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Little is known about the stability of HIV-1 cross-neutralizing responses. Taking into account the fact that neutralization
breadth has been positively associated with plasma viral load, there is no explanation for the presence of broadly neutralizing
responses in a group of patients on treatment with undetectable viremia. In addition, the B-cell profile responsible for broadly
cross-neutralizing responses is unknown. Here we studied the evolution of neutralizing responses and the B-cell subpopulation
distribution in a group of patients with broadly cross-reactive HIV-1-neutralizing activity. We studied neutralization breadth
evolution in a group of six previously identified broadly cross-neutralizing patients and six control patients during a 6-year pe-
riod with a previously described minipanel of recombinant viruses from five different subtypes. B-cell subpopulation distribu-
tion during the study was also determined by multiparametric flow cytometry. Broadly cross-neutralizing activity was transient
in four broad cross-neutralizers and stable, up to 4.6 years, in the other two. In four out of five broad cross-neutralizers who ini-
tiated treatment, a neutralization breadth loss occurred after viremia had been suppressed for as much as 20 months. B-cell sub-
population analyses revealed a significant increase in the frequency of naive B cells in broadly cross-reactive samples, compared
with samples with less neutralization breadth (increased from 44% to 62%). We also observed a significant decrease in tissue-like
and activated memory B cells (decreased from 19% to 12% and from 17% to 9%, respectively). Our data suggest that HIV-1
broadly cross-neutralizing activity is variable over time and associated with detectable viremia and partial B-cell restoration.

Most successful vaccines induce neutralizing antibodies, and
their role in protective immunity is well established (1). Due

to the ability of viruses to evade antibody recognition, an anti-
body-based HIV-1 vaccine will likely require the induction of
broadly neutralizing antibodies (bNAbs). Development of an ef-
fective HIV-1 vaccine is especially challenging considering that the
virus has evolved several mechanisms to evade antibody-mediated
neutralization (1–4). Despite these mechanisms, many HIV-in-
fected individuals are able to generate neutralizing antibodies
(NAbs). In addition, some chronically infected patients are able to
mount a strong cross-reactive neutralizing response with the abil-
ity to neutralize several HIV-1 isolates from different clades (5–8).
The percentage of patients able to develop bNAbs is low but higher
than initially estimated. In some studies, sera from 10 to 25% of
the patients displayed broadly neutralizing activity (5–9).

Antibody responses against viral envelope glycoproteins
emerge during the first 2 weeks of HIV-1 infection. However,
these antibodies are nonneutralizing and fail to inactivate the in-
fecting virus (10, 11). Autologous neutralizing antibodies increase
in number during the first months of infection (12), and cross-
neutralizing antibody responses have been shown to emerge on
average at 2.5 years after infection (13). The subsequent evolution
of these responses in HIV-1-infected patients is not well under-
stood. Neutralization breadth has been positively correlated with
plasma viral load (5, 9, 13, 14). However, this correlation contrasts
with our report in which broad neutralizing responses were de-
tected in patients on combination antiretroviral therapy (cART),
despite having undetectable viremia (15). A better understanding
of how broadly cross-reactive neutralizing activity (bCrNA) de-

velops and evolves in infected patients may provide important
clues for vaccine design. To date, most of the studies analyzing the
breadth of neutralizing responses in HIV-1-infected patients have
been cross-sectional. Only a few studies have carried out a follow
up of these responses, and none of these studies included patients
on cART (5, 12, 13, 16, 17).

The frequency and phenotype of different B-cell subpopulations
in patients with bCrNA is another aspect that remains poorly under-
stood. Previous reports have shown that HIV-1 infection leads di-
rectly or indirectly to several perturbations on most immune system
cells, including B lymphocytes. It has been hypothesized that ongoing
HIV-1 replication produces B-cell abnormalities, such as increases in
the production of IgG (hypergammaglobulinemia) (18, 19), in-
creases in polyclonal activation (20), increases in cell turnover (20,
21), increases in expression of activation markers (22, 23), increases
in the differentiation of B cells in plasmablasts (4, 24, 40), augmented
B-cell autoreactivity (25), and increases in the frequency of B-cell
malignancies and imbalance of different B-cell subpopulations (26,
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27). Many of these defects (i.e., imbalance of B-cell subpopulations)
appear to be partly reversed after 12 months of antiretroviral therapy
(28).

