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Highlights
A minority of HIV-infected subjects
develop plasma-neutralizing
responses with near-pan-neutraliza-
tion breadth against heterologous virus
strains. The development of such
responses, depending on epitope spe-
cificity, is linked to infecting clade, viral
load, duration of infection, and virus
and host genetic factors.

New approaches allow extremely broad
and potent bNAbs to be derived directly
from human plasma responses.

In some cases, broadly neutralizing
plasma activity traces to a single lineage
of a few related bNAbs, representing a
minority of the polyclonal anti-HIV envel-
operesponse.Thecocirculationofpoorly
neutralizing/non-neutralizing antienve-
lope antibodies does not abrogate the
persistence and activities of the bNAbs.

Each class of known bNAb exhibits at
least one ‘atypical’ trait (e.g., high
somatic hypermutation, long HCDR3,
and/or auto/polyreactivity).

Among bNAbs types, those against
the CD4bs are seen more frequently,
share common features among
diverse subjects, and exhibit extreme
neutralization breadth and potency.
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After years of continuous exposure to HIV envelope antigens, a minority of HIV-
infected individuals develop a cognate polyclonal humoral response comprising
very potent and extremely cross-reactive neutralizing antibodies [broadly neu-
tralizing antibodies (bNAbs)]. Isolated bNAbs derived from memory B cell pools
have been the focus of intense studies over the past decade. However, it is not yet
known how to translate the features of bNAbs into practical HIV prevention
methods. In this review, we attempt to seek insights from emerging information
about the human broadly neutralizing plasma response as well as its frequency,
clonal composition, specificity, potency, and commonality among infected sub-
jects. We also consider how this information points to selecting and prioritizing
certain epitope targets and strategies for HIV vaccine design.

The Broadly Neutralizing Antibody Response in HIV Infection
The prevention of HIV/AIDS (see Glossary) is a tall order for the human immune system. HIV is an
integrating retrovirus that rapidly establishes permanent infection and cannot be naturally cleared
thereafter.Once infection isestablished,HIV has an extremecapacity toevade immune responses
by genetic variation [1]. Viral evolution translates to worldwide envelope sequence diversity, which
clusters into genetic subtypes, or clades, at the population level. Therefore, an anti-HIV immune
response must be very potent, sterilizing, and highly cross-reactive to have protective efficacy.

In theory, cross-reactive, neutralizing anti-HIV envelope antibodies [commonly termed broadly
neutralizing antibodies (bNAbs)] could be used to prevent or treat HIV in a myriad of ways
(Figure 1). It has been repeatedly shown that some HIV-infected subjects develop highly cross-
reactive or near ‘pan-neutralizing’ antibody responses against various epitopes on the HIV
envelope [2–6]. Further, a variety of monoclonal antibodies (mAbs) isolated from these individ-
uals targeting different epitopes (Figure 2) exhibit impressive breadth and potency in vitro [5,7–
10] and confer sterilizing protection in animal models of HIV infection [11–16]. Accordingly,
bNAbs have been used as guides in attempts to engineer immunogens that might raise
qualitatively similar humoral responses via vaccination (approaches termed ‘reverse vaccinol-
ogy’ or ‘rational design’; see [17–19]). Unfortunately, these approaches have not succeeded in
reliably generating bNAb responses, or in producing an effective neutralization-based HIV
vaccine.

Despite tremendous progress, more information may be needed to effectively use the
features and targets of broadly neutralizing responses for prevention. Molecular information
concerning the structure and function of isolated bNAbs abounds. However, knowledge of
the conditions that surround the evolution and persistence of bNAbs in HIV-infected subjects
will also inform the feasibility of vaccine design [20,21]. For example, rare bNAbs that demand
aberrant circumstances to evolve and persist may be less practical design templates versus
ones that are recurring across the spectrum of HIV-infected humans. Accordingly, in this
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Glossary
Autoreactive: antibody having this
trait are those with the ability to bind
to self-antigens.
bNAbs: a type of antibody (directed
at different epitopes) that arises in
some HIV patients that are able to
neutralize the majority of known HIV
strains. These antibodies harbor
unusual traits such as high somatic
hypermutation, long HCDR3s, and
auto/polyreactivity.
CD4 binding site: the part of HIV-1
envelope that binds to the CD4
receptor, which initiates viral entry.
Antibodies which bind to the CD4
binding site of gp120 are termed
anti-CD4bs antibodies.
Clade: subtype; HIV-1 is made up of
three groups (M, N, and O), with
Group M representing the vast
majority of HIV strains worldwide.
Group M is made up of many
clades, with Clades A, B, and C
being the most predominant,
followed by other clades and
between-clade recombinants.
Elite controller: rare HIV-infected
individuals who can naturally
suppress viral replication of HIV in
their bodies to extremely low levels.
Elite neutralizer: rare HIV-infected
individuals whose serum or plasma
immunoglobulin can neutralize a
majority of known HIV strains.
Fc receptor: receptor on the
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Figure 1. Potential Uses for HIV-1 Broadly Neutralizing Antibodies (bNAbs). Abbreviations cART, combination
antiretroviral therapy.
review we address the knowns and unknowns surrounding HIV bNAb responses that are
detected in circulation.

