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Summary
Human immunodeficiency virus-1 (HIV-1) envelope protein (Env) and influenza hemagglutinin
(HA) are the surface glycoproteins responsible for viral entry into host cells, the first step in the
virus life cycle necessary to initiate infection. These glycoproteins exhibit a high degree of
sequence variability and glycosylation, which are used as strategies to escape host immune
responses. Nonetheless, antibodies with broadly neutralizing activity against these viruses have
been isolated that have managed to overcome these barriers. Here, we review recent advances in
the structural characterization of these antibodies with their viral antigens that defines a few sites
of vulnerability on these viral spikes. These broadly neutralizing antibodies tend to focus their
recognition on the sites of similar function between the two viruses: the receptor binding site and
membrane fusion machinery. However, some sites of recognition are unique to the virus
neutralized, such as the dense shield of oligomannose carbohydrates on HIV-1 Env. These
observations are discussed in the context of structure-based design strategies to aid in vaccine
design or development of antivirals.
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Introduction
The human immunodeficiency virus type 1 (HIV-1) and influenza virus are two pathogens
that continue to threaten mankind with epidemics and sporadic pandemics. An estimated 33
million adults and children live with HIV, which corresponds to a worldwide prevalence of
0.8%, with approximately 1.8 million AIDS-related deaths annually (UNAIDS, 2010).
Heterosexual transmission now represents on a worldwide basis the most important vehicle
for HIV acquisition. However, the infectivity rate of HIV transmission from vaginal
intercourse is relatively low and has been estimated to range between approximately 0.0001
and 0.0014 (1). Nevertheless, despite poor infectivity, the HIV-1 epidemic continues due to
its high mortality rate in the absence of a cure, lack of world-wide availability of antiviral
agents, or a natural mechanism to clear the infection, as well as a nine year delay on average
for the progression to acquired immunodeficiency syndrome (AIDS) (2). In stark contrast,
5% to 15% of the world’s population is infected by influenza during a typical seasonal
outbreak, which contributes to about 250,000 to 500,000 global deaths annually (WHO).
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The mortality rate is on the order of about 0.003%, with most deaths occurring in the
elderly. In rare instances, influenza virus can become extremely virulent, such as during the
1918 Spanish flu pandemic, when approximately 50 million deaths were recorded, which
was roughly 2% of the world’s population at the time. During such pandemics, young adults
can be adversely affected, such as in the 1918 and 2009 H1N1 pandemics. Although the
pathogenesis of HIV-1 and influenza differ significantly, parallels can be drawn between the
mechanisms these two viruses utilize to escape protective immune responses. As such, the
development of a universal vaccine remains at the forefront of prevention efforts against
these two viruses.

HIV-1 overview and the entry process
HIV-1 is a retrovirus of the Retroviridae family that contains two copies of single-stranded
RNA. HIV-1 has a large spherical morphology of approximately 120 nm (3), and electron
microscopy studies have revealed that only 9 to 14 irregularly distributed copies of the Env
protein are present on the viral membrane, in addition to other proteins acquired from the
host cell membrane during budding (4, 5). Env therefore represents the only viral component
on the surface of HIV-1 that is accessible for mounting a humoral immune response. Env is
expressed as a gp160 precursor and cleaved in the Golgi; the mature Env glycoprotein
consists of two non-covalently associated subunits, gp120 and gp41, which assemble into a
trimer of heterodimers (6). Env mediates the attachment and fusion of the virus to CD4+ T
cells, which is the first step in HIV-1 infection. Obtaining an atomic structure of the full
HIV-1 Env trimer has continued to be challenging and so far elusive, but electron
microscopy studies have allowed molecular-level characterization of the trimeric protein.
Overall, HIV-1 Env adopts a mushroom-shaped structure with the gp120 variable loops 1
and 2 (V1/V2) at its apex and the gp41 trimer inserting in the membrane (5, 7–14).
Structural knowledge of the HIV-1 Env has been further enhanced by the atomic structures
of individual components. Crystal structures of unliganded gp120 monomer cores (i.e.
devoid of the V1/V2 loops, the V3 loop, and truncations at both the N- and C-termini) were
recently reported and found to adopt an overall architecture similar to that previously
determined for a gp120 core in the CD4-bound state (15, 16). Recently, structural
information on the gp120 V1/V2 loops became available from an antibody-scaffold crystal
complex structure and revealed that this portion of gp120 can adopt a four antiparallel,
disulfide-linked, β-strand topology (17). Although several crystal structures of the gp41
post-fusion, six-helix bundle have been determined, along with crystal and solution
structures of the gp41 MPER in various environments, the conformation that gp41 adopts in
the pre-fusion state when associated with gp120 remains to be fully elucidated. A recent
cryo-EM structure at ~9 Å resolution of a cleaved soluble SOSIP trimer in complex with
antibody 17b as a co-receptor mimic has given a tantalizing glimpse of a proposed activated
intermediate where the gp41 N-terminal helices are visible in this open conformation (18).
Altogether, the various molecular envelopes of HIV-1 Env along with various atomic-level
structures of its subunits provide a workable model of the overall structure (Fig. 1A).

Membrane fusion, as mediated by Env, is a complex process that is only partly understood
and has been extensively reviewed elsewhere (19, 20). Briefly, the most accepted view of
the HIV-cell membrane fusion process consists of a two-step model that involves first the
interaction between the CD4 receptor and gp120, which then induces conformational
changes that permit interaction of the CD4-gp120 complex with another cell surface co-
receptor (generally CXCR4 or CCR5). The binding between gp120 and co-receptor then
triggers further conformational changes in the gp41 transmembrane subunit leading to
formation of the extended coil-coil pre-fusion intermediate. At this stage, destabilization of
the cell membrane is initiated by membrane insertion of the N-terminal peptide of gp41.
Finally, gp41 forms a six-helix bundle that draws the viral and host membranes together. It
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is this process that commercially available peptide entry inhibitors, such as Enfurvitide,
block by inserting an α-helical peptide into a postulated five-helix bundle intermediate and,
thus, prevent six-helix bundle formation (6, 21–24). For the cell and viral membranes to be
pulled together efficiently, mutational analysis has revealed the importance of the gp41
membrane proximal external region (MPER), a flexible hinge region between the helix
bundle and the transmembrane (TM) anchor (25). It is still unclear how many functional Env
molecules are required for mediating viral entry; models with anywhere from one to eight
Env, CD4, and co-receptor molecules organized in lipid rafts have been implicated in
forming the fusion pore (26–31). Although much of the HIV-1 entry process remains to be
clearly defined, our current understanding provides strategies to block receptor-mediated
HIV-1 membrane fusion, either with inhibitors or monoclonal antibodies that target crucial
regions on HIV-1 Env.