In a previous cross-sectional study (15), we screened 508 se-
rum samples from 364 patients (173 treated and 191 untreated)
for broadly cross-reactive neutralizing activity using a strategy
based on the use of recombinant viruses. In that study (15), we
identified 12 patients that were capable of neutralizing viruses
across 5 subtypes (here termed broadly cross-neutralizing [bCrN]
patients). We were also able to confirm the presence of broadly
IgG-associated cross-reactive neutralizing responses in a group of
patients on antiretroviral treatment, despite their having unde-
tectable viremia (15). In the present study, we evaluated the evo-
lution of neutralization breadth in a group of 6 previously identi-
fied bCrN and 6 control patients for a 6-year period. Our data
suggest that broadly cross-reactive HIV-1-neutralizing activity is
variable over time and is associated with detectable viremia and
partial restoration of B-cell subpopulations.

MATERIALS AND METHODS
Study participants. Serum samples were obtained from HIV-1-infected
patients treated at Hospital Clinic (Barcelona, Spain). Medical visits were
scheduled at approximately 6-month intervals or more often as necessary
for appropriate clinical care. bCrN individuals were identified previously
(15), and control patients were selected on the basis of having shown no
significant neutralization breadth in the previous cross-sectional study.
Control patients were also matched for age (25 to 57 years old), CD4�

counts (291 to 759 cells/�l), CD8� counts (576 to 1,698 cells/�l), and

plasma viral loads (1.7 to 4.94 logs) (Table 1). All the individuals gave
informed written consent, and the study was reviewed and approved by
the Institutional Ethical Committee Board of the Hospital Clinic (Barce-
lona, Spain).

Immunoglobulin G (IgG) purification. IgGs were isolated from sera
using a protein G HP spin trap (GE Health Care, United Kingdom) and
extensively dialyzed with Spectra/Por Float-a-Lyzer G2 50-kDa-cutoff
membranes (Spectrum Laboratories Inc.) following the manufacturer’s
instructions. IgG quantification was done by a mini-Bradford assay on a
microplate spectrophotometer (Tecan Trading AG, Switzerland).

Neutralization assays. Purified IgGs were tested at a 0.2-mg/ml con-
centration (corresponding to a dilution range of 1/40 to 1/80) against a
minipanel of 6 recombinant viruses from different tropisms and 5 differ-
ent subtypes using TZM-bl cells, as previously described (15). Serial IgG
concentrations (0.3 to 0.001 mg/ml) from patients 181, 308, and 528 were
also tested against the same recombinant virus panel. The minipanel of
recombinant viruses was previously generated by replacing the env se-
quence of HIV NL4-3 with env sequences from isolates of 5 different
subtypes (clades and tier categorizations are given in parentheses): VI191
(A, tier 2), 92BR025 (C, tier 1B), 92UG024 (D, tier 2), CM244 (AE, tier 2),
and AC10 (B, tier 2) (15). Strain NL4-3 (clade B, tier 1A) was included in
the minipanel as a neutralization-sensitive control, and an amphotropic
vesicular stomatitis virus (VSV) Env pseudotyped on an HIV-1 core was
included as a specificity control. Virus stocks were produced by transfec-
tion of 293T cells using the calcium phosphate method according to the
manufacturer’s recommendations (ProFection mammalian transfection
system; Promega, Madison, WI). VSV-pseudotyped virus stocks were
produced by cotransfecting 293T cells with pNL4-3�envFL (29) and
pVSV-G plasmids as described above. Neutralization activity for all puri-

