
Evidence for a Continuous Drift of the HIV-1 Species
towards Higher Resistance to Neutralizing Antibodies
over the Course of the Epidemic
Mélanie Bouvin-Pley1, Marion Morgand1, Alain Moreau1, Pauline Jestin2,3, Claire Simonnet1,

Laurent Tran2,3,4, Cécile Goujard2,3,4, Laurence Meyer2,3,4, Francis Barin1,5, Martine Braibant1*
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Abstract

We compared the neutralization sensitivity of early/transmitted HIV-1 variants from patients infected by subtype B viruses at
3 periods of the epidemic (1987–1991, 1996–2000, 2006–2010). Infectious pseudotyped viruses expressing envelope
glycoproteins representative of the viral quasi-species infecting each patient were tested for sensitivity to neutralization by
pools of sera from HIV-1 chronically infected patients and by an updated panel of 13 human monoclonal neutralizing
antibodies (HuMoNAbs). A progressive significantly enhanced resistance to neutralization was observed over calendar time,
by both human sera and most of the HuMoNAbs tested (b12, VRC01, VRC03, NIH45-46G54W, PG9, PG16, PGT121, PGT128,
PGT145). Despite this evolution, a combination of two HuMoNAbs (NIH45-46G54W and PGT128) still would efficiently
neutralize the most contemporary transmitted variants. In addition, we observed a significant reduction of the heterologous
neutralizing activity of sera from individuals infected most recently (2003–2007) compared to patients infected earlier
(1987–1991), suggesting that the increasing resistance of the HIV species to neutralization over time coincided with a
decreased immunogenicity. These data provide evidence for an ongoing adaptation of the HIV-1 species to the humoral
immunity of the human population, which may add an additional obstacle to the design of an efficient HIV-1 vaccine.
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Introduction

Thirty years after the discovery of the human immunodeficiency

virus (HIV), the development of an effective vaccine remains an

elusive goal. Experiments of passive immunization and vectored

immunoprophylaxis in animal models have shown that human

monoclonal (HuMo) broadly neutralizing antibodies (NAbs) can

fully protect against HIV-1 infection [1–11]. However the design

of an immunogen able to induce NAbs that would mediate potent

cross-clade HIV-1 neutralization has not been reached so far. The

identification of antibody specificities able to neutralize most of the

currently circulating HIV-1 variants remains therefore a major

focus of vaccine design.

During natural HIV-1 infection, most of the patients develop

autologous NAbs at the early stage of infection [12–17]. NAbs are

directed against the gp120 and gp41 subunits of the viral

envelope glycoprotein (Env). The breadth of the autologous

response is relatively narrow, as illustrated by its inability to

neutralize heterologous isolates [12,18–20] and the absence or

low level of protective activity against superinfection [21–23].

These antibodies do not seem to protect against disease

progression but exert a selective pressure that drives the viral

evolution and leads to the rapid selection of escape Env variants

[12,13,24–26]. The molecular basis of HIV-1 escape to

autologous neutralization involves multiple mechanisms, includ-

ing single amino acids substitutions, insertions/deletions in the

variable regions of the gp120 and an increased number and/or

changing positions of potential N-linked glycosylation sites

(PNGS) at its surface [13,20,24,27,28]. Nevertheless, it has

become clear that a substantial number of HIV-1 infected

individuals develop NAbs after 2 or 3 years of infection able to

neutralize efficiently heterologous primary isolates of various

subtypes [29–32]. This means that the relevant epitope(s) exist

toward which a specific response can be mounted, at least in

some individuals. Prior to 2009, only four HuMo broadly Nabs,

i.e. b12, 2G12, 2F5 and 4E10, had been isolated from such

individuals [33–37]. Recently, a ‘‘second generation’’ of HuMo-

NAbs (particularly the PG, PGT and VRC series) that are 10 to

100-fold more potent than the first generation HuMoNAbs were

identified [38–41]. Several studies suggested that broad and

potent neutralizing activity in most of the sera from patients with

broadly NAbs arises through a limited number of specificities that

correspond to the targets of these HuMoNAbs [42–45]. These

targets are epitopes located within the surface glycoprotein

gp120. Some of them overlap the CD4 binding site [39,46,47]

and others are more complex, of glycopeptidic nature, composed

of conserved glycans and amino-acid residues of the V1, V2 and

V3 loops [48,49].
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Two years ago, Bunnik et al suggested that HIV-1 might be

evolving at the population level towards an enhanced resistance to

antibody neutralization, subsequently to the selective pressure

exerted by the individual NAbs responses [50]. Comparing HIV-1

variants isolated from patients of the Amsterdam Cohort Studies

either early in the epidemic (1985–1989) or more recently (2003–

2006), they found an enhanced neutralization resistance of HIV-1

during the course of the epidemic, especially towards HuMoNAbs

targeting epitopes of the CD4-binding site [50,51]. This finding

may have major consequences for vaccine development. There-

fore, we conducted the present study in order to both validate and

extend the comprehension of the phenomenon. We compared the

neutralization sensitivity of HIV-1 subtype B early/transmitted

variants issued from French individuals at 3 periods of the

epidemic, spanning more than 20 years (1987–1991/1996–2000/

2006–2010). Their neutralization sensitivity was tested using both

polyclonal sera from HIV-1 infected patients and a large and

updated panel of 13 HuMoNAbs, including the most efficient

NAbs among those described to date. Our results confirm a clear

continuous and progressive enhanced resistance to neutralization

over time, providing evidence for an ongoing adaptation of the

HIV-1 species to the humoral immunity of the human hosts over

the course of the epidemic. However and despite this evolution, we

found that one combination of two HuMoNAbs still should

neutralize the most recently circulating HIV-1 variants, even at a

relatively low concentration (#1 mg/mL). Therefore, in addition

to bring a basic knowledge on the interplay between HIV and the

human species, our data provide a rationale for the selection of the

HuMoNAbs that should be preferentially used for HIV immuno-

prophylaxis, especially for the emerging strategy of antibody gene

transfer [11].

Results

Increasing resistance of early/transmitted HIV-1 variants
to neutralizing antibodies over the course of the
epidemic

The HIV-1 population that we studied was isolated from 40

patients enrolled at time of primary infection in the French ANRS

PRIMO and SEROCO cohorts at three periods of the epidemic:

between 1987 and 1991 (Historical patients, HP), 1996 and 2000

(Intermediate patients, IP) and 2006 and 2010 (Contemporary

patients, CP). They were carefully selected to be comparable for

each period in the following way: all patients were Caucasian men

having sex with men (MSM), infected by clade B viruses. They had

similar distribution of viral loads (median value: 5.0, 5.1 and 5.2

log10 copies/mL for HP, IP and CP, respectively) and similar

distribution of CD4 T-cell counts (median value: 507, 619 and 571

cells/mm3 for HP, IP and CP, respectively) (Table S1) at time of

sample collection. In order to limit both the viral diversity of the

quasi-species infecting each patient and the influence of the

development of an autologous humoral immune response on the

neutralization sensitivity of viruses, blood samples were collected

shortly after infection (before 3 months post-infection except for a

few cases) (Table S1). The variants that we analyzed were

therefore considered as early/transmitted viruses.

Pseudotyped viruses expressing envelope glycoproteins (Env)

variants representative of the viral quasi-species infecting each

patient were generated from the entire env gene amplified by RT-

PCR from plasma viral RNA. Infectious pseudoviruses were

obtained for 11 to 15 patients infected at each of the 3 periods.

They were compared for their sensitivity to neutralization by pools

of sera from chronically infected patients infected early in the

epidemic (1987–1991) or more recently (2003–2007) (Table S2),

and by a panel of 13 HuMoNabs targeting major neutralizing

epitopes. These included b12, VRC01, VRC03 and NIH45-

46G54W, an engineered mutant derived from a clonal variant of

VRC01, which target the CD4-binding site of gp120

[39,40,46,47]; PG9, PG16 and PGT145 which recognize a

glycan-dependant quaternary epitope in the gp120 variable loops

1 and 2 (V1/V2) [38,41,48,49]; PGT121, PGT128, PGT135 and

2G12 which target gp120 glycan-dependant epitopes within or

near the variable loop 3 (V3) of gp120 [35,41,49,52]; and 2F5 and

4E10 which target the membrane-proximal external region

(MPER) of gp41 [37,38,53,54]. The sensitivity to neutralization

was measured using a single round of infection in TZM-bl target

cells. The 50% inhibitory concentrations (IC50) were determined

for each pool of sera (reciprocal of dilution) and for each

HuMoNab (antibody concentration).

We observed a significantly progressive decrease over time in

sensitivity to neutralization of the viruses by the two pools of sera

(1987–1991 sera, median IC50: 138.3, 54.0 and 37.8 for HP, IP

and CP, respectively, P trend = 0.006; 2003–2007 sera, median

IC50: 102.2, 54.0 and 46.2 for HP, IP and CP, respectively, P

trend = 0.02) (Fig. 1 A and Table S3). At high concentrations

(IC50$20), the neutralization coverage (percentage of neutralized

viruses) by the pools of sera was high (range: 73.3% to 100%)

(Fig. 1 B). In contrast, when higher stringent conditions were

considered (IC50$100), a significant and progressive decrease in

the percentage of neutralized viruses was observed over time for

the 2003–2007 pool of sera (P trend = 0.03). Although not

statistically significant, a similar trend was observed for the pool

of sera from the 1987–1991 period (Fig. 1 B). Taken together,

these observations exclude the possibility that the lower sensitivity

to neutralization of contemporary HIV variants is related to the

calendar time from which the sera originated.

