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Chapter 1

Parts of this chapter have been published in:
De Taeye SW, Moore JP, Sanders RW (2016). HIV-1 envelope trimer design and 
immunization strategies to induce broadly neutralizing antibodies. Trends in 
Immunology. 37(3), 221-32.
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HIV-1 and AIDS
In 1981 a new disease was discovered that was defined by severe failure of the immune 
system [1]. A growing number of otherwise healthy young individuals developed rare 
opportunistic infections and tumors, which later appeared to be caused by one and the 
same disease named acquired immuno-deficiency syndrome (AIDS) [1]. The causative 
agent of AIDS was discovered and named the human immunodeficiency virus (HIV) [2,3]. 
Although great progress has been made in the treatment of HIV-1 infection since the 
implementation of combination antiretroviral therapy (cART) in 1996, the magnitude of the 
HIV/AIDS epidemic is still alarming, with 36.7 million people infected worldwide and one 
million deaths from AIDS related diseases each year [4]. The inadequate diagnosis of HIV-1 
and the poor availability of cART in third world countries are responsible for two million new 
infections each year [5]. There is no effective cure available, nor do we have a vaccine that 
provides efficient protection against HIV-1 acquisition.

Origin of HIV-1
HIV belongs to the family of the retroviridae, which uses a reverse transcriptase (RT) 
enzyme to reverse transcribe the viral RNA genome into DNA for productive replication in 
human cells [6]. HIV was introduced into the human population via multiple cross-species 
transmission events of simian immunodeficiency virus (SIV) from non-human primates 
(NHPs) to humans in central and western Africa [7,8]. These zoonotic transmissions of SIV 
from NHPs to humans led to the establishment of several HIV type 1 groups and the less 
virulent HIV type 2 (HIV-2). HIV-1 is subdivided in four different groups (M, N, O and P), of 
which M and N most likely originate from chimpanzees and O and P from gorillas [9–11]. 
The cross-species transmission from chimpanzees to humans most likely occurred through 
hunting and butchering of primates for bushmeat [12,13]. It is estimated that HIV-1 group 
M, which is largely responsible for the worldwide HIV-1 pandemic, originates from a SIV 
transmission event in Kinshasa (Democratic Republic of Congo) in the early 1920’s [12,13]. 
HIV-1 group M is subdivided in nine subtypes, designated by the letters A-D, F-H, J and K 
[7]. Subtype A and C are most prevalent in African countries, whereas subtype B dominates 
HIV-1 infections in Europe and North America. The intersubtype sequence diversity of 17 
to 35% is quite extreme compared to for example the diversity of influenza [7,14]. The 
emergence of circulating recombinant HIV-1 forms (CRF) through recombination events in 
HIV-1 infected individuals further increased the HIV-1 diversity [7]. 

The HIV-1 replication cycle and disease progression
HIV-1 exploits several transmission routes, including unprotected sexual intercourse, blood-
blood contact, and mother to child transmission during pregnancy, birth of the newborn 
or breast-feeding [15]. When introduced into a new host, HIV-1 predominantly infects 
CD4+ T-cells by binding to the CD4 receptor via the viral envelope glycoprotein complex 
(Env). CD4 binding triggers conformational changes within the trimeric Env protein that 
allow co-receptor binding (CCR5 or CXCR4) and subsequently fusion of the viral and cellular 
membranes [16]. Membrane fusion causes the release of the viral capsid into the cytosol. 
After partial uncoating of the viral capsid, the genomic material consisting of two copies 
of single stranded RNA is reverse transcribed into double stranded DNA (dsDNA) by the 
RT enzyme [6]. Subsequently, the formation of the pre-integrase-complex (PIC) facilitates 
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the translocation of the dsDNA from the cytosol to the nucleus where it is integrated into 
the host genome. Once integrated, the provirus can become latent in resting T-cells, thus 
escaping from recognition by the immune system [17,18]. Alternatively, the gene expression 
machinery of the host cell initiates the transcription of the provirus via recognition of the 
5’ LTR promoter by RNA polymerase II [19]. The HIV-1 genome encodes both structural and 
non-structural proteins and the former assemble at the cellular membrane. New mature HIV-
1 virus particles bud from the surface of the infected CD4+ T-cell to start a new replication 
cycle upon encountering a new CD4+ T-cell. This continuous infection and immune-
mediated depletion of CD4+ T-cells will result in exhaustion of the immune system [20]. The 
decline of CD4+ T-cells in the blood initiates the progression to AIDS, one hallmark being the 
appearance of opportunistic infections that are normally controlled by the immune system. 
The progression toward AIDS in HIV-1 infected patients can be blocked by cART that uses 
drugs that stop HIV-1 replication [21]. However, the establishment of a latent reservoir in 
resting T-cells makes life-long cART treatment necessary, as latently infected T-cells cause an 
unevitable viral rebound when cART is stopped [17,18,22]. 