TABLE 1 Clinical characteristics of patientsa

Characteristic

Broad cross-neutralizer patients Control patients

181 308 363 488 528 541 108 279 296 326 405 423

Risk group MSM MSM MSM Unknown MSM MSM IDU MSM MSM MSM HTX MSM
Peak VL (log) 4.60 4.44 3.90 3.71 5.01 4.89 5.69 5.63 5.08 5.04 4.23 4.69
Nadir CD4� level (cells/�l) 266 410 537 291 240 286 219 260 305 340 408 525
Nadir CD8� level (cells/�l) 285 948 661 630 644 390 394 549 847 458 377 374
TPS (months) 185.3 127.4 97.3 65.6 62 67.4 225.6 84.6 91.3 97.7 85.9 78.4

Beginning of the study (�71 to �37 months)b

Age (yrs) 57 38 34 36 28 54 42 31 36 36 34 25
cART — — — — — — — — — — — —
VL (log) 4.04 3.31 3.48 2.6 4.9 4.51 4.75 3.94 3.53 3.86 2.81 4.04
No. of CD4� T cells/�l 567 506 758 646 556 606 595 645 509 425 436 600
No. of CD8� T cells/�l 756 1,720 924 1,115 1,290 ND 1,388 1,290 1,136 962 377 726

Time zeroc

cART ATP ATP — ATP — ATP ATP — — ATP — —
VL (log)d �1.7 �1.7 3.87 �1.7 4.43 �1.7 �1.7 4.94 4.61 �1.7 4.24 3.51
No. of CD4� T cells/�l 437 530 581 291 759 499 759 399 331 703 590 666
No. of CD8� T cells/�l 857 1,698 664 1,029 1,029 576 1,621 1,386 1,284 836 859 1,030

End of the study (18 to 34 months)e

cART ATP ATP — ATP ATP ATP ATP ATP ATP ATP ATP —
VL (log)d �1.56 �1.56 3.49 �1.56 �1.56 �1.56 �1.7 1.85 2.85 �1.7 �1.7 4.21
No. of CD4� T cells/�l 539 819 664 402 638 484 688 514 593 551 600 525
No. of CD8� T cells/�l 1,174 1,580 979 816 646 390 1,383 1,601 2,093 893 570 1,047

a All patients were male. MSM, men that have sex with men; IDU, injecting drug user; HTX, heterosexual; VL, viral load; TPS, time elapsed between first HIV-1-positive serology
and time zero; ATP: Atripla (efavirenz � emtricitabine � tenofovir). —, untreated.
b Time (months) before the last time analyzed in the previous study.
c Last time (months) included in the previous study.
d The limit of detection was 1.7 log or 1.56 log (corresponding to 50 or 36 copies/ml, respectively), depending on the commercial kit used.
e Time (months) after the last time included in the previous study (15).
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fied IgGs was measured in triplicate as a reduction in infectivity using a
luciferase reporter gene assay after what is considered a single-round in-
fection of TZM-bl cells. A serum sample was considered to be capable of
neutralizing a virus when purified IgGs from the corresponding serum
reduced viral infectivity by a minimum of 50% at a 0.2-mg/ml concentra-
tion. We considered that a serum sample displayed bCrNA when the
corresponding purified IgGs were capable of neutralizing viruses across 4
or more subtypes, out of the minipanel described above, with no signifi-
cant neutralization of the VSV control.