A decrease in sensitivity to neutralization of the early/

transmitted viruses from CP was also observed for VRC01,

VRC03, NIH45-46G54W and b12 (Fig. 2 A). The median IC50 of

VRC01 and VRC03 increased progressively and significantly

from 0.46 and 0.08 mg/mL for HP to 2.03 and 5.00 mg/mL for

CP, respectively (VRC01: P trend = 0.02, VRC03: P

trend = 0.002). For NIH45-46G54W, the median IC50 increased

from 0.08 for HP to 0.22 mg/mL for IP but remained stable for

CP (0.18 mg/mL) (P trend = 0.03). Inversely, the median IC50 of

b12 did not differ between HP (4.58) and IP (3.73) but increased

Author Summary

Most of the patients develop autologous neutralizing
antibodies (NAbs) during HIV-1 infection. These NAbs drive
the viral evolution and lead to the selection of escape
variants at the individual level. The aim of our study was to
check if, subsequently to the selective pressure exerted by
the individual NAbs responses, the HIV-1 species has
evolved at the population level towards an enhanced
resistance to antibody neutralization. By comparing HIV-1
subtype B variants collected at three periods spanning
more than 2 decades, we found a significantly progressive
enhanced resistance to neutralization of the HIV-1 species
over time. In addition, the enhanced resistance of the HIV
species to neutralization coincided with a decreased
capability of the virus to induce NAbs in infected patients.
Despite this evolution, one combination of two human
monoclonal broadly NAbs still were able to neutralize the
most recent HIV-1 variants, suggesting that this combina-
tion should be preferentially included in future human
immunoprophylaxis trials.

Resistance to Neutralization of the HIV-1 Species
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for CP (46.53) (P trend = 0.02). In addition, the neutralization

breadth of VRC01, VRC03 and NIH45-46G54W decreased

progressively for viruses from HP to CP (Fig. 2 E). This trend

was more obvious at concentrations below 1 mg/mL for VRC01 (P

trend = 0.05) and less than 0.1 mg/mL for NIH45-46G54W (P

trend = 0.08). The neutralization coverage of b12 was low, even

for viruses from HP (Fig. 2 E).

HIV-1 variants from CP were also more resistant to PG9

(median IC50: 2.18, 9.30 and 10.00 mg/mL for HP, IP and CP

respectively, P trend = 0.05), PG16 (median IC50: 0.38, 0.95 and

10.00 mg/mL for HP, IP and CP respectively, P trend = 0.001),

and PGT145 (median IC50: 0.02, 4.31 and 10.00 mg/mL for HP,

IP and CP respectively, P trend = 0.0001) (Fig. 2 B). The

neutralization breadth of these three HuMoNAbs decreased

progressively from HP to CP, even at high concentrations (Fig. 2

E). This evolution was particularly evident for PGT145.

The decrease in sensitivity to neutralization of viruses from CP

was also observed for PGT121 and PGT128 (Fig. 2 C). The median

IC50 of PGT121 increased progressively from HP to CP (median

IC50: 0.01, 0.05 and 0.32 mg/mL for HP, IP and CP, respectively).

This trend was just above the limit of significance (P trend = 0.07).

For PGT128, the median IC50 increased from 0.02 mg/mL for HP

to 0.11 mg/mL for IP but remained stable for CP (0.10 mg/mL) (P

trend = 0.03). The percentages of neutralized viruses by these two

antibodies remained high for all subjects at high concentrations

(IC50#10 mg/mL), but tended to decrease progressively from HP to

CP when higher stringent conditions of neutralization were con-

sidered (IC50#1 mg/mL). The sensitivity to neutralization by 2G12

or PGT135 was low, even for viruses from HP (Fig. 2 C and 2 E).

The sensitivity to neutralization by 2F5 and 4E10 was much

lower and no trend of an increased resistance to these HuMoNAbs

was observed (Fig. 2D and 2E).

Altogether, these results showed that HIV-1 has become more

resistant to antibody neutralization over the course of the

epidemic. This effect was particularly marked for the pools of

sera from HIV-1 infected patients and for the HuMoNAbs that

target the CD4-binding site and the glycan-dependant epitopes in

V1/V2 and V3.

Neutralization coverage of HIV-1 variants from
contemporary patients by HuMoNAbs combinations

Since the HIV-1 early/transmitted viruses from the contem-

porary patients were the most resistant to neutralization by

HuMoNAbs, we tried to predict which antibodies combinations

would be the most efficient. The IC50 heatmap analysis showed

that the engineered antibody NIH45-46G54W was the broadest

and most potent antibody (Fig. 3A). It neutralized 12 of 14

viruses, with IC50,1 mg/mL for 11 viruses and between 1 and

10 mg/mL for the last one. An identical neutralization breadth

was observed for its natural counterpart, VRC01, but at a lower

potency, only 6 viruses being neutralized with an IC50,1 mg/

mL. Interestingly, the two viruses that were resistant to NIH45-

46G54W and VRC01 (issued from CP 590111 and 940218) were

neutralized by PGT128 efficiently (IC50,1 mg/mL), suggesting

that combining NIH45-46G54W, or to a lesser extend VRC01,

with PGT128 would neutralize most or all HIV-1 variants from

CP. To test this hypothesis, we investigated the neutralization

sensitivity of viruses from CP against a 1:1 combination of

Figure 1. Enhanced resistance of clade B early/transmitted HIV-1 variants to neutralization by polyclonal sera over the course of
the epidemic. [A] Comparison of the neutralization sensitivity of Env-pseudotyped viruses derived from historical patients (HP, n = 11), intermediate
patients (IP, n = 15) and contemporary patients (CP, n = 14) by pools of sera from chronically infected patients infected early in the epidemic (1987–
1991) or more recently (2003–2007). Box plots show the distribution of antibody titers (IC50) in each pool of sera towards pseudotyped viruses of each
period; the horizontal lines represent the 10th, median and 90th percentiles. Each data represents the mean value of the assay performed in duplicate.
Differences of neutralization sensitivity between viruses over calendar time were evaluated using a Jonckheere-Terpstra test. [B] Comparison of the
neutralization coverage of the two pools of sera (1987–1991 and 2003–2007) at two concentrations (IC50$20 or IC50$100) towards pseudotyped
viruses from HP, IP and CP. Differences of neutralization coverage of viruses from HP to CP were evaluated using a Chi2 test for trend.
doi:10.1371/journal.ppat.1003477.g001

Resistance to Neutralization of the HIV-1 Species
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NIH45-46G54W and PGT128, and a 1:1 combination of VRC01

and PGT128. The observed neutralization coverage by various

concentrations of these two combinations was compared to the

calculated theoretical coverage that would be obtained if the

neutralizing activities were fully additive (Fig. 3 B and C). The

experimental data showed that the NIH45-46G54W–PGT128

combination was able to neutralize all the viruses with an

IC50#1 mg/mL. At this threshold, the VRC01-PGT128 combi-

nation neutralized 80% of the viruses. As shown in Fig. 3 B and

C, the observed data reached approximatively the theoretical

Figure 2. Enhanced resistance of clade B early/transmitted HIV-1 variants to neutralization by HuMoNAbs over the course of the
epidemic. [A to E] Comparison of the neutralization sensitivity of Env-pseudotyped viruses derived from historical patients (HP, n = 11), intermediate
patients (IP, n = 15) and contemporary patients (CP, n = 14) by b12, VRC01, VRC03 and NIH45-46G54W [A], PG9, PG16 and PGT145 [B], PGT121,
PGT128, PGT135 and 2G12 [C] and 2F5 and 4E10 [D]. Box plots show the distribution of antibody titers (IC50) of each HuMoNAb towards pseudotyped
viruses of each period; the horizontal lines represent the 10th, median and 90th percentiles. Each data represents the mean value of the assay
performed in duplicate. Differences of neutralization sensitivity between viruses over calendar time were evaluated using a Jonckheere-Terpstra test.
[E] Comparison of the neutralization coverage of each HuMoNabs used at various concentrations (IC50#10 mg/mL, #1 mg/mL or #0.01 mg/mL)
towards pseudotyped viruses from HP, IP and CP. Differences of neutralization coverage of viruses from HP to CP were evaluated using a Chi2 test for
trend.
doi:10.1371/journal.ppat.1003477.g002

Resistance to Neutralization of the HIV-1 Species
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Figure 3. Neutralization coverage of HIV-1 variants from contemporary patients by HuMoNAbs combinations. [A] A heatmap of the
neutralizing activities (IC50) of the HuMoNAbs against HIV-1 variants from contemporary patients is shown, with increasing darker colors indicating
increasing neutralization sensitivity. [B and C] The neutralization coverage of viruses from contemporary patients was tested against various
concentrations of a 1:1 combination of NIH45-45G54W and PGT128 [B] and a 1:1 combination of VRC01 and PGT128 [C]. Solid lines show the coverage
of each HuMoNAb used alone or in combinations. Dashed lines show the theoretical coverage that would be obtained if the neutralizing activities of
combined antibodies were fully additive.
doi:10.1371/journal.ppat.1003477.g003

Resistance to Neutralization of the HIV-1 Species
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curves, indicating that these two categories of antibodies may

counter HIV with an additive effect.

