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Abstract

The development of a preventative HIV-1 vaccine remains a global public health priority. This
will likely require the elicitation of broadly neutralizing antibodies (bNAbs) able to block
infection by diverse viral strains from across the world. Understanding the pathway to
neutralization breadth in HIV-1 infected people will provide insights into how bNAD lineages
arise, a process that probably involves a combination of host and viral factors. Here we focus on
the role of viral characteristics and evolution in shaping bNAbs during HIV-1 infection, and
describe how these findings may be translated into novel vaccine strategies.
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Broadly neutralizing antibody responses to HIV-1 infection

One of the greatest challenges in the HIV-1 vaccine field remains the design of immunogens
able to elicit antibodies that can neutralize diverse HIV-1 strains. While almost all HIV-1
infected people develop neutralizing antibodies (NAbs) during the first year of infection,
these antibodies are generally strain-specific [1-3]. This is because they target the variable
regions of the viral envelope (Env), which differ profoundly between viruses [4-7]. It is
only after several years of infection that antibodies develop which can recognize conserved
epitopes present on many circulating strains [8-13]. Although a large proportion of infected
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people develop some degree of neutralization cross-reactivity [12, 14], about 15-30% of
individuals develop very broadly neutralizing antibodies (0NAbs). These bNAbs, which are
sometimes able to neutralize 80-90% of viruses, are the types of antibodies that an HIV-1
vaccine will ideally need to elicit. However, despite over 20 years of research and many
different immunogen designs, bNAbs have not yet been elicited through vaccination, even in
the RV144 vaccine trial that showed modest efficacy [15, 16]. Understanding the host
factors (reviewed in [17-21]) and viral factors that contribute to the development of bNAbs
in natural infection may provide valuable insights for vaccine design. Here we will focus
specifically on the role of HIV-1 viral properties and evolution in shaping the development
of bNAbs during infection.

Isolation of broadly neutralizing antibodies from infected people

Since 2009, the number of broadly neutralizing monoclonal antibodies (bNmAbs) isolated
has surged from a handful to more than a 100 [22, 23], largely due to the development of
new technologies for human antibody isolation including antigen-specific sorting, B cell
culture with micro-neutralization assays for screening of individual wells, and multiplex RT-
PCR for immunoglobulin genes from single cells (reviewed in [22, 24, 25]). Many of these
bNmADbs exhibit extraordinary breadth and potency [26-30], and have enabled the
identification of five targets on the viral Env. These include the CD4 binding site (CD4bs)
of gp120, the membrane proximal external region (MPER) of gp41, the C-sheet of the
V1/V2 sub-domain (including the glycan at position 160) and the VV3/C3 site on gp120
(including the glycans at residues 301 and 332) [reviewed in [22, 24]. More recently, the
identification of a fifth site of vulnerability at the interface between gp120 and gp41 has
highlighted the existence of additional epitopes [30-33]. The characterization of large
numbers of bNADbs to each of these sites has provided insights into the many modes of
recognition that may exist within overlapping regions, leading to their description as
supersites rather than epitopes [34].

Many of the bNmADbs have unusual features such as a skewed germ-line usage, high levels
of somatic hypermutation associated with extensive affinity maturation (particularly true of
CD4bs bNmADbs), polyreactivity and long variable heavy chain third complementarity
determining regions (CDR-H3) [27-29, 35-38]. The long CDR-H3 was recently shown to
be formed during the initial immunoglobulin recombination event in the CAP256-VRC26
bNmAD lineage, suggesting that elicitation of these bNAbs would require engagement of
rare germline B cells [39], although substantial affinity maturation was nonetheless still
required for the development of breadth [38]. Together these features suggest a complex
pathway towards bNAbs, posing significant challenges for vaccine development.

High viral levels are associated with, but not sufficient for neutralization

breadth

Several studies have shown that the development of bNADs is significantly associated with
duration of infection, high viral load, low CD4+ counts, and a higher frequency of T
follicular helper (Tfh) cells in the periphery, presumably a surrogate for germinal center Tth
cells [9, 12, 13, 17, 19, 20, 40-42]. Additionally, early preservation of both Tfh cells and B
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cell function are associated with the later development of breadth [20]. These factors are
generally consistent with a requirement for high levels of antigenic stimulation of B cells,
and the need for T cell help in driving the maturation of breadth over years of infection.
However, although antigenic load is generally necessary for the development of breadth,
many infected subjects in the CAPRISA acute infection cohort with high viral loads failed to
develop bNAbs over 4 years of infection [12] (Figure 1). In contrast, the occasional
development of bNAbs in individuals with low viral loads [43], and perhaps the fact that
most HIV-2 infected subjects develop bNAbs regardless of their viral loads [44-46]
suggests that high viral load is not the sole determinant of breadth, and that other factors
must also play a role.

Do characteristics of the infecting virus determine whether breadth
develops?