The Basic View of HIV Neutralizing Activity
Direct neutralizing activity amounts to the inactivation of an HIV virion via the binding of an
antienvelope antibody, preventing viral attachment/entry. Thus, an antibody’s direct neutraliz-
ing activity does not require Fc-mediated functions, although engagement with cell surface Fc
surface of certain cells (such as B
cells, NK cells, macrophages,
neutrophils, and mast cells) that
recognizes the Fc portion (constant
region) of an antibody.
gp120: glycoprotein 120; one of the
proteins (along with gp41) making up
the HIV envelope. gp120 is made up
of five constant domains (labeled
C1–C5) and variable domains or
loops (labeled V1–V5).
HIV: a positive-sense single-stranded
retrovirus covered with a viral
envelope composed of trimers
consisting of gp120 and gp41
proteins.
HIV envelope: the viral envelope of
HIV, which is punctuated by spikes,
each one made of three gp120s and
gp41s, forming a heterodimer.
Neutralization: the ability of an
antibody to prevent viral attachment,
entry, and/or infection of otherwise
susceptible cells without engagement
of Fc-mediated effector functions. In
HIV this occurs with inactivation of a

Figure 2. Epitopes Targeted by
Broadly Neutralizing Antibodies
(bNAbs) on the HIV BG505 Trimer.
The HIV-1 gp120 is shown in light gray
and HIV-1 gp41 in gray. The glycosylation
throughout the trimer (glycan shield) is
represented by green residues. The fol-
lowing colors were used for the epitopes
orange (V3-glycan), light blue (V2-glycan),
dark blue (CD4bs), yellow (subunit inter-
face), and purple (fusion peptide). Epitope
residues for PGT145 (V2-glycan), PGT
121 (V3-glycan), 8ANC19 (subunit inter-
face), and PGT 151 (fusion peptide) were
obtained from [127], and N49P7 (CD4bs)
was obtained from [7].
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virion via the binding of an
antienvelope antibody. The outcome
of the interaction is direct abrogation
of envelope function (e.g., host
receptor attachment).
Polyreactive: antibody having this
trait are those with the ability to bind
to multiple antigens.
Somatic hypermutation (SHM):
the process of mutation affecting the
variable region of B cell receptors
(BCRs) in germinal center B cells
undergoing affinity maturation,
leading to higher affinity BCR and
antibodies.
Viremia: the amount of virus in the
blood. In HIV-1 infection, this can
vary approximately 7 logs (100–107

HIV-1 RNA copies/ml), with the mean
level in chronic infection (postacute
infection and pre-AIDS) between 104

and 105 HIV-1 RNA copies/ml.
Virion: a complete virus particle
(infective form of a virus outside a
host cell, with a core of RNA or DNA
and a capsid).
receptor is probably unavoidable and even beneficial in vivo. All known antibodies that
neutralize HIV bind to the viral envelope trimer at either the surface antigen, gp120, or the
transmembrane protein, gp41 [22,23]. Both proteins can be targeted for neutralization before
and after attachment to host cells [5,24–29].

Historically, HIV neutralizing activity has been assessed in a wide variety of in vitro assays.
Primary T cells [30–33], primary macrophages [34], and various immortalized cell lines [35,36]
have been used as target cells for either primary viruses grown in activated human CD4+ T cells
or cell line–adapted viruses. Other assay formats mix infected and uninfected cells to measure
neutralization of cell–cell virus transmission [37]. More recently developed assays use pseu-
dotyped viruses that express the envelopes of various HIV strains. Currently, the dominant
assay of this sort mixes pseudotyped viruses with engineered HeLa cells (TZM-bl) expressing
the HIV receptor (CD4) and coreceptors (CXCR4 and CCR5). The target cells express luciferase
signals after a single round of infection. This assay format is highly reproducible, relatively high-
throughput, and amenable to validation [38,39]. It helped identify certain bNAbs as candidates
for clinical development [8,9,40,41]. Overall, it must be recognized that the potencies of
neutralizing antibodies may vary significantly according to assay format. For example, neutral-
izing antibodies generally show lower potencies in assays using wild-type viruses and/or
primary CD4+ T cells as targets versus cell line–based assays with pseudoviruses [42].

Neutralization assay development has also involved a strategy of sorting viruses into ‘tiers’
based on their sensitivity to selected monoclonal neutralizing antibodies or reference from
HIV-infected plasma samples [43]. The Tier 1 class comprises viruses with the greatest and
most frequent sensitivity to neutralization, whereas Tier 2 viruses exhibit intermediate sensi-
tivity and Tier 3 viruses the least sensitivity. These distinctions are somewhat arbitrary, as
neutralization sensitivity follows a continuum among viruses [43], and there have been recent
attempts to account for this [44]. Nevertheless, the tier system has been used for evaluating
neutralizing antibody breadth and potency. Antibodies that cover all tiers in vitro are rare and
highly cross-reactive. As such they are typically deemed to be superior members of their
class.