Molecular characteristics of the early/transmitted viruses
included in this study

Full-length env sequences of the early/transmitted viral popu-

lation infecting each subject were obtained by direct sequencing

from bulk env PCR products. These 40 sequences were compared

to 160 env sequences isolated at the time of primary infection from

clade B infected patients with documented year (1990–2009) and

country of infection (111 from the United States, 25 from Europe,

6 from Australia, 15 from Trinidad and 1 from Africa). The

phylogenetic analysis illustrated in the neighbor joining tree

indicated that the env sequences of viruses from our study did not

cluster in particular branches and were not particularly related to

the country of origin or to the study period, historical,

intermediate or contemporary (Fig. 4). It suggests that the

biological properties that we describe may be representative of

the entire clade B HIV-1 population. As it could be expected, the

genetic diversity among the env sequences increased gradually from

HP to CP (mean genetic diversity: 8.8%, 12.4% and 14.8% for

HP, IP and CP, respectively). It mirrors the global genetic

evolution of HIV-1 over the course of the epidemic [55–57],

illustrated by the fact that our historical variants are located on

shorter branches of the tree when compared to intermediate or

contemporary variants (Fig. 4).

It has been described regularly that an increase in both length

and number of PNGS of gp120, particularly in the variable

regions, was associated with the evolution of HIV-1 towards

resistance to neutralization at the individual level. We therefore

compared these variables between variants issued from HP, IP and

CP. No significant differences were observed between the 3 groups

of subjects (Fig. 5). We just noticed a slight increase of the global

length of gp120 sequences over time (median aa numbers: 507,

512 and 513 for HP, IP and CP, respectively).

Because we observed a progressive increase over time in

resistance to neutralization by most of the HuMoNAbs, we

investigated if changes in key residues targeted by each of these

antibodies might be associated with this evolution. Various amino

acid substitutions have been identified at sites targeted by VRC01,

VRC03, NIH45-46G54W and b12 [39,40,46,47,58]. We did not

find any potential relationship between the resistance of viruses to

neutralization by these antibodies and the presence or absence of

specific residues at these key positions (Fig. 6 A). In contrast, as

previously reported [41,48,59], a few amino acids substitutions

were found to coincide with a neutralization resistance to PG9,

PG16 and PGT145 (Fig. 6 B). These included the loss of a PNGS

at position 160 either by the lack of N160 (patients 770203,

940139, 750705, 751002 and 1644) or the absence of the

glycosylation sequon despite having N160 (subject 330424); the

presence of an Asn at position 166 (patients 590111, 751730 and

130206); the presence of a Thr at position 169 (subject 1644); and

the presence of a negatively charged residue (Glu) at position 171

(patients 660118 and 440102). There was a progressive increase in

the number of viruses carrying at least one of these substitutions

over the course of the epidemic: 1 of 11 (9%), 4 of 15 (27%) and 6

of 14 (43%) for HP, IP and CP (P = 0.06, Chi2 test for trend). We

cannot exclude that other substitutions at these key residues also

account for the neutralization resistance of some variants. For

instance, the PG9/PG16/PGT145-resistant variant issued from

patient 590110 carried three non-homologous substitutions,

including the replacement of the positively charged Arg residue

at position 166 by a negatively charged Asp residue. In contrast, a

few variants were resistant to PG9 (patients 562 and 920203),

PG16 (patients 60101 and 920203), or PGT145 (patient 60101),

despite having conserved (or similar) residues at key positions

required for neutralization sensitivity, suggesting that other

molecular determinants are involved in resistance to these

HuMoNAbs. Inspection of the V3 region targeted by PGT121

and 128 revealed a shift of the PNGS from N332 to N334 in seven

neutralization (or less sensitive)-resistant variants (Fig. 6 C), a

modification already reported as involved in sensitivity to

PGT121/128 [49,60]. However, neither the frequency of this

change, nor other substitutions in V3 allowed to explain the

increasing neutralization resistance to PGT121/128 of HIV-1

variants from CP.

Decreasing immunogenicity of HIV-1 in terms of NAbs
induction

In order to check whether the evolution of the HIV-1 species

towards a higher resistance to neutralization coincided with a

poorer capability to induce NAbs, the neutralizing activity of sera

from subtype B chronically-infected patients at the two extreme

periods of the study, i.e. 1987–1991 (n = 30) and 2003–2007

(n = 30) (Table S2), was tested towards a panel of six heterologous

subtype B isolates (Table S4). Sera were collected at least 36

months post-infection from untreated MSM infected by subtype B

variants. Although, they were selected to be comparable between

the two periods, the median time of collection differed by 4.5

months between the 1987–1991 sera and those of 2003–2007 (43.4

versus 38.9 months, respectively, P = 0.0006, Wilcoxon test).

However, the time ranges were very similar (34.7 to 51.6 versus

36.2 to 50.9 months post-infection for the 1987–1991 and 2003–

2007 sera, respectively) suggesting that the 4.5 months difference

in median should not have any impact. These patients had similar

viral loads (median: 4.2 and 4.4 log10 copies/mL in historical and

more recently infected patients, respectively) and similar CD4 T-

cell counts (median: 468 and 464 cells/mm3 for historical and

more recently infected patients, respectively) at the time of sample

collection. The panel of heterologous viruses included two clade B

primary isolates (BX08 and 92BR020) and four Env-pseudotyped

viruses derived from subtype B env clones (QH0692.42,

AC10.0.29, RHPA4259.7 and REJO4541.67), selected for their

moderate (tier 2) sensitivity to neutralization [30,61,62]. Highly

neutralization-resistant (tier 3) strains were discarded from our

analysis due to the scarcity of sera showing any detectable

neutralizing activity towards such viruses (data not shown). For

each strain, a lower frequency of detection of NAbs (IC50

detectable at least at the first serum dilution, i.e. 1:20) was

observed among sera from recently infected patients (2003–2007)

compared to those from the earliest period (1997–1991) (Fig. 7 A,

Table S4). The differences were statistically significant when

considering and adjusting for the strain the entire data set

(P = 0.001). Similarly, NAbs titers were lower in the serum samples

of the recent period when compared to the early period (Fig. 7 B).

The differences in Nab titers between the two periods were highly

statistically significant when data were analyzed globally

(P = 0.0001, 2way ANOVA test). We next compared the breadth

of the neutralizing response between the two periods, by

calculating the number of strains neutralized by each serum at

least at the first serum dilution (1:20). A higher frequency of sera

cross-neutralizing at least 4 strains was observed in the earliest

period (12/30 versus 3/30 sera) whereas most of the sera from the

recently infected patients neutralized a limited number (1 to 3) of

strains (19/30 versus 8/30 sera) (Fig. 7 C). The observed differences

were just above the limit of significance (P = 0.08). To consider

both the breadth and the intensity (measured by the NAb titers) of

the neutralizing response, a neutralizing potency score was

Resistance to Neutralization of the HIV-1 Species
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calculated for each serum (see methods). Lower potency scores

were observed for sera of the recent period (median: 14.54) when

compared to sera of the early period (median: 29.76; P = 0.05,

Fig. 7 D). Altogether, these data suggest that patients who were

infected more recently developed poorer NAb responses than did

those who were infected in the earlier period of the epidemic.

Figure 4. Phylogenetic analysis of full-length env sequences. The 40 env sequences of the early/transmitted viruses included in our study
were aligned with 160 env sequences isolated at time of primo-infection from clade B -infected patients, with documented year (1990–2009) and
country (25 were from Europe, 113 from USA, 6 from Australia, 15 from Trinidad and 1 from Zambia) of infection. A neighbor-joining tree was
constructed using the MEGA software [89]. Open, grey filled and black filled circles identify the sequences derived from the historical, intermediate
and contemporary patients of our study, respectively. Bootstrap values above 70% are indicated.
doi:10.1371/journal.ppat.1003477.g004

Resistance to Neutralization of the HIV-1 Species
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Figure 5. Comparison of length and number of PNGS of gp120 sequences. The lengths [A] and numbers of PNGS [B] of gp120 and of each
of its variable loops were compared for early/transmitted viruses from historical patients (HP, n = 11), intermediate patients (IP, n = 15) and
contemporary patients (CP, n = 14). Each data point represents the value for one virus. The horizontal line represents the median value. Differences of
length or number of PNGS between viruses over calendar time were evaluated using a Jonckheere-Terpstra test.
doi:10.1371/journal.ppat.1003477.g005
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Figure 6. Relationship between resistance to HuMoNAbs and changes in envelope targeted residues. The 40 env sequences of viruses
from historical (HP), intermediate (IP) and contemporary patients (CP) were aligned with the HXB2 reference sequence. Key residues targeted by b12,
VRC01, VRC03 and/or NIH45-46 [A], PGT9, PG16 and/or PGT145 [B], and PGT121 and/or PGT128 [C] are presented. Identical residues are represented
by dots. Conserved and non-conserved residues are in grey and black, respectively. Substitutions previously shown to confer neutralization resistance
are in red. The neutralization sensitivity (IC50) of each HIV-1 variant is indicated for each HuMoNab. IC50 values are color coded with increasing darker
colors used to indicate increasing neutralization sensitivity.
doi:10.1371/journal.ppat.1003477.g006
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Discussion

There are strong evidences that HIV-1 evolves considerably

faster within hosts than it does at the population level [63,64]. The

preferential transmission of ancestral viruses, stored in long-lived

memory CD4+ T cells, may be an important factor contributing to

this difference of divergence [65,66]. However, several studies

suggested that there is still an evolution of HIV-1 at the population

level, which may have major implications in public health. Results

of a recent meta-analysis are consistent with an increased virulence

of HIV-1 over the course of the epidemic [67]. Complementary to

these analyses and focusing on the sensitivity to NAbs, Bunnik et al

suggested that HIV-1 was becoming more resistant to the humoral

immune response of the host at the populational level [50]. This

observation has importance for the fundamental knowledge on

host-pathogen interactions, but also may have major consequences

for prophylactic antibody-based interventions [68]. In the present

study, we validated the reality of the phenomenon and bring

detailed descriptive elements. This was made possible through the

availability of samples collected at time of primary infection at

three different calendar periods of the epidemic, spanning more

than 20 years, and the recent availability of a large panel of

extremely potent HuMoNAbs [38–41]. We found a continuous

enhanced resistance of HIV-1 to antibody neutralization over

time. This effect was observable for both polyclonal antibodies

present in pools of sera from HIV-1 chronically infected patients

and most of the HuMoNAbs targeting distinct epitopes of gp120.