Influenza virus overview and the entry process
Influenza A virus is an enveloped virus that uses its major surface glycoprotein
hemagglutinin (HA) to mediate viral infection of host cells (32). In contrast to HIV-1 Env,
HA is densely clustered on the surface of virus (33) along with another surface antigen the
neuraminidase (NA), which is less prevalent than the HA and required to enable progeny
release from infected cells. HA is encoded as a single precursor polypeptide, HA0, and three
copies assemble into a trimer to form the biological unit. HA0 is subsequently matured
extracellularly by proteolysis to generate a pH-dependent metastable trimer, composed of
disulfide-linked HA1 and HA2 subunits, which frees the fusion peptide at the N-terminus of
HA2 for later fusion events. Generally, HA can be structurally divided into a membrane-
distal ‘head’ and a membrane-proximal ‘stem’, each of which plays a distinct role in HA-
mediated viral infection (34) (Fig. 1B). The head is composed only from HA1 and contains
the binding site for its sialic acid receptor (35). This interaction is fairly weak with
millimolar affinity and thus relies on multivalency of binding to achieve sufficient affinity,
which leads to endocytosis of the virus and entry into endosomal compartments (36). The
stem of HA consists primarily of HA2, along with some HA1 residues, and contains the
fusion machinery, which is triggered in the low pH environment of the late endosomes.
There, HA undergoes major conformational changes that direct its fusion peptide into the
endosomal membranes (37) (Fig. 4C). This pH-dependent activation leads to subsequent
fusion of host and virion membranes, which enables release of the influenza genome into the
cytoplasm. Thus, prevention of either receptor binding or membrane fusion of HA is key to
preventing influenza viral infection.

HA is the immunodominant protein of influenza virus for the humoral immune response and
neutralizing antibodies are rapidly generated against it. There are thousands of unique
influenza A strains, which can be divided into two major groups and further classified into
17 HA subtypes established by their uniqueness of reactivity against polyclonal antisera (38,
39). Currently, flu vaccinations are offered annually and are composed of the dominant
strains from the circulating influenza A H1 and H3 subtypes as well as influenza B. As
influenza viruses constantly undergo antigenic drift that subsequently lead to immune
evasion, the vaccine components need to be replaced frequently and almost on an annual
basis. Since the efficacy of vaccines depends on the match between the selected vaccine
strain(s) and the dominant circulating strain(s), there can be a potential lack of protection if a
sufficient discrepancy exists (40, 41). Also, there is concern for pandemic potentials of
influenza A by antigenic shift caused by viral reassortment as observed in the 1918 H1N1,
1957 H2N2, 1968 H3N2, and the recent 2009 H1N1 pandemic viruses. Thus, there is a
pressing need for a broad-spectrum, cross-reactive vaccine for flu for pandemic
preparedness.
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Challenges in eliciting protective antibody responses
The presence of HIV-1 Env and influenza HA on the surface of their respective viruses,
along with their crucial role for viral infectivity, make them ideal targets for vaccine design.
However, it has proven difficult to elicit potent and broad neutralizing antibody responses
against these glycoproteins during both the course of natural infection and by vaccination.
One mechanism of viral escape common to both HIV-1 and influenza is an elevated genetic
diversity of the viruses (Fig. 1) due to an error-prone reverse transcriptase (42). The
resulting extensive genetic diversity of HIV-1 and influenza leads to the ability of these
viruses to constantly evolve and escape antibody responses capable of neutralizing
functional Env and HA variants. For HIV-1 Env, an estimated 35% sequence variation exists
between subtypes (commonly called clades) and the evolution rate of HIV-1 is as much as a
million times faster than that of animal DNA (43, 44). Although influenza HA strains
possess a high degree of sequence variability over time, its diversity is constrained to a
given dominant strain at a specific time point (45, 46). On the other hand, the sequence
hypervariability of HIV-1 Env is prevalent at all times both geographically and within
individuals. As such, it has been estimated that the total HA sequence variability for a given
year of an influenza epidemic is equivalent to the degree of HIV-1 Env sequence variability
in a single individual (46). Together, these sequence variation comparisons allow an
appreciation for why it has been possible to continue to manufacture effective seasonal
influenza vaccines, but indicates why creation of a universal influenza vaccine is a more
daunting but not impossible task, and perhaps a little more tractable at present than
producing an effective HIV-1 vaccine.

Another factor that precludes mounting an effective humoral response against HIV-1 Env
and influenza HA is the masking of functional and conserved regions by extensive
glycosylation (Fig. 1). Indeed, there is considerable evidence indicating that alterations in
the glycosylation pattern of these viral spike proteins have a direct impact on their
sensitivity to neutralizing antibodies (47–54). Almost all glycans on Env and HA are N-
linked, although some O-linked glycans have also been reported for HIV-1 (55–58). The
HIV-1 gp120 has on average 24 potential N-linked glycosylation sites (PNGS) in its
consensus sequence, which spans just over 500 residues, and makes it one of the most
heavily glycosylated viral proteins ever identified with almost 50% of its molar mass
contributed by carbohydrates (Fig. 1A). HIV-1 gp41, on the other hand is much less
glycosylated, with four consensus PNGS in its ectodomain. The influenza spike is not nearly
as glycosylated as HIV-1 Env, containing a total of six consensus PNGS spanning HA1 and
HA2 (59, 60) (Fig. 1B). The total number of glycosylation sites in HAs varies from subtype
to subtype and also appears to increase in the years following a pandemic. These additional
glycans and alterations in their locations lead to masking and unmasking of epitopes (61–
64). In addition to being derived from the host and, hence, poorly immunogenic, the glycan
types can be heterogeneous in nature (complex, hybrid, and oligomannose) and
glycosylation sites are often differentially utilized in viruses of different clades or subtypes
(65–67). These characteristics of the glycans coating the HIV-1 and influenza spike further
complicate the task of generating effective broadly neutralizing antibody responses.

Whereas HA mainly relies on a high mutation rate and sequence variation, Env has acquired
other mechanisms that have allowed it to escape from immune surveillance. These include
(i) conformational masking, (ii) the ability of the conserved gp41 MPER to partition to the
viral membrane, as well as (iii) a high degree of Env debris displayed on the surface of
HIV-1, which is hypothesized to divert and overwhelm the humoral response (51, 68–75).
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Strategies for antibody discovery
Over the last couple of decades, discovery of broadly neutralizing monoclonal antibodies
(bnAbs) that have activity against a broad range of HIV-1 isolates or influenza subtypes
have renewed hope that development of a broadly protective vaccine against these
pathogens is indeed possible. In animal experiments, it was demonstrated for HIV-1 that,
when some of these bnAbs were passively administered prior to challenge with an HIV-1-
like virus, protection of the host was achieved (76–80). These encouraging results suggest
that if similar bnAbs can be elicited by vaccination prior to virus exposure, then sterilizing
immunity is attainable.

