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Abstract

The HIV vaccine-induced neutralizing antibodies (Abs) display low rates of mutation in their
variable regions. To determine the range of neutralization mediated by similar human monoclonal
Abs (mAbs) but derived from unselected chronically HIV-1 infected subjects, we tested a panel of
66 mADs specific to V3, CD4 binding site (CD4bs) and V2 regions. The mAbs were tested against
41 pseudoviruses, including 15 tier 1 and 26 tier 2, 3 viruses, showing that the neutralization
potency and breadth of anti-V3 mAbs were significantly higher than those of the anti-CD4bs and
anti-V2 mAbs, and only anti-V3 mAbs were able to neutralize some tier 2, 3 viruses. The
percentage of mutations in the variable regions of the heavy (VH) and light (VL) chains varied
broadly in a range from 2% to 18% and correlated moderately with the neutralization breadth of
tier 2, 3 viruses. There was no correlation with neutralization of tier 1 viruses as some mAbs with
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low and high percentages of mutations neutralized the same number of viruses. The electrostatic
interactions between anti-V3 mAbs and the charged V3 region may contribute to their
neutralization because the isoelectric points of the VH CDR3 of 48 anti-V3 mAbs were inversely
correlated with the neutralization breadth of tier 2, 3 viruses. The results demonstrate that
infection-induced antibodies to CD4bs, V3 and V2 regions can mediate cross-clade neutralization
despite low levels of mutations which can be achieved by HIV-1 vaccine-induced antibodies.

HIV-1; V3 region; CD4 binding site; V2 region; Human monoclonal antibodies; HIV neutralizing
antibodies; Somatic mutation

1. Introduction

The identification of anti-HIV-1 broadly neutralizing antibodies (bnAbs) suggests the
possibility of designing immunogens that can induce potent and cross-reactive antibodies
(Abs) in HIV vaccinees. Although this approach is very attractive, it faces several major
challenges including immunogen design, an increased level of somatic mutations (15-36%)
in bnAbs, and the fact that the induction of bnAbs by a HIV vaccine has not been achieved
in any animal model (reviewed in (van Gils and Sanders, 2013; West et al., 2014).

In contrast to the concept that bnAbs need to be induced to reduce infection by HIV-1, are
the results of the recent RV144 clinical vaccine efficacy trial, which showed a reduction in
HIV-1 infection of 31.2% in vaccinees (Haynes et al., 2012). This vaccine used a prime and
boost regimen with a recombinant HIV-avian pox virus and two different recombinant
gp120 proteins which induced a broad range of anti-gp120 Abs, including three types of
neutralizing Abs against CD4-binding site (CD4bs), V3 and V2 regions; however, bnAbs
were not detected (Gottardo et al., 2013; Haynes et al., 2012). Data analysis showed that
reduced infection was inversely correlated with levels of anti-V2 plasma Abs (Haynes et al.,
2012; Zolla-Pazner et al., 2013). The anti-V3 Abs were also correlated with infection risk
but only in vaccinees with lower levels of gp120-specific plasma IgA Abs (Gottardo et al.,
2013).

The plasma Abs from recipients of the RV144 neutralized tier 1 pseudoviruses and presence
of neutralizing anti-V3 Abs was determined based on peptide blocking assays which does
not exclude that other, conformation-dependent neutralizing Abs, were involved (Haynes et
al., 2012; Montefiori et al., 2012). In addition, two anti-V3 mAbs — CH22 and CH23 -
derived from recipients of the vaccine displayed weak neutralizing activity which could be
related to a low level of mutations, 3.7% and 4.5%, respectively, in their variable regions
(Montefiori et al., 2012). This is comparable with the low percentage of mutations observed
in other vaccine-induced anti-V2 and anti-gp120 mAbs (Liao et al., 2013; Moody et al.,
2012). It is possible that during several months of vaccination, responding Abs are
characterized by a limited percentage of mutations, but the range of their neutralization
potency and breadth is unknown due to the existence of only several such mAbs (Liao et al.,
2013; Montefiori et al., 2012).
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To address this issue we analyzed the neutralization potency and breadth as well as the
percentage of mutations in 66 human mAbs against CD4bs, V3 and V2 regions of HIV-1
gp120 which were derived from chronically infected individuals. These three types of
neutralizing Abs, anti-CD4bs, anti-V3 and anti-V2, are commonly present in the plasma of
HIV-1 infected individuals (Kayman et al., 1994; Lynch et al., 2012; VVogel et al., 1994) and
corresponds to HIV vaccine induced neutralizing Abs which can be classified as
conventional Abs in contrast to bnAbs (Zolla-Pazner, 2014).