It included VRC01, VRC03, NIH45-46G54W and b12 which

target the CD4-binding site, PG9, PG16 and PGT145 which

recognize a glycan-dependant epitope in V1/V2, and PGT121

and PGT128 which target a glycan-dependant epitope in V3. In

contrast, no increasing resistance was observed for the gp41-

directed HuMoNAbs 2F5 and 4E10. Therefore, our data

strengthen the previous results of Bunnik et al [50,51]. Interestingly

enough, consistent findings were obtained between these two

studies despite the use of a different methodology, a peripheral

Figure 7. Decreasing immunogenicity of clade B HIV-1 variants in term of NAbs induction over the course of the epidemic. [A and B]
Comparison of the frequencies of detection of NAbs [A] and of NAbs titers [B] against 6 heterologous subtype B isolates (BX08, 92BR020, QH0692.42,
AC10.0.29, RHPA4259.7 and REJO4541.67) in sera from clade B chronically infected patients at the two extreme periods of the study i.e. 1987–1991
(n = 30) and 2003–2007 (n = 30). Differences in the frequency of detection and the titers of NAbs among sera from the two groups of patients were
compared by Chi2 or ANOVA tests after adjustment for the strain, respectively. [C] Comparison of the neutralization breadth between the sera of the
two periods. Each point represents the value for one serum. [D] Comparison of the potency scores (see methods) between the sera of the two
periods. Box plots show the distribution of potency scores of each group of sera; the horizontal lines represent the 10th, median and 90th percentiles.
Differences between breadth and potency score between the two groups of sera were evaluated using a Wilcoxon signed ranked test.
doi:10.1371/journal.ppat.1003477.g007
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blood mononuclear cells neutralization assay using primary viruses

in the previous study versus a TZM-bl assay using pseudotyped

viruses in the present study. Both studies focused on the sensitivity

to neutralization of early/transmitted viruses, these variants being

those selected during primary infection and therefore those that

should be preferentially targeted in any prophylactic intervention.

In order to limit the bias that could be introduced in such a study,

we paid special attention to select samples which were collected as

soon as possible after diagnosis of acute infection, or early

seroconversion, from a similar transmission group of patients

(MSM), with comparable genetic background (Caucasian), and

before introduction of any antiretroviral treatment. In addition,

our study that covers three periods allows to demonstrate

convincingly the dynamic of the enhanced resistance of HIV-1

to the neutralizing response of the host species.

Bunnick et al identified an enhanced resistance of HIV-1 to

HuMoNAbs targeting the CD4 binding site, b12 and VRC01, and

a trend towards enhanced resistance to PG16 [50,51]. Our study

revealed that the enhanced resistance of HIV-1 to neutralization at

the population level is not restricted to the CD4-binding site but

extends to the conformational glycan-dependant epitopes of the

newly described potent HuMoNAbs. This was particularly evident

for the HuMoNAbs PG9, PG16 and PGT145 that target the V1/

V2 loops, and to a lesser extend for the HuMoNAbs PGT121 and

PGT128 that target the V3 loop. The entire set of data suggests

that the neutralization escape (or less sensitive) variants persist over

time either because this evolution does not affect significantly the

viral fitness, or more likely because evolution is constrained

through the acquisition of compensatory mutations [69]. However

there is not yet any clear answer to that question since several

recent reports suggested that HIV-1 was able to escape autologous

broadly NAbs without any reduction in fitness [70,71] whereas

others suggested that escape mutations resulted in a decreased

ability of the virus to replicate in vivo [72,73].

We tried to explore the molecular mechanisms underlying the

enhanced neutralization resistance of HIV-1. We did not find any

global changes in the viral envelope when we compared lengths

and numbers of PNGS of either the entire gp120 sequences or

each variable loop. This contrasted with previous observations

made by Bunnik et al. who found that the increased neutralization

resistance of HIV-1 coincided with longer V1 regions and more

PNGS in this region [50]. The limited number of samples used in

both studies may explain the lack of consensus. Alternatively, the

difference might be attributed to the nature of the populations,

maybe more restricted in the Amsterdam cohort than in our

sample of patients enrolled in the entire country. When focusing

on residues or regions targeted by each HuMoNAb, we did not

identify any signature pattern in sequences from contemporary

patients that could explain their increased resistance. Nevertheless,

a few substitutions previously described as being associated to

resistance were present in several of our resistant viruses. For

instance, variants lacking the PNGS residue at position N160 were

resistant to PG9, PG16 and PGT145, or variants with a shift of a

PNGS from position N332 to N334 were resistant to PGT121 and

PGT128 [41,48,49,59,60]. Although these mutations were present

in some viruses, they were not sufficient to explain the observed

difference in neutralization sensitivity between viruses from

historical and contemporary patients. Thus, some HIV-1 variants

were found to be resistant despite having conserved residues at key

positions required for neutralization suggesting that other molec-

ular determinants should be involved.

Our study focused on subtype B HIV-1 variants issued from

French patients. A phylogenetic analysis of the gp160 sequences of

these variants with a large series of gp160 sequences issued from

clade B variants isolated at the time of primary infection from

patients of various geographic origins, suggested that our variants

did not belong to a genetically-restricted subset of viruses, but

could be considered as representative of the global evolution of

clade B viruses worldwide over the three last decades. Taken

together, the first study by Bunnik et al. and our independent work,

performed in two different countries, suggest that the increased

neutralization resistance of subtype B HIV-1 variants over the

course of the epidemic is a global phenomenon. We cannot draw

any conclusion about the evolution of the neutralization properties

of other HIV-1 clades, even if a similar trend can be expected

since it can be considered that they have been exposed to similar

host selective pressures.

Despite the increased neutralization resistance of HIV-1 over

time, four HuMoNAbs, NIH45-46G54W, VRC01, PGT121 and

PGT128, still displayed an important efficacy against the HIV-1

variants from contemporary patients. They neutralized from 78.6

to 85.7% of variants at concentrations #10 mg/mL and from 42.9

to 78.6% at concentrations #1 mg/mL, even if the breadth of

VRC01 was approximately 2-fold lower than previously reported

[39,59,60]. In contrast, a lower neutralization breadth was

observed for PG9, PG16, PGT145, PGT135 and VRC03, which

neutralized only from 21.4 to 57.1% of the contemporary HIV-1

variants at concentrations #10 mg/mL and from 7.1 to 42.9% at

concentrations #1 mg/mL. The neutralization breadth of PG9,

PG16 and PGT145 was 4- to 5-fold lower than in previous reports

which included viruses from various calendar periods

[38,41,59,60]. In a vaccinal perspective, this emphasizes the

importance of having an updated panel of circulating viruses to

identify the epitope specificities that must be targeted preferen-

tially. We next sought to determine which combination of

HuMoNabs would provide the best neutralization coverage

toward the contemporary HIV-1 variants with the best potency.

An IC50 heatmap analysis showed that the engineered antibody

NIH45-46G54W was the broadest and most potent antibody. It

neutralized all HIV-1 variants except two. These two NIH45-

46G54W-resistant variants were neutralized potently by PGT128,

suggesting that combining NIH45-46G54W with PGT128 would

efficiently neutralize most variants. NIH45-46G54W is an engi-

neered mutant derived from a clonal variant of VRC01, whose

substitution of a tryptophan for a glycine at position 54 was found

to increase its potency to about tenfold [40]. As expected, VRC01,

the natural counterpart, showed the same neutralization breadth

but a lower potency, suggesting that higher concentrations of a

combination of VRC01 with PGT128 would be necessary to

achieve similar neutralization. These assumptions were confirmed

experimentally using mixtures of NIH45-46G54W and PGT128

and of VRC01 and PGT128, showing the complementary effect of

these antibodies. In addition, our experimental data clearly

indicate that the two complementary categories of antibodies do

not compete by steric hindrance and may be efficient in ‘‘real-life’’

conditions. These results are encouraging since a recent study

showed that this combination neutralized 96% of a panel of 45

viruses of diverse subtypes [60]. However, most of the studied

variants included in that study were issued from patients who had

been infected more than 15 years ago. Recent advances in vector-

mediated immunoprophylaxis suggest that this gene therapy-based

approach could be a promising strategy to bypass the natural

immune response and deliver broadly NAbs, thus conferring a

sterilizing protection [8,11,74]. In this context, our data support

that a NIH45-46G54W–PGT128 combination should be included

in future human trials of immunoprophylaxis.

