samples clustered with bNAb 4E10, which targets the gp41 membrane-proximal exter-
nal region (MPER) (49). Four (12.5%) samples clustered with VRCO1 and VRC-CH31,
which target the CD4 binding site. Finally, one (3.1%) sample clustered with PG16 and
PG9, which target the V1V2 glycans. These results indicate that the V3 glycan supersite
is the dominant broadly neutralizing epitope in Angolan patients.
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FIG 4 Impact of HIV-1 subtype on antibody neutralization. (A) Neutralization score in patients infected with
the two most common subtypes in Angola (in 2009), C (n = 27) and A1 (n = 26), and in patients infected
with other subtypes and recombinant forms (n = 56). The Kruskal-Wallis nonparametric test was used to
analyze the difference in median NS for all subtypes (P = 0.014). Dunn’s multiple-comparison test was used
to analyze differences in NS between subtypes. Medians and interquartile ranges are shown. (B) Percent
neutralization of each of the 12 Env-pseudotyped viruses in the indicator panel by the plasma samples (at a
1:40 dilution) from the Angolan patients (n = 236). Mean percent neutralization and 95% confidence interval
bars against a given virus from the indicator panel are shown. Statistically significant differences are represented
by the P values obtained with Dunn’s multiple-comparison test. ***, P < 0.0001; **, P < 0.001; *, P < 0.05.

Neutralization score is directly related to the titer of C2V3C3-binding antibod-
ies in all subtypes. The antibody binding reactivity against a panel of recombinant
polypeptides comprising the C2, V3, and C3 envelope regions of subtypes B, C, G, H, J,
and CRF02_AG was characterized in a subset of samples from 2009 (n = 48) and 2014
(n = 16) with known antibody neutralization profiles. All but the B polypeptide were
derived from Angolan isolates. All but six samples from five patients reacted with all
C2V3(C3 polypeptides, demonstrating the high antigenicity of this envelope region
(Fig. S4). In 2009, patients had significantly higher median antibody binding titers
against subtype C than against subtypes G (P = 0.0007), H (P = 0.0282), J (P = 0.0052),
and CRF02_AG (P = 0.0149). Of note, median antibody binding titers were always
higher in 2014 than in 2009 regardless of the C2V3C3 polypeptide subtype, but this
was not significant except for CRF02_AG.

The higher antibody reactivity against subtype C antigen could be related with the
higher neutralizing responses observed in subtype C-infected patients. We therefore
investigated possible associations between neutralization score, C2V3C3 antibody binding
titer, and subtype. Remarkably, C2V3C3 antibody binding titer was positively associated with
NS values; i.e., patients with higher titers of antibody binding to C2V3C3 polypeptides had
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FIG 5 Correlation between neutralization score, CD4" T cell counts, and patient’s age. (A) Neutralization
score differences between 2009 patients with CD4* T cell counts of =200/uL at study entry and patients
with counts of >200/uL. Median and interquartile range are shown. P values were obtained using the
Mann-Whitney U test. (B) Correlation of neutralization score with CD4" T cell counts in 2009 and 2014.
(C) Correlation of neutralization score with patient age in 2009 and 2014. Data for samples collected in
2009 and in 2014 are in blue and in red, respectively. The linear trend is shown with mean and 95% Cl
bands; Spearman r and P values are indicated.
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FIG 6 Cluster analysis and heat map of the predicted epitope specificity in the top neutralizing patients from
Angola. At the top of the columns, known bNAb epitopes are colored according to the respective epitope
specificities, as shown in the key. The identification of the plasma samples and bNAbs is shown at the bottom.
Cluster analysis for both rows and columns was done according to the Pearson correlation (46). Blue colors in
the heat map represent lower neutralization activity and red colors higher neutralization activity. Each column
represents the neutralization values of a given plasma sample or a bNAb of known specificities against the panel
of 12 Env-pseudotyped viruses whose names are on the right. Black triangles indicate samples from 2014.

higher neutralizing-antibody responses (Fig. 7). This was significant for all subtypes of
the C2V3C3 recombinant polypeptides tested, confirming this epitope as an important
neutralizing domain in these patients independent of subtype.