This study showed that anti-V3 mAbs neutralized tier 1 and some tier 2, 3 viruses from
diverse HIV-1 subtypes, while anti-CD4bs and anti-V2 mAbs neutralized only tier 1 viruses.
The percentage of mutations was not related to neutralization breadth of tier 1 viruses but
moderately correlated with the neutralization breadth of tier 2, 3 viruses which was mediated
by anti-V3 mAbs. The electrostatic interactions between anti-V3 mAbs and V3 may
contribute to neutralization of tier 2, 3 viruses which inversely correlated with low
isoelectric points (pl) of the CDR domain in the heavy chains.

2. Materials and methods

2.1. Human monoclonal antibodies

Sixty-six human mAbs specific to gp120 HIV-1 were studied, including 48 anti-V3, 12 anti-
CD4bs and six anti-V2 mAbs (Table 1, Supplementary Table 1). All mAbs were produced
in our laboratory and those which displayed the ability to neutralize HIV-1 pseudoviruses
were selected for this study (Table 1). One human mAb, 1418 against parvovirus B19, was
used as negative control (Gigler et al., 1999). The anti-HIV-1 mAbs were derived from 58
unselected and chronically HIV-1 infected individuals and except for two clonal anti-V2
mAbs (1393A and 1361), each mAb is unique with different VH CDR3 sequences
(Supplementary Table 1). Forty mAbs were derived from individuals living primarily in the
New York City area whom were presumably infected with subtype B viruses (Table 1).
Twenty-six mAbs originated from individuals infected with non-clade B viruses and living
in Cameroon, India, Ivory Coast and Thailand; the blood donors were infected with subtypes
C, G, H, F2, CRF01_AE, CRF02_AG, CRF09 _cpx, CRF13_cpx viruses or undetermined
(Table 1). The subtypes of plasma viruses were determined by sequencing the envelope
proteins in our lab as previously described (Zhong et al., 2002). Immunoglobulin (1G) gene
usage (IGHV, IGKV and IGLV) and alleles evaluated by IMGT/V-QUEST are shown in
Supplementary Table 1.

All but four mAbs were generated using the hybridoma technology based on fusion of
Epstein-Barr virus (EBV)-transformed lymphocytes with the heteromyeloma cell line SHM-
D33 (Gorny et al., 1991). Four mAbs were produced using the single B cell method (Li et
al., 2012). Sixty-two mAbs have been described in various papers (see references in Table
1), while four mAbs (4415, 4591, 4647 and 4682) were produced for this study using the
hybridoma method. Briefly, these latter mAbs were generated from peripheral blood
mononuclear cells (PBMC) which were transformed by EBV and screened by ELISA using
V3-cholera toxin B (CTB)-fusion proteins containing the VV3 consensus sequences from
clades A and C (Totrov et al., 2010). The VV3-CTB reactive cells were fused with SHM-D33
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heteromyeloma, and the resulting hybridoma cells were cloned by limiting dilutions until
monoclonality was achieved.

Blood samples were obtained from infected donors who signed informed consent forms,
which were approved by the New York University (NYU) and Veteran Affairs (VA)
Institutional Review Boards, the Ethics Committee of All India Institute of Medical
Sciences, New Delhi, and the National Ethical Committee of Cameroon.

All sequences of the VH and VL regions were deposited in GenBank and the accession
numbers are shown in Supplementary Table 1.

2.2. Amplification and nucleotide sequencing of the mAb variable domains

The nucleotide sequences of the heavy (VH) and light (VL) chain genes of the variable
domains of mAbs produced by hybridoma technology were determined as described (Gorny
etal., 2011; Gorny et al., 2009). Briefly, messenger RNA was extracted from the hybridoma
cell lines producing anti-HIV-1 Env mAbs and reverse transcribed into cDNA using oligo
dT primer. A homopolymeric tail was added to the 3’ end of cDNA by the terminal
deoxynucleotidyl transferase (TdT). The IG genes coding for the VH and VL were amplified
from poly-C tailed cDNA by PCR using the forward primer containing anchored tail
(Invitrogen) and the reverse primer specific for the constant region encoded by IGHG,
IGKC or IGLC genes. PCR amplification was performed using a cycling program, and
ethidium bromide-stained 0.8% agarose gels were used to visualize the PCR products. The
bands of appropriate size were excised, purified and cloned into the 2.1-TOPO TA cloning
vector (Invitrogen); plasmids were transformed into Top10 competent cells. For each heavy
and/or light chain, 6 to 12 independent clones were screened. The plasmids with the
appropriate inserts were sequenced in both directions using M13 primers. All sequencing
reactions were performed at Macrogen, Rockville, MD.

