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CHAPTER 9 

Introduction 
Measuring vaccine-elicited neutralizing anti

bodies is a time-honored method for determining vaccine 
efficacy against viral infections (76, 113). Generally, 
eliciting neutralizing antibody serum titers corresponding 
to 90% neutralizing in vitro at approximately a 1:100 
dilution is considered enough to convey 'sterilizing 
immunity' and protect against viral infection (72, 76, 78, 
87, 104). Although antibody titers of lesser but still 
significant potency do not protect against viral infection, 
they can still provide benefits for disease-progression in 
terms of delayed and/or decreased viremia (72, 76, 78, 
87, 104). Thus eliciting neutralizing antibody responses is 
a crucial requirement for vaccine-induced protection 
against HIV-1. 

In analogy to studies in murine retroviral 
infection models (1, 22, 44, 82). the neutralizing antibody 
response, produced by B-cells. is required to act in 
concert with the cellular response (CD4- and CD8* T 
cells) to achieve full protection against pathogenic viral 
challenge (23). Furthermore, whereas CD8+ T cells are 
required to protect against lethal infection, neutralizing 
antibody response appear necessary to prevent persistent 
infection (24, 45). The CD4* T cells play a coordinating 
role in the optimal development of both antibody and 
cellular immune responses (43, 45). Neutralizing 
antibodies probably act by reducing the infectivity of a viral 
inoculum enough to buy the cellular response sufficient 
time to develop (76). In HIV-1 infection, in which the 
coordinating CD4' T cells are infected, the blunting effect 
of pre-existing neutralizing antibodies might be especially 
beneficial. 

In HIV-1 vaccine development the induction of 
significantly potent neutralizing antibodies titers seems to 
be unattainable until now (10, 12, 13). A quintessential 
problem in vaccine development is that the HIV-1 virus 
has developed a number of strategies to reduce both 
antigenicity and immunogenicity of the mature oligomeric 
envelope complex, enabling the virus to escape 
neutralization (55, 80). Understanding neutralization of 
HIV-1 primary isolates at the molecular level is therefore 
critical for a knowledge-based approach for the 
development of a vaccine against HIV-1. The versatility 
and experimental control of phage display technology offer 
powerful tools for addressing some fundamental questions 
regarding potential vaccines. These will be discussed 
below. 

Phage display as a tool in HIV-1 vaccine research 
Initial efforts in vaccine design were focused on 

eliciting antibody responses using recombinant soluble 
protein subunits, e.g. gp120 and gp160 (Fig. 9.1A). These 
so-called subunit vaccines, however, elicited rather poor 
neutralizing antibody responses to primary isolates of HIV-
1 in humans (17, 20.40, 60,61.111,116). Subsequently, 
neutralization was shown to correlate with antibody 
binding to mature oligomeric envelope (79,91,98). As the 
repertoire of (neutralizing) antibodies selected from a 
phage display library will depend, among others, on the 
antigen used for selection, the ability of an antigen to 

enrich for neutralizing antibodies could be used as a 
measure for the potential efficacy of the antigen as a 
vaccine (77). Indeed, the subunit molecules selected for a 
relative low frequency of potent neutralizing antibodies 
from human libraries prepared from seropositive donors, 
whereas concentrated virions, displaying mature 
oligomeric envelope, enriched efficiently for potent 
neutralizing antibodies (77). 

Recombinant Env-based immunogens 
As neutralization correlates with antibody 

binding to mature oligomeric envelop, one obvious 
approach for the development of a potential vaccine is to 
design recombinant immunogens that accurately mimic 
this mature oligomeric conformation. To achieve this, 
however, several obstacles have to be addressed, 
including (i) the lability of the noncovalent interaction 
between gp120 and gp41, (ii) the level of processing of 
the envelope proteins, and (iii) the influence of the 
membrane environment. 