Impact of the neutralizing antibodies in the diversity and evolution of C2V3C3.
Neutralizing antibodies targeting the C2, V3 and C3 envelope regions are common in
HIV-1-infected individuals (1), and escape from these antibodies leads to higher diver-
sity in these regions as well as to higher positive selection and convergent evolution
(50-52). We analyzed amino acid entropy and the sites under selective pressure in the
C2, V3, and C3 regions in the different neutralization categories for samples collected
in 2009. Considering the three regions together, mean overall entropy was similar in all
neutralization categories: weak neutralizers/nonneutralizers, 0.5727 (95% Cl, 0.4753 to
0.6241); cross neutralizers, 0.5931 (0.5012 to 0.6849); broad neutralizers, 0.5381 (0.4472
to 0.6291); and elite neutralizers, 0.4106 (0.3313 to 0.4899). Regardless of neutralization
category, the region with higher mean entropy was C3 (0.8528 [0.7556 to 0.9500]) fol-
lowed by V3 (0.4659 [0.3903 to 0.5414]) and C2 (0.3635 [0.3092 to 0.4178]) (P < 0.0001).
Viruses from broad and cross neutralizers did not vary significantly from viruses from
nonneutralizers/weak neutralizers. On the other hand, viruses from elite neutralizers
were far less variable than viruses from weak neutralizers/nonneutralizers, as seen by the
number of amino acids with positive entropy differences relative to amino acids with
negative entropy differences (37 versus 16 sites; P = 0.0023) (Fig. 8). The most variable
amino acid residues in the broad and elite neutralizers relative to nonneutralizers/weak
neutralizers were found in V3 and/or C3 (broad neutralizers, 1 site in C2 versus 7 sites in
C3 [P < 0.0001]; elite neutralizers, 3 sites in C2 versus 13 sites in V3C3 [P < 0.0001]), two
regions that contain broadly neutralizing epitopes (Fig. 8).

Diversifying selection in C2V3C3 varied according to the different neutralization cat-
egories (P < 0.001) (Table S3). Considering only sites that were selected by at least two
methods, weak neutralizers/nonneutralizers had a total of 9 positively selected sites,
cross neutralizers 6, broad neutralizers 3, and elite neutralizers 1. Regardless of neutrali-
zation category most sites under selective pressure were present in the C3 region.
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FIG 7 Association between titer of antibody binding to C2V3C3 recombinant polypeptides of different subtypes and neutralization score (in 2009). Filled
symbols represent titers of antibody binding of the broad/elite neutralizers to a given C2V3C3 subtype. Unfilled symbols are the titers of antibody binding
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Spearman r values are indicated. Linear trend is shown with mean and 95% Cl bands.

The mean number of N-glycosylation sites in C2V3C3 was similar in all neutraliza-
tion categories (nonneutralizers, 9.2 [range, 8 to 12]; cross neutralizers, 9.2 [range, 7 to
11]; broad neutralizers, 9.4 [range, 7 to 11]; elite neutralizers, 9.8 [range, 8 to 11]) (Table
S4). In C3, site 332, which together with site 301 in V3 and other elements in V1, V3,
and V4 is part of the V3-glycan supersite (53, 54), was highly conserved (70%) in all
neutralization categories.

DISCUSSION

In this study, we confirmed the extremely high diversity and evolving complexity of
HIV-1 strains present in Angola. Subtypes A and C dominated over other subtypes, but
all other Env subtypes were present along with untypeable basal strains and recombi-
nant strains that prevailed over pure subtypes. The remarkable diversity and evolution
of HIV-1 in Angola is driven by the increasing incidence (55), the limited access to anti-
retroviral therapy, and high levels of drug resistance (42, 56). The high diversity and
rapid evolution of HIV-1 in this country can pose a serious challenge to vaccination
and other preventive efforts.

At the individual level, the long-term B cell stimulation by this highly diversified en-
semble of viruses may have promoted the development of exceptional neutralization
breadth (1, 3, 44, 53, 57-61). We found that the majority (56%) of the patients in our
cohort developed cross, broad, or elite neutralizing responses. These results are in line
with those of Hraber et al. obtained with samples from chronically infected patients
from diverse geographic regions who were infected with diverse HIV-1 subtypes and
recombinant forms (7). These authors found that 10% of the samples neutralized
>90% of an extensive panel of pseudoviruses (elite neutralizers) and 50% of the sam-
ples neutralized 50% of pseudoviruses (broad neutralizers). On the other hand, our
results far exceed those from previous cohort studies in sub-Saharan Africa (1, 57, 62-64).
For example, Beirnaert et al. found 10.6% broad neutralizers in Cameroon (64), and
Landais et al. found about 15% broad neutralizers in a cohort of HIV-1-infected patients
from Eastern and South Africa (1). Compared to cohort studies from other countries
where subtype B dominates, the frequency of patients with bNAb responses reported in
our study was also much higher (3, 4, 65). For example, Rusert et al. (3) in Switzerland
found that most patients (79.1%) showed weak or no neutralization breadth, which com-
pares to 44% in our cohort, and that only 1.3% were elite neutralizers, which compares
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FIG 8 Amino acid entropy differences in the C2V3C3 region between neutralization categories. (A)
Shannon’s entropy difference between nonneutralizers/weak neutralizers and cross neutralizers. (B)
Shannon'’s entropy difference between nonneutralizers/weak neutralizers and broad neutralizers. (C) Shannon'’s
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to 19% in our cohort. This divergence may be related to many factors besides the diver-
sity of infecting viruses, such as the HLA genotype and ethnicity of the patients, viral
load, CD4* T cell counts, and duration of infection (1, 3, 57, 58, 66). Also, we cannot
exclude the role of intrinsic confounders such as assay parameters related to the neutral-
ization assay, e.g., the virus panel and the neutralization categorization methodology.