One possible explanation for why only some infected people develop breadth is that the
virus that infects these people has intrinsic features better able to stimulate the precursors of
bNAbs. However, identifying specific envelope signatures of acute viruses in individuals
who later develop breadth is complicated by the overall sequence diversity among
circulating viruses, and by the fact that in many studies, viruses were sequenced at the same
point that neutralization breadth was measured, not at the point of infection. Nonetheless,
some signatures associated with breadth have been identified. Rademeyer et al. showed in
subtype C viruses that bNAbs were associated with contemporaneous viruses with shorter
variable loops (V1-V4) [41]. However, in contrast, in a much larger study of multiple
subtypes, Hraber et al. showed that bNAbs were associated with contemporaneous viruses
with longer V1V2 regions [47]. In a computational comparison of multi-subtype sequences
from subjects with breadth and those without, Gnanakaran et al. identified six signatures
associated with breadth, mostly in the CD4/coreceptor-binding site of the viral envelope
[48]. However all three of these studies were limited in that it is likely that the virus that was
sequenced would already have escaped bNAbs, making it impossible to determine if these
features are associated with elicitation of breadth or a consequence of breadth. In contrast, in
a study of viruses sequenced prior to breadth, VVan Kerkhof et al. showed that shorter V1
loops, less overall glycosylation, and the absence of a specific glycan at 332 (which forms
part of a major bNAb supersite, see above) were associated with increased breadth [49].
Further studies such as this in large diverse cohorts are needed to identify which virological
features precede the development of breadth

While these examples are suggestive, overall it remains unclear how much of the
development of breadth is determined by features of the infecting virus (Box 1). Because
neutralization breadth normally emerges years after infection, the infecting virus may be of
less relevance than the later viral variant that actually engages the naive B cell encoding the
bNAb precursor (the bNAb-initiating Env, Figure 2). These viral stimuli are often hard to
define without detailed longitudinal studies that require the isolation of bNmAbs, followed
by deep sequencing at multiple earlier time points to precisely define when the earliest
mAb-related transcripts can be detected (Figure 2). To date only two such studies have been
reported [38, 50], In the study of the CAP256-VVRC26 lineage of bNmADbs, the earliest time
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point at which related transcripts could be detected was 38 weeks after primary infection,
and 23 weeks after superinfection. By this time, the superinfecting virus was no longer
present, having been replaced by viral recombinants/variants, one of which presumably
better reflects the bNAb-initiating Env [38].

Box 1
Outstanding questions
*  Are envelopes from subjects with breadth intrinsically better immunogens?

»  Does superinfection and increased diversity simply ‘stack the odds’ in favour of
encountering an Env able to bind and trigger the appropriate B cell, or is there a
more mechanistic explanation for how diversification drives breadth?

*  Can the immune system be ‘coaxed’ along the pathway to breadth through
exposure to serial immunogens?

Identification of the precise Env sequence of the virus that stimulated bNADb lineages
through such longitudinal studies may be extremely useful for immunogen design. A notable
feature of the unmutated common ancestors (UCA), or germline reverted approximations of
many bNADbs, is their general lack of binding to HIV-1 Env [51-54]. While much of this is
likely due to the paucity of information used to infer these UCAs, recent studies have
defined barriers preventing the binding of UCAs to viral Env. For example, germline-
reverted versions of CD4bs bNmAbs such as VRC01, NIH45-46, 3BNC60, and 12A21, all
of which use the VH1-2 antibody alleles, generally do not bind viral Env because of
obstruction of the light chain [55]. Deletion of a highly conserved glycan at residue 276 in
Env results in binding of both heavy and light chains and activation of B cells expressing
germline VH1-2 receptors. This finding may account for the inability of previous
immunogens to elicit CD4bs antibodies, and as N276-lacking natural Env are rare (5% of
HIV-1 strains) may also explain why such specificities are not often elicited in natural
infection. Overall, studies that identify bNAb-initiating viral Env (either naturally-occurring
or engineered to become germ-line reactive) are important to identify for translation into
immunogenicity studies [51-55].

Does early viral diversity drive the development of bNAbs?

Another potential contributor to breadth is viral diversity. One of the first observations that
suggested that the quasispecies diversity (rather than the founder virus that initiated
infection, or the overall viral loads) may contribute to breadth came from the findings that
early viral diversity was associated with the subsequent development of bNAbs [40]. The
possibility that exposure to diverse envelopes may contribute to breadth suggested that
individuals who are superinfected with HIV-1, and thus exposed to multiple variants/
recombinants, should also develop better bNAbs, and indeed two studies of superinfection
support this. Powell et al. showed that dual infection resulted in enhanced breadth, though in
this study confounding factors such as the duration of infection could not be excluded [56].
A more recent study reported both increased breadth and potency in superinfected
individuals compared with singly infected subjects, with breadth emerging within a year of
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superinfection, independently of viral load and CD4+ T cell counts [57]. Intriguingly, in this
study, both intersubtype superinfection and the persistence of both infecting viruses was
linked to increased breadth, again suggesting that exposing the immune system to diverse
viruses enhances breadth. Furthermore, the developmental pathway for bNAbs in CAP256,
who was superinfected, was recently reported [38]. However, it is important to note that in
this case, the role of superinfection, beyond simply providing an additional mechanism for
viral diversification through recombination, is unclear. If superinfection does indeed drive
enhanced breadth, one unanswered question is whether superinfection and increased
diversity is simply additive and ‘stacks the odds’ in favor of encountering an Env able to
bind and trigger the appropriate B cell, or whether the presence of multiple genotypes
exponentially drives B cell affinity maturation, suggesting a more mechanistic explanation
for these findings (Box 1).

Viral diversification during the development of bNAbs: chicken or egg?