2.3. Analysis of immunoglobulin gene sequences

The nucleotide sequence data of the 66 mAbs were analyzed using Pregap4 and BioEdit
software. The percentage of mutations was determined by two methods: a) in the variable
(V) regions and b) in the V plus CDR3 (V+CDR3) using IMGT/V-QUEST (Brochet et al.,
2008; Giudicelli et al., 2011) and IMGT/JunctionAnalysis (Giudicelli and Lefranc, 2011;
Yousfi Monod et al., 2004) from the international ImMunoGeneTics information system®
(http://lwww.imgt.org ) (Lefranc et al., 2014). The V region includes nucleotides up to 2nd-
CYS 104 codon which delimits the end of FR3-IMGT of all functional IG V genes of the
VH and VL (V-KAPPA and V-LAMBDA) (Lefranc, 2014). This system provides the data
about percentage of identical nucleotides in the V region of antibody which allows
calculating the percentage of mutations. In addition, we calculated the percentage of
mutations in the CDR3 domains which was added to mutations in the V region (V+CDR3);
this analysis included the regions of CDR3 which have the corresponding germ line
sequences, 5’V-REGION, D-REGION and 3’J-REGION, but not the palindromic (P) and
non-templated (N) nucleotides regions.
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2.4. Neutralization assay

All 66 anti-HIV-1 Env-specific mAbs and one negative control mAb 1418 were tested in the
same laboratory (M. S. Seaman) for neutralizing activities against a standard panel of 41
Env-pseudotyped viruses using the TZM-bl cell line (Li et al., 2005; Seaman et al., 2010).
Briefly, this standardized assay consists of seven two-fold serial dilutions of mAbs which
were tested at 1gG concentration in a range of 50 to 0.4 pug/ml, while four anti-V2 mAbs
were tested at 100 to 0.4 ug/ml. The highest 1gG concentration used limits the measurement
of neutralizing activities of mAbs to 50 pg/ml or for four anti-V2 mAbs to 100 ug/ml. The
mAbs were pre-incubated with the virion-containing culture supernatants for one hour. The
virus/mAb mixtures were then incubated for 48 hrs with TZM-bl cells expressing CD4,
CCR5 and CXCRA4. Virus infectivity was determined by measuring luciferase activity in cell
lysates. The 50% inhibitory concentration (ICsg) was determined as the mAb IgG
concentration (ug/ml) that resulted in a 50% reduction in relative light units (RLU)
compared to wells with the virus only, after the subtraction of cell control RLUs (Hioe et al.,
2010; Seaman et al., 2010).

2.5. Statistical analysis

The neutralizing activity represented by 1Csq values was compared between three groups of
mADbs (anti-V3, anti-CD4bs and anti-V2) using the Haenszel-Mantel log-rank test as applied
to Kaplan-Meier curves, and the neutralizing 1Cgq data was treated as censored data.
Unpaired t test was used for analysis of mutation frequency because the data follow a
Gaussian distribution. The breadth-potency (B-P) scores were calculated as described
(Zolla-Pazner et al., 2011) with some modifications. Briefly, the reciprocal I1Csq values (Fig.
1) were scaled up by 100, and the score based on the logyg of that value. The calculation
approximates the area under the curve (AUC) by the intuitive product formula: B-P score =
(fraction neutralized) x (average of mAbs which neutralized). The relationship between the
percentage of mutations and neutralization breadth was determined by linear regression and
by use of the Pearson correlation coefficient (r) with P values. To account for multiple
comparisons, the collection of p-values were processed to choose significant comparisons by
the false discovery rate (FDR) criterion via the method of Benjami and Hochberg using the
R statistical system. Storey’s g-values were computed using the statistical software (http://
genomics.princeton.edu/storeylab/qvalue) which also utilizes R (R Foundation for Statistical
Computing, Vienna, Austria). Graphs of the data were made using GraphPad Prism version
5 (GraphPad Software, La Jolla, CA).