HIV-1 vaccines
Most licensed antiviral vaccines work through the induction of neutralizing antibodies 
(NAbs) [23]. To tackle the unprecedented global sequence diversity of HIV-1, a vaccine 
will most likely have to induce broadly neutralizing antibodies (bNAbs). NAbs and bNAbs 
target the sole viral protein that is embedded in the viral membrane: the Env protein, which 
therefore takes center stage in the search for a vaccine [23,24]. However, none of the HIV-1 
vaccine trials performed over some 30 years were able to elicite bNAbs [25–27], illustrating 
that new vaccine strategies have to be pursued. The increasing knowledge on the structure 
and function of the HIV-1 Env trimeric protein, and the isolation and characterization of 
multiple bNAbs from HIV-1 infected individuals allowed us to do so [16,28,29]. 

HIV-1 Env structure and function
HIV-1 Env is synthesized as a gp160 precursor protein and subsequently cleaved by proteases 
of the furin family into the surface glycoprotein gp120 and the transmembrane glycoprotein 
gp41 subunits. The non-covalently associated gp41 and gp120 subunits form a trimer of 
heterodimers. N-linked glycans are added co-translationally to the nascent Env polypeptide 
chain and Env protein folding, the acquisition of disulfide bonds and trimerization occur 
in the endoplasmatic reticulum (ER) [30,31]. Cleavage of gp160 into the gp120 and gp41 
subunits by furin and further processing of the N-linked glycans takes place in the Golgi 
[31,32]. Around 25-35 N-linked glycans decorate the surface of each gp120-gp41 protomer, 
thereby accounting for almost half the mass of the HIV-1 Env trimer [28,33]. In fact, the high 
glycan density and intersubunit interactions sterically hinder α-mannosidase enzymes from 
accessing and processing many of the glycans on the trimer surface [34], leaving them in the 
oligomannose form [35–37]. 
 Each gp120 protomer is composed of five variable surface exposed domains (V1-
V5) and five conserved domains (C1-C5) [38]. The conserved domains establish the gp120 
core, consisting of an inner domain that interacts with the gp41 ectodomain and an outer 
domain that facilitates (co)receptor binding [16,28,39–41]. The variable domains assume 
highly flexible loop structures, harbor extreme sequence variability, and mediate escape 
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from NAb pressure. The gp41 subunits contain the membrane fusion machinery, which is 
activated following binding of gp120 to the receptor and coreceptor [16,40–42]. To achieve 
and maintain the correct protein structure, each Env protomer contains 20 highly conserved 
cysteine residues that form ten disulfide bonds, nine in gp120 and a single in gp41. Five 
out of these ten disulfide bonds are essential for Env folding and eight are essential for 
Env functionality [43]. The number of twenty cysteine residues is not absolutely fixed as 
additional cysteine residues have been observed in the variable regions of several HIV-1, 
HIV-2 and SIV isolates, creating one or more additional disulfide bonds [44–46].    
The receptor-binding gp120 subunits mediate the initial attachment of HIV-1 to target cells 
(most commonly CD4+ T-cells), while the gp41 components that anchor the trimer in the 
viral membrane drive the subsequent fusion of viral and cellular membranes [16]. CD4 
binding initiates conformational changes in the gp120 subunits that involve ‘opening’ of the 
Env trimer. More specifically, a rearrangement of the bridging sheet elements occurs that 
disrupts the interprotomer interactions of variable domains V1-V3 at the trimer apex [42]. 
Opening of the Env trimer reveals the co-receptor binding site, consisting of V3 elements 
and the bridging sheet. In addition to ‘opening’ of the trimer apex, the CD4-induced 
conformational changes in gp120 also initiate rearrangements in gp41, referred to as gp41 
priming [42]. The first heptad repeat (HR1) of the fusogenic gp41 subunits is primed via 
layered interactions (layer 1-3) in the inner-domain of gp120, linking the CD4 binding site 
with the HR1 domain of gp41 [42,47,48]. Helical extension of the HR1 regions initiates the 
process by which the hydrophobic fusion peptide (FP) is inserted into the cell membrane 
[16,49]. Co-receptor binding, followed by the dissociation of gp120 from gp41 leads to the 
step-wise transition of the gp41 subunits from the pre-fusion structure to the energetically 
favorable six-helical bundle (6HB) structure [16]. The energy released by this conformational 
transition is a critical driver of virus-cell membrane fusion. 
 The atomic resolution of the core of the gp120 monomer was characterized more 
than 15 years ago [50], but the instability and conformational flexibility of this six-subunit 
trimer hindered determination of the structure at the atomic level. The structure of a nearly 
complete form of the trimer, known as BG505 SOSIP.664, was solved in 2013 during my 
thesis research [39,51]. Rapid subsequent progress provided additional insight into the 
structural intricacies of the Env trimer [40,41,52]. A recent structure of a nearly full-length, 
wild-type, membrane-derived Env protein confirmed that BG505 SOSIP.664 resembles the 
native Env trimer structure [28]. These cumulative observations have extensively refined 
our understanding of the structure and metastability of the trimer, and how the gp41 fusion 
machinery functions to drive the process of HIV-1 entry into cells [16]. 