In agreement with other studies, neutralization score was inversely associated with
CD4* T cell counts in 2009 when the patients were naive to ART and had high viral
load (1, 3, 53, 58). This is generally associated with high envelope stimulation of B cells
and inevitably leads to B-cell exhaustion in chronic viremic HIV-1 infection (67). On the
other hand, the frequency of elite neutralizers and the mean neutralization score
increased significantly in 2014, when patients were undergoing ART and had low viral
loads. The boost in the quality of the neutralizing response in these patients suggests
good restoration of the B cell compartment with ART, which is uncommon in chronic
HIV-1 infection (67-69). The moderate level of plasma viremia (median, 11,660 HIV-1
RNA copies/mL; IQR, 380 to 30,060) found in these patients may have provided the
low-level antigenic stimulation needed for the full maturation of memory B cells and
bNAb production (30, 67, 70). This has a precedent in HIV-2 infection, where most
patients are infected for long periods and produce potent and broadly neutralizing
responses in a setting of low or undetectable plasma viremia (71-74).

Viral type and subtype as well as the nature of the epitope target on the viral enve-
lope impact the antibody maturation process, as seen by the frequency of elicitation
(73, 75) and epitope specificity of bNAbs (3, 43, 54). Differences in envelope structure
and epitope exposure, length of variable loops, type of V3 motifs, N-glycosylation pat-
terns, and conservation of key sites have helped to explain why certain HIV-1 subtypes
like subtype C are better at promoting the elicitation of neutralizing antibodies (1, 3,
43, 54, 63, 75, 76). In line with these studies, we found that subtype C infection was
associated with enhanced neutralization breadth and potency. In general, subtype C
infected individuals show a bias toward V2-glycan directed antibody responses, and
subtype C envelope from transmitted viruses are less prone to neutralization by V3-
directed antibodies due to the absence of the N332 glycan in the C3 region (1, 3, 54,
63, 77-79). This was not the case in our study, as most top neutralizers had V3-directed
antibodies and the N301 and N332 glycans defining the V3-glycan supersite were
highly conserved in the patients’ isolates. Supporting the major role of the V3 and C3
envelope regions in the development of bNAbs in our cohort, we found a strong direct
correlation between the titer of antibodies binding to C2V3C3 envelope polypeptides
from all subtypes and neutralization score. Nonetheless, antibodies specific for the V2
apex, the CD4 binding site, the gp41 MPER, and/or unknown epitopes were also found
in some patients, revealing the complexity of the neutralizing-antibody responses in
these patients.

We also looked at the variability of patients’ sequences in the envelope C2V3C3
region to assess the impact of escape from neutralizing antibodies on viral evolution
and diversity. V3 and C3 were the most variable regions, which is consistent with the
dominant role of neutralizing antibodies targeting these regions in these patients. V3
bNAb recognition sites and sites associated with resistance to neutralization, such as
N295 (1, 53, 58), were under positive selection in broad and elite neutralizers. However,
elite neutralizers exhibited far less variability and lower numbers of sites under selec-
tive pressure in V3 and C3 than weak or low neutralizers. The convergence of the viral
swarm to a few resistant strains provides convincing evidence for the crucial role of
V3- and C3-directed bNAbs in controlling HIV-1 replication and diversification in these
patients (63, 75, 80, 81).

In conclusion, an exceptionally high number of Angolan patients infected with HIV-
1 produce broad and elite neutralizing antibodies mostly targeting the V3-glycan
supersite. A higher prevalence of elite neutralizers was found in patients infected for
longer periods and with low viral loads. Our results have direct implications for the de-
velopment of the next generation of candidate HIV-1 vaccines, as they suggest that
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prolonged and low-level V3 and C3 antigenic stimulation from highly diverse isolates
favors the elicitation of broadly neutralizing antibodies.