Broadly Neutralizing Human Antibodies: What’s Out There?
Over the years a host of neutralizing mAbs have been recovered from HIV-infected subjects
using a variety of methods [45–50]. The advent, circa 2009, of single-cell sorting with HIV
envelope antigens, coupled with powerful new tools for sequencing immunoglobulin genes,
significantly expanded the array of available antibodies and identified a collection of new
epitopes and/or binding site details [5,8–10,41,51,52].

The properties of bNAbs inform the identification of vulnerable domains on the HIV envelope
and reveal what humans are capable of producing. But faced with so many choices, which
epitopes and antibodies do we really care about? The simple answer is that the most desirable
antibodies will be the most potent and broadly reactive ones. However, there are some
important nuances to consider.

Gauging neutralization breadth demands some sort of rubric. A simple tally of neutralized
strains is insufficient: one could simply line up and test a wide array of neutralization-sensitive
‘Tier 1’ viruses (see discussion earlier) to secure a large total. Therefore, neutralization breath is
currently assessed using panels of viruses representing multiple clades and neutralization tiers
(see discussion earlier). Antibodies are typically judged as broadly neutralizing if they exhibit
some capacity to reach across clades and harder to neutralize Tier 2 and 3 viruses.
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As it stands, mAbs directed against the CD4 binding site (CD4bs) on gp120 and the 10E8
epitope in the membrane proximal region of gp41 exhibit superior cross-clade, cross-tier
breadth, and potency (Table 1). Several anti-CD4bs mAbs neutralize all viruses in routine test
panels and assays [7]. The least (albeit still impressive) breadth is observed with bNAbs against
epitopes containing glycan arrays on the gp120 V1/V2 loop, gp120 V3 loop, and the gp120–
gp41 interface, although these bNAbs tend to have more potency than those with more
breadth (Table 1).

Interepitope differences in neutralization breadth and potency reveal some intriguing details.
Notably, the breadth of certain bNAbs are restricted by clade-specific holes in coverage. Anti-
V3-glycan neutralizing antibodies tend to be resistant to CRF01_AE viruses [53]. The anti-
Table 1. Potency and Neutralization of bNAbs

mAb Epitope % Neutralization breadth Potency (IC50 mg/ml) Potency (IC80 mg/ml) Refs

N49P6a CD4bs 100 0.31 0.71 [7]

N49P7a CD4bs 100 0.10 0.39 [7]

N49P11a CD4bs 100 1.98 10.64 [7]

N6a CD4bs 98 0.09 0.32 [7]

DH511-2 gp41 98 1.20 6.60 [52]

10E8a gp41 97 0.72 4.20 [7]

VRC07a CD4bs 92 0.11 0.39 [7]

12A12 CD4bs 92 0.24 1.13 [8]

3BNC117a CD4bs 90 0.09 0.31 [7]

N49P9a CD4bs 89 0.12 0.42 [7]

VRC01a CD4bs 88 0.25 0.95 [7]

NIH45-46a CD4bs 86 0.09 0.38 [7]

PG9a V1V2-glycan 85 0.11 0.30 [7]

VRC-CH33 CD4bs 83 0.07 0.34 [58]

PG16a V1V2-glycan 82 0.03 0.15 [7]

PGDM1400a V1V2-glycan 80 0.02 0.14 [7]

VRC-PG04 CD4bs 76 0.17 0.74 [58]

PGT145a V1V2-glycan 74 0.11 0.40 [7]

PGT151a Fusion peptide 66 0.01 0.02 [7]

8ANC195a Subunit interface 65 0.91 3.54 [7]

PGT121a V3-glycan 66 0.03 0.08 [7]

BG18 V3-glycan 64 0.01 0.04 [87]

3BNC55 CD4bs 63 0.57 2.28 [8]

35O22 Subunit interface 62 .03 Not determined [88]

PGT128a V3-glycan 60 0.02 0.05 [7]

N60P1.1a CD4bs 59 1.71 6.88 [7]

CH103 CD4bs 59 7.08 5.15 [89]

10-1074a V3-glycan 57 0.05 0.16 [7]

aNeutralization tested in the same panel in the same laboratory.
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V1V2-glycan mAbs demonstrate poor activity against Clade B viruses [54]. Furthermore, the
potencies of certain anti-V1V2-glycan bNAbs, exemplified by PG9, PG16, and PGT145 [55],
suffer from ‘incomplete neutralization’, a phenomenon where maximal neutralization plateaus
without ever reaching 100%. This phenomenon occurs due to existence of some virions that
are already resistant to antibody neutralization, regardless of the concentration, leading to
nonsigmoidal dose–response neutralization curves. In addition to the antiglycan antibodies, this
was noted to be a problem for some anti-gp41 and anti-gp41–120 interface antibodies.
Incomplete neutralization is thought to be a result of glycan heterogeneity, though it remains
incompletely understood [55]. Perhaps because of this, bNAbs targeting the CD4 binding site
seem to be less likely to show this phenomenon (an exception being b12) [55]. In any case,
these characteristics are stark reminders of the capacity for HIV to evade the humoral immune
system at all levels.