Humoral immune response to HIV-1
Early after HIV-1 acquisition, the humoral immune system of infected individuals generates 
Abs that target Env. During acute infection, the first Ab response predominantly targets the 
V3 loop, the immunodominant gp41 domain and epitopes on gp120 that are induced by CD4 
binding (CD4i epitopes). These Abs are generally unable to neutralize primary, neutralization-
resistant (termed Tier-2) virus isolates and, as a consequence, do not select for escape viruses 
[53,54]. NAbs are less easily induced because HIV-1 has evolved multiple strategies to resist 
both the binding of NAbs and their induction. First, the five highly variable loops on gp120 
shield the more conserved Env domains associated with (co)receptor binding, a defense 
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mechanism that is dramatically reinforced by the shielding effect of the 25-35 glycan moieties 
per gp120-gp41 protomer that decorate the trimer surface [33,37,55]. Second, during HIV-1 
infection, non-functional Env proteins that predominantly expose immunodominant non-
neutralizing antibody (non-NAb) epitopes, such as uncleaved or otherwise defective trimers, 
dissociated gp120 monomers, gp41 stumps, and assorted degradation products, also elicit 
antibodies. In fact, these aberrant molecules do so more efficiently than the functional Env 
spike [56,57]. The presentation of functional and non-functional Env molecules on the HIV-1 
virion is illustrated in Fig. 1A. It is currently unknown whether non-NAbs impede the NAb 
response to Env, or whether they are irrelevant. However, B cells expressing relatively high 
affinity B cell receptor (BCR) precursors of non-NAbs might compete with B cells with lower 
affinity BRCs of NAbs for antigen and T-cell help in the germinal centers, thereby preventing 
affinity maturation of the latter [58]. Third, the induction and binding of NAbs might also 
be influenced by the conformational flexibility of the Env trimer, which fluctuates between 
closed and more open conformations [59–62]. Fourth, only 8 to 12 Env trimers are presented 
on the viral surface, thus precluding compensation of the low affinity of naïve B-cells for 
the Env trimer by avidity effects [63,64]. Despite these defenses, strain-specific NAbs may 
emerge approximately 3 months post infection. But when they are induced, the mutation 
rate of the viral genome, facilitated by the error-prone HIV-1 RT polymerase, rapidly drives 
the emergence of escape mutants [65–67]. 

Broadly neutralizing antibodies
Despite these viral defenses, the co-evolution between escape variants and NAb affinity 
maturation drives the development of bNAbs in about 20% of HIV-1 infected individuals 
[68–70]. Approximately 1% of infected individuals develop a neutralizing antibody 
response with an extremely high breadth and potency [71]. These individuals, named elite-
neutralizers, are of particular interest for HIV-1 vaccine design and both host factors and 
virus characteristics are being studied to understand the factors driving their unusual bNAb 
response [45,72–77]. Because bNAbs can neutralize a large proportion of circulating viruses 
from different clades, they are valuable templates for HIV-1 vaccine design. For many years, 
only four bNAbs were known: 2G12, b12, 2F5 and 4E10. A major advance in bNAb isolation 
and characterization was the development of single antigen-specific B-cell cloning methods 
that allowed the rapid isolation of monoclonal antibodies (MAbs) [75,78–87]. Passive 
transfer of bNAbs confers protective immunity in macaques, supporting the feasibility of 
developing a vaccine to induce such antibodies [68–70,88–92]. In general, bNAbs have 
acquired unusual characteristics that help overcome the trimer defenses against antibody 
binding and neutralization. 
 For example, bNAbs have almost invariably undergone extensive somatic 
hypermutation (SHM), they have extremely long CDR-H3 loops, they are often polyreactive, 
and some of them are derived from rare precursor genes [93]. These intrinsic characteristics 
play a major role in understanding why it has been so difficult to induce bNAbs by 
immunization with Env proteins. Based on their target epitopes, bNAbs can be divided into 
six different subclasses: the V2 at the trimer apex; the base of the V3 with associated glycans 
(V3-glycan); the glycosylated outer domain (OD-glycan); the CD4 binding site (CD4bs); the 
gp120-gp41 interface; and the gp41 membrane proximal external region (MPER). The 
way bNAbs recognize these epitope clusters on the HIV-1 Env trimer is illustrated in Fig. 
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1B. Multi ple bNAbs recognize epitopes that are quaternary in nature (i.e., trimer-specifi c 
or strongly infl uenced by trimerizati on). Several such epitopes are located within the V2 
domain at the trimer apex, including PG9, PG16, CH01, PGT145, VRC26 and PGDM1400. 
These epitopes span at least two protomers and hence the bNAbs bind the trimer in a 1:1 
stoichiometry; a high mannose glycan at positi on 160 is criti cal, as is a long CDRH3 loop that 
penetrates the glycan shield and recognizes the conserved β-strand C in V2 [75,84,94,95]. 
PGDM1400 is one of the most potent bNAbs isolated so far, with cross-clade neutralizati on 
coverage of 83% at a median IC50 of 0.003 µg/mL [81].