MATERIALS AND METHODS

Study population and ethics statement. This cross-sectional retrospective study included 322 HIV-
1-infected adults. Plasma samples were collected in 2001, 2009, and 2014 at the Hospital da Divina
Providéncia (HDP), a referral hospital in Luanda, the capital city of Angola. Eligible participants were
=19 years of age, were not pregnant, and had a serological diagnosis of HIV-1 (Determine HIV-1/2
[Abbott] and Uni-Gold Recombigen [Trinity Biotech] rapid tests). Plasma viral load and number of CD4*
T cells were determined in a subset of patients using the Abbott real-time HIV-1 assay (Abbott
Laboratories) and the ABACUS 5 Junior hematology analyzer, respectively. The study was conducted
according to the Declaration of Helsinki and was reviewed and approved by the National Ethics
Committee of Angola. The study was verbally explained to all the patients before their written consent
was obtained.

Cell lines. TZM-bl (RRID, CVCL_B478) and HEK-293T (RRID, CVCL_0063) cells were obtained from the
NIH AIDS Reagent Program (https://www.niaid.nih.gov/research/nih-aids-reagent-program). TZM-bl cells
were engineered from Hela cells that constitutively express CXCR4 to express large amounts of CD4,
CCRS5, and a firefly luciferase reporter gene under the control of the HIV-1 long terminal repeat (LTR)
(82). Cells were cultured at 37°C and 5% CO, using Dulbecco minimal essential medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum and with 100 U/mL of penicillin and 100 wg/mL
of streptomycin.

Viral RNA extraction, PCR amplification, sequencing, and phylogenetic analysis. Viral RNA
extraction from plasma was done with a QlAamp viral RNA minikit (Qiagen). Reverse transcription was
performed with an NZY first-strand cDNA synthesis kit (NZYtech, Portugal), and a 534-bp fragment com-
prising the C2V3C3 env region was amplified by PCR using an in-house method described elsewhere
(39, 83). Sequencing of the C2V3C3 amplicons was performed with a BigDye Terminator cycle sequenc-
ing kit (Applied Biosystems). Sequences were aligned with reference strains using Muscle (84). The best-
fit model of nucleotide substitution was determined with ModelTest v3.7 (85). Maximum-likelihood trees
were inferred with PhyML 3.0 (86). Selective pressure was determined with Datamonkey (https://www
.datamonkey.org/) (87). We used four different codon-based maximum-likelihood methods to estimate
the dN/dS (also known as K,/K; or w) ratio at every codon in the alignment, including SLAC (single-likeli-
hood ancestor counting), FEL (fixed effects likelihood), IFEL (internal fixed effects likelihood), and REL
(random effects likelihood), and sites under selective pressure identified by two or more methods were
considered valid.

Entropy and N-linked-glycosylation analysis. Potential N-linked glycosylation sites were identified
using the N-Glycosite software (88), and the entropy at each amino acid position was measured with
Shannon'’s entropy-one and Shannon'’s entropy-two online tools, all available at the Los Alamos National
Laboratory HIV sequence database (http://www.hiv.lanl.gov/).

Production of C2V3C3 polypeptides and analysis of antibody reactivity. Six 178-amino-acid poly-
peptides comprising part of C2, V3, and part of C3 (positions 212 to 390 in gp120 in HIV-1 HXB2) of HIV-
1 isolates circulating in Angola (subtypes C, G, H, J, and CRF02_AG) and Portugal (subtype B) were
expressed in Escherichia coli and purified, and antibody reactivity against these polypeptides was deter-
mined using an enzyme-linked immunosorbent assay (ELISA), as previously described (75).

Production of Env-pseudotyped viruses. A reference panel of 12 tier 2 HIV-1 Env-pseudotyped
viruses of subtypes C (n = 3), A (n = 1), CRF07_BC (n = 2), CRFO1_AE (n =2), B (n=2), G (n = 1), and AC
recombinant (n = 1) were produced using the global panel of HIV-1 Env clones (89), obtained through
the NIH AIDS Reagent Program. Env-pseudotyped viruses were produced by transfection of Env-express-
ing plasmids in 293T cells using pSG3.1Aenv as the backbone in a 1:3 ratio with JetPRIME DNA transfec-
tion reagent. Viral stocks were filtered through 0.45-um-pore-size filters after 48 h and stored at —80°C
until use.