More encouraging data suggest that bNAbs share similar characteristics across multiple HIV-
infected subjects, and thus restricted germline immunoglobulin gene usage across individuals
could be targeted by a vaccine. Such commonality lowers the chances that the antibodies are
products of rare, peculiar, and/or donor-specific circumstances. For example, anti-CD4bs
bNAbs arise from VH1-2 (can be found in 95% of populations) [5,8,9] or VH1-46 germline Ig
heavy genes [7,9,56] across source subjects. Although the light chain of VRC01-like bNAbs
makes fewer contacts with gp120, they also arise from a limited set of germline genes [8]. The
recent finding of public antibody clonotypes (antibodies from different individuals that have an
identical or near-identical CDRH3) makes this all the more relevant [57], but it remains to be
seen if this will hold true for anti-CD4bs antibodies.

Almost all anti-CD4bs bNAbs exhibit a high degree of somatic hypermutation, which is
essential for their breadth and potency [7,8,58,59]. VRC01-like antibodies contact gp120
through the D loop, the CD4-binding loop, and the V5 region [10]. VH1-2*02-derived antibodies
are conserved in Arg71HC, Trp50HC, Asn58HC, and Trp100BHC [60], and in the unusual
short five-length amino acid CDRL3 which is needed to stabilize and establish contact with
gp120 (V5 and loop D) [61,62]. This short CDRL3 is necessary to avoid the glycan at position
N267 in the D loop of gp120 [63,64]. Anti-CD4bs mAbs with the most extensive breadth
(N49P6, N49P7, and NIH45-46) lack the deletion in CDRH3, distinguishing them from VRC01
and related bNAbs. This feature allows mAbs N49P6 and N49P7 to bypass Phe43 pocket in
the CD4 binding site of gp120 and access the highly conserved inner domain of the envelope,
thus allowing extraordinary breath [7].

About 50% of gp120 trimer masses consist of glycan, with most of them in the form of high-
mannose glucans (incompletely processed glycan) [65,66]. Most but not all of the antiglycan
bNAbs bind to gp120 at/or around the N332 supersite using their long CDRH3 to reach the
protein surface of gp120 at the V3 region [40,41,67,68]. PGT121, PGT128, and 10-1074 are
among the V3-glycan bNAbs that are highly dependent on the glycan at Positions 301 and 332
[40,41]. Anti-V1V2-glycan bNAbs are well known for their very long CDRH3 and acidic amino
acids at the tip of the CDRH3 for their binding to the lysine-rich region of the V2 loop. Their
binding to gp120 is dependent on the conformation of the trimeric form of gp120 [5,54].

The Frequencies and Complexities of the Broadly Neutralizing Plasma
Responses
Most if not all HIV-infected humans mount a neutralizing response against their homologous
viruses; infected subjects frequently exhibit responses that neutralize a limited range of Tier 1
viruses; responses that neutralize across clades and cover more neutralization-resistant viruses
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are less prevalent [6,69,70]. In a cross-sectional study, Doria-Rose et al. [70] found that plasma
responses in roughly 38% of subjects neutralized four of five selected test viruses, and that
roughly 8% could neutralize Tier 2 viruses in a cross-clade panel. A cross-sectional study by
Hraber et al. [71] observed that roughly 50% of infected subjects had circulating responses
capable of neutralizing 50% of strains across clades in the TZM-bl format along a continuum of
potency. Within this continuum are ‘elite neutralizers’, first defined by potent plasma activity
against more than one pseudovirus within a clade group and across at least four clade groups
[72]. In a global cross-sectional study, Simek et al. [72] found that only 1% of subjects had
plasma responses that met these criteria. Among such persons, a smaller subset has plasma
responses with near-pan-neutralizing breadth [7,10,52,73]. There is no clear evidence, how-
ever, that such responses control autologous viral replication in the host. Further, every known
‘elite neutralizer’ from which a bNAb has been derived harbors HIV replication. Such resistant
strains may be rather common in the general HIV-infected population [74,75].