Recent studies have shown that a substantial proportion (between 10% and 25%) of HIV-1
positive individuals who have been seropositive for at least one year possess moderate to
broadly neutralizing antibody responses (81–84). In addition, one of these studies estimates
that 1% of HIV-infected individuals, termed elite neutralizers, develop sera with unusually
high neutralizing breadth and potency (83), and it is from these elite neutralizers that bnAbs
have been isolated. In the early to mid-1990s, phage libraries and hybridomas were
generated from sera of selected patients and screened for reactivity against Env that allowed
for the identification of the first generation of bnAbs: the anti-CD4 binding site (CD4bs) b12
antibody (85, 86), the anti-gp41 MPER 2F5 and 4E10 antibodies (87), and the anti-gp120
glycan coat 2G12 antibody (87). Over the course of many years, these antibodies and their
Env epitopes have been the focus of intense investigation, and, as such, crystal structures of
these antibodies in complex with their respective epitopes have been determined (88–92). In
recent years, novel strategies for the efficient screening of B cells were devised and
implemented. These include the gathering of numerous sera of HIV-1 infected individuals
from different geographical regions, such as in IAVI Protocol G, the development of novel
B-cell stimulation assays, high-throughput micro-neutralization assays, probe development
for performing high-throughput binding assays, and 454 pyrosequencing (83, 93–97,
reviewed in 98). The use of a combination of these technological advances on different
cohorts of HIV-1 patients has recently led to the isolation of new bnAbs that map to
common sites of vulnerability on the HIV-1 Env: the CD4bs on gp120, the gp41 MPER, the
N160 glycan on gp120 V1/V2, and the N332 glycan on gp120 V3, reviewed in (99–101).

The quest for the discovery of bnAbs against influenza HA, perhaps surprisingly compared
to HIV-1, has only recently taken off, despite the establishment and availability of medium-
throughput sequence technologies such as phage display antibody libraries in the early
1990s (102). In 1993, the isolation of bnAb C179 from immunized mice marked the first
report of an antibody capable of recognizing a conserved antigenic site on HAs of different
subtypes (103). In subsequent years, the significant public health concerns surrounding the
emergence of the avian and swine flu exposed the need for the discovery of human bnAbs
that recognize conserved antigenic sites on HA that could be exploited in the design of a
universal or at least a broader spectrum vaccine. Similar techniques to those described for
the discovery of anti HIV-1 bnAbs have been utilized to isolate numerous bnAbs targeting
conserved regions on the HA receptor binding site and fusion machinery, detailed below. As
a result, the recent accumulation of numerous bnAbs converging on the same conserved
epitopes has opened up the opportunity to structurally characterize what appear to be the key
neutralizing epitopes with an increasing level of detail, which now is greatly informing
immunogen design against HIV-1 and influenza.
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Antibody responses against HIV-1 Env
The gp120 CD4bs and gp41 MPER as sites of vulnerability

As described previously, key sites of HIV-1 Env vulnerability have been identified from the
study of several bnAbs. The best structurally characterized site of vulnerability is the
CD4bs, which is recognized by a myriad of bnAbs including b12, VRC01, VRC03, and
PGV04, for which co-crystal structures in complex with gp120 core monomers have been
determined ((91, 94, 104, reviewed in 105). Structurally, these antibodies mediate their
recognition by interacting primarily with a loop in the CD4bs (gp120 residues 365–371 in
β15 and α3), particularly via a key salt bridge with gp120 Asp368. Although these bnAbs
all contact this gp120 CD4-binding loop, they vary significantly in their neutralization
potency and breadth. Non-neutralizing antibodies that interact with the gp120 CD4 binding
loop have also been identified, such as b13 and F105, for which co-crystal structures have
also been determined (106). From the structural comparisons of neutralizing and non-
neutralizing CD4bs antibodies, Kwong and colleagues (106) hypothesize that the angle of
approach to CD4bs has to be very precise and compatible with the functional Env trimer
configuration. Indeed, visual inspection of the model of the HIV-1 Env in Fig. 1A shows the
CD4bs is recessed and located between gp120 protomers as well as shielded by glycans
from not only its own gp120 protomer, but also from the heavily glycosylated gp120 outer
domain of the adjacent promoter in the Env trimer. As such, for an antibody to gain access
to this functionally conserved site, it must avoid significant steric constraints and thus is able
only to contact regions of gp120 neighboring the CD4-binding loop that are compatible with
a specific angle of approach. For VRC01, VRC03, and PGV04, the broadest bnAbs
antibodies isolated to date (up to ~90% neutralization of all circulating HIV-1 viruses), these
neighboring interactions include the gp120 loop D (residues 276–283, in addition to the
GlcNAc of glycosylated N276) and variable loop 5 (V5, residues 455–462). In support of
this idea, a recent study showed by increasing antibody interactions with key regions
surrounding the CD4bs using structure-based rational design, antibodies could be developed
with increased neutralization breadth and potency (107).

Another site of HIV-1 Env vulnerability is the gp41 MPER against which three major bnAbs
have been identified: 2F5, 4E10, and Z13 (87, 108, reviewed in 109, 110). Interestingly, 15
of 25 residues of the gp41 MPER are completely invariant across all HIV-1 sequences and
these are at the center of the epitopes recognized by these bnAbs (111). The high degree of
sequence conservation in this tryptophan-rich region is best explained by the functional
constraints of the Env MPER in various viral processes, such as membrane fusion (25, 109,
112, 113), gp41 oligomerization (114), membrane leakage through pore formation (115–
117), as well as binding on epithelial cells to galactosyl ceramide receptors that leads to
mucosal infection by transcytosis (118–120). Structurally, the gp41 MPER is predicted to
adopt an α-helical secondary structure with amphipathic character, which allows it to
partition with the viral membrane (121, 122). As revealed in the co-crystal structures, the
residues buried upon 2F5, Z13, and 4E10 binding are spanned by Leu661-Trp670, Trp670-
Thr676, and Phe673-Trp680, respectively (90, 92, 123). Although 2F5, Z13, and 4E10
recognize core epitope regions of the MPER that are overlapping, the structure that this gp41
region adopts when in complex with each antibody differs significantly. As revealed in the
co-crystal structures with peptide epitopes, 2F5, Z13, and 4E10 recognize their core epitopes
using a type-1 β-turn, two perpendicular α-helical turns, and an α-helical secondary
structure, respectively. These crystal structures therefore clearly highlight the structurally
dynamic nature of the gp41 MPER and how each structure represents a distinct site of
vulnerability for HIV-1. Recently, extensive biophysical techniques were utilized to shed
light into the neutralization mechanism of these anti-MPER directed bnAbs (122, 124, 125).
Interestingly, it appears that 2F5, Z13, and 4E10, to different extents, are able to access and
possibly extract their conserved epitopes from a membrane environment thereby halting
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viral entry by restricting the motion and orientation of important gp41 MPER structural
elements (122, 124, 125).