In addition, to verify whether the evolution of HIV-1 towards

enhanced resistance to neutralization has coincided with a poorer
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capability to induce NAbs, we compared the neutralizing activity

of sera from 60 HIV-1 infected patients enrolled at the two

extreme periods of the study (1987–1991; 2003–2007). Again, we

took a special attention to select samples from patients that would

be as comparable as possible. Serum samples were collected at

least 3 years (extremes: 35–52 months) after diagnosis of acute

infection from patients of similar transmission group (MSM),

infected by a clade B virus, with comparable genetic background

(Caucasian), and before introduction of any antiretroviral treat-

ment. This delay was selected based on the facts that NAbs, when

present, are usually detected after 2 to 3 years, and that many

patients were treated passed this delay. We observed a significant

reduction of the neutralizing activity of sera from individuals

infected later in the epidemic (2003–2007) (lower frequency/titers

of heterologous NAbs and reduced neutralization breadth) when

compared to that of sera from patients infected earlier in the

epidemic (1987–1991). Although the median time of collection

differed by 4.5 months between the 1987–1991 sera and those of

2003–2007 it can be postulated that a so slight difference should

not have any impact on the results. As similar observations were

reported by Bunnik et al. [50], the data suggest collectively that the

increasing resistance of the HIV-1 viral species to antibody

neutralization would be associated to a lowered immunogenicity.

In conclusion, our results confirm a clear continuous and

progressive enhanced resistance of HIV-1 to neutralization over

time, providing evidence for an ongoing adaptation of the HIV-1

species to the humoral immunity of the human hosts over the

course of the epidemic. However, despite this HIV-1 evolution, we

found that one combination of two HuMoNAbs still should

neutralize all the most recently circulating clade B variants, even at

a relatively low concentration. These data provide a rationale for

the selection of the HuMoNAbs that should be preferentially used

for HIV immunoprophylaxis. They also suggest that a regular

surveillance of the sensitivity to neutralization of the most recent

transmitted variants will be necessary in the future, especially if

this drift toward an enhanced resistance is also observed for other

prevalent HIV-1 clades in other regions of the world.

Materials and Methods

Ethics statements
Ethic national committees approvals were obtained for the two

cohorts [SEROCO: Commission Nationale de l’Informatique et

des Libertés (CNIL); PRIMO: Comité Consultatif de Protection

des Personnes dans la Recherche Biomédicale (CCPPRB) Paris-

Cochin and Comité de Protection des Personnes (CPP) Ile de

France III] and all patients gave written informed consent to

participate in the cohort.

Study population
The evolution of the neutralization sensitivity of variants present

at time of HIV-1 primary infection was analyzed on plasma

samples collected from historical (HP), intermediate (IP) and

contemporary patients (CP) enrolled in two cohorts. HP were

enrolled in the ANRS SEROCO CO2 cohort [75] whereas IP and

CP were enrolled in the ANRS PRIMO CO6 cohort [76]. In

order to be as comparable as possible, samples were selected from

MSM, all Caucasian and infected by a subtype B virus. Viruses

from 40 patients were studied: 11 infected between 1987 and 1991

(HP), 15 infected between 1996 and 2000 (IP) and 14 between

2006 and 2010 (CP) (Table S1). The estimated date of infection

was defined as the onset of symptoms minus 15 days for patients

with symptomatic primary infection, or the date of incomplete

western blot (presence of antibodies to gp160 and P24) minus 1

month, or the midpoint between a negative and a positive ELISA

result for asymptomatic patients [77–79].

The evolution of HIV immunogenicity was studied using serum

samples from clade B-infected patients enrolled in the same two

cohorts. They were infected either between 1987 and 1991

(n = 30; early period) or between 2003 and 2007 (n = 30; late

period). All patients were MSM, of Caucasian origin and none of

them received an antiretroviral therapy before the date of serum

samples used for this study. The selected serum samples were

collected at least three years after infection (Table S2). This delay

was chosen for two reasons. First, it is usually considered that 3

years are sufficient to detect NAbs. Second, many patients started

to be treated after this delay. As shown in Table S2, the delay since

infection, the virus load and the CD4+ T-cell count at time of

sample collection were similar in both groups of patients.

Nucleic acid extraction, PCR and cloning
HIV-1 RNA was extracted from plasma using the QIAamp

Viral RNA Mini Kit (Qiagen). Full length (gp160) env genes were

amplified by nested RT-PCR using group M env-specific

degenerated primers. The outer primers pair was ExtM5 (59-

ATGGCAGGAAGAAGCGGARRC-39) and ExtM3 (59-

CTTRTAAGTCATTGGTCTTAAA-GGYAG-39) and the inner

primers pair was IntM5XE (59-AATTCTCGAGAATTCAGAAA-

GAGCAGAAGACAGTGGCAATG-39) containing XhoI (itali-

cized) and EcoRI (underlined) sites and IntM3MX (59-

GGCCACGCGTCTAGACTACTTTTTGACCACTTGCCMC-

CCAT-39) containing MluI (italicized) and XbaI (underlined) sites.

Reverse transcription (RT) was carried out using outer primer

ExtM3 and the Superscript III First strand synthesis system

(Invitrogen). It was followed by the first round of PCR, using the

Platinium PCR SuperMix High Fidelity (Invitrogen) with the

following conditions: 2 min at 94uC, then 35 cycles of 15 s at

94uC, 30 s at 55uC and 3 min at 68uC, and a final extension step

of 10 min at 68uC. A 5 ml aliquot of the products from the first

round of PCR was then used as template for the second round of

amplification under the same cycling conditions. The amplifica-

tion products were libraries of env genes that represented the

diversity of the viral env sequences present in the patient

population. Each fragment was approximately 2.6 kb in length,

spanning the entire open reading frame of the HIV-1 gp160

polyprotein. PCR amplification products were digested with XhoI

and XbaI or XhoI and MluI restriction enzymes (New England

Biolabs), purified by agarose gel electrophoresis, and ligated into

XhoI and XbaI or XhoI and MluI digested pCI mammalian

expression vector (Promega). The resulting pCI-env plasmids

representing the amplified virus populations were propagated by

transformation of Electromax DH5a electrocompetent Escherichia

coli (Invitrogen). Library of pCI-env plasmids were purified from

transformed cultures using silica column chromatography (Ma-

cherey-Nagel).

Env-pseudotyped virus production and titration
Env-pseudotyped viruses were produced as previously described

[23] by cotransfecting 36106 293T cells with 4 mg of each patient-

derived pCI-env library or of each pCDNA3.1-env clone (reference

env clones of clade B with moderate - tier 2 - sensitivity to

neutralization: QH0692.42, AC10.0.29, RHPA4259.7 or

REJO4541.67; NIH AIDS Reagent Program) and 8 mg of

pNL4.3.LUC.R_E_[80] using FuGene-6 transfection reagent

(Promega). Virus stocks were harvested 72 h later, purified by

filtration (0.45 mm filter) and stored as aliquots at 280uC. Viral

infectivity was monitored by infection of 16104 TZM-bl cells, with

serial fivefold dilutions of viral supernatants in quadruplicate, in
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the presence of 30 mg/ml DEAE-dextran. Infection levels were

determined after 48 h by measuring the luciferase activity of cell

lysates using the Bright-Glo luciferase assay (Promega) and a

Centro LB 960 luminometer (Berthold Technologies) [81]. Wells

producing relative luminescence units (RLU) .2,5 times the

background were scored as positive. The TCID50 was calculated

as described previously [82].

HIV-1 primary isolates production and titration
The primary isolates BX08 and 92BR020 were used as

reference tier 2 strains [30,61,62]. Virus stocks were prepared by

passaging isolates once or twice on phytohemagglutinin-stimulated

peripheral blood mononuclear cells and stored as aliquots at

280uC. Viral infectivity was monitored as described above for

Env-pseudotyped viruses.

Neutralization assay
Sensitivity to heterologous sera and/or to HuMoNAbs of the

pseudotyped viruses and of the primary isolates was assessed in

duplicate in TZM-bl cells [83,84]. After titration, virus stocks were

diluted to 400 TCID50/mL. Aliquots of 50 mL were then

incubated for 1 h at 37uC with 50 mL of either 3-fold serial

dilutions of heat inactivated serum samples (1:20 to 1:540), b12,

4E10, 2G12, 2F5 (50 mg/ml to 0.022 mg/ml, Polymun Scientific),

or PGT121, PGT128, PGT135, PGT145, PG9, PG16, NIH45-

46G54W, VRC01 and VRC03 (10 mg/ml to 0.0046 mg/ml, IAVI

and NIH AIDS Reagent Program). The virus-antibody mixture

was then used to infect 10,000 TZM-bl cells in the presence of

30 mg/ml DEAE-dextran. Infection levels were determined after

48 h by measuring the luciferase activities of cell lysates, as

described above. Results were expressed as mean values. IC50

values were defined as the reciprocal of the serum dilution or the

antibody concentration required to reduce RLUs by 50%. For

immunogenicity studies, the potency score of each serum was

calculated by summing the IC50 values obtained for each virus

divided by the median IC50 value for each virus across all serum

samples [85].