Figure 1. The functi onal HIV-1 Env spike is targeted by broadly neutralizing anti bodies. (A) Schemati c of functi onal 
and non-functi onal Env products on the HIV-1 virion surface. The functi onal trimer is preferenti ally recognized 
by broadly neutralizing anti bodies (bNAbs), while non-functi onal forms are preferenti ally recognized by non-
neutralizing anti bodies (non-NAbs), respecti vely. (B) The bNAbs labeled in diff erent colors are modeled onto an EM 
density map of a close mimic of the functi onal Env trimer (BG505 SOSIP.664; colored in grey). The fi gure includes 
bNAbs recognizing fi ve diff erent epitope clusters: PG9 (V2), PGT122 and PGT128 (V3-glycan); PGT135 and 2G12 
(OD-glycan); VRC01 (CD4bs); and PGT151, 35O22, 3BC315 and 8ANC195 (gp120-gp41 interface). Only one Fab 
fragment per trimer is shown for clarity. Thus, the model does not indicate the stoichiometry of bNAb binding, only 
the locati on of the epitope. 

 The V3-glycan epitopes are part of what is referred to as a “supersite of 
vulnerability”, the oligomannose glycan patch covering the gp120-OD [84,96]. This bNAb 
epitope cluster is disti nct from the purely pepti dic and immunodominant epitopes for non-
NAbs or narrow specifi city NAbs that are located at the ti p of the V3 loop. Examples of the 
latt er anti bodies include 19b, 39f and 447-52D, which recognize the GPGR moti f and nearby 
residues at the V3 ti p [97]. Their inability to neutralize Tier-2 viruses is rooted in the way 
V3 is occluded on the nati ve trimer [28,39,41]. V3-glycan epitopes for the highly broad and 
potent PGT121-125 bNAbs comprise the GDIR pepti de moti f at the base of V3 and elements 
from one or more of several topologically proximal glycans. Crystal structures of the trimer-
PGT122 complex have revealed a detailed understanding of the binding specifi citi es of this 
bNAb subclass [39,40]. 
 The OD-glycan bNAbs include 2G12 and members of the PGT135-family. One of the 
fi rst known bNAbs, 2G12, recognizes the high-mannose glycan patch via exclusive contacts 
with glycans [98,99], while the PGT135 epitope consists of multi ple glycans as well as 
underlying protein segments, including part of the V4-loop [96]. Some bNAbs that interact 
with the N332-glycan and nearby structures are promiscuous in how they recognize glycans. 
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Thus, some glycan components of OD-glycan epitopes can vary in their precise location 
without disrupting bNAb binding, an immunological strategy that, here at least, can help 
counter how viral variation drives neutralization escape [100,101].
 A long-known bNAb target is the CD4bs; NAbs against this conserved gp120 structure 
neutralize the virus by blocking trimer binding to the CD4 receptor. The first CD4bs bNAb 
was b12, although by modern standards its breadth and potency are quite limited [102]. The 
much later identification of VRC01, which has far greater breadth and potency, was followed 
by the discovery of many other bNAbs that also target the CD4bs [74,83,103,104]. In general, 
these bNAbs recognize the CD4bs via interactions with conserved domains including the 
CD4-binding loop, loop D, the OD-exiting loop and part of the V5 domain [104]. While 
several glycans flank the CD4bs, they do not constitute bNAb epitopes, with the exception 
of a subset of bNAbs that depend on the N276 glycan for neutralization [105,106]. However, 
depending on the angle at which they approach the trimer, various glycans can impede 
the access of bNAbs to CD4bs-associated epitopes. As a result, bNAbs targeting these sites 
have evolved ways to avoid clashes with one or more glycans. How they do so defines two 
CD4bs bNAb sub-families [107]. The first is restricted by the engagement of a specific bNAb 
germline precursor B-cell from either the VH1-2 or VH1-46 lineage, while the second sub-