HIV-1 glycans and broadly neutralizing antibodies
Long thought solely as a shield covering conserved regions on HIV-1 Env, the glycan coat
of the gp120 silent face has recently emerged as a vulnerable entity amenable to recognition
by bnAbs. Indeed, analysis of humoral responses in infected subjects has revealed that the
HIV-1 Env glycan coat possesses characteristics that make it immunogenic and lead to the
development and amplification of B cells to mediate its recognition (97, 126, 127). More
specifically, HIV-1 Env glycans are packed very densely, which drastically limits the
processing of individual carbohydrates by the host cell glycosylation machinery during viral
maturation and renders a high proportion of glycans on the HIV-1 Env as being immature
oligomannose (IOM) type. Various studies have estimated the contribution of these IOM
glycans to be 46% to 98% of the total carbohydrates on the surface of Env, depending on
viral isolates and production systems (58, 67, 128). These IOM glycans are predominantly
localized on the intrinsic patch, a densely arranged glycan cluster on the gp120 outer domain
monomer face opposite to the CD4bs, as well as on regions involved in gp120 trimerization,
such as V1/V2, where closely interacting quaternary structural elements are thought to
hinder access to glycan-processing enzymes (58, 129) (Fig. 2A). Glycosylation sites, as
analyzed by mass spectroscopy, that have a propensity to harbor primarily glycans of the
IOM type include N230, N234, N241, N262, N289, N332, N339, N386, and N392 (65, 66).
Biochemical and structural characterizations suggest that positions N156, N160, N173, and
N295 likely also have carbohydrates of the IOM type (17, 130). The gp120 IOM are
relatively well conserved because of their role in protein folding (131) and facilitating entry
into CD4+ T cells via the interaction with ancillary receptors, such as DC-SIGN (132). Even
if these IOM glycans are derived from the host’s endoplasmic reticulum and Golgi pathways
during the HIV-1 life cycle, they appear as ‘non-self’ to the immune system because of their
dense clustering and IOM nature, thereby representing motifs not usually observed in host
glycoproteins. These clustered IOM patches located on gp120 have now been revealed to be
the target of many bnAbs, including 2G12, PGT128, and PG9 (93, 97, 133) (Fig. 2A).

2G12
In the early 1990s, bnAb 2G12 was isolated from a HIV-1-positive individual possessing a
lymphocyte count of at least 500 cells/mm3as well as a CD4+ T cell:CD8+ T-cell ratio
greater than one (87). Subsequent structural and biochemical studies of 2G12 revealed that it
adopts an unusual domain exchanged dimer configuration, where the variable heavy chains
are swapped on adjacent Fab arms, both when unliganded and when bound to a soluble
trimeric Env construct (88) (Fig. 3A). By somatic mutations of key residues during B-cell
affinity maturation, domain swapping in this unique antibody becomes possible by (i)
weakening the contacts in the VH/VL interface, (ii) structural rearrangement of the Fab
elbow region located between the VH and CH1-regions including incorporation of a proline,
and (iii) formation of a complementary VH/VH’ interface (88). This unusual linear
architecture of the Fab portion of the IgG expands the antibody paratope to 20 Å × 60 Å,
with a distance between the two conventional VH/VL combining sites of approximately 35
Å. The crystal structure of 2G12 in complex with Man9GlcNAc2 moieties demonstrates how
four carbohydrates can simultaneously interact with the expanded paratope via two types of
interactions (Fig. 3A). The high affinity site of glycan recognition is located in the
conventional combining sites (sites 1’ and 2’ in Fig. 3A), and although several glycan
residues are contacted by 2G12 in these two sites, recognition of the terminal Manα1-2Man
disaccharide on the D1 arm accounts for 85% of the interaction, which contains 12 hydrogen
bonds (88). The secondary sites of glycan interaction (sites 3” and 4” in Fig. 3A) reside at
unique VH/VH’ interface created by domain swapping. Although the specificity for glycan
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recognition at this site appears less than that of terminal Manα1-2Man disaccharides in
primary sites, the secondary combining site nonetheless forms between eight and nine
hydrogen bonds with the D2 arm of Man9GlcNAc2 moieties and primarily interacts with the
central mannose residue. Despite the intrinsic low affinity of isolated protein-glycan
interactions, it is the increased multivalency by clustering of several specific protein-glycan
interactions on the 2G12 domain-swapped dimer paratope that is thought to result in
recognition of gp120 with a binding affinity in the nanomolar range (88). Mutagenesis
studies have revealed that the most important IOM glycans required for 2G12 neutralization
are located at glycosylation sites N295, N332, N339, N386, and N392 (130). Based on the
gp120 core and the 2G12:Man9GlcNAc2 structures, it becomes possible to hypothesize that
2G12 neutralizes HIV-1 Env by recognition of glycans at positions N332 and N392 in its
primary high affinity combining sites, whereas proximal glycans at positions N295, N339,
and N386 either reside in the secondary combining sites or play an indirect role in limiting
glycan processing of the key carbohydrate moieties by clustering effects (88).

PGT128
A multitude of new bnAbs with increased potency and breadth has been isolated recently
from the International AIDS Vaccine Initiative (IAVI) Protocol G initiative. This extensive
study yielded antibodies of the PGT 125-131 family (97). Neutralization and binding
experiments with HIV-1 Env mutants suggested that recognition of gp120 by this antibody
family was mediated by interactions with IOM carbohydrates, especially the glycan at
position N332 (97). Recently, a crystal structure of PGT128 in complex with a gp120 outer
domain construct (eODmV3) revealed the sites of recognition at atomic detail (134).
PGT128, a non-domain swapped antibody, recognizes three main features on gp120: two
different glycans (Man8/9GlcNAc2 at position N332 and Man5GlcNAc2 at position N301),
and a β-strand at the base of the V3 loop (Fig. 3B). The main component of the interaction is
the Man8/9 moiety derived from the glycosylation site at position N332, particularly its D1
and D3 arms with which PGT128 makes 11 of the 16 total hydrogen bonds. To mediate this
interaction with high affinity, antibodies of the PGT125-128 family have evolved an unusual
six-residue insertion in HCDR2, which effectively promotes interactions with the N332 D1
arm of the Man8/9 moiety. The secondary glycan contacted by PGT128 in the co-crystal
structure is located at position N301 and recognition is centered on the core of the
Man5GlcNAc2 moiety that is visible for this glycan in the crystal structure. Finally, the 19-
residue PGT128 HCDR3 apex makes mostly backbone contacts with C-terminal residues of
the mini-V3 loop. The HCDR3 of PGT128 forms a β-strand secondary structure, suggesting
that it could potentially form a β-strand-type structure with the full-length V3 loop in the
context of the Env trimer. In the same report, electron microscopy studies of a PGT128-
soluble Env SOSIP construct demonstrated that three Fab molecules were bound to the three
gp120 outer domains on the face opposite to the CD4bs and oriented at an approximately
120° angle relative to the viral membrane (134). Because PGT128 has one of the highest
potencies (lowest concentration to achieve neutralization) of any anti-HIV-1 bnAb isolated
to date, and because of its relatively high neutralization breadth (~70% of circulating
strains), it makes its epitope an attractive target for structure-based vaccine design.