Sequence analysis
All env PCR products were sequenced according to the Dye

Terminator cycle sequencing protocol (Applied Biosystems, Foster

City, Calif.). All sequences have been submitted to GenBank and

assigned accession numbers KC699001 to KC699040. Sequence

alignments were performed using ClustalW in the software

package of BioEdit 7.1.11 and edited manually. Amino acid

positions were identified by the use of standard HxB2 numbering.

Potential N-linked glycosylation sites (PNGS) were identified using

N-Glycosite tool at the HIV database website (http://www.hiv.

lanl.gov/content/sequence/GLYCOSITE/glycosite.html). The

env sequences corresponded to the population-based sequencing

for each patient. Extensive studies have previously shown that the

viral population present early after infection is highly homoge-

neous, in most of the cases represented by only one or a few

variants [56,86]. Although the goal of our study was not to analyze

in depth the diversity of the viral population in each patient, our

careful examination of the sequencing profiles suggested that the

population was highly homogeneous in each case.

Phylogenetic analysis was inferred using the Minimum Evolu-

tion method [87]. The tree was drawn to scale, with branch

lengths in the same units as those of the distances used to infer the

phylogenetic tree. The distances were computed using the

Maximum Composite Likelihood method [88] and are in the

units of the number of base substitutions per site. Evolutionary

analyses were conducted in MEGA5 [89]. A total of 200

nucleotide env sequences were included in the analysis. Forty

sequences were derived from our study and 160 sequences were

downloaded from the HIV database website (http://www.hiv.lanl.

gov/). These sequences were selected based on the following

criteria: they were issued from clade B infected patients at time of

primary infection, with a documented year of isolation between

1990 and 2009 and a documented geographical origin (25 were

from Europe, 113 from USA, 6 from Australia, 15 from Trinidad

and 1 from Zambia). There was only one sequence per patient.

Statistical analysis
Differences in IC50 values, length of envelope regions and

numbers of PNGS between viruses from HP (1987–1991), IP

(1996–2000) and CP (2006–2010) were evaluated using a non-

parametric Jonckheere-Tersptra test for trend. For calculations,

viruses with IC50 .10 or ,0.0045 (for PGT121, PGT128,

PGT135, PGT145, PG9, PG16, NIH45-46G54W, VRC01 and

VRC03), .50 or ,0.02 (for b12, 4E10, 2G12, 2F5), ,20 or .540

(for sera) were assigned a value of 10 or 0.0015, 50 or 0.0076, and

6.66 or 540, respectively. The evolution of the neutralization

coverage of viruses from HP to CP by the pools of sera and the

HuMoNAbs was evaluated using a Chi2 test for trend. The

frequency of detection and the titers of NAbs among sera from

patients infected in 1987–1991 compared to those from 2003–

2007 were tested by Chi2 or ANOVA tests after adjustment for the

strain (n = 6 strains), respectively. Finally, the neutralization

breadth and the potency score of the two groups of sera were

compared using a Wilcoxon signed ranked test.

Supporting Information

Table S1 Characteristics of historical, intermediate and con-

temporary patients from whom Env-pseudotyped viruses were

generated.

(DOC)

Tables S2 Characteristics of HIV-1 chronically infected patients

from whom sera were used for analysis of the neutralizing activity.

(DOC)

Table S3 Sensitivity to neutralization [IC50 titers (mg/mL)] of

HIV-1 pseudoviruses from contemporary, intermediate and

historical patients to two pools of sera from patients infected

chronically by HIV-1 at two calendar periods (1987–1991 and

2003–2007).

(DOC)

Table S4 Sensitivity to neutralization [IC50 titers (mg/mL)] of

HIV-1 clade B variants to sera from patients infected by HIV-1 at

two calendar periods (1987–1991 and 2003–2007).

(DOC)

Acknowledgments

We thank Marie-Laure Chaix, Christine Rouzioux and Christiane Devaux

for helpful discussion during the design of the study, Pascal Poignard and

IAVI for providing us with PG9, PG16, PGT121, PGT128, PGT135 and

PGT145, and Eric Piver for his help in statistical analyses. We thank the

patients and clinicians who participated in the ANRS SEROCO CO2 and

PRIMO CO6 cohorts. The following reagents were obtained through the

NIH AIDS Research and Reference Reagent Program, Division of AIDS,

NIAID, NIH: pNL4.3.LUC.R-E- from Nathaniel Landau; TZM-bl cells

from John C. Kappes, Xiaoyun Wu, and Tranzyme Inc.; VRC01 and

VRC03 from Dr. John Mascola; NIH45-46G54W from Dr. Pamela

Bjorkman; QH0692.42 and AC10.0.29 from Drs. David Montefiori, Feng

Gao and Ming Li; RHPA4259.7 and REJO4541.67 from Drs. B.H. Hahn

and J.F. Salazar-Gonzales; 92BR020 from the UNAIDS Network for HIV

Isolation and Characterization.

Resistance to Neutralization of the HIV-1 Species

PLOS Pathogens | www.plospathogens.org 13 July 2013 | Volume 9 | Issue 7 | e1003477



Author Contributions

Conceived and designed the experiments: FB MB. Performed the

experiments: MBP MM AM CS. Analyzed the data: MBP MM AM PJ

LT CG LM FB MB. Wrote the paper: MBP FB MB. Selection and

characterization of plasma and serum samples: LT CG LM.

References

1. Mascola JRJ, Lewis MGM, Stiegler GG, Harris DD, VanCott TCT, et al. (1999)

Protection of Macaques against pathogenic simian/human immunodeficiency
virus 89.6PD by passive transfer of neutralizing antibodies. J Virol 73: 4009–

4018.

2. Shibata R, Igarashi T, Haigwood N, Buckler-White A, Ogert R, et al. (1999)
Neutralizing antibody directed against the HIV-1 envelope glycoprotein can

completely block HIV-1/SIV chimeric virus infections of macaque monkeys.

Nat Med 5: 204–210.

3. Baba TW, Liska V, Hofmann-Lehmann R, Vlasak J, Xu W, et al. (2000)
Human neutralizing monoclonal antibodies of the IgG1 subtype protect against

mucosal simian-human immunodeficiency virus infection. Nat Med 6: 200–206.

4. Mascola JR, Stiegler G, VanCott TC, Katinger H, Carpenter CB, et al. (2000)
Protection of macaques against vaginal transmission of a pathogenic HIV-1/SIV

chimeric virus by passive infusion of neutralizing antibodies. Nat Med 6: 207–
210.

5. Parren PWHI, Marx PA, Hessell AJ, Luckay A, Harouse J, et al. (2001)

Antibody Protects Macaques against Vaginal Challenge with a Pathogenic R5
Simian/Human Immunodeficiency Virus at Serum Levels Giving Complete

Neutralization In Vitro. J Virol 75: 8340–8347.

6. Hessell AJ, Rakasz EG, Poignard P, Hangartner L, Landucci G, et al. (2009)
Broadly neutralizing human anti-HIV antibody 2G12 is effective in protection

against mucosal SHIV challenge even at low serum neutralizing titers. PLoS

Pathog 5: e1000433.

7. Hessell AJ, Poignard P, Hunter M, Hangartner L, Tehrani DM, et al. (2009)

Effective, low-titer antibody protection against low-dose repeated mucosal SHIV

challenge in macaques. Nat Med 15: 951–954.

8. Balazs AB, Chen J, Hong CM, Rao DS, Yang L, et al. (2011) Antibody-based
protection against HIV infection by vectored immunoprophylaxis. Nature 481:

81–84.

9. Klein F, Halper-Stromberg A, Horwitz JA, Gruell H, Scheid JF, et al. (2012)
HIV therapy by a combination of broadly neutralizing antibodies in humanized

mice. Nature 492: 118–122.

10. Moldt B, Rakasz EG, Schultz N, Chan-Hui PY, Swiderek K, et al. (2012) Highly
potent HIV-specific antibody neutralization in vitro translates into effective

protection against mucosal SHIV challenge in vivo. Proc Natl Acad Sci USA
109: 18921–18925.

11. Balazs AB, West AP (2013) Antibody gene transfer for HIV immunoprophylaxis.

Nat Immunol 14: 1–5.

12. Richman DD, Wrin T, Little SJ, Petropoulos CJ (2003) Rapid evolution of the
neutralizing antibody response to HIV type 1 infection. Proc Natl Acad Sci U S A

100: 4144–4149.

13. Wei X, Decker JM, Wang S, Hui H, Kappes JC, et al. (2003) Antibody
neutralization and escape by HIV-1. Nature 422: 307–312.

14. Tomaras GD, Yates NL, Liu P, Qin L, Fouda GG, et al. (2008) Initial B-Cell

Responses to Transmitted Human Immunodeficiency Virus Type 1: Virion-
Binding Immunoglobulin M (IgM) and IgG Antibodies Followed by Plasma

Anti-gp41 Antibodies with Ineffective Control of Initial Viremia. J Virol 82:

12449–12463.

15. McMichael AJ, Borrow P, Tomaras GD, Goonetilleke N, Haynes BF (2009) The

immune response during acute HIV-1 infection: clues for vaccine development.

Nat Rev Immunol 10: 11–23.

16. Alter G, Moody MA (2010) The Humoral Response to HIV-1: New Insights,

Renewed Focus. J Infect Dis 202: S315–S322.