Cell separation and flow-cytometric analysis of peripheral B cells.
Due to limited sample availability, we could analyze only 15 samples from
6 bCrN patients and 18 samples from 6 control patients before treatment
(patients 181, 541, and 405, one sample each; patients 308, 488, 528, 108,
296, and 326, three samples each; patients 279, 363, and 423, four samples
each; patient 363, five samples). We also analyzed frequencies of various
B-cell subpopulations in 15 additional samples after initiating antiretro-
viral treatment from four bCrN individuals (patients 308 and 108, two
samples each; patients 181 and 488, three samples each) and five controls
(patients 541, 279, 296, 326, and 405, one sample each). Peripheral blood
mononuclear cells (PBMC) were obtained by Ficoll centrifugation (Ac-
cuspin system, Histopaque-1077; Sigma Diagnostics). PBMC were then
aliquoted at 10 million cells per vial and cryopreserved in liquid nitrogen
until needed for flow cytometry. For flow-cytometric analysis, PBMC
were thawed, washed twice with phosphate-buffered saline (PBS), and
then resuspended in RPMI medium supplemented with 10% fetal bovine
serum for 1 h at 37°C. Multiparametric surface staining was performed
with the following reactive dye and antibodies: blue fluorescent reactive
dye (live/dead stain; Invitrogen), anti-CD19 conjugated to peridinin chlo-
rophyll protein (PerCP) and Cy5.5, anti-CD3–Pacific Blue, anti-CD27–
phycoerythrin (PE), anti-CD10 –allophycocyanin (APC), anti-CD21–flu-
orescein isothiocyanate (FITC), and anti-CD20 –APC-H7 (all antibodies
were purchased from BD, Becton Dickinson). PBMC were incubated with
antibodies at 4°C for 1 h. Cells were then washed twice with 2 ml of PBS
with bovine serum albumin (BSA; 0.5%) and 0.1% sodium azide. After
being washed, cells were resuspended in 400 �l fluorescence-activated cell
sorting (FACS) buffer containing 1% paraformaldehyde. Fluorescence-
minus-one (FMO) and doublet exclusion controls were also used to de-
lineate the populations of interest. One to two million events were ac-

quired on an LSRFortessa cell analyzer (BD, Becton Dickinson), and data
were analyzed using FlowJo software (version 7.2.4; TreeStar Inc.). The
B-cell gating strategy is shown in Fig. S1 in the supplemental material.

Statistics. Analyses were performed using GraphPad Prism 5 (GraphPad
Software). Mann-Whitney U tests were used for comparisons of continuous
variables between groups. Simple comparisons were made with use of a two-
sided alpha level of 0.05.

RESULTS
Neutralization breadth stability in bCrN and control patients. A
group of six out of 12 bCrN patients previously identified (15),
together with a six-patient control group, were studied for a 6-year
period. In the present study, time zero corresponds to the last time
point analyzed in the previous study, and a chart indicating the
study period for each patient is shown in Fig. 1. The remaining six
bCrN patients from the previous study were not included for sam-
ple availability reasons. Clinical characteristics of the six bCrN
patients and controls at the beginning of the study, at time zero,
and at the end of the study are described in Materials and Methods
and shown in Table 1.

Detectable broadly cross-neutralizing responses, defined as
neutralization of at least one virus included in the minipanel from
at least four different subtypes, were observed in our cohort dur-
ing the time of the study. Several groups have tested the neutral-
izing activity in a large group of samples on different virus panels
and reported that screening for a reduced panel (6 viruses or less)
of selected viruses provided similar information on the presence
of cross-reactive neutralizing activity as screening for a large virus
panel (30–33). The broadly neutralizing activity of the patients
selected with our 6-virus panel was also confirmed previously with
an extended panel, including 25 additional viruses from different
subtypes (15).

The stability of the bCrNA varied among patients. Patients 363,
488, and 541 showed neutralizing activity across 5 subtypes at only
one of the time points analyzed (Fig. 2). Especially significant were

FIG 1 Study chart. Time zero corresponds to the last time point analyzed in the previous study (15). The period included in the present study before and after
the previous cross-sectional study (mean and range) is indicated. The periods in which some patients were on cART are also indicated.
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the cases of patients 181 and 308, who showed neutralizing activity
across 5 subtypes for 3.1- and 4.6-year periods, respectively (Fig. 2;
also, see Table S1 in the supplemental material). Patient 528
showed a significant cross-reactive neutralizing response (viruses
from four or more subtypes neutralized) for a long period of time
(5.2 years). However, the breadth of his antibody-mediated neu-
tralizing response reached 5-subtype neutralization only intermit-
tently (Fig. 2; also, see Table S1 in the supplemental material). In
order to check for fluctuations in neutralization titers during the
long periods of apparent neutralization stability, we made com-
plete neutralization curves with samples corresponding to periods
of more than 3 years of broadly cross-reactive neutralizing re-
sponses (patients 181, 308, and 528). The 50% inhibitory concen-
trations (IC50s) corresponding to these curves are shown in Table
2 and in Fig. S2 in the supplemental material. This new set of
experiments showed that the corresponding neutralizing activity
had some fluctuations in neutralization titers during the periods
with broad cross-reactive neutralizing activity. However, the abil-
ity to neutralize viruses across 5 subtypes at an IgG concentration
of 0.2 mg/ml was not lost during these periods.