The aforementioned studies have logically progressed toward attempts to understand what types
of circulating antibodies are responsible for ‘elite’ or pan-neutralizing plasma activity. To be sure,
extremely broadand potent bNAbs withmultiple utilitieshavebeen isolated from the memory B cell
pools of elite neutralizers [8–10,41,73]. However, it has been shown that memory B cell and
circulating antienvelope antibody repertoires are discordant in HIV infection [76]. Accordingly,
significant efforts have been applied toward direct deconvolution of plasma-neutralizing
responses. Approaches toward this end have included neutralization assays with mutant viruses
selectively sensitive or resistant to specific types of neutralizing antibodies [5,77–79], antigen-
specific depletion of plasma [4,77,80], or bulk immunoglobulin fractionation [7,81–83]. Recently,
Williams et al. [52] deconvoluted an anti-gp41 bNAb lineage from an African HIV-1 Clade C
chronically infected individual from both memory B cell and plasma [52]. Sajadi et al. [7] combined
single-cell sequencing of bone marrow plasma cells with protein sequencing of gp120-specific
plasma antibodies [7] to provide a comprehensive picture of the circulating repertoire. The
approach yielded a family of closely related, near-pan-neutralizing plasma antibodies (N49P6
and N49P7 in Table 1) from a subject with equally broad and potent plasma activity.

In view of the aforementioned studies, we may step back and ask: do broadly neutralizing plasma
responses in one person stem from monoclonal, pauciclonal, or polyclonal (one, several, or many)
antibodies? So far, the answer seems to be ‘all of the above’. In some cases broadly neutralizing
plasma activity tracks to one or two lineages of highly related antibodies. In a study of plasma from
13 HIV-infected patients using a panel of mutant pseudoviruses, Walker et al. [84] demonstrated
that broadly neutralizing plasma activity typically tracks to one or two epitope specificities.
Similarly, Bonsignori et al. [85] found that two distinct specificities isolated from a single subject
seemed to explain over 95% of the serum neutralization. Thus, very broad and potent plasma-
neutralizing responses are unlikely to be monoclonal although they may be monospecific (i.e.,
comprising a swarm of related antibodies sharing a major epitope specificity) [7].

More intriguing are cases where the overall plasma-neutralizing profile cannot be explained by
the limited number of specificities as the examples given earlier [7,80,81]. Scheid et al. [86]
reported that diverse mixtures of anti-HIV envelope mAbs derived from memory B cells
approached but could not recapitulate the full spectrum of plasma-neutralizing activity of
the source subject [86]. In one elite neutralizer, a case was identified where no single bNAb
found in plasma could explain more than 60% of the neutralization breadth in circulation [7].
Simple mixing of multiple broad and potent plasma bNAbs from this subject achieved no more
than around 90% of the circulating neutralization breadth. Collectively, these findings present a
mixed bag for HIV vaccine development. Observations linking broadly neutralizing plasma
Trends in Molecular Medicine, March 2019, Vol. 25, No. 3 233



activity with monoclonal or pauciclonal specificity are a potential boon, as practical translation is
conceptually uncomplicated. Data indicating that a more complicated plasma milieu explains
‘elite’ neutralizing activity warrant further exploration.

A related question concerns whether circulating ‘non-neutralizing’ or poorly neutralizing anti-
bodies abrogate the persistence and/or activity of bNAbs. Deconvolution of a near-pan-
neutralizing plasma response showed that the anti-CD4 binding site antibody family responsi-
ble for plasma activity comprised a minority of the anti-gp120 repertoire, cocirculating along
with a much larger population of non-neutralizing anti-gp120 antibodies [7]. The same situation
was observed in this donor at multiple sampling times and also in another donor [7].

What Aspects of HIV Infection Promote Broad and Potent HIV Neutralizing
Antibodies in Circulation?
Multiple studies [71,90–92] have shown duration of infection and chronic antigen exposure to
be key factors for bNAb development. For unknown reasons, anti-gp120 responses tend to
arise later than those against other HIV antigens, including gp41 (the median time for appear-
ance of anti-gp41 and anti-gp120 IgG antibodies are 14 and 28 days, respectively) [93]. Anti-
gp41 antibodies are thought to arise earlier than anti-gp120 because of engagement of pre-
existing memory B cells that have been generated through contact with commensal micro-
biota. Nevertheless, neutralizing antibodies take several months to develop [36,94], and
neutralization breadth takes a median of 2.5 years to first be detected [95]. The most broad
and potent bNAbs manifest with unusually high levels of somatic hypermutation [96,97],
reflecting the impact of prolonged antigenic stimulation. The prolonged time it takes to develop
the bNAb response has profound implications for HIV vaccine development (potential number/
amount of antigen exposure, as well as high hypermutation requirement).

Early germinal centers (GCs) are made up of highly diverse B cell clones [98], but clonal
selection leads to the more homogeneous GCs, with affinity maturation constantly eliminating
low-affinity antibodies and replacing them with higher-affinity antibodies. In the GC, other
factors can be important as well. B cells reactive to gp41 antigen have been found to be present
in the memory B cell pool of HIV-negative persons [99]. In certain other situations, different B
cell lineages can work synergistically (viral escapes mutants against one antibody have been
shown to have higher binding affinity to a second lineage) [100].