family includes a CDRH3-dominated cluster of Abs that has a diverse B-cell ontogeny. Each 
sub-family has an optimal angle of approach to the CD4bs that maximizes neutralization 
potency and breadth [107]. Structure-guided awareness of the importance of the angle of 
approach of a bNAb to its target, particularly the CD4bs, is now a critical issue in immunogen 
design. Thus, many antibodies interact strongly with the CD4bs on gp120 monomers but 
bind the cognate trimers poorly and hence have limited neutralization activity; the reason 
being that several approach angles that allow access to the CD4bs on gp120 monomers 
are blocked off in the sterically constrained environment of the trimer. As a result, inducing 
CD4bs bNAbs that approach the trimer at an appropriate angle is problematic for gp120 
monomers or non-native gp140 proteins [108].
 A recently discovered bNAb epitope cluster involves the gp120-gp41 interface. 
bNAbs in this family usually interact with both gp120 and gp41 subunits as well as glycans, 
and hence are trimer-specific or, at least, strongly influenced by trimerization. PGT151, the 
first member of this family, is exquisitely specific for native-like trimers, which it binds with 
an unusual 2:1 stoichiometry [86,87]. Two others, 35O22 and 8ANC195, target separate 
areas of the gp120-gp41 interface [52,109]. The 35O22 and 8ANC195 epitopes are partially 
overlapping but both are separated from the PGT151 site; 8ANC195 and PGT151 do, 
however, cross-compete for trimer binding via an indirect, steric hindrance mechanism 
[29]. The gp120-gp41 interface antibodies probably neutralize HIV-1 infectivity by stabilizing 
the pre-fusion state and/or by impeding conformational changes necessary for fusion. 
Thus, 8ANC195 can trap the Env glycoprotein in a partially open state, preventing further 
downstream conformational changes that initiate fusion [52]. Two related bNAbs, 3BC315 
and 3BC376, were first described as targeting an epitope similar to that seen by V3 or CD4i 
antibodies [78]. The availability of new tools for epitope mapping reveals that both bNAbs 
bind a distinctive epitope overlapping the 35O22 site, although with a greater proportional 
involvement of the gp41 subunit and hence a location closer to the viral membrane [110]. 
3BC315 and 3BC376 neutralize via a unique mechanism, in which antibody binding increases 
the rate of trimer decay into inactive forms, including the shedding of gp120. 
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A similar mechanism that results in trimer disintegration also applies to two other gp41 
bNAbs, 2F5 and 4E10, that target the MPER, which is even closer to the viral membrane 
[111–113]. The 10E8 epitope also involves the MPER, but this bNAb also interacts with viral 
membrane lipids via its CDR-H3 region [80,114]. 10E8 may impede the fusion process by 
binding to a fusion-intermediate conformation of gp41 [114,115]. 
 An overview antigenic map of the trimer and its bNAb epitopes has been assembled 
[29]. Strikingly, despite the extensive glycosylation and sequence variation within the 
variable loops, bNAbs have been identified against almost every part of the trimer surface 
(Fig. 1B). As a result, old views suggesting that there are only a few sites of vulnerability 
on HIV-1 Env are slowly changing as there are, in fact, many such sites. Recently the fusion 
peptide was also discovered to be a site of vulnerability [116,117]. The isolation of bNAbs 
targeting the FP demonstrated that the fusion peptide is accessible on the HIV-1 Env trimer, 
disproving previous ideas that the hydrophobic FP would be hidden within the core of the 
trimer [116,117]. The key question remains whether we can exploit these multiple sites of 
vulnerability by designing immunogens that elicit bNAbs.