Only one patient in the control group (296) showed a transient
bCrNA during the time of the study (neutralization across 4 sub-
types at only one of the time points analyzed) (Fig. 3; also, see
Table S2 in the supplemental material). We found no significant
direct correlation between stability of bCrNA during the study
and nadir CD4� T counts, nadir CD8� T cell counts, peak
viremia, or time since first HIV-positive serology (Fig. 3; also, see
Table S2 in the supplemental material).

Impact of viral load suppression on neutralization breadth.
Five out of six patients from both bCrN and control groups initi-
ated combination antiretroviral therapy (cART) during the study,

reaching undetectable viremia (�50 copies/ml). Patients 363 and
423 (a bCrN patient and a control patient, respectively) remained
untreated (Fig. 1, 2, and 3).

Within the five bCrN patients that received cART and reached
undetectable viremia during the follow-up, four showed signifi-
cant declines in the levels of neutralization breadth (neutralization
of viruses from five to three or fewer subtypes), with a delay in loss
of breadth after viremia suppression of 4 to 20 months (patients
541 and 308, respectively). The IC50 values corresponding to the
periods of broad cross-neutralizing activity in patient 308 (Table
2; also, see Fig. S2 in the supplemental material) indicated that the
loss in neutralizing activity initiated at the same time as treatment-
associated viral loss, but the ability to neutralize some of the virus
from the minipanel was not lost until 20 months after viremia
became undetectable. The dynamic link between neutralization
breadth loss and decay of viremia in these patients could not be
determined, because there were no samples corresponding to in-
termediate time points available. For patient 528, neutralization
breadth loss was not detected after suppression of viremia within
the time of the study. This could be explained by the fact that this
patient reached undetectable viremia only at the last time point
analyzed (12.2 months since cART initiation) (Fig. 2). We did not
observe significant differences between neutralization breadth be-
fore and after treatment in the control group. Due to their low
neutralization breadth, we would probably need an extended
panel of viruses to detect neutralization breadth losses in control
patients.

Next, we investigated the potential relationship between neu-
tralization breadth and plasma viral load levels in our patients. A
univariate model analysis showed that the overall neutralization
breadth was similar for plasma samples from patients with detect-

FIG 2 Changes in neutralization breadth, CD4� T cells, and viral loads in the bCrN group. Neutralization breadth values (shown by the gray area and open
circles) indicate the number of viruses from different subtypes neutralized out of a previously described minipanel (15). The number of CD4� T cells/mm3

(CD4� abs) is represented by a solid red line. The viral loads [log(VL), in copies/ml] are represented by a dotted blue line. The periods of time in which some
patients were on cART are indicated. Time zero corresponds to the last time point included in the previous study (15). Antibodies capable of neutralizing across
5 subtypes were detected in our cohort of bCrN patients for a period up to 4.6 years. Four out of five bCrN patients that initiated cART showed a loss of
neutralization breadth over time.
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able and undetectable viremia (Fig. 4A). Considering that it has
been previously reported that virus from the secondary lymphoid
tissue reservoir is not cleared until after 6 months of potent ther-
apy (34), we compared the neutralization breadths in plasma sam-
ples from viremic patients and patients with less than 6 months of
undetectable viremia with those in plasma samples from patients
with at least 6 months of undetectable viremia and found that the
neutralization breadth was significantly higher for the first group
(P � 0.0495) (Fig. 3B). This analysis confirmed that plasma viral
load had a significant impact on neutralization breadth even when
cART patients were included in the study.