The magnitude of viral replication is an intriguing variable in bNAb development. Several studies
indicated an association between high HIV-1 viral load and bNAb production [69,101–103].
However, no such relationship was reported elsewhere [6,102]. Some of this discrepancy may
be due to varying definitions of bNAb activity between studies. Remarkably, Clade B ‘elite
neutralizers’, reflect sustained, low-level viremia between 102 and 104 copies/ml [6]. In other
words, many will also fall within the category of ‘elite controllers’ or ‘viremic controllers’. This
trend is evident in many of the subjects from which bNAbs of different specificities have been
derived: Donor 45 (VRC01, VRC07, NIH45-46), Donor N49 (N49P6, N49P7, N49P9), Donor
N60 (N60P1.1, N60P2.1), Donor Z258 (N6), Patient 3 (3BNC117), N152 (10E8), EB354
(BG18), Patient 8 (8ANC195), and Donor Ch0210 (DH511-2) [7–10,15] (Table 2). In addition
to low viral loads, these subjects (whose data is available) have relatively intact CD4 counts and
prolonged duration of infection (Table 2). It may be that beginning of breadth noted in individuals
with higher viral loads is due to an acceleration of the process initially (from higher viral loads),
but that the bNAb production cannot be sustained due to CD4 cell loss and B cell dysfunction
with disease progression. In those with extreme bNAb activity, sustained viral control and CD4
preservation over many years seem to be needed.
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Table 2. Donor and Antibody Characteristics of bNAbs

MAb Clade Donor Years after
diagnosis

HIV-1 RNA
copies/ml

CD4 (cells/ml) Epitope Ig gene family Refs

N49P6
N49P7
N49P9

B N49 20 7854 447 CD4bs IGHV1-2*02
IGLV2-11*01/2
IGLV2-23*01/2/3

[7]

N6 B Z258 21 996 733 CD4bs IGHV1-2*02
IGKV1-33

[10]

3BNC117
3BNC55

B Patient 3 Unknown
(dx 2002)

880 427 CD4bs IGHV1-2*02
IGKV1D-33

[8]

VRC01
VRC07
NIH45-46

B Donor 45 18 <15 000 >500 CD4bs IGHV1-2*02
IGKV3-11*01

[8,9,15]

BG18 B EB354 28 454
(65–2520)

697 (554–1323) V3-glycan IGHV4-4
IGLV3-25

[87]

N60P1.1 B N60 5 <400 888 CD4bs IGHV1-2*02
IGKV1-5*01

[7]

10E8 B N152 >20 3811 325 gp41 IGHV3-15*05
IGLV3-19*01

[73]

35O22 B N152 >20 3811 325 Subunit interface IGHV1-18*02
IGLV2-14*02, or
IGLV2-23*01/2/3

[73]

8ANC195 B Patient 8 Unknown
(dx 1989)

<50 580 Subunit interface IGHV1-69
IGKV1-5

[8]

PGT151 C Donor 31 >3 Unknown Unknown Fusion peptide IGHV3-30*04
IGKV2D-29*02

[113]

DH511-2 C CH0210 Unknown 5180 Unknown gp41 IGHV3-15
IGKV1-39

[52]

CH103 C CH505 2.6 �104–105 69–431 CD4bs IGH4-59*01
IGL3-1*01

[89]

PGT145
PGDM1400

C Donor 84 >3 Unknown Unknown V1V2-glycan IGHV1-8*01
IGKV2-28*01/IGKV2D-28*01

[40,51]

PGT121
10-1074

A Donor 17 >3 Unknown Unknown V3-glycan IGHV4-59*01
IGLV3-21*02

[40,41,114]

PG9
PG16

A Donor 24 >3 Unknown Unknown V1V2-glycan IGHV3-33*05
IGLV2-14*01

[5]

VRC-CH33 A CH0219 >3 Unknown Unknown CD4bs IGHV1-2*02
IGK1-33*01

[58]

VRC-PG04 A/D Donor 74 Unknown Unknown Unknown CD4bs IGHV1-2*02
IGK1-33*01

[58]

12A12 CRF02_AG Patient 12 >3 Unknown Unknown CD4bs IGHV1-2
IGKV1D-33

[8,84,115]

PGT128 CRF02_AG Donor 36 >3 Unknown Unknown V3-glycan IGHV4-39*07
IGLV2-8*01

[40]
The infecting clade of a patient seems to have a role in the types of bNAbs they can generate. In
a study of patients from Malawi, South Africa, Holland, and the United States, broadly
neutralizing anti-CD4bs antibodies (not necessarily bNAbs) were detected in 88% of all sera
collected between 99 and 258 weeks post-HIV-1 infection [104]. However, the most broad and
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Clinician’s Corner
Most individuals with HIV infection
make type-specific neutralizing anti-
body, capable of only neutralizing their
own infecting clade of virus. Although a
substantial portion of HIV-infected indi-
viduals do make some cross-reactive
antibodies (to different clades) by sev-
eral years after infection, only a minor-
ity of HIV-infected individuals (1%)
make bNAbs that are potent enough
to neutralize most strains from different
clades around the world.

The study of the bNAb response as it
occurs in circulation and the factors
that lead to the development of such
a response are intensive areas of
study. Some factors that affect bNAb
development are duration of HIV infec-
tion, amount of circulating virus, infect-
ing clade, and viral diversity.