In addition to the association of viral diversity prior to bNAbs, recent studies have also
shown profound viral diversification as bNAbs emerge. Viral neutralization escape is well
described, with substitutions, glycan shifts, and indels frequently associated with the
development of strain-specific NAbs [2, 58, 59]. Despite the conserved nature of the bNADb
epitopes, it has become clear that HIV-1 is also able to escape from bNAbs very effectively
[42, 60-64], consistent with the fact that the development of such antibodies has not been
shown to confer an obvious clinical benefit [12, 13]. This suggests that, as with strain-
specific NAbs, the development of bNAbs would drive increased viral diversification as
viral escape occurs. Indeed, Euler et al. reported that the peak in envelope sequence
diversity coincided with the peak of bNAD titers [65]. However, the two recent studies of the
ontogeny of bNmAbs, namely the CH103 CD4bs lineage [50] and the CAP256-VRC26 V2-
glycan lineage [38] suggested that in addition to bNAbs driving viral escape, the opposite
may also be true, i.e., viral diversification within epitopes through escape may contribute to
the maturation of bNAbs. These, and other studies have provided important clues as to the
precise mechanisms whereby viral evolution may drive increased breadth; namely, through
the creation or exposure of bNAb epitopes, or through the generation of multiple
immunotypes (or epitope variants), described in more detail below.

Immune escape from strain-specific antibodies and the creation of bNAb

epitopes

One of the more common bNAb specificities detected in cohorts of infected individuals are
those that target the VV3/C3 supersite that includes the glycan at position 332 (PNG332) on
the viral Env [27, 66, 67]. A longitudinal study of two subjects shown to develop PNG332-
dependent bNAbs surprisingly showed that in both cases the infecting virus did not have a
glycan at that position (Figure 3A) [42]. Single genome sequencing of viral RNA from
longitudinal samples showed the evolution of the 332 glycan and the VV3/C3 bNAb epitope
by 6 months of infection, prior to bNAb development. Plasma mapping studies showed the
presence of strain-specific NAb responses to the VV3/C3 region of the envelope [42], and
further showed that the insertion of the 332 glycan mediated escape from this early strain-
specific antibody. Thus neutralization escape from strain-specific NADbs resulted in viral
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convergence towards a conserved glycan motif (the 332 glycan is present on 72% of global
viruses, see pie chart, Figure 3A) creating the epitope targeted by later bNAbs [68]. This
pattern of selection of the 332 glycan was evident at a population level using more than
7,300 single genome derived envelope sequences from 68 acute and 62 chronic HIV-1
infections [42]. However, although the absence of this glycan on infecting viruses has been
associated with the subsequent development of bNAbs in a separate study (see above and
[49]), this pattern of evolution does not always result in the development of bNAbs, again
highlighting the role of other factors in driving this process.

The role of strain-specific NAbs in forming bNAb epitopes was similarly shown in a
separate study of CAP257, an infected subject who developed VV2-directed bNADs [64].
Here, an initial strain-specific NAb response was directed to an N167 residue in V2. N167 is
very rare among global isolates, occurring in only 5.6% of sequences (pie chart, Figure 3B).
Viral escape from this initial response resulted in a N167D mutation by 30 weeks (i.e., a
mutation towards the consensus, with D167 present in 87% of global viruses). Viral escape
therefore here again resulted in the creation of a V2 epitope that was much more
representative of global viruses and presumably became the stimulus for the V2 bNAb
response.

While in both these studies, escape from a strain-specific response created a conserved
epitope that became the target of later bNAbs [42, 64], a key unanswered question is
whether (i) the strain-specific C3- or V2-directed NAbs were part of the same lineage as the
bNAbs, and matured to target the emerging 332 glycan/D167 residue, or (ii) whether the
creation of the bNAb epitope was driven by an unrelated antibody lineage to an overlapping
epitope. Although the former scenario may be more amenable to immunogen design, the
latter has been directly demonstrated in a follow-up study of the CD4bs bNmAbs described
above [69]. In addition to the CH103 bNADb lineage, a second NAb lineage, the CH235
clonal lineage, was isolated from the same donor, CH505. CH235 NAbs drove viral escape
through several mutations in the D loop of the viral envelope, which forms part of the
CD4bs bNADb epitope. These mutations, while effectively mediating escape from CH235-
related antibodies, surprisingly resulted in viral variants becoming more sensitive to the
developing CH103 bNADb lineage, thereby contributing to the maturation of breadth [69].
This study, through the use of isolated mAbs and viral mutants conclusively demonstrated
the role of viral escape from strain-specific NAbs in the creation of bNADb lineages, and led
to the concept of co-operation between different antibody lineages in the development of
neutralization breadth.

Viral escape and exposure of occluded bNADb epitopes

In CAP257, the same subject who developed bNADbs to the V2 region (described above), a
second bNADb response developed later in infection, this time targeting the CD4bs [64]. This
enabled us to characterize the relationship between these two evolving specificities [64].
Viral escape from the VV2-directed bNAbs drove the deletion of a highly conserved glycan at
position 160 in V2 [64]. This deletion resulted in unusual exposure of the CD4bs, which
subsequently became the target for the next wave of bNAbs. Thus, viral escape may force
the exposure of otherwise occluded conserved epitopes, facilitating the development of
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breadth. Intriguingly, V2 and CD4bs antibodies were found in three of the four individuals
where multiple bNAbs have been described, suggesting this may be a common
developmental pathway for consecutive specificities that might be useful for immunogen
design [64, 70-72]. These data suggest the possibility that escape from bNAbs, at the
expense of potentially deleterious exposure of occluded epitopes, is the result of a trade-off
between the need for escape at sites that are normally conserved, and fitness in the presence
of bNADbs.