PG9
Two other anti-HIV-1 bnAbs that have recently seen significant progress in the structural
characterization of their epitopes are PG9 and PG16, which were also isolated from the
IAVI Protocol G initiative (83, 93, 135). Crystal structures of the unliganded PG16 antibody
revealed that the 28-residue HCDR3 adopts a hammerhead-like structure with sulfated
tyrosines, and paratope mutagenesis experiments showed that these sulfated tyrosines at the
top surface of this extended hammerhead loop play an important role in mediating HIV-1
neutralization (136, 137). Neutralization and binding studies indicate that PG9 and PG16
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recognize a glycan-dependent N160 epitope located in the gp120 V1/V2 loop that is
preferentially displayed on surface-anchored gp160 trimers (93). However, extensive
screening of monomeric gp120 constructs from different HIV-1 isolates led to the discovery
of a few gp120 monomeric constructs that are efficiently bound by PG9, PG16, or both (17).
PG9 was recently co-crystallized in complex with the V1/V2 strands of two HIV-1 isolates,
CAP45 and ZM109, inserted into a protein scaffold. Similar to PGT128, the structure
revealed that the PG9 epitope also consists of two different glycans and a β-strand (17)(Fig.
3C). In both cases, a Man5GlcNAc2 glycan at position N160 is the predominant element
recognized by PG9, with up to 11 hydrogen bonds at the interface. Interestingly, the
secondary glycosylation site is occupied by a Man5GlcNAc2 glycan from either position
N156 in the CAP45 isolate or from position N173 in the ZM109 isolate, indicating some
promiscuity in the glycan recognition. However, although deriving from different Asn
residues in the two different isolates, these glycans are seen to reside in the same spatial
location. PG9 is therefore dependent on recognition of the N160 glycan but can adapt to
either interaction with a N156 or N173 glycan in its secondary site, depending on which
HIV-1 isolate it neutralizes. Finally, the extended PG9 HCDR3 hammerhead penetrates
through the glycans to form intermolecular parallel β-sheet interactions with backbone
residues of the V1/V2 strand C. Cationic gp120 residues also interact with anionic residues
from the PG9 HCDR3, including two sulfated-tyrosine residues. Interestingly, other V1/V2
recognizing bnAbs for which unliganded crystal structures are also reported in this study
(CH04 and PGT145) show similar extended anionic HCDR3 loops capable of penetrating
the glycan shield (17). Although informative, these crystal structures do not directly explain
why these bnAbs have a preference for a quaternary epitope.

Antibody responses against influenza HA
Antibodies against the HA head

The membrane-distal head subdomain of HA is the immunodominant element of the HA,
and antibodies are rapidly generated against this hypervariable region. Clusters of antigenic
sites have been identified in the head, indicating that it contains an almost continuous carpet
of epitopes that can be targeted by antibodies; however, some of these sites seem to be more
immunodominant than others and undergo constant antigenic drift to escape immune
pressure and can vary quite substantially between strains even from the same subtype (61,
138). Therefore, due to the ability of the virus to rapidly mutate and evade immune
detection, it has long been believed that antibodies against the head are merely strain
specific and, thus, have a narrow breadth of neutralization, which gives rise to the need for
nearly annual vaccine strain reformulation. However, despite the sequence variation in the
head, all HAs have a functionally conserved receptor binding site for host cell recognition
and, thus, residues involved in receptor binding have limited mutational freedom as they are
constrained to maintain viral fitness (Fig. 1B).

The receptor-binding site is a shallow groove that is framed by the 130 loop, the 150 loop,
the 190 helix, and the 220 loop. The sequences of these loops are relatively conserved
compared to the rest of the head in order to bind sialic acid receptors (Fig. 1B). Recent
reports have described receptor binding site-targeted bnAbs that overlap with the natural
receptor, effectively neutralizing virus by antagonizing receptor binding (139, 140) (Fig.
2B). These antibodies have considerable binding breadth, although not nearly as broad as the
stem antibodies, and illustrate that eliciting a broad neutralizing antibody response against
the hypervariable HA head is possible.
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CH65 and receptor mimicry
One such antibody that targets residues conserved for receptor binding is CH65 (139). It was
isolated from peripheral blood mononuclear cells from a subject vaccinated with the 2007
trivalent inactivated vaccine (141). CH65 was discovered to have broad neutralization
activity against a large number of HAs specific to the H1 subtype, spanning across strains
isolated from 1986 to 2007. The crystal structure reveals that CH65 targets residues
conserved in receptor binding by inserting HCDR3 into the receptor binding site (Fig. 4A)
but also relies on the use of four additional CDR loops to recognize variable residues.
Although the interaction of HCDR3 with HA is proposed to resemble the interaction with
receptor, it does not quite achieve true mimicry, as it does not extend to make key
interactions with residues in the 220 loop. Moreover, CH65 binds a large HA footprint and,
thus, contacts variable residues adjacent to and outside of the receptor binding site, which
accounts for its limited breadth.

C05 and binding with a single loop
Another example of an antibody that targets the receptor binding site is C05 (140). It is a
human antibody identified from seasonal influenza infection survivors through phage
display. This antibody possesses heterosubtypic reactivity and crosses the HA group barrier
and targets certain strains from the H1, H2, H3, H9, and H12 subtypes. C05 binds HA
primarily through the use of its 24 amino-acid HCDR3 and contacts a compact and
conserved HA footprint in the receptor binding site. In addition, the HCDR3 loop extends to
make additional contacts with the receptor binding loops in comparison to CH65 (Fig. 4A).
Although C05 possesses no clear receptor mimicry, its binding is quite remarkable, because
it demonstrates that the receptor binding site can be bound with nanomolar affinity by
essentially a single loop, in comparison to the very weak millimolar affinity of sialylated
glycan receptors. In addition, avidity appears to play a major role for its expanded subtype
recognition in that bivalent binding of IgG is much greater than that of monovalent Fab,
likely due to the accessibility of the receptor binding site at the apex of HA on the viral
surface for crosslinking HAs. The multiplicity of binding of IgG in combination with the
conserved contacted residues in the receptor binding site likely extend C05’s breadth of
binding and neutralization.

Recent antibodies such as CH65 and C05 are remarkable in that they both specifically target
the relatively small footprint of the shallow receptor binding site. Not surprisingly, the cross-
reactivity of an antibody is highly related to the conservation of the residues that it targets.
Discovery of antibodies such as these and their binding modes may prove critical in
deciding how to better select vaccine strains. Whether or not avidity is a general trend for
other receptor binding site-targeted antibodies is suggestive but remains to be seen.

HA stem-targeted antibodies
The membrane proximal stem subdomain of HA, in contrast to the head, has much less
sequence variability and, thus, is highly desirable for being targeted by the immune
response. The stem region is not as highly exposed as the head and, hence, not as accessible
to antibodies or as immunogenic. Many of the residues in the stem are highly conserved, as
they contribute to the fusion machinery and are likely to be constrained from mutation.
Antibodies that target this site could inhibit influenza viral infection by blocking HA
maturation or preventing the low pH conformational change that triggers the fusion process
(reviewed in 142) (Fig. 2B). For many years, it was believed that the stem subdomain could
not be targeted by antibodies despite the fact that a mouse monoclonal antibody C179 was
shown in 1993 to target this region and neutralize H1 and H2 subtypes (103). Nevertheless,
perhaps because these were not human antibodies and that bnAbs to influenza were not at
the forefront of vaccine efforts, not much attention was paid to bnAbs against influenza
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virus. However, all that changed about four years ago with the discovery of a number of
human bnAbs that were shown to target the HA stem region (143–146). The discovery of
these antibodies reinvigorated the field and illustrated that a universal flu vaccine may
indeed be achievable. Furthermore, it is now clear that individuals do produce stem
antibodies in the natural course of infection (147, 148) or through vaccination (149), but
these have been overlooked in large part because all of the tests for vaccine efficacy are
based on hemagglutination inhibition assays (HAI) that do not detect neutralization by stem
antibodies.