Currently, bNAbs are being used as
templates for designing an HIV vac-
cine, and being evaluated as a poten-
tial therapy that can prevent, treat, or
‘cure’ HIV infection.

bNAbs are known to target several
different epitopes on the HIV envelope,
including CD4bs, V1V2-glycan, V3-
glycan, gp41, and the gp41–gp120
interface. Besides the difference in
epitopes, bNAbs have different prop-
erties (gene family use, degree of
somatic hypermutation, autoreactivity,
polyreactivity, potency, breadth, ability
to completely neutralize virus, etc.),
some of which appear among to be
specific to the classes of bNAbs. The
CD4bs bNAbs appear to have several
characteristics that are favorable for
clinical development compared with
the others.
potent CD4bs bNAbs have been isolated from Clade B-infected patients (Table 2). In compari-
son, anti-V1V2-glycan and anti-V3-glycan bNAbs have been isolated from non-Clade B
subjects (Table 2). This finding has also been validated on the population level. In a study
with over 4000 patients, Rusert et al. [90] found that antibodies targeting the CD4bs were
associated with subtype B infection, whereas anti-V2-glycan antibodies were associated with
non-B subtypes [90]. Thus, the infecting HIV clade can have implications on the type of bNAb
produced, and this should be a factor when considering the design of an HIV vaccine that will
generate bNAbs.

The qualitative aspects of the viral envelopes being presented over time should also influence
whether or not antienvelope responses become broadly neutralizing. Exposure to envelope
diversity is a contributing factor, during early infection [103] or with superinfection with
heterologous HIV strains [54,105]. By contrast, a recent report argues that certain transmitted
viruses possess unique phenotypic and/or genotypic properties that imprint bNAb lineages into
the humoral immune system at the time of exposure [106].

If bNAbs regularly arise in certain HIV-infected populations, HIV envelope evolution should
manifest a temporal drift toward neutralization resistance in the same groups of people [1].
Longitudinal analyses of Clade B- and Clade C-infected cohorts indicate this may indeed be the
case. Bunnik et al. [107] examined the neutralization sensitivities of viruses isolated from over 30
Clade B HIV-infected men having sex with men (MSM) � 4 months after seroconversion
between 1985–1989 and 2003–2006 [107]. Neutralization assays indicated an overall trend
toward decreased neutralization sensitivity over time. Bouvin-Pley et al. [108] examined the
neutralization sensitivities of viruses isolated from early/transmitted Clade B HIV envelope
variants from 40 MSM during the period from 1997 to 2010. This study revealed a continuous,
temporal drift toward decreased neutralization sensitivity to a number of anti-gp120 neutralizing
mAbs, including ones directed against the CD4bs and variable loop glycans. In another study
done in a Clade C-infected population, the envelopes showed increasing resistance over a 13-
year period [109]. On a sobering note, the more recent, neutralization-resistant variants were
not only fully replication competent but also less immunogenic for generating plasma-neutral-
izing responses [107,108]. It will be interesting to follow such population dynamics as efforts to
use anti-CD4bs bNAbs for prevention and therapy progress worldwide.

Host factors could further contribute to bNAb development in HIV infection. Landais et al. [102]
investigated the effects of age, geographic origin, gender, viral load, CD4 T cell count, virus
subtypes, and human leukocyte antigen (HLA) types on the development of neutralization
breadth in patients from Eastern and Southern Africa. They found no detectable influence of
gender, age, and/or geographic origin on the development of bNAb breadth. However, in
several studies in infants, bNAbs appear to develop differently than adults. In a recent study,
over 75% of children less than 6 years of age were able to neutralize a panel of 16 viruses,
compared with only 19% of adults [110]. In another study, 20 of 28 infants less than 1 year of
age developed cross-clade neutralizing antibody, some within 1 year of becoming infected
[111]. Interestingly, children appear to routinely develop bNAbs against more than one epitope
[112]. Whether this may be due to a function of a more intact immune system [110] or
something specific in the developing immune system is still not known.

What Impedes the Generation and Circulation of Broad and Potent HIV
Neutralizing Antibodies?
HIV bNAbs have been frustratingly difficult to raise in most mammals. Circa 2005, Haynes et al.
[116] recognized that the broadly neutralizing mAbs 2F5 and 4E10, reactive with the membrane
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Outstanding Questions
Despite tremendous progress, efforts
to develop bNAb-based HIV counter-
measures remain hindered by several
hurdles and gaps in knowledge. Ques-
tions addressable by studies of
plasma-neutralizing responses
include:

What host/virus conditions and char-
acteristics support the generation and
persistence of bNAb responses in
plasma? Are they rare or recurring?

What explains broadly neutralizing
plasma activity when it is not linked
to one or few related bNAbs? Why
do combinations of bNAbs from a sin-
gle subject fail to replicate the full spec-
trum of plasma-neutralizing activity?
What is the missing factor?