Viral escape from bNADbs creates novel immunotypes that drive breadth

Several studies have suggested that bNAbs may mature from earlier binding or strain-
specific neutralizing antibodies [38, 50, 64, 73]. This need for ongoing antibody maturation
suggests incomplete viral escape from bNADb precursors, which would otherwise not
continue to evolve. This is supported by a comparison of the CH103 and CH235 mAbs,
which showed that the extent and rate of viral escape from the two lineages differed.
Complete escape from the CH235 mAb lineage occurred by 53 weeks of infection (though it
is not known exactly when the lineage was initiated). In contrast, members of the more
broadly neutralizing CH103 lineage continued to neutralize viral variants as far as 100
weeks post-infection, which is at least 86 weeks after the antibody lineage was first detected
by deep sequencing. These findings suggest that the continued ability to neutralize
autologous viral variants might be an important aspect of bNAb maturation [69]. There is
evidence to support this notion for both strain-specific nAbs and bNAbs. Studies of strain-
specific plasma responses to autologous viruses have shown differential sensitivity of viral
variants at a given time point to strain-specific NAbs [69, 74]. Similarly, Murphy et al.
showed that two antibody light chain variants paired with a single heavy chain displayed
differential neutralization of autologous viruses containing escape mutations at the base of
V3/C3 region [75]. These findings suggested that viral evolution drives strain-specific NAbs
to recognize amino acid variants within a given epitope [75]. The subject of this study did
not go on to develop bNAbs, however Wibmer et al. documented similar findings in
CAP257 who did develop bNAbs to the CD4bs [64]. This study combined detailed mapping
of evolving plasma specificities with longitudinal analyses of viral escape mutations, to
show that the CD4bs bNAbs acquired increased breadth in response to the serial emergence
of escape mutations within the epitope [64]. The early CD4bs bNAb response in CAP257
was only able to neutralize heterologous viruses with an N279 residue in the D loop, part of
the bNAb epitope. Global viruses generally contain either a N279 (50%) or a D279 (47%).
Thus an antibody with complete dependence on N279 would only be able to neutralize half
of global viruses, whereas the ability of a bNAD to tolerate either a N279 or a D279 would
theoretically confer double the potential neutralization breadth. Interestingly, early escape
from the initial CD4bs response was mediated by a N279D mutation. The maturation of the
plasma response to tolerate this escape mutation in circulating viral variants corresponded
with the increased breadth of this plasma, and with the ability to neutralize heterologous
viruses with either an N or D at this position. The similar maturation of this CD4bs bNAb
response to neutralize later autologous escape variants containing mutations at additional
sites within the epitope (at residues 276 and 456) prior to complete neutralization escape
only 70 weeks later supports a model where escape mutants result in evolution of the bnAb
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response to tolerate variation at some sites within an epitope, with a “footprint” becoming
increasingly focused on core conserved motifs (Figure 4). Thus the evolving antibody
swarm in an infected individual may be driven towards breadth through exposure to multiple
epitope variants generated as the viruses ‘toggles’ between early escape pathways, before
complete viral escape. This ability to recognize multiple immunotypes, emerging as a result
of neutralization escape has also been associated with increased breadth in other studies [38,
61, 76]. These data suggest this may be a common feature of subjects with breadth, with the
potential to be exploited for immunogen design.

Concluding remarks: implications for HIV vaccine design

Studies of the viral drivers of breadth are based on the premise that, unlike host factors,
defining the virological factors associated with breadth may provide opportunities for
translation into immunogen design. One unanswered question is whether viruses infecting
people who later develop bNADbs are intrinsically better immunogens. This possibility is
supported by the observation that BG505, an Env that forms unusually stable trimers, and as
such is a major current focus for immunogen design, was derived from an HIV-1-infected
infant who developed bNAbs. Whether this trimeric recombinant Env protein is able to
induce bNADbs in vaccinated individuals remains to be determined [77-79]. Regardless, it is
unlikely to be this simple, and the unusual features of the bNmAbs together with the fact
that a minority of individuals develop very broad responses, suggest that the development of
breadth is a complex interaction of multiple factors. However the data described here
suggest the evolving virological features are likely to play a key role. Comparison of bNAb
Env with those from subjects who fail to develop significant breadth is likely to continue to
provide insights into viral signatures of breadth. However immunogenicity studies would be
the “gold standard’ in testing these signatures to define whether their incorporation into
vaccine strategies may be valuable.

The increasing appreciation that viral evolution may be important in shaping bnAbs
(through at least three mechanisms, summarized in Figure 5) has provided support for the
notion that exposure of the immune system to epitope variants through vaccination may
drive the development of enhanced breadth [22, 23, 25, 38, 42, 50, 64, 69, 80-82]. Thus, a
vaccine strategy may need to begin with a (natural or engineered) Env immunogen able to
engage the appropriate B cell precursor, followed by the sequential use of immunogens
incorporating key epitope variants associated with driving breadth. Indeed, such studies,
using sequentially isolated envelopes from infected subjects who rapidly developed breadth
have shown moderate improvements in NAb responses [80, 81, 83]. Emerging data that
better defines key immunotypes and synergies between specificities (such as that between
the V2 and CD4bs bNADb epitopes) will provide exciting new opportunities for testing these
concepts in immunization strategies.