17. Haynes BF, Moody MA, Liao H-X, Verkoczy L, Tomaras GD (2011) B cell

responses to HIV-1 infection and vaccination: pathways to preventing infection.
Trends Mol Med 17: 108–116.

18. Li B, Decker JM, Johnson RW, Bibollet-Ruche F, Wei X, et al. (2006) Evidence

for Potent Autologous Neutralizing Antibody Titers and Compact Envelopes in
Early Infection with Subtype C Human Immunodeficiency Virus Type 1. J Virol

80: 5211–5218.

19. Gray ES, Moore PL, Pantophlet RA, Morris L (2007) N-Linked Glycan
Modifications in gp120 of Human Immunodeficiency Virus Type 1 Subtype C

Render Partial Sensitivity to 2G12 Antibody Neutralization. J Virol 81: 10769–
10776.

20. Bunnik EM, Pisas L, van Nuenen AC, Schuitemaker H (2008) Autologous

Neutralizing Humoral Immunity and Evolution of the Viral Envelope in the
Course of Subtype B Human Immunodeficiency Virus Type 1 Infection. J Virol

82: 7932–7941.

21. Blish C, Blay W, Haigwood N, Overbaugh J (2007) Transmission of HIV-1 in
the Face of Neutralizing Antibodies. Curr HIV Res 5: 578–587.

22. Piantadosi A, Chohan B, Chohan V, McClelland RS, Overbaugh J (2007)

Chronic HIV-1 Infection Frequently Fails to Protect against Superinfection.
PLoS Pathog 3: e177.

23. Braibant M, Xie J, Samri A, Agut H, Autran B, et al. (2010) Disease progression

due to dual infection in an HLA-B57-positive asymptomatic long-term

nonprogressor infected with a nef-defective HIV-1 strain. Virology 405: 81–92.

24. Frost SDW (2005) Neutralizing antibody responses drive the evolution of human

immunodeficiency virus type 1 envelope during recent HIV infection. Proc Natl

Acad Sci USA 102: 18514–18519.

25. Mahalanabis M, Jayaraman P, Miura T, Pereyra F, Chester EM, et al. (2008)

Continuous Viral Escape and Selection by Autologous Neutralizing Antibodies

in Drug-Naive Human Immunodeficiency Virus Controllers. J Virol 83: 662–

672.

26. Tremblay M, Wainberg MA (1990) Neutralization of Multiple HIV-1 Isolates

from a Single Subject by Autologous Sequential Sera. J Infect Dis 162: 735–737.

27. Sagar M, Wu X, Lee S, Overbaugh J (2006) Human Immunodeficiency Virus

Type 1 V1-V2 Envelope Loop Sequences Expand and Add Glycosylation Sites

over the Course of Infection, and These Modifications Affect Antibody

Neutralization Sensitivity. J Virol 80: 9586–9598.

28. Rong R, Li B, Lynch RM, Haaland RE, Murphy MK, et al. (2009) Escape from

autologous neutralizing antibodies in acute/early subtype C HIV-1 infection

requires multiple pathways. PLoS Pathog 5: e1000594.

29. Braibant M, Brunet S, Costagliola D, Rouzioux C, Agut H, et al. (2006)

Antibodies to conserved epitopes of the HIV-1 envelope in sera from long-term

non-progressors: prevalence and association with neutralizing activity. AIDS 20:

1923–1930.

30. Simek MD, Rida W, Priddy FH, Pung P, Carrow E, et al. (2009) Human

Immunodeficiency Virus Type 1 Elite Neutralizers: Individuals with Broad and

Potent Neutralizing Activity Identified by Using a High-Throughput Neutral-

ization Assay together with an Analytical Selection Algorithm. J Virol 83: 7337–

7348.

31. Gray ES, Madiga MC, Hermanus T, Moore PL, Wibmer CK, et al. (2011) The

Neutralization Breadth of HIV-1 Develops Incrementally over Four Years and

Is Associated with CD4+ T Cell Decline and High Viral Load during Acute

Infection. J Virol 85: 4828–4840.

32. Mikell I, Sather DN, Kalams SA, Altfeld M, Alter G, et al. (2011) Characteristics

of the earliest cross-neutralizing antibody response to HIV-1. PLoS Pathog 7:

e1001251.

33. Muster T, Steindl F, Purtscher M, Trkola A, Klima A, et al. (1993) A conserved

neutralizing epitope on gp41 of human immunodeficiency virus type 1. J Virol

67: 6642–6647.

34. Roben P, Moore JP, Thali M, Sodroski J, Barbas CF, et al. (1994) Recognition

properties of a panel of human recombinant Fab fragments to the CD4 binding

site of gp120 that show differing abilities to neutralize human immunodeficiency

virus type 1. J Virol 68: 4821–4828.

35. Trkola A, Purtscher M, Muster T, Ballaun C, Buchacher A, et al. (1996) Human

monoclonal antibody 2G12 defines a distinctive neutralization epitope on the

gp120 glycoprotein of human immunodeficiency virus type 1. J Virol 70: 1100–

1108.

36. Zwick MB, Labrijn AF, Wang M, Spenlehauer C, Saphire EO, et al. (2001)

Broadly Neutralizing Antibodies Targeted to the Membrane-Proximal External

Region of Human Immunodeficiency Virus Type 1 Glycoprotein gp41. J Virol

75: 10892–10905.

37. Binley JM, Wrin T, Korber B, Zwick MB, Wang M, et al. (2004)

Comprehensive cross-clade neutralization analysis of a panel of anti-human

immunodeficiency virus type 1 monoclonal antibodies. J Virol 78: 13232–13252.

38. Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, et al. (2009) Broad

and Potent Neutralizing Antibodies from an African Donor Reveal a New HIV-

1 Vaccine Target. Science 326: 285–289.

39. Wu X, Yang Z-Y, Li Y, Hogerkorp C-M, Schief WR, et al. (2010) Rational

design of envelope identifies broadly neutralizing human monoclonal antibodies

to HIV-1. Science 329: 856–861.

40. Diskin R, Scheid JF, Marcovecchio PM, West AP, Klein F, et al. (2011)

Increasing the Potency and Breadth of an HIV Antibody by Using Structure-

Based Rational Design. Science 334: 1289–1293.

41. Walker LM, Huber M, Doores KJ, Falkowska E, Pejchal R, et al. (2011) Broad

neutralization coverage of HIV by multiple highly potent antibodies. Nature

477: 466–470.

42. Li Y, Migueles SA, Welcher B, Svehla K, Phogat A, et al. (2007) Broad HIV-1

neutralization mediated by CD4-binding site antibodies. Nat Med 13: 1032–

1034.

43. Li Y, Svehla K, Louder MK, Wycuff D, Phogat S, et al. (2008) Analysis of

Neutralization Specificities in Polyclonal Sera Derived from Human Immuno-

deficiency Virus Type 1-Infected Individuals. J Virol 83: 1045–1059.

44. Binley JM, Ban YEA, Crooks ET, Eggink D, Osawa K, et al. (2010) Role of

Complex Carbohydrates in Human Immunodeficiency Virus Type 1 Infection

and Resistance to Antibody Neutralization. J Virol 84: 5637–5655.

45. Walker LM, Simek MD, Priddy F, Gach JS, Wagner D, et al. (2010) A Limited

Number of Antibody Specificities Mediate Broad and Potent Serum Neutral-

ization in Selected HIV-1 Infected Individuals. PLoS Pathog 6: e1001028.

Resistance to Neutralization of the HIV-1 Species

PLOS Pathogens | www.plospathogens.org 14 July 2013 | Volume 9 | Issue 7 | e1003477



46. Zhou T, Georgiev I, Wu X, Yang ZY, Dai K, et al. (2010) Structural Basis for

Broad and Potent Neutralization of HIV-1 by Antibody VRC01. Science 329:
811–817.

47. Scheid JF, Mouquet H, Ueberheide B, Diskin R, Klein F, et al. (2011) Sequence

and Structural Convergence of Broad and Potent HIV Antibodies That Mimic
CD4 Binding. Science 333: 1633–1637.

48. McLellan JS, Pancera M, Carrico C, Gorman J, Julien J-P, et al. (2011)
Structure of HIV-1 gp120 V1/V2 domain with broadly neutralizing antibody

PG9. Nature 480: 336–343.

49. Pejchal R, Doores KJ, Walker LM, Khayat R, Huang PS, et al. (2011) A Potent
and Broad Neutralizing Antibody Recognizes and Penetrates the HIV Glycan

Shield. Science 334: 1097–1103.
50. Bunnik EM, Euler Z, Welkers MRA, Boeser-Nunnink BDM, Grijsen ML, et al.

(2010) Adaptation of HIV-1 envelope gp120 to humoral immunity at a
population level. Nat Med 16: 991–993.

51. Euler Z, Bunnik EM, Burger JA, Boeser-Nunnink BDM, Grijsen ML, et al.

(2011) Activity of Broadly Neutralizing Antibodies, Including PG9, PG16, and
VRC01, against Recently Transmitted Subtype B HIV-1 Variants from Early

and Late in the Epidemic. J Virol 85: 7236–7245.
52. Sanders RW, Venturi M, Schiffner L, Kalyanaraman R, Katinger H, et al.

(2002) The Mannose-Dependent Epitope for Neutralizing Antibody 2G12 on

Human Immunodeficiency Virus Type 1 Glycoprotein gp120. J Virol 76: 7293–
7305.