B-cell subpopulations before and after initiation of cART. In
order to confirm the previously reported effect of ART on the
B-cell phenotypic profile, we evaluated frequencies of various B-
cell subpopulations in bCrN and control patients before and after
initiation of cART. The average times on treatment for the sam-
ples from bCrN and control patients were similar (17.6 � 12.5 and
16.9 � 12.7 months, respectively). Based on previous studies (26),
CD19� B cells in peripheral blood of HIV-infected individuals can
be divided into the following 6 subpopulations, listed in order of
increasing level of differentiation: immature/transitional (CD10�

CD27�), naive (CD10� CD27� CD21hi), tissue-like memory
(CD10� CD27� CD21lo), resting/memory (CD10� CD27�

CD21hi), and activated/memory (CD10� CD27� CD21lo) B cells
as well as plasmablasts (CD10� CD27�� CD20� CD21lo).

B-cell subpopulation analysis revealed the following changes in
mean frequencies as a result of initiation of cART: immature tran-
sitional B cells decreased from 6% to 3%; naive B cells increased
from 48% to 64%; tissue-like memory B cells decreased from 18%
to 11%; activated memory B cells decreased from 15% to 9%, and
plasmablasts decreased from 0.07% to 0.04% (Fig. 5). We did not
observe any changes in the proportion of resting memory B cells
(13%). The decreases in immature, tissue-like memory, and acti-
vated memory B cells and the increase in naive B cells were statis-
tically significant. However, the decrease in plasmablast propor-
tion did not reach statistical significance (Fig. 5).

Despite our having not found any increase in the percentage of
resting memory B cells, these results are in good agreement with
previous reports that describe a normalization of B-cell subpopu-
lations after antiretroviral treatment, reflected by an increase in
naive and resting memory B cells and a decrease of the 2 apoptosis-
prone subpopulations of B cells (immature transitional and ma-
ture activated B cells) (28, 35).

B-cell subpopulations in samples with different neutraliza-
tion breadths. We analyzed next the frequencies of various B-cell
subpopulations in our patients. In this analysis, we included only
samples from before initiation of cART, in order to avoid the
effect of treatment-associated suppression of viremia on B-cell
phenotype and function described above and reported previously
(28).

TABLE 2 IgG neutralization data corresponding to periods with broadly cross-reactive
neutralizing responses in patients 181, 308 and 528a

a Values are concentrations of purified IgG that reduces the infectivity by 50% (IC50). White indicates that 50%
infectivity reduction was reached at the highest concentration tested (0.3 mg/ml); yellow indicates that the IC50

was �0.3 but �0.1 mg/ml; orange indicates that the IC50 is �0.1 but �0.01 mg/ml; red indicates that the IC50

is �0.01.
b Time zero corresponds to the last time point included in the previous study.
c Letters in parentheses are clades.
d ND, not done for sample availability reasons.
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Data on all untreated patients were compiled and analyzed by
comparing samples from patients capable of neutralizing viruses
across 4 or more subtypes and samples from patients that neutral-
ized viruses from fewer than 4 subtypes. Analysis of the B-cell
subpopulations revealed the following mean frequencies in the
two groups, respectively: immature transitional B cells, 5% and
6%; naive B cells, 62% and 44%; tissue-like memory B cells, 12%
and 19%; resting memory B cells, 11% and 13%; activated mem-

ory B cells, 9% and 17%; and plasmablasts, 0.10% and 0.06% (Fig.
6). This analysis revealed a higher percentage of naive B cells and
plasmablasts and a lower percentage of tissue-like memory, rest-
ing memory, and activated memory B cells in patients that neu-
tralize viruses across 4 or more subtypes. However, as shown in
Fig. 6B, only the differences in naive, tissue-like memory, and
activated memory B cells were statistically significant (P � 0.0007,
P � 0.0058, and P � 0.0174, respectively). No differences in the

FIG 3 Changes in neutralization breadth, CD4� T cells, and viral loads in the patient control group. Neutralization breadth values (shown by the gray area and
open circles) indicate the number of viruses from different subtypes neutralized out of a previously described minipanel (15). The number of CD4� T cells/mm3

(CD4� abs) is represented by a solid red line. The viral loads [log(VL), in copies/ml] are represented by a dotted blue line. The periods of time in which some
patients were on cART are indicated. Time zero corresponds to the last time point included in the previous study (15).