Acknowledgments

We thank Jinal Bhiman, Constantinos Kurt Wibmer, Daniel Sheward and Elin Gray as well as many other past and
present members of our research teams for their ideas and contributions. We are grateful to Nancy Haigwood,
James Crowe, Ann Hessell, John Mascola, Nicole Doria-Rose, Peter Kwong and Barton Haynes for helpful
discussions. We gratefully acknowledge funding from CAPRISA, the National Institute of Allergy and Infectious
Diseases (NIAID) Center for HIV/AIDS Vaccine Immunology (CHAVI) grant Al067854, the Center for AIDS

Trends Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore et al.

Page 9

Vaccine Discovery (CAVD) of the Bill and Melinda Gates Foundation, the South African HIV/AIDS Research and
Innovation Platform of the South African Department of Science and Technology and by a HIVRAD NIH grant
A1088610. CAPRISA was supported by NIAID, NIH, U.S. Department of Health and Human Services (Grant U19
Al51794). PLM is a Wellcome Trust Intermediate Fellow in Public Health and Tropical Medicine (Grant
089933/2/09/Z).

References

1. Gray ES, et al. Neutralizing antibody responses in acute human immunodeficiency virus type 1
subtype C infection. J Virol. 2007; 81:6187-6196. [PubMed: 17409164]

2. Richman DD, et al. Rapid evolution of the neutralizing antibody response to HIV type 1 infection.
Proc Natl Acad Sci U S A. 2003; 100:4144-4149. [PubMed: 12644702]

3. Wei X, et al. Antibody neutralization and escape by HIV-1. Nature. 2003; 422:307-312. [PubMed:
12646921]

4. Moore PL, et al. The C3-V4 region is a major target of autologous neutralizing antibodies in human
immunodeficiency virus type 1 subtype C infection. J Virol. 2008; 82:1860-1869. [PubMed:
18057243]

5. Moore PL, et al. Limited neutralizing antibody specificities drive neutralization escape in early
HIV-1 subtype C infection. PLoS Pathog. 2009; 5:¢1000598. [PubMed: 19763271]

6. Rong R, et al. Role of V1V2 and other human immunodeficiency virus type 1 envelope domains in
resistance to autologous neutralization during clade C infection. J Virol. 2007; 81:1350-1359.
[PubMed: 17079307]

7. Rong R, et al. Escape from autologous neutralizing antibodies in acute/early subtype C HIV-1
infection requires multiple pathways. PLoS Pathog. 2009; 5:e1000594. [PubMed: 19763269]

8. Li Y, et al. Analysis of neutralization specificities in polyclonal sera derived from human
immunodeficiency virus type 1-infected individuals. J Virol. 2009; 83:1045-1059. [PubMed:
19004942]

9. Sather DN, et al. Factors associated with the development of cross-reactive neutralizing antibodies
during human immunodeficiency virus type 1 infection. J Virol. 2009; 83:757-769. [PubMed:
18987148]

10. Simek MD, et al. Human immunodeficiency virus type 1 elite neutralizers: individuals with broad
and potent neutralizing activity identified by using a high-throughput neutralization assay together
with an analytical selection algorithm. J Virol. 2009; 83:7337-7348. [PubMed: 19439467]

11. Stamatatos L, et al. Neutralizing antibodies generated during natural HIV-1 infection: good news
for an HIV-1 vaccine? Nat Med. 2009; 5:866-870. [PubMed: 19525964]

12. Gray ES, et al. HIV-1 neutralization breadth develops incrementally over 4 years and is associated
with CD4+ T cell decline and high viral load during acute infection. J Virol. 2011; 85:4828-4840.
[PubMed: 21389135]

13. Euler Z, et al. Cross-reactive neutralizing humoral immunity does not protect from HIV type 1
disease progression. J Infect Dis. 2010; 201:1045-1053. [PubMed: 20170371]

14. Hraber P, et al. Prevalence of broadly neutralizing antibody responses during chronic HIV-1
infection. AIDS. 2014; 28:163-169. [PubMed: 24361678]

15. Haynes BF, et al. Immune-correlates analysis of an HIV-1 vaccine efficacy trial. N Engl J Med.
2012; 366:1275-1286. [PubMed: 22475592]

16. Rerks-Ngarm S, et al. Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in
Thailand. N Engl J Med. 2009; 361:2209-2220. [PubMed: 19843557]

17. Derdeyn CA, et al. Development of broadly neutralizing antibodies from autologous neutralizing
antibody responses in HIV infection. Curr Opin HIV AIDS. 2014; 9:210-216. [PubMed:
24662931]

18. Euler Z, et al. Genome-wide association study on the development of cross-reactive neutralizing
antibodies in HIV-1 infected individuals. PLoS One. 2013; 8:e54684. [PubMed: 23372753]

19. Locci M, et al. Human circulating PD-1+CXCR3-CXCR5+ memory Tfh cells are highly functional
and correlate with broadly neutralizing HIV antibody responses. Immunity. 2013; 39:758-769.
[PubMed: 24035365]

Trends Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore et al.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 10

Cohen K, et al. Early preservation of CXCR5+ PD-1+ helper T cells and B cell activation predict
the breadth of neutralizing antibody responses in chronic HIV-1 infection. J Virol. 201410.1128/
JV1.02186-14

Ackerman M, Alter G. Mapping the journey to an HIV vaccine. N Engl J Med. 2013; 369:389—
391. [PubMed: 23883384]