To address the noncovalent interaction between 
gp120 and gp41, which causes extensive dissociation of 
gp120 (37, 64, 67, 84), constructs lacking the gp120-gp41 
cleavage site were designed ( Fig. 9.1 A+B: 3. 7. 28-30. 
103). These constructs, usually only containing the 
ectodomain of gp41, are designated gp140 and form 
soluble oligomers (predominantly dimers and tetramers; 
103). It is, however, questionable whether these 
uncleaved constructs truly mimic the native conformation, 
as both antigenic (28, 29) and immunogenic (77) 
properties differ considerably between gp140 constructs 
and native oligomeric Env spikes. In another strategy a 
disulfide bond was introduced between gp120 and gp41 
which resulted in a construct that was naturally cleaved 
and retained the antigenic properties of native Env as 
probed by antibody binding profiles (7, 103). Biochemical 
analysis, however, demonstrated that the disulfide 
stabilized construct mainly formed monomers (103). 

Although high-level expression systems are 
desirable for the production of soluble recombinant Env-
based immunogens, the processing capacity of these 
expression systems might be limiting, especially for those 
immunogens designed to be cleaved. One strategy would 
be to optimize the parameters influencing processing for a 
given combination of construct and expression system, 
however, this would require extensive research. A number 
of proteases may cleave gp160 into gp41 and gp120 at 
the REKR cleavage site (63). Furin, however, appears to 
be the dominant protease responsible (42, 69). A more 
elegant strategy to address this problem is therefore to 
overexpress furin in the expression system (7). 

Finally, although antigenically comparable, 
native soluble oligomers would still differ from the 
physiological conformation in that in vivo the mature 
oligomer is expressed on the membrane of virions or 
infected cells (Fig. 9.1 C). Immunogenic surfaces occluded 
by proximity to the cellular or viral membranes (56, 118), 
are exposed on the soluble oligomers, which could skew 
the antibody response toward specificities that are not 
accessible on the virion and thus non-neutralizing (e.g. 
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Figure 9.1: Theoretical distribution of Env-derived immunogens based on physiological relevance for viral 
infection. A) Soluble monomeric constructs. Monomenc subunits of the Env complex (gp41, gp120. and gp160) are very 
immunogenic, however, most antibodies elicited with these immunogens generally do not recognize the native oligomeric 
Env complex, and are thus non-neutralizing or display only strain specific neutralization (20, 40, 60, 61. 111, 116). Similarly, 
constructs lacking the gp120-gp41 cleavage site and containing the gp120 moiety linked to the gp41 ectodomain (gp140), 
do not elicit relevant antibodies (3. 28-30). A disulfide bond-stabilized proteolytically processed gp140 (gp1403os) has been 
shown to retain the antigenic properties of native oligomeric Env, however, it mainly forms monomers upon purification (7. 
103). In the cartoon CD4 and coreceptor binding sites are indicated (shaded ovals). For convenience the cartoons are 
drawn without variable loops. B) Soluble oligomeric constructs. As neutralization correlates to binding to the native 
oligomeric Env complex, investigators focused on making soluble oligomers. Due to the lability of the non-covalent gp41-
gp20 interaction, however, most attempts involve non-cleaved constructs, (gp160)3 and (gp140)3. or a disulfide stabilized 
construct, (gp140sosb. Although the oligomeric recombinant gp160 is depicted here in a trimeric configuration, this protein 
may in fact form higher-order aggregates in solution because of associations between various hydrophobic domains. 
Additionally, oligomeric gp140 constructs were reported to form predominantly dimenc and tetrameric complexes (103). As 
mentioned before, the disulfide bond-stabilized proteolytically processed gp140 (gp140sos) mainly forms monomers upon 
purification (7, 103). C) Membrane-expressed oligomers. Soluble oligomers still differ from the physiological situation in that 
the native oligomeric Env complex. (gp120-gp41)5, is expressed on the membrane of infected cells and virions. Although 
oligomeric (gp160)3 is also expressed on infected cells, (gp120-gp41)-, is the only conformation that is functional, and should 
thus be the conformation mimicked by Env-based immunogens. Due to the exposure of immunodominant nonfunctional 
epitopes, Env preparations with low physiological relevance are generally more immunogenic, i.e. immunogenicity of Env-
derived immunogens is roughly inversely correlated with physiological relevance. 