Influenza group 1 specific antibodies
In 2008–2009, three groups reported discovery of antibodies that neutralized virtually all 10
subtypes of the group 1 family of HAs (143, 144, 146). These antibodies, as exemplified by
CR6261 and F10, are very similar in sequence and structure and all derive from the VH1-69
germline gene family (145, 146). They bind the HA stem using only their heavy chain VH Ig
domain and insert their hydrophobic HCDR2, the hallmark of the VH1-69-encoded germline
gene family, into a hydrophobic pocket between the HA helices in the stem region (145,
146). These antibodies are protective in mice from lethal challenge of influenza virus from
H1 and H5 subtypes. Furthermore, these antibodies are not highly mutated from their
putative germline precursor and, hence, could potentially be relatively easy to elicit by
vaccination or infection. CR6261 also was shown to protect against the pH-dependent
conformational change in the HA and, thereby, provide a mechanism for its neutralization
ability (145).

Influenza group 2 specific antibodies
The team from Crucell extensively screened memory B cells, which led to the identification
of bnAb CR8020 with reactivity against group 2, the remaining 6 of the known 17 HA
subtypes. These antibodies recognized a conserved epitope lower down the stem close to the
viral membrane (150)(Fig. 4B) than that of the previously described group 1 specific
antibodies and uncovered another highly conserved site of vulnerability in the HA stem. The
epitope for CR8020 only partially overlaps with the CR6261 epitope. CR8020 is derived
from a completely different VH family (VH1-18) and uses five out of its six total CDRs for
interaction with the HA. CR8020 not only blocks the pH-dependent conformational change,
but also maturation of the HA0 into HA1 and HA2, providing yet another possible
mechanism of neutralization (150).

Pan-influenza A antibodies
In a further development, other antibodies have now been discovered that neutralize all
influenza A subtypes from group 1 and group 2. The first of these to be reported was bnAb
FI6V3 that was also not from the VH1-69 encoded family but rather from VH3-30 (151).
FI6V3 binds to a similar epitope to CR6261-like Abs but is oriented very differently, such
that it approaches the stem from a near orthogonal direction parallel to the viral membrane,
and uses both its light and heavy chain for interaction. FI6V3 manages to avoid the group 2
specific glycans and, hence, broadens its specificity compared to the group 1 specific stem
antibodies. Another even more remarkable antibody has been found that neutralizes not only
all tested influenza A subtypes but also influenza B viruses of both lineages (152). CR9114
is a VH1-69 germline encoded antibody, discovered by phage display, and recognizes nearly
the same epitope as the other VH1-69 germline encoded antibodies, such as CR6261 and
F10, using only its heavy chain (152)(Fig. 4B). CR9114 differs only slightly in orientation
and angle of approach from the VH1-69 group 1 specific antibodies, but is rotated by about
90° in relation to FI6V3. Whereas CR6261 and F10 are sensitive to larger residues that are
present in group 2 HAs, CR9114 and FI6V3 can accommodate larger residues at these
positions and also avoid the glycans present in different groups and subtypes. These
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structures also show that these glycans can have some conformational flexibility and can be
gently pushed out of the way for the bnAbs to contact the highly conserved protein surface
(151, 152).

Influenza B antibodies
To truly have a universal flu vaccine, influenza B viruses must be taken into account. These
viruses are ever present and cause considerable infection with substantial economic
consequences and thus an influenza B strain is represented in the trivalent seasonal flu
vaccine. Influenza B viruses can be divided into two antigenically distinct linages (Victoria
and Yamagata) and bnAbs should be able to neutralize viruses from both linages. Three
bnAbs have recently been reported that protect mice from lethal challenge by viruses from
both lineages (152). We have previously described CR9114, which binds to the highly
conserved stem region in both flu A and flu B HAs. The two other antibodies CR8033 and
CR8071 bind to conserved regions in the head around the receptor binding site and the
vestigial esterase region in the center of the HA, respectively. In yet another potential
mechanism of neutralization, these antibodies appear to inhibit egress of progeny virus from
infected cells (152).

Lessons from the structural studies of anti-Env and anti-HA bnAbs
The structural characterization of both HIV-1 Env and influenza HA in complex with a
plethora of different and diverse antibodies has allowed definition of the key sites of
vulnerability on these viruses. Interestingly, despite significant differences in the biology of
the viruses, the key functional regions of each viral spike are targeted by these bnAbs,
resulting in potent and broad neutralization (reviewed in 101, 153). On both Env and HA,
the receptor binding site and a region proximal to the viral membrane involved in the fusion
machinery are targets of broadly neutralizing antibodies. Whereas high-affinity binding to
the receptor binding site on the functional trimer most likely leads to potent neutralization
by directly preventing receptor engagement on host cells, binding of neutralizing antibodies
to a region proximal to the viral membrane appears to prevent membrane fusion. To access
these sites of functional importance on the viral spikes, antibody responses need to evolve
mechanisms to by-pass masking and decoy strategies employed by the viruses around these
sites of vulnerabilities, such as extensive glycosylation, loops of high sequence variability,
and steric occlusion from the viral membrane. Two other strategies for antigen recognition
by broadly neutralizing antibodies against HIV-1 Env and influenza HA is the recognition of
a quaternary epitope, such as for PG9, PG16, and PGT145 against Env (93, 97) and FI6V3
and HC63 against HA (151, 154). There have also been indications that some antibodies,
such as b12 IgG, 4E10 IgG, and PGT128 IgG against HIV-1 Env and C05 IgG against
influenza HA are capable of cross-linking spikes as a mechanism of increasing
neutralization avidity (134, 140, 155, 156). In addition to the receptor-binding sites and the
membrane proximal external region, the IOM glycans on the gp120 have recently been
directly implicated in recognition by numerous antibodies including 2G12, PGT128, and
PG9 for which structural information describing their interaction with the antigen is now
available. The two glycans at the center of these newly discovered epitopes are a Man8/9
glycan at position N332 near the base of the V3 loop and a Man5 moiety at position N160 on
strand C of the V2 loop. As highlighted in Fig. 3, the exact interaction of each antibody with
the IOM glycans is highly specific including interaction with the less accessible GlcNAc
residues, as well as the mannoses of the D1, D2, and D3 arms. It remains to be fully
determined how recognition of these elements translates into extremely potent HIV-1
neutralization. Although the influenza HA has also been characterized to contain at least two
IOM sugars for certain subtypes, one at position N165 and the other at position N289 of
HA1 (157, 158), no broadly neutralizing antibodies have yet been identified that interact
directly with these glycans other than minor skirmishes in accessing the underlying
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conserved protein epitopes. As such, direct recognition of IOM glycans by antibodies to
achieve broad neutralization seems at present to be a property unique to HIV-1 but may
become an avenue of exploration for influenza and other highly glycosylated viruses.