In elite neutralizers, what virus–host
relationships are in play when ongoing,
low-level plasma viral replication coex-
ists with broad and potent plasma
bNAbs? Can epitope–paratope rela-
tionships in these situations inform
the design of engineered bNAbs with
truly pan-neutralizing activity and/or
inform improved envelope-based vac-
cine designs?

An expanded database of deconvo-
luted plasma-neutralizing responses
should help resolve these questions,
thus elucidating immune landscapes
most likely to promote the develop-
ment of pan-neutralizing antibody
responses. Such information should
provide valuable guideposts for devel-
oping optimized HIV countermeasures
based on humoral immunity.
proximal external region (MPER) of gp41, were auto/polyreactive with cardiolipin and other
mammalian antigens. Based on such findings, these investigators posited that immunization
strategies routinely fail to raise circulating titers of neutralizing antibodies against MPER or other
neutralizing epitopes because the parental B cells are auto/polyreactive. As such, they are
deleted via natural immune-tolerance mechanisms [117]. This concept was initially met with
strong skepticism and resistance [118]. Nevertheless, it was ultimately shown that B cell
development in 2F5 VDJ knockin mice is blocked at the stage of pre-B to immature B cells,
similar to what is observed in mice expressing known autoreactive B cell receptors against self-
antigens [119]. Because of these elegant studies, the concept that bNAbs are linked to
polyreactivity is a cornerstone for understanding both natural anti-HIV envelope responses
and also why such immunity is so difficult to translate into a vaccine setting.

Ironically, some of the broadest and most potent HIV bNAbs are defined by characteristics that are
typical of polyreactive antibodies such as long and hydrophobic CDRH3 domains. The 4E10
CDRH1 and CDRH3 domains can bind a variety of lipids (e.g., cardiolipin) potentially located in the
vicinity of the gp41 MPER peptide. The near-pan-neutralizing anti-MPER mAb 10E8 is predicted
to interact with membrane lipids via its CDRL1, CDRL2, and/or CDRH3 domains [120]. 10E8 was
originally believed to not bind lipids [73]; however, it was later demonstrated that it binds
cholesterol-rich bilayers [121]. Thus, the most broadly neutralizing anti-MPER neutralizing anti-
bodies bind hybrid epitopes comprising multiple ‘self’ components. Anti-V1V2-glycan and anti-
V3-glycan bNAbs also exhibit the connection between a long CDRH3 domain and polyreactivity.
Fortunately, very broad and potent CD4bs bNAbs have been identified that are not apparently
auto/polyreactive, according to standard measures [122].

Concluding Remarks
The translation of bNAb responses into clinical applications currently follows two paths, each with
its own hurdles. The first path involves the rational optimization of bNAbs for direct use as antiviral
agents. This exercise is largely technical, and success mainly hinges on the nature and perfor-
mance of the antibodies themselves. Passive immunization of HIV-infected humans with single
bNAbs has delivered only modest and transient clinical benefit, in part because of the emergence
of resistant variants, some of which were present in subjects prior to antibody treatment
[74,75,123]. Major efforts to broaden virus coverage, including the use of bispecific and mixtures
of bNAbs, are underway [124]. The second path involves the use of bNAbs as templates for
vaccine design. Here, success depends in part on whether the immune systems of most healthy
humans are capable of generating the template bNAbs in an effective manner. Studies of
circulating bNAb responses in HIV-infected subjects are helping to inform this issue, yielding
contextual information not easily divulged from interrogations of memory B cell repertoires.

Two key lessons are emerging from studies of plasma-neutralizing responses. The first is that
persistent, near-pan-neutralizing plasma activity can track to one or a few related antibody
species comprised by the circulating polyclonal anti-Env response. These observations lend
further support to the development of vaccines built around targeted epitopes. Notably, near-
pan-neutralizing antibodies actively persist in plasma even as a minor part of a much larger
repertoire of non-neutralizing antienvelope antibodies. Specifically, circulating bNAbs are not
‘swamped out’ by a higher prevalence of other anti-Env specificities. This situation is additional
good news for vaccine development, as it obviates concerns that near-pristine epitope
specificity and selectivity are needed to elicit a bNAb response. A third lesson is that bNAb
activities seen as most relevant to vaccine development (e.g., ones with near-pan-neutralizing
activity) are infrequently detected in plasma from HIV-infected subjects. As these activities
require immunoglobulins with atypical characteristics [5,7,9,51,52,86], emergence and
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persistence in plasma could depend on peculiar characteristics of the host, the nature of the
infecting HIV strain, coincident opportunistic infections, or other variables
[54,96,97,99,100,106,122,125,126]. By contrast, it is promising that bNAbs with similar
specificities and biochemical properties are repeatedly observed in diverse subjects
[7,9,10]. These findings could mean that certain types of broadly neutralizing responses are
not strongly dependent on rare, subject-specific immune stimulation/evolution events and may
be achieved in healthy humans via vaccination (see Outstanding Questions).
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