West AP Jr, et al. Structural Insights on the Role of Antibodies in HIV-1 Vaccine and Therapy.
Cell. 2014; 156:633-648. [PubMed: 24529371]

Klein F, et al. Antibodies in HIV-1 vaccine development and therapy. Science. 2013; 341:1199—
1204. [PubMed: 24031012]

Mascola JR, Haynes BF. HIV-1 neutralizing antibodies: understanding nature’s pathways.
Immunological reviews. 2013; 254:225-244. [PubMed: 23772623]

Haynes BF, et al. Progress in HIV-1 vaccine development. J Allergy Clin Immunol. 2014; 134:3-
10. [PubMed: 25117798]

Pejchal R, et al. A potent and broad neutralizing antibody recognizes and penetrates the HIV
glycan shield. Science. 2011; 334:1097-1103. [PubMed: 21998254]

Walker LM, et al. Broad neutralization coverage of HIV by multiple highly potent antibodies.
Nature. 2011; 477:466—470. [PubMed: 21849977]

Walker LM, et al. Broad and potent neutralizing antibodies from an African donor reveal a new
HIV-1 vaccine target. Science. 2009; 326:285-289. [PubMed: 19729618]

Wu X, et al. Rational design of envelope identifies broadly neutralizing human monoclonal
antibodies to HIV-1. Science. 2010; 329:856-861. [PubMed: 20616233]

Blattner C, et al. Structural Delineation of a Quaternary, Cleavage-Dependent Epitope at the gp41-
gp120 Interface on Intact HIVV-1 Env Trimers. Immunity. 2014; 40:669-680. [PubMed: 24768348]
Falkowska E, et al. Broadly Neutralizing HIV Antibodies Define a Glycan-Dependent Epitope on
the Prefusion Conformation of gp41 on Cleaved Envelope Trimers. Immunity. 2014; 40:657-668.
[PubMed: 24768347]

Scharf L, et al. Antibody 8ANC195 reveals a site of broad vulnerability on the HIV-1 envelope
spike. Cell reports. 2014; 7:785-795. [PubMed: 24767986]

Huang J, et al. Broad and potent HIVV-1 neutralization by a human antibody that binds the gp41-
gp120 interface. Nature. 2014; 515:138-142. [PubMed: 25186731]

Kong L, et al. Supersite of immune vulnerability on the glycosylated face of HIV-1 envelope
glycoprotein gp120. Nat Struct Mol Biol. 2013; 20:796-803. [PubMed: 23708606]

McElrath MJ, Haynes BF. Induction of immunity to human immunodeficiency virus type-1 by
vaccination. Immunity. 2010; 33:542-554. [PubMed: 21029964]

Scheid JF, et al. Sequence and structural convergence of broad and potent HIV antibodies that
mimic CD4 binding. Science. 2011; 333:1633-1637. [PubMed: 21764753]

Verkoczy L, et al. Role of immune mechanisms in induction of HIV-1 broadly neutralizing
antibodies. Curr Opin Immunol. 2011; 23:383-390. [PubMed: 21524897]

Doria-Rose NA, et al. Developmental pathway for potent V1V2-directed HIV-neutralizing
antibodies. Nature. 2014; 509:55-62. [PubMed: 24590074]

Briney BS, et al. Human peripheral blood antibodies with long HCDR3s are established primarily
at original recombination using a limited subset of germline genes. PLoS One. 2012; 7:¢36750.
[PubMed: 22590602]

Piantadosi A, et al. Breadth of neutralizing antibody response to human immunodeficiency virus
type 1 is affected by factors early in infection but does not influence disease progression. J Virol.
2009; 83:10269-10274. [PubMed: 19640996]

Rademeyer C, et al. Genetic characteristics of HI\VV-1 subtype C envelopes inducing cross-
neutralizing antibodies. Virology. 2007; 368:172-181. [PubMed: 17632196]

Moore PL, et al. Evolution of an HIV glycan-dependent broadly neutralizing antibody epitope
through immune escape. Nat Med. 2012; 18:1688-1692. [PubMed: 23086475]

Dugast AS, et al. An Inflammatory Profile that Predicts the Development of Neutralizing Antibody
Breadth. AIDS Res Hum Retroviruses. 2014; 30:A35-A36.

Trends Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore et al.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 11

de Silva TI, et al. Potent autologous and heterologous neutralizing antibody responses occur in
HIV-2 infection across a broad range of infection outcomes. J Virol. 2012; 86:930-946. [PubMed:
22072758]

Kong R, et al. Broad and potent neutralizing antibody responses elicited in natural HIV-2 infection.
J Virol. 2012; 86:947-960. [PubMed: 22031948]

Ozkaya Sahin G, et al. Potent intratype neutralizing activity distinguishes human
immunodeficiency virus type 2 (HIV-2) from HIV-1. J Virol. 2012; 86:961-971. [PubMed:
22072782]

Hraber P, et al. Impact of Clade, Geography, and Age of the Epidemic on HIV-1 Neutralization by
Antibodies. J Virol. 2014; 88:12623-12643. [PubMed: 25142591]

Gnanakaran S, et al. Genetic Signatures in the Envelope Glycoproteins of HIV-1 that Associate
with Broadly Neutralizing Antibodies. PLoS Comput Biol. 2010; 6:e1000955. [PubMed:
20949103]

van den Kerkhof TL, et al. HIVV-1 envelope glycoprotein signatures that correlate with the
development of cross-reactive neutralizing activity. Retrovirology. 2013; 10:102. [PubMed:
24059682]