3. Results

3.1. Neutralization of pseudoviruses

Three panels of anti-HIV-1 Env mAbs, including 48 anti-V3, 12 anti-CD4bs, and 6 anti-V2
mADbs, were tested to compare their neutralizing potency and breadth against a panel of 41
envelope-pseudotyped viruses. The neutralization potency was defined by ICgq values,
which indicate the dose of mAbs needed for 50% neutralization. The neutralization breadth
corresponds to the number of viruses neutralized by a particular mAb.
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All 66 mAbs mediated neutralization but varied in their potency and breadth of
neutralization (Fig. 1). Comparing the 1Csq values for neutralization of all 41 viruses (tier 1,
2 and 3), the anti-V3 mAbs were significantly more potent than the anti-CD4bs mAbs
(p=0.02) and had a tendency to be stronger than anti-V2 mAbs (p=0.18), while anti-CD4bs
and anti-V2 mAbs had similar neutralizing activities (p=0.74) (Fig. 1). The ICsq values were
comparable for three panels of mAbs in neutralization of 15 sensitive tier 1 viruses; in
contrast, the tier 2, 3 viruses were neutralized, although sporadically, by anti-V3 mAbs but
not by anti-CD4bs and anti-V2 mAbs (Fig. 1).

Neutralization breadth was also larger for anti-V3 mAbs, which neutralized between three
and 16 of the 41 pseudoviruses (7-39%) while the anti-CD4bs and anti-V2 mAbs
neutralized between three and nine pseudoviruses (7-22%) (Fig. 1). The four mAbs with the
greatest breadth (>30% of the 41 viruses neutralized) were all VV3-specific: mAbs 2191,
2558, 447, and 3869 (Fig. 1). The large neutralization breadth of the anti-VV3 mAbs partly
depended on their ability to neutralize tier 2, 3 viruses as 27 of 48 (56%) anti-V3 mAbs
neutralized one to seven of the 26 tier 2, 3 viruses (Fig. 1).

Neutralization potency strongly correlated with breadth for all 66 mAbs (p<0.0001, Fig. 2)
indicating that the more potent antibodies (lower 1Cgg) neutralize a greater range of viruses.
Therefore, the breadth-potency (B-P) scores as previously described (Zolla-Pazner et al.,
2011) were examined for each mAb, revealing that anti-V3 mAbs have significantly higher
B-P scores than anti-CD4bs and anti-V2 mAbs (p=0.02 and p=0.01, respectively) (Fig. 3).
The B-P scores for anti-CD4bs and anti-V2 mAbs were comparable without a significant
difference (p=0.11) (Fig. 3). Thus, in this panel of conventional mAbs, the anti-V3 mAbs
appeared to be more efficient in neutralization compared to anti-CD4bs and anti-VV2 mAbs.

Our panel of 66 mAbs were derived from individuals infected with different viruses. The
anti-CD4bs and anti-V2 mAbs were derived from subtype B viruses, while 21 and 27 anti-
V3 mAbs were derived from subtypes B and non-B infected donors, respectively. The
neutralization breadth and potency were comparable between both groups of anti-V3 mAbs,
suggesting that the infecting virus of different subtypes induced anti-V3 antibodies with
comparable neutralizing activities (data not shown).

3.2. Somatic mutation analysis

As the recognition function of antibodies depends on affinity maturation which is driven by
somatic mutations, we analyzed the percentage of mutations in the 66 mAbs using IMGT/V-
QUEST which identifies nucleotides not identical to the closest germline sequence (Brochet
et al., 2008; Giudicelli et al., 2011). The percentage of mutations in the V region ranged
between 2.43% to 18.06% (mean 8.57%) for VH and 0.35% to 13.98% (mean 5.74%) for
VL (Table 1). In the V+CDR3 the range of the percentage of mutations was very similar:
2.4% to 18.6% (mean 8.78%) for VH and 0.4% to 13.9% (mean 5.78%) for VL
(Supplementary Table 1), and the mutations in both analysis correlated very strongly
(r=0.98, p<0.0001) (data not shown). When the three panels of mAbs, anti-V3, anti-CD4bs
and anti-V2, were compared to each other, no significant difference in the percentage of
mutations was found except that of VL mutations for anti-V2 mAbs (Fig. 4A, 4B, 4D, 4E).
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In the three mADbs the nucleotide insertions were found in VH (4085 and 3b38) or deletion in
VL (1361) which were counted as one point mutation (Table 1).