Structure-based vaccine and small inhibitor design
The amalgamation of structural information of the sites of vulnerability on HIV-1 Env and
influenza HA has led to the possibility of designing antigens and inhibitors by structure-
based processes with the ultimate goal to re-elicit neutralizing antibodies by vaccination that
block or ameliorate infection (reviewed in 159, 160). Not surprisingly, the receptor binding
site on both viruses has received significant attention in this regard. Various recent gp120-
resurfaced proteins and scaffold molecules have been generated in immunogen design
efforts, in some instances with alteration of glycosylation sites attempting to mask
immunodominant epitopes and emphasize a better presentation of the CD4bs (161–166). In
the case where these molecules were tested as immunogens, none so far have been able to
generate a neutralizing antibody response possessing both breadth and potency (161, 162,
164, 165). A recent structural study comparing neutralizing and non-neutralizing CD4bs
antibodies has suggested that the angle of approach on the functional HIV-1 trimer is critical
in determining the neutralizing capacity of these antibodies (106). As such, monomeric
gp120 antigens might be limited in their ability to adequately present the CD4 binding site
as an effective immunogen. Similarly, antigens presenting the conserved gp41 MPER in a
scaffolded environment very successfully displayed the desired structural epitope but failed
to elicit neutralizing antibodies when tested as immunogens (111, 167–169). Interestingly, in
one instance, the structural characterization of an antibody isolated from a vaccinated animal
in complex with the immunogen revealed that it recognized the desired structure while not
being able to neutralize the virus (167). This result and others suggests that the presentation
of the gp41 MPER in a trimeric environment, and possibly surrounded by phospholipids to
represent the membrane, might be necessary in order to re-elicit antibodies that possess all
of the required components to achieve neutralization (170–174). Finally, several attempts to
generate synthetic, microbial, and recombinant glycoconjugates as immunogens have
recently been performed to mimic the IOM cluster recognized by bnAb 2G12 (175–180). In
some cases, the glycoconjugates were successful in eliciting antibodies that bound gp120,
but none were capable of eliciting broad neutralization. In part, this lack of success can be
attributed to the fact that the exact 2G12 epitope on gp120 has not yet been structurally
revealed, and therefore efforts in structure-based design of glycoconjugates are somewhat
hindered. Without question, the recent structural description of the PGT128 and PG9
carbohydrate epitopes will lead to increased activity in the structure-based design of glycan-
targeting immunogens looking to re-elicit broadly neutralizing antibodies against gp120.

Most bnAbs against HIV-1 that have been isolated from elite neutralizers possess unusual
characteristics, reviewed in (153), such as a high degree of somatic hypermutation.
However, it remains unclear whether all of these mutations are required to achieve broad
and potent neutralization, or whether they are a mere byproduct of accumulated somatic
mutations from antibody maturation during the course of a prolonged infection. For
example, 2G12 was recently found to only require a few substitutions from its germline
precursor sequence to achieve a domain-exchanged configuration (181). Knowledge on the
degree of somatic hypermutation required to broadly and potently neutralize HIV-1 is of
utmost importance as it will directly impact vaccination strategies that will look to generate
bnAbs from germline precursors present in the B-cell repertoire of naive individuals (182–
184).
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Headless HAs and HA chimeric constructs as alternative vaccine strategies
As an alternative vaccination strategy against influenza, headless HA constructs were
created to elicit an antibody response against the stem. These constructs omitted the
immunodominant hypervariable head so that only the highly conserved HA stem is
presented, and immunization with these constructs does indeed protect mice in vivo (185,
186). Although these first studies provide some optimism that an influenza vaccine can be
based upon truncated HA or simplified epitope, other considerations must still be addressed,
such as presenting the epitopes in a similar context to that presented in the HA trimer.

It has recently been shown that individuals infected with the 2009 H1N1 pandemic virus
generate high titers of stem-specific antibodies (148, 187). The sequence of the HA head
from this virus differs substantially from the previously circulating seasonal H1 strain, but is
remarkably similar to that from the 1918 virus (64). Thus, the elderly population had
preexisting immunity to the 2009 pandemic virus. However, it seems that sudden
incorporation of an antigenically distinct head can direct the immune response against the
conserved stem. An alternative form of immunogen design may then be to create HA
chimeras, where the head subdomains are swapped on the background of a constant stem
(188), and provide yet another means to pandemic preparedness through HA stem antibody
elicitation.

Designer proteins for neutralizing viruses
As the number of solved bnAb structures increases, trends in antigen recognition may
emerge that can be utilized to aid the design of small molecule or protein scaffold inhibitors
of viral pathogens. This idea has already been successfully applied to the CR6261 epitope,
where a de novo protein was designed to mimic the residues that CR6261 uses to contact the
hydrophobic groove in the HA stem (189, 190). Disembodied side chains were modeled
onto ‘hot spot’ cavities on the HA surface, and a suitable protein scaffold was identified to
display these key side chains for HA interaction. These designs, HB36 and HB80, also
inhibit the low pH-induced conformational change in HA and display at least equivalent, if
not better, binding and neutralization breadth than CR6261. Crystal structures of these
scaffolds in complex with HA show that the designs were successfully predicted even down
to side-chain rotamer conformations. This raises the possibility that this method may be
further applied to other sites of vulnerability on HA and possibly even be extended to the
HIV Env-1 and other viruses. There are significant advantages of creating non-
immunoglobulin designed proteins as therapies for influenza as they are cheaper and faster
to produce in yeast fermenters in comparison to vaccines, which are produced in chicken
eggs and can take at least six months to produce in enough quantity. Also, the delivery mode
can be engineered to be oral bioavailable for facilitated administration and distribution.

Much of the effort in designing small molecules against the receptor binding site has been
attempted by using sialic acid as a scaffold; however, sialic acid binds weakly with
millimolar affinity (36) and is thus a poor starting point. For the first time, high affinity
recognition against the receptor binding site by a single loop has been observed by Fab C05
(140). Though there is no obvious receptor mimicry, this structure may also inform on the
development of small molecules, whether proteins or drug-like molecules that target the
receptor binding site.

Despite the functional conservation of receptor binding of HA, sequence variability within
the receptor-binding site will remain a significant hurdle for immune or small molecule
recognition. Different subtypes use different residues to recognize their sialic acid receptor.
For instance, changes can be incorporated that do not influence receptor binding, most
notably by amino-acid insertions or deletions, that alter the shape and size of the receptor
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binding site and influence antibody recognition and binding. Also, the receptor does not
make direct contacts with residues along the tip of the 150 loop, which is at the apex of the
HA spike; thus, these positions are not constrained for receptor binding and can be quite
variable. Despite these hurdles that limit the binding potential, C05 uses multivalent binding
in the context of IgG to neutralize strains that the weak affinity monovalent Fab cannot
(140). Weaker affinity arising from reduced specificity and less affinity maturation may be
required to neutralize the more variable receptor binding site compared to the much more
highly conserved stem region. The increased affinity by avidity raises the possibility that
variable regions in the top of the HA head, such as the 150 loop, can be tolerated and this
concept can be extended to isolate or elicit antibodies similar to C05.