FIG 4 Breadth of the plasma NAb responses and plasma viral load (VL) levels. (A) Analysis of the overall neutralization breadth for plasma samples from patients
with detectable (Det.) and undetectable (Und.) viremia (bCrN and control patients). (B) Comparison of neutralization breadth in plasma samples from patients
with at least 6 months of undetectable viremia with the group of plasma samples from viremic patients and patients with less than 6 months of undetectable
viremia. Horizontal bars within the point plots indicate the median subtype crossed � the standard error of the mean (SEM). Significance between groups is
indicated above the groups. Mann-Whitney U tests were used for comparisons between groups. Simple comparisons were made with use of a two-sided alpha
level of 0.05.
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percentage of immature B cells between the two groups of samples
were observed in this analysis. We also compared samples from
patients capable of neutralizing across 5 subtypes and samples
with lower neutralization breadths. In this analysis, we obtained
similar results, but the differences were not statistically significant,
probably due to the small number of samples capable of neutral-
izing across 5 subtypes (data not shown).

Our findings indicate that the frequency of naive B cells was
significantly higher in patients capable of neutralizing viruses
across 4 or more subtypes and close to the average of 65% reported
for healthy individuals (36). In contrast, the frequency of tissue-
like memory B cells was significantly lower in patients with a
broader neutralizing activity than in patients with less neutraliza-
tion breadth, consistent with the concept that these are exhausted
B cells induced by chronic HIV-induced immune activation (37).
The frequency of activated memory B cells was also significantly
lower in patients capable of neutralizing viruses across 4 subtypes
or more than in patients with less neutralization breadth, indicat-
ing a reduction of the aberrant increase in B-cell activation asso-
ciated with chronic HIV infection that was first reported several
years ago (35).

HIV infection is associated with a number of perturbations in
the B-cell compartment, including the overrepresentation of sub-
populations of B cells in the blood that are thought to arise as a
result of HIV-induced immune activation and CD4� T cell lym-
phopenia. Taken together, these results showed that the balance
within B-cell subsets in patients with bCrNA was partially restored
compared with the proportions observed in patients with less neu-
tralization breadth, including proportions closer to the ones re-
ported for healthy individuals.

DISCUSSION

The inability to elicit broad and potent cross-reactive anti-HIV
neutralizing antibodies by immunization has been a major obsta-
cle for the development of an effective vaccine against HIV. How-
ever, we have evidence that the induction of this type of response
is feasible, since there are some chronically infected patients with
high titers of bNAbs (5). Currently, little is known about the sta-

bility of broadly neutralizing responses, the impact that the loss of
viremia has on such response, and the B-cell phenotype associated
with this response. We carried out the present study in order to
characterize the evolution of neutralization breadth and the im-
pact of potent antiretroviral treatment in six bCrN. Our definition
of bCrNA is close to the definition used by Simek et al. for elite
neutralizing activity, which considers elite activity to be “the abil-
ity to neutralize, on average, more than one pseudovirus at an IC50

titer of 300 within a clade group and across at least four clade
groups” (32). While we were unable to completely satisfy these
criteria, since our 6-virus panel included only single variants of
subtypes A, C, D, and AE, the bCrN individuals included in the
present study could neutralize viruses across 5 subtypes (A, B, C,
D, and AE). In addition, we characterized the frequency of differ-
ent B-cell subpopulations associated with bCrNA. This study de-
scribes the long-term stability of antibody-mediated neutraliza-
tion breadth in a group of bCrN. Furthermore, this is the first
report describing the impact of viremia decay associated with po-
tent antiretroviral treatment on neutralization breadth.