For an individual antibody, the percentage of mutations is usually higher in VH than in VL,
and this was observed in our panel of mAbs as well, except for three mAbs — 3019, 3906
and 4682 — in which the percentage of mutations was higher in VL than VH by more than
2.0% (Table 1). Despite this small difference, there was a strong correlation between the
percentage of mutations in the VH and VL (Fig. 4C, 4F) confirming that mutations in both
chains proceed in parallel.

Thus, the percentage of mutations was very broad in both VH and VL and very similar when
calculated in the V and V+CDR3 regions of IG genes, moreover, very similar for each type
of mAbs except of anti-V2 mAbs possibly due to a smaller size of this panel.

3.3. Study of correlation between neutralization breadth and somatic mutations

We further analyzed the relationship between the neutralization breadth and the percentage
of mutations in the V region of the VH and VL by linear regression and by use of the
Pearson correlation coefficient (r) with P values (Fig. 5A, 5B). The correlation was
moderate (low r) and was found between the percentage of mutations in the VL, but not in
the VH, and the neutralization breadth (r=0.25, p=0.04), Fig. 5B and 5A, respectively.

The correlation limited only to the VL region was surprising because the VH usually
dominates the interaction between an antibody and its antigen epitope. As the VH CDR3 is
the most involved from the six CDRs in the interaction with the antigens, we tested whether
mutations in CDR3 may have an impact on the correlation with neutralization breadth. The
results of analysis in the V+CDR3 were similar to those in Fig. 5A and 5B showing
moderate correlation in the VL (r=0.24, p=0.04; Fig. 5D), but not in the VH (Fig. 5C).

We continued the analysis using the percentage of mutations in the V+CDR3 of the VH and
VL of all 66 mAbs and compared it with the neutralization of two panels of pseudoviruses:
15 sensitive to neutralization tier 1 and 26 more resistant tier 2/3 viruses (Fig. 6). The
percentage of mutations in the VH and VL was not correlated with neutralization of tier 1
viruses (Fig. 6A, 6B), but a moderate correlation was found between the percentage of
mutations in VL (r=0.31, p=0.01), and some tendency for the mutations in VH, and
neutralization of tier 2, 3 viruses (r=0.24, p=0.05), Fig.6D and 6C, respectively.

3.4. The VH CDR3 features that may influence the antibody neutralizing function

Lack of correlation between the percentage of mutations in V+CDR3 in the VH (p=0.05)
and neutralization breadth may result from an incomplete analysis of mutations in the
CDR3, in contrast to the VL (p=0.01) (Fig. 6). The VH CDR3 contains an increased number
of P and N nucleotides compared to VL CDR3, mean 16.6 versus 2.6, respectively
(p<0.0001), which have no corresponding germline gene sequences (Lefranc et al., 2014)
and the percentage of mutations cannot be determined (Fig. 7).

To determine if other features of the VH CDR3 may have some relationship with
neutralization breadth, the amino acid (AA) length and isoelectric point (pl) were evaluated
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using IMGT/JunctionAnalysis (Giudicelli and Lefranc, 2011; Yousfi Monod et al., 2004)
and the hydropathy value evaluated using GRAVY calculator (www.gravy-calculator.de)
(Fig. 8). None of these features, the VH CDR3 length, hydropathy and pl correlated with the
neutralization breadth (data not shown).

Since the percentage of mutations in the V region of the VL domain correlated with
neutralization breadth of tier 2, 3 viruses but not with tier 1 viruses, we also analyzed VH
CDR3 features in two groups of mAbs, those neutralizing tier 1 viruses only and those
neutralizing tier 1, 2, 3 viruses (Fig. 8). It was found that the VH CDR3 length and
hydropathy was comparable for mAbs neutralizing the two panels of pseudoviruses (Fig.
8A, 8B), while pl was significantly lower (p<0.0001) for mAbs neutralizing tier 1, 2, 3
viruses versus mAbs neutralizing tier 1 viruses (Fig. 8C).