Liao HX, et al. Co-evolution of a broadly neutralizing HIVV-1 antibody and founder virus. Nature.
2013; 496:469-476. [PubMed: 23552890]

Hoot S, et al. Recombinant HIV envelope proteins fail to engage germline versions of anti-CD4bs
bNADbs. PLoS Pathog. 2013; 9:¢1003106. [PubMed: 23300456]

Jardine J, et al. Rational HIV immunogen design to target specific germline B cell receptors.
Science. 2013; 340:711-716. [PubMed: 23539181]

McGuire AT, et al. Diverse recombinant HIV-1 Envs fail to activate B cells expressing the
germline B cell receptors of the broadly neutralizing anti-HIV-1 antibodies PG9 and 447-52D. J
Virol. 2014; 88:2645-2657. [PubMed: 24352455]

Xiao X, et al. Germline-like predecessors of broadly neutralizing antibodies lack measurable
binding to HIVV-1 envelope glycoproteins: implications for evasion of immune responses and
design of vaccine immunogens. Biochem Biophys Res Commun. 2009; 390:404-409. [PubMed:
19748484]

McGuire AT, et al. Engineering HIV envelope protein to activate germline B cell receptors of
broadly neutralizing anti-CD4 binding site antibodies. J Exp Med. 2013; 210:655-663. [PubMed:
23530120]

Powell RL, et al. Infection by discordant strains of HIV-1 markedly enhances the neutralizing
antibody response against heterologous virus. J Virol. 2010; 84:9415-9426. [PubMed: 20631143]

Cortez V, et al. HIV-1 superinfection in women broadens and strengthens the neutralizing antibody
response. PLoS Pathog. 2012; 8:¢1002611. [PubMed: 22479183]

Frost SD, et al. Neutralizing antibody responses drive the evolution of human immunodeficiency
virus type 1 envelope during recent HIV infection. Proc Natl Acad Sci U S A. 2005; 102:18514—
18519. [PubMed: 16339909]

Wei X, et al. Emergence of resistant human immunodeficiency virus type 1 in patients receiving
fusion inhibitor (T-20) monotherapy. Antimicrob Agents Chemother. 2002; 46:1896—1905.
[PubMed: 12019106]

Wu X, et al. Selection pressure on HIV-1 envelope by broadly neutralizing antibodies to the
conserved CD4-binding site. J Virol. 2012; 86:5844-5856. [PubMed: 22419808]

Moore PL, et al. Multiple pathways of escape from HIV broadly cross-neutralizing VV2-dependent
antibodies. J Virol. 2013; 87:4882-4894. [PubMed: 23408621]

Sather DN, et al. Broadly neutralizing antibodies developed by an HIV-positive elite neutralizer
exact a replication fitness cost on the contemporaneous virus. J Virol. 2012; 86:12676-12685.
[PubMed: 22973035]

van Gils MJ, et al. 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.
2010; 84:3576-3585. [PubMed: 20071586]

Trends Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 12

Wibmer CK, et al. Viral Escape from HIV-1 Neutralizing Antibodies Drives Increased Plasma
Neutralization Breadth through Sequential Recognition of Multiple Epitopes and Immunotypes.
PLoS Pathog. 2013; 9:e1003738. [PubMed: 24204277]

Euler Z, et al. Longitudinal analysis of early HIV-1-specific neutralizing activity in an elite
neutralizer and in five patients who developed cross-reactive neutralizing activity. J Virol. 2012;
86:2045-2055. [PubMed: 22156522]

Gray ES, et al. Antibody specificities associated with neutralization breadth in plasma from HIV-1
subtype C infected blood donors. J Virol. 2009; 83:8925-8937. [PubMed: 19553335]

Tomaras GD, et al. Polyclonal B Cell Responses to Conserved Neutralization Epitopes in a Subset
of HIV-1-Infected Individuals. J Virol. 2011; 85:11502-11519. [PubMed: 21849452]

Langedijk JP, Schuitemaker H. A sweet surprise for HIV broadly neutralizing antibodies. Nat Med.
2012; 18:1616-1617. [PubMed: 23135511]

Gao F, et al. Cooperation of B Cell Lineages in Induction of HIV-1-Broadly Neutralizing
Antibodies. Cell. 2014; 158:481-491. [PubMed: 25065977]

Bonsignori M, et al. Two Distinct Broadly Neutralizing Antibody Specificities of Different Clonal
Lineages in a Single HIV-1-Infected Donor: Implications for Vaccine Design. J Virol. 2012;
86:4688-4692. [PubMed: 22301150]

Mikell I, Stamatatos L. Evolution of cross-neutralizing antibody specificities to the CD4-BS and
the carbohydrate cloak of the HIV Env in an HIV-1-infected subject. PLoS One. 2012; 7:¢49610.
[PubMed: 23152926]

Klein F, et al. Broad neutralization by a combination of antibodies recognizing the CD4 binding
site and a new conformational epitope on the HIV-1 envelope protein. J Exp Med. 2012;
209:1469-1479. [PubMed: 22826297]

Sather DN, et al. Emergence of Broadly Neutralizing Antibodies and Viral Coevolution in Two
Subjects during the Early Stages of Infection with Human Immunodeficiency Virus Type 1. J
Virol. 2014; 88:12968-12981. [PubMed: 25122781]