(29). Indeed, screening of seropositive human sera 
against Env complexes in a membrane or solubilized 
context suggested that -50-97% of the antibody response 
is directed to epitopes not accessible on membrane 
associated Env (Chapter 4). 

HIV-1 infected cells can be used as a source of 
mature oligomeric Env complexes. Processing of gp160 
into gp120 and gp41. however, is not a prerequisite for 
surface-membrane targeting, and oligomeric gp160 can 
thus be readily detected on the surface of infected cells 
(63. 69. 115). In contrast to infected cells, unprocessed 
gp160 is not detected in virion preparations (27, 48. 63). 
Using virions instead of infected cells as a source of 
recombinant protein would thus offer an advantage, 
however, high titer virus preparations are difficult to obtain. 
Furthermore, with the recent demonstration that virions 

contain both functional and nonfunctional Env spikes, 
caution is required (85). 

In Chapter 3 and 4 we evaluated an approach 
for the isolation of membrane-associated oligomeric Env, 
involving solubilization with the mild non-ionic detergent n-
octyl B-D-glucopyranoside in combination with size-
exclusion chromatography. The approach resulted in a 
preparation containing membrane-associated Env 
complexes captured in detergent-lipid vesicles (Fig. 3.1). 
Although this approach may be generally applicable for 
the capture of membrane proteins, the generated vesicles 
contained both cleaved and uncleaved Env complexes, 
suggesting that the cellular processing machinery of our 
system was limiting. Accordingly, the vesicles did not elicit 
neutralizing antibodies in rabbits (Chapter 4) or selected 
for the strongly neutralizing b12 clone from its phage 
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display library (Chapter 3). Considering the presence of 
substantial amounts of uncleaved Env complexes in the 
antigen preparations, the before-mentioned antibody 
response against epitopes not accessible on membrane-
associated Env is likely underestimated. 

In addition to increasing the relative amount of 
mature 'fully-processed' oligomeric Env, there are other 
aspects of the vesicles that could be improved. First, 
although size-exclusion chromatography can remove part 
of the contaminating proteins from the vesicles, not all 
irrelevant membrane proteins are eliminated as illustrated 
by the presence of vaccinia proteins in the vesicles (Fig. 
4.2) and the vaccinia-specific antibodies elicited/ selected 
by the vesicles (Chapter 3 & 4). Furthermore, as the 
reconstitute of the membrane fragments occurs 
randomly, the right-side-out orientation of the membrane 
proteins is not guaranteed. In an alternative strategy 
described recently, solubilized uncleaved oligomeric Env 
complexes were selectively captured by antibodies, 
specific for a tag in the cytoplasmic domain of the target 
antigen, immobilized on paramagnetic beads and 
reconstituted into proteoliposomes (41). With this strategy 
both the irrelevant membrane proteins are excluded and 
the Env complexes are presented in the right orientation. 
The second point for improvement involves the before 
mentioned heterogeneity of the Env spikes present on 
HIV-1 virions (85). In order to avoid the nonfunctional Env 
spikes in immunogen preparations, the precise nature of 
their nonfunctionality needs to be identified. If 
nonfunctional Env spikes turn out to be complexes 
missing one or two gp120 subunits, i.e. (gp120Vgp4l3) or 
(gp120-gp4l3). disulfide stabilization could offer a solution 

(7). 
To summarize, a fully processed, disulfide 

stabilized functional oligomeric Env complex presented in 
high densities on proteoliposomes could offer an attractive 
vaccine from an antibody perspective. However, as the 
HIV-1 envelope glycoprotein has evolved to minimize 
neutralizing-antibody responses, simply mimicking the 
oligomeric envelope complex might not be enough to 
produce a vaccine. Additional approaches to enhance the 
immunogenicity of the relevant epitopes, e.g. by removing 
glycan residues (88) or variable loops (15). or dampen the 
immunogenicity of the non-relevant epitopes, e.g. by 
introducing glycans (74), is worth investigating. 