HIV-1 Env immunogens
There are multiple ways to design immunogens intended to induce bNAbs, including but 
not limited to gp120 monomer-lineages, non-native gp140 proteins, gp120-core and eOD 
proteins, epitope-specific scaffolds and epitope-based peptides [118]. One interesting 
strategy is the design of immunogens based on recombinant, soluble native-like trimers 
that closely mimic the native Env complex on the HIV-1 virus. As the majority of the native-
like trimers described to date bind most bNAbs, their potential for eliciting relevant immune 
responses is clear.
 The functionally essential metastability of the Env trimer, particularly the non-
covalent interactions between the gp120 and gp41 subunits, were major obstacles for 
creating soluble recombinant versions that mimicked the membrane-associated spikes on 
the virus surface. To make soluble gp140 proteins, gp41 must be truncated prior to the 
transmembrane domain. However, without further modifications, the trimers disintegrate 
because the individual sub-units dissociate. As a result, for many years, the standard 
HIV-1 Env immunogen design involved monomeric gp120 subunits as their production is 
relatively straightforward, although not without problems (due to proteolytic damage to V3, 
inappropriate dimerization via intermolecular disulfide bonds and the related formation of 
aberrantly scrambled disulfide bonds) [36,119–121]. The gp120 monomers induced NAbs 
against easy to neutralize lab-adapted viruses, but did not induce NAbs against primary (i.e., 
neutralization-resistant; Tier-2) isolates and failed to provide protection in two efficacy trials 
[122–124]. These outcomes are probably explained by one or multiple effects, including the 
presentation of immunodominant non-NAb epitopes; the lack of NAb epitopes that depend 
on quaternary structure and/or the presence of gp41; and the absence of steric constraints 
on the CD4bs that allows the generation of “off-target” non-NAbs that approach the trimer 
from an inappropriate angle. 
 Various protein stabilization strategies were used to generate soluble gp140 proteins 
that contain both gp120 and the gp41 ectodomain (gp41ECTO). The engineered inactivation 
of the furin cleavage site between gp120 and gp41ECTO, followed later by the introduction 
of a trimerization domain (most commonly Foldon) to the gp41ECTO C-terminus allowed 
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the producti on of soluble “uncleaved” gp140 glycoproteins that were nominally “trimers” 
(although oft en contaminated with higher molecular weight aggregates that are formed via 
intermolecular disulfi de bonds). The advent of negati ve-stain EM, combined with a range of 
other analyti cal techniques, revealed that uncleaved gp140 rarely if ever adopts a nati ve-
like conformati on that resembles the Env spike on viruses. Instead, the gp120 subunits were 
separated, splayed out around a central gp41ECTO core that has a confi gurati on akin to the 
post-fusion form of these subunits [34,42,108,119,125,126]. Moreover, the gp120 subunits 
of uncleaved gp140s are damaged by the formati on of aberrant intermolecular disulfi de 
bonds, and contain multi ple highly processed glycan structures that diff er from the high-
mannose forms that are hallmarks of nati ve-like trimers [34,36,37,108,119,120,125,126]. 
These multi ple structural defects account for why, in animal immunizati on studies, multi ple 
uncleaved gp140s of a range of genotypes have failed to induce consistent NAb responses 
against neutralizati on-resistant (Tier-2) viruses, including the autologous virus [127–133].
 An alternati ve strategy for making soluble trimers evolved over many years, leading 
to the BG505 SOSIP.664 trimer that is now widely used as a platf orm for structural studies 
and immunogen design (Fig. 2). The SOSIP design embraced the need for the gp120 and 
gp41ECTO subunits to be proteolyti cally cleaved and indeed included mutati ons to make 
cleavage more effi  cient [134]. The resulti ng and inevitable instability was overcome by 
introducing an intermolecular disulfi de bond (501C-605C; SOS) to strengthen the gp120-
gp41ECTO interacti on and a mutati on (I559P) in gp41 to prevent these subunits transiti ng 
from their pre-fusion (i.e., nati ve) structure [135,136]. A later design improvement involved 