Because the tier 2, 3 viruses were neutralized only by anti-V3 mAbs, we tested whether the
pl of the CDR3s of 48 mAbs have any association with neutralization breadth. It was found
that the pl of the VH CDR3, but not the pl of the VL CDR3, inversely correlated with the
number of neutralized tier 2, 3 viruses (r=-0.32, p=0.02) (Fig. 9A, 9B). Thus, the lower pl
of the VH CDR3 of anti-V3 mAbs correlated with more tier 2, 3 viruses neutralized. These
data suggest that the pl of the VH CDR3 may play role in the neutralizing activity of anti-V3
mADbs against tier 2, 3 viruses.

The collection of 27 p-values in the study was additionally tested to exclude false positives
via the method of Benjamini and Hochberg methodology and Storey g-values and the
primary results were confirmed.

4. Discussion

The two objectives of this study, the comparative analysis of the neutralizing activities of
human anti-V3, anti-CD4bs and anti-V2 mAbs derived from chronically HIV-infected
subjects, and the relationships between neutralization breadth and the percentage of
mutations, are relevant to the development of an HIV-1 vaccine. First, the mAbs tested in
this study may correspond to antibodies elicited by vaccines as they are not selected for elite
neutralizing activity in serum, and represent the commonly induced antibodies in HIV-1
infected individuals. Second, the rate of mutations in some mAbs displaying neutralization
breadth was relatively low and comparable to mutations in mAbs derived from recipients of
candidate HIV-1 vaccines (Liao et al., 2013; Montefiori et al., 2012; Moody et al., 2012).

This comparative study of three types of antibodies revealed significantly higher
neutralization potency and breadth of anti-V3 mAbs over the anti-CD4bs and anti-V2 mAbs.
This depended mainly on the ability of anti-V3 mAbs to neutralize, along with tier 1, some
tier 2, 3 viruses while anti-CD4bs and anti-V2 mAbs neutralized sensitive tier 1 viruses
only; neutralization of tier 1 viruses was comparable for all three panels of mAbs. Anti-V3
mAbs are well known for their ability to cross-neutralize (Andrabi et al., 2013; Corti et al.,
2010; Hioe et al., 2010; Mouquet et al., 2011; Pantophlet et al., 2007; Scheid et al., 2009),
and in our study, they neutralized in a range from 7% to 39% of the 41 viruses representing
the sequences of subtypes A, AG, B and C. Nine of these anti-V3 mAbs (Table 1) can be
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listed as bnAbs based on two reviews which classify bnAbs as those exhibiting
neutralization breadth in the range of 25-98% and 32-98% (van Gils and Sanders, 2013;
Verkoczy et al., 2011).

The mADbs against CD4bs and V2 region displayed lower neutralization breadth in a range
from 7% to 22% and were not able to neutralize tier 2, 3 viruses which might be related to
limited accessibility of the corresponding epitopes on native virions. Notably, anti-CD4bs
and anti-V2 compared to anti-V3 mAbs were much less efficient in binding to intact virions,
virus-infected and envelope-transfected cells (Liu et al., 2013; Nyambi et al., 2000; Zolla-
Pazner et al., 1995). This difference between 3 types of mAbs was well illustrated by the
results of neutralization of the JRFL virus which is classified as tier 2 and has a cryptic V3
region due to masking by the V2 region (Bou-Habib et al., 1994; Pinter et al., 2004). In our
panel of pseudoviruses, the JRFL.JB was neutralized by 12 out of 48 anti-V3 mAbs in a
range of 1C5q from 5 to 50 pg/ml, while being completely resistant to neutralization by anti-
CD4bs and anti-V2 mAbs (Table 1, Fig.1).

The recent structural studies of an HIV-1 constrained gp140 trimer, SOSIP.664, revealed a
close association between V1V2 and V3; access to V3 appeared to be restricted by
association with V1V2, while V1V2 was itself shielded by N-glycosylation (Julien et al.,
2013). Access to the CD4bs is also restricted by spatial arrangements of V1V2 and V3 and
also by glycans (Lyumkis et al., 2013). The accessibility of the V3 region for antibody
binding is increased by binding of soluble CD4 and several anti-CD4bs antibodies which
results in conformational changes in gp120 leading to enhanced exposure of the V3 loop
(Mbah et al., 2001; Thali et al., 1992; Upadhyay et al., 2014; Verrier et al., 2001). These
structural requirements in the gp120 trimer can decrease the binding affinity of anti-V3,
anti-CD4bs and anti-V2 antibodies to unliganded virus resulting in their limited
neutralization potency and breadth, especially in tier 2, 3 viruses.