Reverse vaccinology 
Another approach to develop immunogens is to 

study the molecular interaction of well-defined broadly 
neutralizing antibodies with envelope proteins and from 
there determine the structural requirements of a potential 
vaccine to elicit such antibodies. This structure-based 
approach to the design of immunogens has been termed 
reverse vaccinology (9). Prior to the chapters presented in 
this thesis, only three mAbs from the large number of 
mAbs cloned from HIV-1 infected individuals, were 
considered broadly neutralizing (10, 26). Two of these 
recognize gp120, namely, b12, specific for the CD4bs (2, 
11, 73, 91), and 2G12. which recognizes a carbohydrate-
dependent conformational epitope based around the 

C3A/4 region (14, 95, 101, 109). One mAb, 2F5. binds to 
a linear epitope, ELDKWA (residues 662-667), on the 
membrane proximal region of gp41 (19,70,71). 

One approach for reverse vaccinology is to 
identify peptides that represent the epitopes recognized by 
broadly neutralizing mAbs. This strategy has been 
successfully employed for the identification of 
immunogenic peptides that could elicit neutralizing 
antibodies in animal models against hepatitis A virus, 
Plasmodium falciparum circumsporozoite and a murine 
coronavirus (62,107,120). From this perspective, the 2F5 
epitope is most attractive for HIV-1 vaccine design, due to 
its linear nature, however, many attempts to elicit 2F5-like 
antibodies with this peptide sequence in different contexts 
have failed (18, 31. 58, 70), V. Oude Engberink and 
P.W.H.I. Parren, personal communication). Although the 
2F5-binding site was originally mapped to the linear 
sequence ELDKWA in the gp41 ectodomain (19, 70, 71), 
the data presented in Chapter 8 suggest, in agreement 
with recent findings by others (75), that the epitope may 
be considerably larger and more complex than expected 
(Fig. 8.6B). Moreover, in a study investigating oligomeric 
gp160 expressed on proteoliposomes, 2F5 bound better in 
the presence of phospholipids suggesting that optimal 
epitope exposure may be dependent on membrane 
context (41). 

Docking and mutagenesis studies suggest that 
the b12 epitope consists of at least six peptide segments 
separated on the primary amino-acid sequence of gp120 
(73, 97). The complex nature of the b12 epitope would be 
difficult to mimic in a single peptide, however, a peptide 
mimotope has been identified by screening a phage 
display peptide library (123). Although preliminary 
immunizations with this peptide, designated B2.1, did not 
elicit b12-like antibodies, it can function as a structural 
template for the development of peptide immunogens of 
enhanced mimicry and higher immunogenicity (96, 123). 
From this perspective, the crystal structure of the Fab b12-
B2.1 complex provides detailed information for the rational 
design of such improved peptide mimotopes (96). 

Due to the carbohydrate nature of the 2G12 
epitope, identifying a peptide mimic via screening of 
phage display of peptide libraries may prove more 
challenging. More likely, and similar to b12, the crystal 
structure of 2G12 complexed to its carbohydrate epitope, 
could provide the detailed knowledge required for a 
rational design of a 2G12 mimotope (14). 

Finally, to improve the structure-based design of 
immunogens. we need to expand our knowledge of 
complexes of neutralizing antibodies with envelope 
proteins. For this we would need to i) identify novel 
neutralizing antibodies (see below), ii) study the 
interaction of (novel) neutralizing antibodies with the Env 
complex at the molecular level (e.g. mutagenesis studies), 
and iii) solve the crystal structures of the (novel) 
neutralizing antibodies (preferably in complex with their 
antigens or mimotopes (e.g. as identified from phage 
display peptide libraries). 