There have been several other reports of antibodies that also map at the apex of the head of
HA near the receptor binding site. These consist of H1-specific antibodies that appear to
complement CH65 so as to cover all H1 strains (191, 192), pan-H2 specific antibodies (193),
a whole class of pan-H3 antibodies (194–196), and another that is remarkably
heterosubtypic (197). Although structures of these Abs have not yet been reported, structural
information from these antibodies may also aid in development of vaccines or antibody and
small molecule therapies as they target HAs from those viruses that have infected or are
currently circulating in humans.

Long-standing challenges and concluding remarks
Despite significant advances in the structural characterization of the HIV-1 Env and the
influenza HA in the last decades, some major milestones still remain to be attained to
complete the molecular understanding of these viral glycoproteins, which in turn would lead
to better guiding structure-based design strategies. In the case of HIV-1, it is unequivocal
that the most pressing need is for a structure of the HIV-1 trimer at atomic resolution. It is
becoming increasingly clear that the steric constraints present in the membrane-anchored
trimeric Env greatly affect its antigenicity, such as the angle of approach of CD4bs
antibodies, the glycosylation profile leading to an increase in IOM sugars, as well as the
formation of quaternary epitopes located at the spike apex. As such, a detailed structural
understanding of the HIV-1 Env trimer would enable the creation of constrained
immunogens that possess all the characteristics necessary to present the epitopes of broadly
neutralizing antibodies in a more native context.

For influenza, the future seems very bright for the design of a universal broad-spectrum
vaccine due to the current structural arsenal of antibodies that cover influenza A and
influenza B. As there are now multiple structures of antibodies in complex with HA that
target the same functionally constrained epitopes in the receptor binding site and stem, the
real challenge now is how to collectively take this information and apply it towards the
design of immunogens or small molecules. The design of vaccines or small molecules as
therapies based on the known bnAbs may be more tractable in the short-term, in large part
due to not requiring sterilizing immunity as for retroviruses.
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Fig. 1. HIV-1 Env and influenza HA sequence variability and glycosylation
Sequence variability is represented on the molecular surface as varying colors described on
the scale. Potential N-linked glycosylation sites from the consensus sequences are shown as
purple spheres. The receptor binding site is colored in blue. (A) As no crystal structure of
the full HIV-1 Env trimer is known, a model was generated from the electron microscopy
reconstruction of the unliganded HIV-1 Env trimer (gray mesh, EMD ID 5019) (8), the
gp120 core structure (PDB ID 3DNN) (8, 15), the gp120 mini-V3 loop (PDB ID 3TYG)
(134), and the gp120 V1/V2 loops (PDB ID 3U4E) (17). Missing regions of gp120 (N- and
C- termini, and the full V1/V2 and V3 loops) as well as the gp41 ectodomain are labeled
inside brown and blue spherical shapes, respectively. (B) The influenza HA trimer structure
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was rendered using the coordinates from PDB ID 3GBN. This figure was prepared using
Chimera (198).
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Fig. 2. HIV-1 Env and influenza HA sites of vulnerability
(A) Crucial oligomannose carbohydrates of the HIV-1 glycan coat are part of epitopes
recognized by broadly neutralizing antibodies PGT128 (N301 and N332, red), PG9 (N156
and N160, green), and 2G12 (N295, N339, N386 and N392, yellow + N332, red). Other
sites of vulnerability recognized by broadly neutralizing antibody include the CD4bs (blue)
and the gp41 membrane proximal external region (MPER) (magenta). (B) Comparison of
structurally characterized neutralizing antibody epitopes against influenza HA. For each
antibody-HA complex, contacting residues were determined by Contacsym (199) and the
equivalent positions are mapped onto the surface representation of A/Brevig Mission/1/1918
(H1N1) HA from PDB ID 3GBN: red, CR9114 (PDB ID 4FQI); yellow, CR8020 (PDB ID

Julien et al. Page 28

Immunol Rev. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3SDY); cyan, FI6V3 (PDB ID 3ZTN); blue, C05 (PDB ID 4FP8); dark red, CH65 (PDB ID
3SM5); green, 2D1 (PDB ID 3LZF); orange, HC63 (PDB ID 1KEN). Overlapping residues
between the CR9114 and CR8020 footprints are colored in orange. The α2-6 sialic acid
receptor analog from PDB ID 3UBE is shown with carbon in yellow, oxygen in red, and
nitrogen in blue. Glycans are illustrated as in Fig. 1. This figure was prepared using Pymol.
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Fig. 3. Recognition of carbohydrate-containing HIV-1 Env epitopes by three broadly
neutralizing antibodies
Protein components are rendered as secondary structure cartoons, whereas glycans are
represented as sticks. The light chain and heavy chain of the antibodies are colored in orange
and shades of blue, respectively. The glycans recognized by the antibodies are represented
as cartoon models below the crystal structures with squares and circles representing GlcNAc
and mannose moieties, respectively. For each glycan, the moieties are circled if they have at
least 10 Å2 of surface area buried in the antibody paratope, a threshold used for defining
interacting regions. Regions on gp120 that form the primary site of interaction are colored
green, whereas secondary binding sites are colored magenta. (A) The crystal structure of the
domain-swapped 2G12 antibody dimer in complex with Man9GlcNAc2 sugar moieties
reveals an interaction with up to four oligomannose glycans in its multivalent combining site
(PDB ID 1OP5). Labeled 1’ and 2’ are the glycans interacting in the primary combining
sites, whereas the glycans contacting the secondary combining sites are labeled 3” and 4”.
(B) As seen in the crystal structure of the complex with an engineered gp120 outer domain
(eODm3), antibody PGT128 recognizes two glycans (N301 and N332) and a β-strand (base
of gp120 V3) (PDB ID 3TYG). (C) Antibody PG9 also recognizes two glycans (N156 and
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N160) and a β-strand (gp120 V2 loop) in a crystal structure of a complex with a gp120 V1/
V2 scaffold (PDB ID 3U4E). The figure was prepared using Chimera (198).
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Fig. 4. Recognition of the head and stem subdomains of influenza HA by broadly neutralizing
antibodies
(A) Antibodies CH65 (PDB ID 3SM5) and C05 (PDB ID 4FP8) insert their HCDR3,
colored dark red and blue, respectively, into the receptor-binding site to compete with
receptor. The HA surface from PDB ID 1MQN is shown, and the residues contacted by
receptor are colored in dark orange. The receptor is represented as sticks with carbon in
yellow, oxygen in red, and nitrogen in blue. The HA heads of the bnAb complex structures
were aligned to that of PDB ID 1MQN. (B) Antibodies CR9114 (PDB ID 4FQI) and
CR8020 (PDB ID 3SDY) bind unique epitopes in the stem and inhibit the low pH
conformational change shown in (C) (PDB ID 1QU1). The light chains of each antibody are
represented in a lighter shade. The HA1 is colored in gray and glycans are not shown. The
figure was prepared using Pymol.
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