The percentage of mutations, which we used in this study to assess antibody maturation and
relationship with neutralization, contributes to binding affinity but is not directly related.
This may explain the only moderate correlation between the percentage of mutations and
neutralization of tier 2, 3 viruses, but not tier 1 viruses, which possibly requires higher
antibody affinity. It is in part confirmed by our results which showed that the relative
affinity binding to a biotinylated cyclic V3a244 peptide of a selected group of 22 anti-V3
mAbs encoded by the IGHV5-51/IGLV lambda genes (Gorny et al., 2011; Jiang et al.,
2010), and which are included in this study, inversely correlated with the neutralization
breadth of tier 1, 2, 3 viruses but not with the percentage of mutations (Supplementary Fig.
1). Moreover, the increased percentage of mutations in mAbs is not strictly related to
neutralization breadth because mAbs with both a low (2.4% to 8.7%) and high rate of
somatic mutations (8.8% to 18.6%) can neutralize a similar number of viruses
(Supplementary Figure 2).

The broad range of the percentage of mutations between 2% and 18% was found (mean
8.8%), both in the VV and V+CDR3 regions of the heavy chains. A similarly low percentage
of somatic hypermutations in the VH, mean 7.9%, was observed in another study of 25
neutralizing mAbs against V3, CD4bs and CD4-induced epitopes which were isolated from
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one chronically HIV-1 infected individual (Ramirez Valdez et al., 2014). However, only a
moderate correlation between the percentage of mutations and neutralization of tier 2, 3, but
not tier 1 viruses, was determined. The mAbs with a minimal and high percentage of
mutations displayed cross-neutralizing activities, for example, a mAb with 2.4% mutations
was able to cross-clade neutralize 8 pseudoviruses (Table 1). The tier 1 viruses can even be
neutralized by mAbs without somatic mutations in the V region as it was shown recently
that the three germline-reverted anti-V3 mAbs, which retained the VH CDR3 sequence,
neutralized several tier 1 viruses (McGuire et al., 2014).

The tier 2, 3 viruses were neutralized sporadically by some anti-VV3 mAbs only and their
percentage of mutations, particularly in the VL regions, was moderately correlated with
neutralization breadth. This indicated that access to the V3 epitopes on tier 2, 3 viruses is
very limited and possible for mAbs with higher percentage of mutations. Since the VH
CDRa3 is the main domain of each antibody interacting with the antigen some of its features
may have an impact on neutralization and it was found that the isoelectric points, but not the
length and hydrophobicity, were inversely correlated with the neutralization breadth. These
results underline the role of the electrostatic interactions of the anti-V3 mAbs with the V3
loop which has the overall positive charge in the range from +2 to +10 (Kwong et al., 2000).

In conclusion, the results of this study revealed the significantly higher neutralizing activity
for anti-V3 mAbs over the anti-CD4bs and anti-V2 mAbs which were all generated from
randomly selected HIV-1 infected individuals. This dominant neutralization breadth of anti-
V3 mAbs was dependent on their ability to neutralize tier 1 along with some tier 2, 3
viruses, while anti-CD4bs and anti-V2 mAbs neutralized only tier 1 viruses. While the
percentage of mutations in the V region of the VH and VL including CDR3 was not
correlated with the neutralization breadth of tier 1 viruses, a moderate correlation was found
with neutralization of tier 2, 3 viruses mediated by anti-VV3 mAbs. The isoelectric points of
the VH CDR3 of anti-V3 mAbs inversely correlated with the neutralization of tier 2, 3
viruses suggesting that the electrostatic interactions between anti-V3 mAbs and the V3
crown of the virus which is positively charged may contribute to their neutralizing activity
against these viruses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neutralizing activity of 66 human anti-HIV-1 gp120 (anti-V3, anti-CD4bs and anti-V2)
monoclonal antibodies against a panel of 41 pseudoviruses determined by the TZM-bl cell assay