Identifying novel neutralizing antibodies 
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The selection of neutralizing antibodies from a 
given library is dependent, among others, on the antigen 
used for selection (as discussed above) and the 
composition of the library, which is largely determined by 
the immune status of the donor. Generally, if a given 
donor has a significant serum titer to a pathogen, then 
high affinity antibodies to that pathogen can be isolated 
from a library prepared from that donor. In the case of 
HIV-1, seropositive donors that display potent and broad 
neutralizing serum antibody titers are prime-candidates for 
library construction and the identification of new 
neutralizing antibodies. In an effort to standardize 
neutralization assays, investigators identified a donor, 
designated FDA-2, whose serum was able to neutralize a 
broad spectrum of primary isolates (8, 66, 81, 112). We 
constructed Fab and scFv libraries derived from the bone 
marrow of this donor and two novel neutralizing antibodies 
were isolated, namely, X5 (Chapters 5,6 & 7), a novel 
CD4i mAb, and Z13 (Chapter 8) specific for the 
membrane proximal region of gp41. 

The interaction of (novel) neutralizing antibodies with 
the Env complex 
9P120 

The gp120-specific primary isolate neutralizing 
human antibodies identified so far are directed to 
conserved epitopes that are present on the resting 
oligomeric Env complex, i.e. before interaction with target-
cell receptors (Fig. 9.2). These neutralizing antibodies are 
believed to act by binding to the exposed Env surface and 
obstructing the initial interaction between the gp120 
molecules in the virial Env complexes and a cluster of 
CD4 molecules on the target cell (79,110). 

Upon CD4 binding, the gp120 molecules are 
thought to undergo conformational changes leading to the 
exposure of the conserved coreceptor binding site (68. 99. 
119). It may be envisioned that conserved epitopes that 
are exposed on the CD4-bound conformation of gp120 are 
interesting targets for antibody-mediated neutralization. 
On gp120. the main epitopes that becomes exposed after 
interaction with CD4 are the CD4 induced (CD4i) epitopes 
overlapping the coreceptor binding-site (89, 90. 109,117, 
Chapter 7). MAbs to these epitopes, also termed CD4i for 
convenience, can neutralize some TCLA HIV-1 strains but 
generally do not display primary isolate neutralizing 
activity at relevant concentrations (Chapter 5, 86). Some 
argue that increasing CD4i epitope exposure may elicit 
more potent CD4i mAbs or higher serum antibody titers 
(34, 47, 59, 94). The data presented in Chapter 6. 
however, suggest that the inability of CD4i mAbs to 
neutralize the primary R5 isolates (at least the ones tested 
in our study), is not due to lack of potency, but due to 
spatial constraints. In Chapter 6 we argue that the 
available space between virus and target-cell surface is 
not enough to accommodate a whole antibody molecule 
but is enough to accommodate smaller antibody Fab and 
scFv fragments (Fig. 6.6). Thus we propose that CD4i 
mAb-mediated neutralization is bi-phasic, with 1) a 'pre-
attachment'-phase that is dependent on the accessibility 
of the CD4i epitope on the resting oligomer, primarily 

governed by the V1A/2 variable loops, and 2) a 'post-
attachment'-phase that is dependent on steric restrictions 
imposed by the cellular membrane and the V1A/2 variable 
loops. The fact that we observe unique differences 
between Fab and scFv fragments of different CD4i mAbs, 
however, indicates that there are additional variables 
influencing these mechanisms. One could speculate that 
the precise orientation of the epitope (Chapter 7) may 
influence the susceptibility of the antibody fragment to 
steric constraints by the surrounding protein and 
carbohydrate structures at the virus:cell interface. The 
ability of CD4i mAbs to neutralize some TCLA HIV-1 
strains is thus likely a reflection of the exposure of the 
epitope on the resting oligomeric Env complex (32, 100). 
The fact that smaller CD4i antibody fragments are able to 
neutralize in the post-attachment phase, suggests that the 
CD4i epitope could be used as a target for small molecule 
entry inhibitors. The structural data derived from Chapter 
7 could be used for the design of such small molecule 
inhibitors. 