Mahalanabis M, et al. Continuous viral escape and selection by autologous neutralizing antibodies
in drug-naive human immunodeficiency virus controllers. J Virol. 2009; 83:662—672. [PubMed:
18987151]

Murphy MK et al. Viral Escape from Neutralizing Antibodies in Early Subtype A HIV-1 Infection
Drives an Increase in Autologous Neutralization Breadth. PLoS Pathog. 2013; 9:e1003173.
[PubMed: 23468623]

Moore PL, et al. Potent and Broad Neutralization of HIV-1 Subtype C by Plasma Antibodies
Targeting a Quaternary Epitope Including Residues in the V2 Loop. J Virol. 2011; 85:3128-3141.
[PubMed: 21270156]

Goo L, et al. Early development of broadly neutralizing antibodies in HIVV-1-infected infants. Nat
Med. 2014; 20:655-658. [PubMed: 24859529]

Lyumkis D, et al. Cryo-EM structure of a fully glycosylated soluble cleaved HIV-1 envelope
trimer. Science. 2013; 342:1484-1490. [PubMed: 24179160]

Julien JP, et al. Crystal structure of a soluble cleaved HIV-1 envelope trimer. Science. 2013;
342:1477-1483. [PubMed: 24179159]

Pissani F, et al. Motif-optimized subtype A HIV envelope-based DNA vaccines rapidly elicit
neutralizing antibodies when delivered sequentially. Vaccine. 2012; 30:5519-5526. [PubMed:
22749601]

Malherbe DC, et al. Sequential immunization with a subtype B HIV-1 envelope quasispecies
partially mimics the in vivo development of neutralizing antibodies. J Virol. 2011; 85:5262-5274.
[PubMed: 21430056]

Haynes BF, et al. B-cell-lineage immunogen design in vaccine development with HIV-1 as a case
study. Nature biotechnology. 2012; 30:423-433.

Malherbe DC, et al. Envelope Variants Circulating as Initial Neutralization Breadth Developed in
Two HIV-Infected Subjects Stimulate Multiclade Neutralizing Antibodies in Rabbits. J Virol.
2014; 88:12949-12967. [PubMed: 25210191]

Trends Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Moore et al.

Trends Microbiol. Author manuscript; available in PMC 2016 April 01.

Page 13




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Moore et al.

Page 14
107
108
o
S 108
©
S 100
103
167 ) L) L) L] L]
0 50 100 150 200
Weeks post-infection
bNAbs, high VL No bNAbs, high VL No bNAbs, low VL
Figure 1.

Viral load is necessary but not sufficient for neutralization breadth. Infected subjects from
the CAPRISA acute infection cohort stratified by viral load and neutralization breadth
(defined as neutralizing >40% of a panel of 42 heterologous viruses at three years post-
infection [12]). Subjects with bNAbs and high viral load are shown in red, no bNAbs despite
high viral load in green, and those with no bNAb and low viral load in blue. X-axis, weeks
post-infection, Y-axis, viral load (RNA copies/ml).
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Figure 2.
Longitudinal bNADb and virus co-evolution studies will enable the identification of viral

envelopes that engaged the B cell expressing the unmutated common ancestor (UCA) of a
bNADb lineage (the bNAb-initiating Env). (A) bNmADb isolation from infected subjects
followed by retrospective deep sequencing at multiple time points to identify the time point
at which the unmutated common ancestor emerged. (B) Parallel virological studies, also at
multiple time points, will enable the identification of the bNAb-initiating Env.
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bNADbs targeting newly
created conserved epitopes

Strain-specific antibodies result in the creation of bNAb epitopes through viral escape. (A)
Strain-specific antibodies to the C3 region result in viral escape through the addition of a
glycan at position 332 [42]. This glycan, conserved in 72% of global viruses (pie chart,
right) became the target of maturing/newly developing NAbs, resulting in the development
of bNADbs. (B) Similarly, a strain-specific V2 response targets the rare N167 residue (present
in only 5.6% of global viruses). Viral escape occurs through a N167D mutation, with D167
representing the consensus at the position, present in 87% of viruses (pie chart, right),
resulting in the development of bNADs.
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Figure 4.

Model for the maturation of strain-specific plasma responses to acquire breadth through
exposure to developing immunotypes (epitope variants). (A) Strain-specific antibodies
(black) recognize defined epitopes (shown in gray, in a 4-domain lock-and-key schematic).
(B) Early NAbs drive initial viral escape mutations (represented as a yellow shape at the
fourth domain) within epitopes. Affinity maturation enables the maturing NADs to tolerate
both the gray and the yellow variants, through a more focused footprint. (C) Further viral
escape occurs (orange shape, first domain), resulting in maturation of NAbs to tolerate
epitope variation at domains 1 and 4. (D) The emergence of further (red) mutations at
domain 1, 3, and 4 results in maturation of NAbs to focus on a conserved epitope core (or
“footprint’, shaded in the gray box) present on heterologous viruses, enabling the maturation
of bNAbs. Note: an earlier iteration of this model was published in [17].
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Figure 5.
Summary of mechanisms whereby viral evolution shapes the development of HIV-1

neutralizing breadth. This can occur through (A) creation of bNAb epitopes through viral
escape from strain-specific antibodies, (B) exposure of bNAb epitopes through viral escape
mutations, and (C) affinity maturation of NAb lineages by exposure to different
immunotypes.
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