Previous studies hypothesized that the induction of broadly
neutralizing antibodies requires prolonged exposure to the anti-
gen and does not develop until 2 to 4 years postinfection (13). At
this point, it is likely that is too late for these antibodies to have an
effect due to the presence of a widespread infection and an irre-
versibly damaged immune system. The present study shows that, a
normalized B-cell profile is also required to promote the develop-
ment of broadly neutralizing responses. On the basis of our re-
sults, we suggest that the problematic induction of broadly neu-
tralizing antibodies could be explained by the need to match two
factors that seem to be incompatible: a prolonged antigen expo-
sure characteristic of a chronic infection and a low damaged-B-
cell profile. On the basis of present knowledge, it has been sug-
gested that, in order to be effective, broadly neutralizing
antibodies should be in place before infection. The good news in
the face of a preventive vaccine would be that the induction of
broadly cross-reactive HIV-1 neutralizing antibodies might not be
so problematic in noninfected individuals that have a healthy B-
cell profile. However, the requirement of long periods of antigen

FIG 5 Distribution of B-cell subpopulations before and after cART. The percentages of cells in each of the six B-cell subpopulations for samples from patients
before and after cART are shown. The mean frequencies for different B-cell subpopulations are denoted by different colors. P values from comparisons of B-cell
subpopulations are also shown. NS, not significant.
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FIG 6 Distribution of B-cell subpopulations in samples with different neutralization breadths. (A) The percentages of cells in each of the six B-cell subpopu-
lations were measured for samples from patients capable of neutralizing viruses across 4 or more subtypes and patients that neutralized viruses from fewer than
4 subtypes. The mean frequencies for different B-cell subpopulations are denoted by different colors. (B) Statistical analysis of each B-cell subpopulation.
Horizontal bars within the point plots indicate the median percentage for each group � the SEM. Significance between groups is indicated above the groups. Each
type of symbol corresponds to a different patient. Black symbols, control patients; green diamonds, patient 181; red squares, patient 308; blue circles, patient 363;
pink stars, patient 488; yellow triangles, patient 528; and orange inverted triangles, patient 541. Mann-Whitney U tests were used for comparisons between
groups. Simple comparisons were made with use of a two-sided alpha level of 0.05.
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exposure to induce broad neutralizing responses may still be an
important obstacle for vaccine development, and its relevance in
noninfected individuals still needs to be determined.

According to numerous studies, the breadth of plasma cross-
neutralizing antibody activities in HIV-1 infected subjects posi-
tively correlates with plasma viral load. However, in a previous
study, we confirmed the presence of a broad IgG-associated neu-
tralizing response in patients on antiretroviral treatment, despite
having undetectable viremia (15). In the present study, we show
new evidence supporting a hypothesis that makes both observa-
tions compatible. We studied the evolution of neutralization
breadth in a group of bCrN patients and found that a delay in
neutralization breadth loss occurs after viremia has been sup-
pressed for as much as 4 to 20 months. As a result of this delay, in
a cross-sectional study, aviremic patients with broad neutralizing
responses can be found. Similar to the decline of neutralization
breadth following cART engagement observed in the present
study, a decline of CTL responses has also been observed in chron-
ically infected patients after initiation of treatment (38, 39). This
decline has also been associated with reduced viral replication and
consequently with reduced CTL antigen stimulation. The identi-
fication of the factors associated with the maintenance of bCrNA,
both in the presence and in the absence of viremia, may provide
information valuable for improving the stability of an effective
humoral immune response induced by vaccination. However,
these studies are difficult to carry out due to the low percentage of
bCrN patients within the group of HIV-1-infected patients
(around 2%) (15).

Several studies have demonstrated a significant recovery of B-
cell numbers concomitant with a reduction in HIV-1 plasma
viremia by cART. This increase has been associated with a normal-
ization of B-cell subpopulations by reduction in the frequency of
apoptosis-prone B-cell subpopulations associated with cART. The
improved B-cell profile may also explain the benefits of cART in
improving B-cell responses to specific immunogens. In contrast,
in the present study we observed a decrease in the breadth of the
neutralizing response against HIV concomitant with the improve-
ment of the B-cell profile associated with a cART-induced decay in
viremia. We hypothesize that, even in the presence of an improved
B-cell profile, a minimum level of antigen exposure is required to
develop bCrNA.

Overall, our findings indicate that there are both immunolog-
ical and virological determinants necessary to generate bCrNA.
Our results indicate that, in addition to long periods of viremia,
the presence of a normalized B-cell repertoire is required for the
induction of broadly neutralizing responses.
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