53. Zwick MB, Jensen R, Church S, Wang M, Stiegler G, et al. (2005) Anti-human
immunodeficiency virus type 1 (HIV-1) antibodies 2F5 and 4E10 require

surprisingly few crucial residues in the membrane-proximal external region of
glycoprotein gp41 to neutralize HIV-1. J Virol 79: 1252–1261.

54. Montero M, van Houten NE, Wang X, Scott JK (2008) The membrane-

proximal external region of the human immunodeficiency virus type 1 envelope:
dominant site of antibody neutralization and target for vaccine design. Microbiol

Mol Biol Rev 72: 54–84.
55. Korber B, Muldoon M, Theiler J, Gao F, Gupta R, et al. (2000) Timing the

ancestor of the HIV-1 pandemic strains. Science 288: 1789–1796.

56. Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, et al. (2008)
Identification and characterization of transmitted and early founder virus

envelopes in primary HIV-1 infection. Proc Natl Acad Sci USA 105: 7552–
7557.

57. Worobey M, Gemmel M, Teuwen DE, Haselkorn T, Kunstman K, et al. (2008)
Direct evidence of extensive diversity of HIV-1 in Kinshasa by 1960. Nature

455: 661–664.

58. Pantophlet R, Ollmann Saphire E, Poignard P, Parren PWHI, Wilson IA, et al.
(2003) Fine mapping of the interaction of neutralizing and nonneutralizing

monoclonal antibodies with the CD4 binding site of human immunodeficiency
virus type 1 gp120. J Virol 77: 642–658.

59. Doria-Rose NA, Georgiev I, O’Dell S, Chuang GY, Staupe RP, et al. (2012) A

Short Segment of the HIV-1 gp120 V1/V2 Region Is a Major Determinant of
Resistance to V1/V2 Neutralizing Antibodies. J Virol 86: 8319–8323.

60. Goo L, Jalalian-Lechak Z, Richardson BA, Overbaugh J (2012) A combination
of broadly neutralizing HIV-1 monoclonal antibodies targeting distinct epitopes

effectively neutralizes variants found in early infection. J Virol 86: 10857–10861.
61. Moog C, Fleury HJ, Pellegrin I, Kirn A, Aubertin AM (1997) Autologous and

heterologous neutralizing antibody responses following initial seroconversion in

human immunodeficiency virus type 1-infected individuals. J Virol 71: 3734–
3741.

62. Li M, Gao F, Mascola JR, Stamatatos L, Polonis VR, et al. (2005) Human
Immunodeficiency Virus Type 1 env Clones from Acute and Early Subtype B

Infections for Standardized Assessments of Vaccine-Elicited Neutralizing

Antibodies. J Virol 79: 10108–10125.
63. Hill AL, Rosenbloom DIS, Nowak MA (2012) Evolutionary dynamics of HIV at

multiple spatial and temporal scales. J Mol Med 90: 543–561.
64. Lythgoe KA, Fraser C (2012) New insights into the evolutionary rate of HIV-1 at

the within-host and epidemiological levels. Proc Biol Sci 279: 3367–3375.

65. Sagar M, Laeyendecker O, Lee S, Gamiel J, Wawer MJ, et al. (2009) Selection
of HIV Variants with Signature Genotypic Characteristics during Heterosexual

Transmission. J Infect Dis 199: 580–589.
66. Redd AD, Collinson-Streng AN, Chatziandreou N, Mullis CE, Laeyendecker O,

et al. (2012) Previously transmitted HIV-1 strains are preferentially selected
during subsequent sexual transmissions. J Infect Dis 206: 1433–1442.

67. Herbeck JT, Müller V, Maust BS, Ledergerber B, Torti C, et al. (2012) Is the

virulence of HIV changing? A meta-analysis of trends in prognostic markers of
HIV disease progression and transmission. AIDS 26: 193–205.

68. McCoy LE, Weiss RA (2013) Neutralizing antibodies to HIV-1 induced by
immunization. J Exp Med 210: 209–223.

69. Pingen M, Nijhuis M, de Bruijn JA, Boucher CAB, Wensing AMJ (2011)

Evolutionary pathways of transmitted drug-resistant HIV-1. J Antimicrob
Chemother 66: 1467–1480.

70. Frost SDW, Liu Y, Pond SLK, Chappey C, Wrin T, et al. (2005)

Characterization of Human Immunodeficiency Virus Type 1 (HIV-1) Envelope

Variation and Neutralizing Antibody Responses during Transmission of HIV-1
Subtype B. J Virol 79: 6523–6527.

71. van Gils MJ, Bunnik EM, Burger JA, Jacob Y, Schweighardt B, et al. (2010)

Rapid Escape from Preserved Cross-Reactive Neutralizing Humoral Immunity

without Loss of Viral Fitness in HIV-1-Infected Progressors and Long-Term
Nonprogressors. J Virol 84: 3576–3585.

72. Bar KJ, Tsao C-Y, Iyer SS, Decker JM, Yang Y, et al. (2012) Early Low-Titer

Neutralizing Antibodies Impede HIV-1 Replication and Select for Virus Escape.
PLoS Pathog 8: e1002721.

73. Sather DN, Carbonetti S, Kehayia J, Kraft Z, Mikell I, et al. (2012) Broadly
neutralizing antibodies developed by an HIV-positive elite neutralizer exact a

replication fitness cost on the contemporaneous virus. J Virol 86: 12676–12685.

74. Johnson PR, Schnepp BC, Zhang J, Connell MJ, Greene SM, et al. (2009)
Vector-mediated gene transfer engenders long-lived neutralizing activity and

protection against SIV infection in monkeys. Nat Med 15: 901–906.

75. Madec Y, Boufassa F, Avettand-Fenoel V, Hendou S, Melard A, et al. (2009)

Early control of HIV-1 infection in long-term nonprogressors followed since
diagnosis in the ANRS SEROCO/HEMOCO cohort. J Acquir Immune Defic

Syndr 50: 19–26.

76. Desquilbet L, Deveau C, Goujard C, Hubert J-B, Derouineau J, et al. (2002)

Increase in at-risk sexual behaviour among HIV-1-infected patients followed in
the French PRIMO cohort. AIDS 16: 2329–2333.

77. Ghosn J, Deveau C, Chaix ML, Goujard C, Galimand J, et al. (2010) Despite

being highly diverse, immunovirological status strongly correlates with clinical
symptoms during primary HIV-1 infection: a cross-sectional study based on 674

patients enrolled in the ANRS CO 06 PRIMO cohort. J Antimicrob Chemother

65: 741–748.

78. Hubert JB, Burgard M, Dussaix E, Tamalet C, Deveau C, et al. (2000) Natural
history of serum HIV-1 RNA levels in 330 patients with a known date of

infection. The SEROCO Study Group. AIDS 14: 123–131.

79. Goujard C, Bonarek M, Meyer L, Bonnet F, Chaix M-L, et al. (2006) CD4 cell

count and HIV DNA level are independent predictors of disease progression
after primary HIV type 1 infection in untreated patients. Clin Infect Dis 42:

709–715.

80. Connor RI, Chen BK, Choe S, Landau NR (1995) Vpr is required for efficient
replication of human immunodeficiency virus type-1 in mononuclear phago-

cytes. Virology 206: 935–944.

81. Montefiori DC (2009) Measuring HIV neutralization in a luciferase reporter

gene assay. Methods Mol Biol 485: 395–405.

82. Johnson VA, Byington RE (1990) Infectivity assay (virus yield assay). Aldovani A,
Walker BD, editors. Tech. in HIV Res. New York: Stockton Press. 6 pp.

83. Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, Kabat D (1998) Effects of
CCR5 and CD4 cell surface concentrations on infections by macrophagetropic

isolates of human immunodeficiency virus type 1. J Virol 72: 2855–2864.

84. Wei X, Decker JM, Liu H, Zhang Z, Arani RB, et al. (2002) Emergence of
resistant human immunodeficiency virus type 1 in patients receiving fusion

inhibitor (T-20) monotherapy. Antimicrob Agents Chemother 46: 1896–1905.

85. Lynch JB, Nduati R, Blish CA, Richardson BA, Mabuka JM, et al. (2011) The

breadth and potency of passively acquired human immunodeficiency virus type
1-specific neutralizing antibodies do not correlate with the risk of infant

infection. J Virol 85: 5252–5261.

86. Salazar-Gonzalez JF, Salazar MG, Keele BF, Learn GH, Giorgi EE, et al. (2009)

Genetic identity, biological phenotype, and evolutionary pathways of transmit-
ted/founder viruses in acute and early HIV-1 infection. J Exp Med 206: 1273–

1289.

87. Rzhetsky A, Nei M (1993) Theoretical foundation of the minimum-evolution
method of phylogenetic inference. Mol Biol Evol 10: 1073–1095.

88. Tamura K, Nei M, Kumar S (2004) Prospects for inferring very large
phylogenies by using the neighbor-joining method. Proc Natl Acad Sci U S A

101: 11030–11035.

89. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGA5:
molecular evolutionary genetics analysis using maximum likelihood, evolution-

ary distance, and maximum parsimony methods. Mol Biol Evol 28: 2731–2739.

Resistance to Neutralization of the HIV-1 Species

PLOS Pathogens | www.plospathogens.org 15 July 2013 | Volume 9 | Issue 7 | e1003477