All antibodies were tested at IgG concentation in a range of 50 to 0.4 pg/ml, while four anti-
V2 mAbs were tested at 100 to 0.4 pg/ml. The ICsq values are shown in each cell, with
numbers rounded and color-coded: I1C5p<1 pg/ml (red); 1-50 pg/ml (yellow). An empty cell
indicates that the antibody did not reach 50% neutralization at the maximal concentration
(50 or 100 pg/ml). Monoclonal Ab 1418 (designated as “C”) is specific to parvovirus B19
and was used as a negative control. A double horizontal line separates tier 1 from tier 2 and
3 viruses. Breadth (%) indicates the percentage of pseudoviruses in the panel neutralized by
a particular mAb. nt — not tested.
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Figure 2. Neutralization potency and breadth of all 66 human neutralizing anti-HIV-1 gp120
mADbs correlated

The neutralization potency of 66 mAbs, represented by the reciprocal average of 1Csq (y-
axis), is strongly correlated with neutralization breadth expressed as the number of
neutralized pseudoviruses (x-axis) of the total of 41 viruses tested. r - Pearson correlation
coefficient.
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The B-P score for each mAb accounts for both the number of neutralized pseudoviruses
CD4bs and anti-V2 mADbs.

anti-V3
Figure 3. The breadth-potency scores (B-P scores) of anti-HIV-1 mAbs
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Figure 4. Percentage of point mutations in the nucleotide sequence of the variable region of
mADbs

The percentage of mutations in the V (A, B) and V+CDR3 regions (D, E) of the VH and VL
of the 66 mADbs as determined by IMGT/V-QUEST and IMGT/JunctionAnalysis. Statistical
significance was determined by t test. The percentage of mutations in the VH and VL
analyzed in the V (C ) and V+CDR3 (F) are strongly correlated; r — Pearson correlation
coefficient.
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Figure 5. Correlation between the neutralization breadth and percentage of mutations in the
variable (V) region or in V+CDR3 of 66 anti-HIV-1 mAbs

The percentage of mutations is shown for the VH and VL in the V region only (A, B) and in
the V+CDR3 for VH and VL (C, D); this was determined using IMGT/V-QUEST. The
mutations in the CDR3 were determined only in the regions corresponding to germline
genes (5’V-REGION, D-REGION and 3’J-REGION) and were analyzed using IMGT/
JunctionAnalysis integrated in IMGT/V-QUEST. The two methods showed that the
percentage of mutations correlated moderately with neutralization breadth when determined
in the VL domains (B and D) but not in the VH domains (A and C); r — Pearson correlation
coefficient.
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Figure 6. Correlation between the percentage of mutations and neutralization of tier 1 and tier 2,
3 pseudoviruses
The percentage of mutations in the V+CDR3 of the VH (A, C) and VL (B, D) of 66 human

mADbs is compared to neutralization breadth for tier 1 viruses (A, B), and tier 2, 3 viruses (C,
D). Tendency to ( C) or moderate correlation (D) was determined between percentage of
mutations and neutralization breadth of tier 2, 3 viruses but not tier 1 viruses; r — Pearson
correlation coefficient.
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Figure 7. Number of palindromic (P-REGION) and non-templated nucleotides (N1-REGION
and N2-REGION for VH, N-REGION for VL) in the VH CDR3 and VL CDR3 of 66 mAbs

The number of nucleotides (P and N) was determined using IMGT/JunctionAnalysis
integrated in IMGT/V-QUEST (http://www.imgt.org). These nucleotide sequences have no
corresponding germline genomic sequences.
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Figure 8. Analysis of three features of VH CDR3 of 66 mAbs against V3, CD4bs and V2 and
their relationships with neutralization breadth

The VH CDR3 length (A) and isoelectric point (pl) (C) were determined using IMGT/
JunctionAnalysis while hydropathy (B) was determined using GRAVY calculator. The VH
CDR3 length and hydropathy were comparable for mAbs that neutralized tier 1 only and tier
1, 2, 3 viruses (A, B) but the pl was significantly lower for mAbs that neutralized tier 1, 2, 3
(C). The statistical difference was determined using t tests.
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Figure 9. Isoelectric point (pl) of the VH CDR3 in anti-V3 mAbs inversely correlates with the
number of neutralized tier 2, 3 pseudoviruses

The pl of the VH CDR3 (A) and VL CDR3 (B) were determined using IMGT/
JunctionAnalysis. The pl of the VH CDR3 (A) inversely correlated with the increasing
number of neutralized tier 2, 3 pseudoviruses; r — Pearson correlation coefficient.
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