Figure 2. Design and structural details of a recombinant mimic of the nati ve HIV-1 Env spike, termed BG505 
SOSIP.664. (A) Linear representati on of the BG505 SOSIP.664 gp140 protein. The glycan compositi on is derived 
from Behrens et al. (B) Surface model of the crystal structure of the BG505 SOSIP.664 trimer at a resoluti on of 3.0 
Å ([41]; PDB:5CEZ). The coloring of subdomains is indicated in the legend and is the same as in panel A. (C) Cartoon 
representati on of one of the BG505 SOSIP.664 protomers. The intersubunit disulfi de bond (SOS; A501C-T605C) is 
depicted in red and the trimer-promoti ng I559P (IP) mutati on in magenta. The SOSIP modifi cati ons are displayed 
as spheres.
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truncating gp41ECTO at position 664, removing the hydrophobic MPER and its associated 
bNAb epitopes to improve solubility [137,138]. Many Env sequences do not yield fully 
native-like SOSIP.664 trimers for reasons that are still not fully understood [139]. However, 
a trimer based on a clade A founder virus isolated from infant-BG505 by the Overbaugh 
group and its Kenyan collaborators turned out to have some exceptional properties 
[140,141]. The reproducible homogeneity and stability of the BG505 SOSIP.664 trimer 
have enabled its structure to be solved at increasing, and now atomic-level resolution 
by three research groups [39,40,51,52,142,143]. The same trimer has also been used to 
characterize bNAbs to unknown epitopes, to refine our understanding of existing bNAb 
epitopes [29,52,86,87,109,110], and to isolate new bNAbs [75,81]. In immunization studies 
in rabbits and macaques, the BG505 SOSIP.664 trimers induced NAbs against the autologous 
Tier-2 virus, a stepping stone in the path towards bNAbs [133]. Macaques also responded, 
although the autologous NAb response was weaker than in rabbits. [133]. Whether changes 
in the adjuvant and/or dosing regimen will improve the response in macaques is under 
active investigation, as these animals are immunologically closer to humans than rabbits. 
A second native-like trimer, B41 SOSIP.664, also induced a strong autologous NAb response 
against the autologous Tier-2 virus in rabbits [61,133].
 Although many Env sequences do not yield fully native-like SOSIP.664 trimers, various 
techniques allowed the production of trimer forms based on the clade A isolate 92UG037.8, 
the clade B isolates B41, JR-FL and AMC008, the clade C strains DU422, ZM197M, 16055 
and CZA97.012, and clade G strain X1193.c1 [33,48,61,119,139,144–146]. The presence of 
these multiple trimer reagents, and others as yet unpublished, provides opportunities to 
explore whether the simultaneous or sequential use of multiple, genetically diverse native-
like trimers will be useful for broadening the NAb response at the Tier-2 level. While BG505 
and B41 SOSIP.664 proteins exclusively form native-like trimers that can be purified by the 
non-selective 2G12 bNAb followed by size exclusion chromatography, some other SOSIP.664 
proteins yield mixtures of native-like and aberrant trimers that can only be separated by the 
appropriate use of antibody-affinity columns. Thus, a native-like sub-fraction of SOSIP.664 
trimers based on the JR-FL or 16O55 sequences can be isolated by using a CD4bs non-NAb 
negative-selection column to deplete the predominant non-native trimer population [144]. 
Conversely, positive-selection affinity columns based on quaternary epitope-specific bNAbs, 
PGT145 or PGT151, successfully purify native-like trimers from several genotypes [48,61]. 
A comparative study using SOSIP.664 trimers based on the CZA97.012 and 92UG037.8 
genotypes shows why positive selection columns can be a powerful tool, compared to less 
selective purification strategies such as Ni-NTA (His-tagged trimers) or lectin columns [119]. 
 Native flexibly linked (NFL) or single-chain (SC) trimers represent alternative 
approaches yielding trimers based on BG505, JR-FL and 16O55 (NFL) or BG505 (SC) that 
appear to be native-like when viewed by EM and assessed antigenically; in both cases a 
flexible Gly-Ser linker strand replaces the Furin cleavage site (REKR) between gp120 and 
gp41 ECTO [147,148]. A 10-residue (GGGGSGGGGS) linker was used in one study [147]; in the 
other, a range of linker lengths (1-20 amino acid residues) was evaluated and 15 residues 
was found to be the best (GGSGGGGSGGGGSGG) [148]. The flexible linker allows gp120 to 
associate properly with gp41ECTO, a necessity for forming native-like trimers, without the 
need for proteolytic cleavage. However, both flexible linker trimer designs rely on other 
elements of the SOSIP.664 blueprint: the truncation at position 664; the I559P or a related 
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substitution; and, in the case of the SC-trimer, also the 501C-605C disulfide bond [147,148]. 
The adverse consequences of not including the disulfide bond and/or the I559P change to 
flexible linker trimers are clear [125,149]. One epitope disrupted by the flexible linker in the 
SC- trimers is PGT151 at the gp120-gp41ECTO interface. Similar to BG505 SOSIP.664 trimers, 
BG505 NFL trimers induced potent Tier-2 autologous NAbs in guinea pigs [146]. From the 
production perspective, the protein yields of transient transfections and the purification 
strategies seem comparable for all three native-like trimer design variants.  