As the non-syncytium inducing (NSI) variants, 
which establish primary infection in humans have a R5 
phenotype (83, 102, 105, 121, 122), the inability of CD4i 
mAbs to neutralize most R5 viruses raises concerns as to 
whether the CD4i epitopes are useful targets for antibody 
neutralization in vaccine design. Conversely, with the 
higher efficiency of CD4i-specific Abs against X4 viruses, 
one could speculate a role for CD4i-specific Abs in 
preventing the development of syncytium inducing (SI). X4 
HIV-1 variants, which emerge during established infection 
in about 50% of HIV-1 patients and are associated with a 
more rapid disease progression (4, 25,54). 

gp41 
As mentioned before, the 2F5 epitope is located 

on the membrane proximal region of gp41 (19, 70, 71). 
Although the epitope is present on the resting oligomeric 
Env complex (Chapter 8, 33,100), 2F5 does not interfere 
with virus attachment to target-cells, suggesting a different 
neutralization mechanism (110). Similarly, the novel 
neutralizing antibodies 4E10 (106) and Z13 described in 
Chapter 8 bind to a linear epitope, NWFNIT (residues 
671-676), proximal to that of 2F5 (Fig. 8.10) and may thus 
act in the same way. Both epitopes are located near a 
conserved tryptophan-rich region that has been 
implemented in Env-mediated fusion (93). 

After receptor engagement gp41 undergoes 
conformational changes resulting in fusion (Fig 9.2). 
These changes include a transition from an intermediate 
pre-hairpin conformation, with the aminoterminal- and 
carboxyterminal helical regions exposed, into a terminal 
hairpin conformation, where the aminoterminal- and 
carboxyterminal helices adopt an antiparallel 
arrangement. Peptide mimics of the carboxyterminal 
helices have been identified previously as neutralizing 
agents (49. 114). They are thought to act by interfering 
with the pre-hairpin to hairpin transition of gp41, thus 
inhibiting the fusion process quite efficiently. It is possible 
that the dimensions of a full immunoglobulin molecule are 
a limiting factor in the accessibility of these neutralization 
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Figure 9.2: A model for HIV-1 Env membrane fusion in relation to neutralizing antibody binding and viral evasion 
strategies. HIV-1 Env membrane fusion is initiated by the interaction of the resting oligomeric Env complex (gp120-gp41)3 

and a cluster of CD4 molecules on the target cell (21 , 53). For clarity only one gp120-gp41 heterodimer is depicted. Most 
neutralizing gp120-specific mAbs (CD4bs. V1/2. V3 and 2G12) are thought to bind to the resting oligomeric Env complex 
and obstruct the initial interaction between the gp120 sub-unit and CD4 (79, 110). To evade recognition by neutralizing 
mAbs, the HIV-1 virus has evolved a number of strategies to minimize antigenicity of the resting oligomeric Env complex, 
including sequence variability, extensive glycosylation, sequestering of conserved regions with variable loop domains 
(including associated carbohydrate structures) and conformational masking (55, 80). Additional immune evasion strategies 
are employed by HIV-1 (e.g. decoy antigens), but are not indicated as they have more general implications. Binding of the 
gp120 sub-unit to CD4 induces conformational changes in gp120, resulting in the exposure of the conserved coreceptor 
binding site (CoRbs; 68. 99. 119). Additionally, CD4 binding appears to trigger the exposure of a pre-hairpin conformation 
(a.k.a. triple stranded coiled-coil conformation, fusogenic conformation) of gp41 (35, 36, 50, 65), and presumably the 
exposure of fusion-peptide. MAbs recognizing epitopes overlapping the CoRbs, the CD4i mAbs, are able to neutralize sCD4 
activated fusion by obstructing the interaction of the gp120-sCD4 complex with the coreceptor (CoR; (92, 108, 117), 
however, when fusion is initiated by cell-surface expressed CD4 the available space at the virus-cell interface is not enough 
to accommodate a whole IgG molecule (Chapter 6. 32). These steric constraints imposed by the viral and cellular 
membranes are probably augmented by the bulk of V1/V2 loop structures (Chapter 6). The neutralizing capacity displayed 
by CD4i mAbs for some isolates is thus likely a reflection of CD4i epitope exposure on the resting oligomeric Env complex. 
For gp41. binding of CD4 causes a small perturbation in the binding of mAb 2F5 (and mAbs 4E10 and Fab Z13), which is in 
dramatic contrast to the large increase in binding of mAbs to the more immunogenic gp41 epitope clusters I and II upon CD4 
binding (Chapter 8. 100). MAbs specific for cluster I and II epitopes, however, do not display neutralizing activity (6, 33, 57). 
Binding to the coreceptor is thought to induce dissociation of the gp120-CD4-CoR complex and trigger the insertion of the 
fusion peptide into the target cell membrane, after which a transition occurs from a pre-hairpin conformation into a stable 
hairpin conformation (a.k.a. six-helix bundle conformation)(16). Although there is no direct experimental evidence, the 
difference in peptide binding to the pre-hairpin intermediate induced by CD4 binding alone compared to the intermediate 
induced by CD4 and CoR (46), suggests that they represent two different intermediate conformations (as depicted here). 
Formation of the hairpin conformation is thought to coincide with membrane fusion (65), although under non-permissive 
temperatures the six-helix bundles could be demonstrated without mixing of cellular contents (38). T-20 is a small peptide 
inhibitor, based on the carboxy-terminal helical region of gp41 (49, 5 1 , 52, 114), which can bind to the amino-terminal helical 
region in the pre-hairpin conformation and as such inhibits the transition to the hairpin conformation, consequently inhibiting 
membrane fusion quit efficiently. As mAb 2F5 is not able to bind gp41 once six-helix bundle formation has occurred, 2F5 
(and probably 4E10 and Z13) likely neutralizes via a similar mechanism, i.e. by inhibiting the six-helix bundle formation (33, 
39). Although mAb 2F5, like mAbs to gp41 epitope cluster I and II. was shown to bind gp41 at the cellxell interface (33). 
mAb 2F5 was less efficient in neutralization under post-attachment conditions (5), arguing for a minor spatial constraint 
imposed by the proximity of the membranes on the 2F5 epitopes. As sera of HIV-1 infected individuals could only neutralize 
post-attachment on fusion-arrested intermediates (5), the accessibility of this site is probably limited due to temporal 
constraints fTCY 
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sensitive sites. However. mAb 2F5 recognizes a region 