Plasma neutralization assay. Neutralization of the Env-pseudotyped viruses was assessed in TZM-
bl cells using Tat-induced luciferase (Luc) reporter gene expression to quantify the reduction in virus
infection (90). Briefly, TZM-bl cells (10,000 cells/well) were seeded the day before the neutralization assay
to allow adherence of the cells to the bottom of the wells. Heat-inactivated plasma samples (56°C for
30 min) were incubated at 1:40 dilution in triplicate with the respective Env-pseudotyped virus (200
TCID4,/well) for 1 h at 37°C before transfer to TZM-bl cells. After 48 h, percent neutralization was deter-
mined by calculating the difference in average relative light units (RLU) between test wells containing
plasma samples and the wells containing the Env-pseudotyped virus from the indicator panel after the
normalization of the results using the average RLU of cell control wells. Results were considered valid if
the average RLU of virus wells was >10 times the average RLU of cell control wells. A virus pseudotyped
with the envelope glycoprotein of vesicular stomatitis virus (VSV-G) was used as a neutralization specific-
ity control. Plasma samples with the capacity to inhibit VSV-G were excluded.

Neutralizing-antibody titers were determined for a subset of plasma samples with known antibody
profiles (n = 64). In this case, 100 uL of 2-fold serial dilutions beginning at 1:40 were mixed with 100 uL
of each virus (200 50% tissue culture infective doses [TCID,,]/well) and incubated for 1 h before being
added to the cells. After 48 h, culture medium was removed from each well, and plates were analyzed
for luciferase activity as described above. Wells with medium were used as background controls, and vi-
rus-cell wells were included as infection controls. Neutralizing titer (ID,) was defined as the highest dilu-
tion for which 50% neutralization was achieved.
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Neutralization score and plasma categorization. The percent neutralization for each plasma-virus
combination was recorded as a breadth-potency matrix: =80% neutralization received a score of 3, 50%
to <80% a score of 2, 20% to <50% a score of 1, and <20% a score of 0. Plasma samples were then
ranked by the sum of scores in order to reflect their potency and breadth (3, 62). As a validated and
worldwide accepted classification system to define neutralizing activity is lacking, for the purpose of the
present study we classified plasma samples with scores 25 to 36 as elite neutralizers,18 to 24 as broad
neutralizers, 6 to 17 as cross neutralizers, and <6 as weak neutralizers or nonneutralizers. According to
this classification, a plasma sample from an elite neutralizer must neutralize =9 viruses of the panel with
a neutralization potency of =80%.
Prediction of bNAb epitope specificities by clustering analysis. The neutralizing antibody specif-
icities were determined for a subset of patients exhibiting broad and elite neutralization capacity using
clustering analysis with human bNAbs targeting the main neutralizing epitopes on the viral envelope
and able to neutralize at least half of the 12 Env-pseudotyped viruses of the panel, as described
previously (89). Neutralization heat maps and clusters were computed via the online tool ClustVis
using a predefined correlation clustering distance method (Pearson correlation subtracted from 1)
based on the average distance of all possible pairs. ClustVis is a web tool for visualizing clustering
of multivariate data (available at https://biit.cs.ut.ee/clustvis/) (46).
Statistical analysis. The Mann-Whitney, Kruskal-Wallis, and Fisher’s exact tests were used to com-
pare differences between groups. The Spearman rank test was used to quantify the magnitude and
direction of the correlation between antibody neutralization activity and plasma binding titers against
C2V3C3 polypeptides, CD4" T cell counts, viral subtype, and age of patients. Hypothesis tests were two-
tailed, and P values of <0.05 were considered significant. To test the potential correlation between neu-
tralization score and genetic distance of the clinical samples to the neutralization panel viruses, we used
amino acid sequences and Hamming distances that included gaps as characters, because (i) neutraliza-
tion occurs on the amino acid level, (ii) neutralization does not depend on the evolutionary path to a
state combination, and (iii) indels may have significant effects on antibody binding. Genetic distances
were calculated using DECIPHER (91), regression analysis was performed using R version R-4.0.3 (92),
and visualization was carried out using ggplot2 (93).
Data availability. Sequences produced in this work were given GenBank accession numbers OM960847
to OM960948, OP485752 to OP485758, OM960847 to OM960948, OP485752 to OP485758, AY456278 to
AY456308, AY676573, AY676574, AY676576 to AY676586, AY684933, EU031840 to EU031884, and EU031886
to EU031891. Deidentified participant data collected for this study will be shared upon request.
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