Stabilizing HIV-1 Env trimers
Single molecule fluorescence, electron microscopy and hydrogen-deuterium exchange 
experiments have shown that both native (virion-associated) and soluble SOSIP.664 trimers 
“breathe” by alternating between closed and more open conformations [42,52,59,62,150]. 
Moreover, multiple potent bNAbs preferentially recognize the closed, pre-fusion form of 
the trimer and some non-NAb epitopes only become accessible when the trimer opens 
up [59,60]. These findings underpin the desirability of modifying native-like trimers by 
further stabilizing the closed pre-fusion state. Thus, by reducing the antigenicity/exposure 
of immunodominant non-NAb epitopes (such as but not limited to V3) it may be possible 
to reduce their immunogenicity and thereby focus the response on bNAb epitopes. Here, 
it is also relevant that various Env immunogens are more easily engaged by the germline 
precursors of non-NAbs than of bNAbs [58]. Overall, reducing the immunodominance of 
non-NAb epitopes and/or improving the presentation of bNAb epitopes may benefit various 
vaccine strategies aimed at inducing bNAbs. 
 Potentially interesting strategies to stabilize the prefusion state of native-like trimers 
and to favor the presentation of bNAb epitopes over non-NAb epitopes include chemical-
crosslinking, structure based design, computational redesign and immunogen design 
based on the functional Env spike stability [41,48,49,145,146,151–154] and this thesis). 
These approaches can be subdivided into ones that improve the general thermostability 
of native-like trimers, ones that improve native-like trimer formation of otherwise poorly 
trimerizing Env constructs, ones that reduce the exposure of immunodominant non-NAb 
epitopes on HIV-1 Env trimers and ones that improve the presentation of bNAb epitopes 
[41,48,49,145,146,151–154] and this thesis). 

We stand at the beginning of an exciting new era in HIV-1 vaccine development, in 
which intelligent trimer immunogen design and the exploitation of elegant new immunization 
regimens might enable us to outsmart this virus. It is unlikely that immunization with a single 
native-like trimer immunogen can recapitulate the extent of Env diversity that is necessary to 
drive the development of bNAb responses in natural infection. Therefore, multiple different 
immunization strategies based on native-like trimers, including particulate presentation, 
multivalent immunization, and lineage design strategies, are being pursued. However, the 
success of these studies might depend on the design of next generation stabilized native-
like trimers that efficiently present bNAb epitopes and do not induce off-target non-NAbs.
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Scope of this thesis

This thesis describes the design of stabilized recombinant HIV-1 Env trimer immunogens 
that closely mimic the native envelope spike, with the aim of providing a platform for the 
induction of bNAbs. We devised various stabilization strategies to improve the presentation 
of bNAb epitopes on HIV-1 Env trimers, while reducing the presentation of non-NAb 
epitopes. To do so, we introduced modifications that improved the overall stability of Env 
trimers and/or the stability of specific subdomains. 

First, in chapter 2 we revisited the utility of the trimerization-promoting I559P 
substitution in the Env protein in the context of the BG505 SOSIP.664 molecule. Ccomparison 
with other substitutions at this position 559 allowed us to confirm that a proline is optimal 
for generating stable native-like Env trimers.  

In chapter 3 we describe the mechanism by which viral escape of an N332 targeted 
bNAb response was mediated in an elite neutralizer. Elongation of the V1 loop, accompanied 
by the introduction of 2-4 additional cysteines as well as N-linked glycans, resulted in 
masking of the N332 glycan. Inspired by the introduction of additional cysteines in variable 
loops, we improved in chapter 4 the presentation of the V2 bNAb epitopes on Env trimers 
via disulfide stabilization of the V1 and/or V2 loop. 

In chapter 5 we investigated the mechanism by which VIRIP165, a fusion peptide 
inhibitor, inhibits HIV-1 replication and found that Env stability can alter the window of 
opportunity for VIRIP165 to neutralize the virus. Through virus evolution in the presence of 
VIRIP165 we identified VIRIP165-dependent viruses that acquired substitutions in the C1-
domain, which turned out to effectively stabilize the Env spike (A60E, E64K, H66R). These 
findings of relevance to understanding the Env structure are described in chapter 6. 

In chapter 7 we exploited these findings for the generation of improved SOSIP 
trimers. We describe the SOSIP.v4 immunogen design, a combination of stabilizing 
mutations (I535M, L543QN, E64K/H66R and A316W) that improves the antigenicity and 
immunogenicity of BG505 and B41 SOSIP.664, and allows the formation of native-like 
trimers from Env sequences that otherwise formed native-like trimers only poorly: AMC008 
and ZM197M. The introduction of a hydrophobic mutation in the V3 loop (A316W) reduced 
the exposure of the immunodominant V3 loop, which decreased the induction of V3 
targeted non-NAbs in rabbits. Additional hydrophobic mutations in the V3 domain of BG505 
SOSIP trimers that further reduce the induction of V3 targeted non-NAbs are presented in 
chapter 8. In chapter 9, we designed next generation SOSIP trimers (SOSIP.v5 and SOSIP.v6) 
that are stabilized via additional intersubunit and/or interprotomer disulfide bonds. These 
hyperstable trimers induced sporadic but consistent Tier-2 heterologous NAb responses in 
rabbits.

In chapter 10, the implications of the findings described in this thesis for the HIV-1 
vaccine field are discussed.
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