proximal to the carboxyterminal helical region and been 

shown to bind at the celkcell interface (33). As mAb 2F5 

does not recognize gp41 once hairpin formation has 

occurred, 2F5 (and probably 4E10 and Z13) is also 

thought to neutralize by interfering with the pre-hairpin to 

hairpin transition of gp41 (33, 39). Furthermore, a recent 

study in which fusion was studied using an activatable 

fusion intermediate system, showed effective post-

attachment neutralizing activity in the serum of infected 

individuals (5). This observation could suggests that 

antibodies against the intermediate pre-hairpin 

conformation are present in HIV-1 infected individuals and 

are able to bind at the cellxell interface. As HIVIG does 

not protect against infection, however, this suggests that 

either the levels of such antibodies are low or the natural 

accessibility of this site is limited due to temporal 

constraints. 

Concluding remarks 

In conclusion, to control HIV-1 infection by 

vaccination, a vaccine is required that induces both a 

strong neutralizing antibody response and a potent cellular 

response. This thesis and discussion have focused on the 

antibody perspective. It is envisioned that the vaccine-

induced antibody response should be sufficiently strong to 

blunt initial virus replication, so that it can be contained by 

the cellular immune-response. Stronger antibody 

responses might induce sterilizing immunity, however, the 

antibody concentrations required for this seem 

unattainable with the vaccine technology currently 

available. As the HIV-1 envelope glycoprotein has evolved 

to minimize both antigenicity and immunogenicity, a 

principal challenge therefore is to design a vaccine 

capable of eliciting sufficiently potent neutralizing 

antibodies. For a knowledge-based approach to vaccine 

design, a detailed understanding of Env and neutralizing 

mAb structure, the mechanisms governing neutralization 

by antibodies and evasion of neutralization by the HIV-1 is 

required. Systematically solving the crystal structures of 

broadly neutralizing mAbs in combination with 

mutagenesis studies will provide critical information for 

understanding neutralization and may lead to the rational 

design of an effective vaccine. 
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