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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.

Introduction
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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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Abstract
The development of an effective vaccine that induces broadly neutralizing antibodies 
(bNAbs) against the HIV-1 envelope glycoprotein (Env) trimer is a major challenge. Substantial 
progress has been made in the design of stable, soluble mimics of the native, pre-fusion Env 
trimer. In one approach, a disulfide bond (SOS) was introduced to covalently link the gp120 
and gp41 subunits as well as an Ile-to-Pro (IP) substitution at residue 559 in gp41 to improve 
SOSIP trimer formation. The BG505 SOSIP.664 gp140 trimer (and others of the same design) 
closely resembles native, virion Env and induces NAbs against the autologous neutralization 
resistant (Tier-2) virus. We have assessed the role that residue 559 plays in trimerization 
in the BG505 SOSIP.664 context, by generating all 20 amino-acid variants at residue 559. 
Several amino acids at this position are consistent with trimer formation, specifically helix-
breakers Pro and Gly; aromatic residues Trp, Phe and Tyr; and charged amino acids Arg, 
Lys, Asp and Glu. We noted that a Phe substitution improved trimer stability substantially 
compared to Pro, but only at the expense of markedly reduced yield. Overall, we conclude 
that the original Pro substitution (I559P) remains the most suitable change at this position 
in gp41 for producing stable, native-like Env trimers at high yield.
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Introduction
The design of an effective human immunodeficiency virus-1 (HIV-1) vaccine remains a major 
challenge in biomedical research. The HIV-1 envelope glycoprotein (Env) complex, which 
mediates viral entry into host cells, is the only surface-exposed viral protein and, hence, 
the only target for neutralizing antibodies (NAbs). Env is synthesized as a gp160 precursor 
polyprotein which oligomerizes to assemble into a homotrimer that is heavily glycosylated 
[1,2]. During transport through the Golgi network, the gp160 is cleaved into its constituent 
gp120 and gp41 subunits. Three gp120 and three gp41 subunits remain associated by weak 
non-covalent interactions to create the native pre-fusion Env trimer [3,4]. 

Gp120 consists of an inner domain and an outer domain connected by a bridging 
sheet. HIV-1 entry is initiated by binding of gp120 to the CD4 receptor, which induces 
conformational changes that include rigidification of parts of the inner and outer domains 
and the bridging sheet and opening of the trimer apex; the end result is the formation and 
surface exposure of a co-receptor binding site that interacts either with the CCR5 or CXCR4 
co-receptor [5–8]. The gp41 ectodomain contains six segments (A-F) that form the heptad-
repeat regions HR1 and HR2, as well as a connecting loop domain. In the pre-fusion state, 
a ring of four helices from gp41 HR1 and HR2 encircle the amino- and carboxy-termini of 
gp120, which in turn appear to act as a “latch” to prevent gp41 from folding into its lowest 
energy state, the post-fusion six-helix bundle, [9,10]. After CD4 and co-receptor binding, 
the gp120 “latch” is partially removed, which allows the non-helical parts of HR1 in its pre-
fusion state to undergo a loop-to-helix transition and extend the long HR1 helix to facilitate 
insertion of the fusion peptide into the target membrane. The HR2 forms a second long 
helix that associates with the HR1 helix to assemble the six-helix bundle, providing sufficient 
energy for membrane fusion [9–12].

These conformational changes are facilitated by the inherent metastable nature of 
Env, but a consequence is that the trimer is rather fragile and prone to disintegration into its 
gp120 and gp41 constituents [13]. The fragility is exacerbated when attempts are made to 
produce the trimer as a soluble, recombinant gp140 immunogen for vaccine purposes. The 
transmembrane domain and cytoplasmic tail of gp41 have to be eliminated for secretion 
of a soluble protein [14]. The loss of stabilization elements in the deleted regions of gp41, 
however, means that the gp120 and gp41 ectodomain components rapidly separate, 
yielding only fragments of the trimer. Those individual subunits, while highly immunogenic, 
offer no advantage over specifically produced gp120 monomers that have failed to confer 
protection in efficacy trials [15–17]. A fundamental issue is that NAbs act by recognizing the 
native trimer on viruses and most antibodies induced by gp120 or gp41 subunits lack that 
property, particularly when the viruses have the neutralization-resistant (Tier-2) phenotype 
[18–21]. In the context of HIV-1 infection, Env on the viral surface is able to induce trimer-
reactive NAbs against Tier-2 viruses and, in ~20% of infected individuals, these antibodies 
have the highly desired property of broad cross-reactivity; i.e., bNAbs [22,23].

One strategy to mimic, or even attempt to improve upon, what occurs during HIV-
1 infection is to use recombinant trimers as immunogens, which requires overcoming the 
aforementioned instability problem. A now proven trimer stabilization method is to introduce 
an appropriately positioned disulphide bond that covalently links the gp120 and gp41 
subunits. By itself, this modification yielded a stable, soluble gp120-gp41 monomer (“SOS”), 
but not a stable trimer [13,24]. The necessary additional stabilization required to maintain 
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the trimer in a pre-fusion configuration involved preventing the gp41 components from 
undergoing conformational changes on the path towards the post-fusion, six-helix bundle 
form; introduction of a single point substitution (I559P) in gp41 achieved that goal, thereby 
creating the SOSIP trimer [25]. A more advanced version of this design, the BG505 SOSIP.664 
trimer, closely mimics the native Env spike both antigenically and structurally [9,26–30], 
and was able to induce NAbs against the autologous Tier-2 primary virus in rabbits, knock-
in mice and macaques [31–33]. The same SOSIP.664 design platform has yielded multiple 
additional native-like trimers based on different genotypes from several clades [34–38] and 
has been further refined to improve the stability, antigenicity and immunogenicity of the 
resulting next generation trimers [33,39,40].

The utility of the I559P substitution and its superior properties compared to other 
changes at residue-559 were identified using the clade B JR-FL sequence, which is far less 
efficient than BG505 at forming native-like trimers [25,37]. The question then arises as to 
whether other substitutions at residue-559 might be better than the I559P change when 
made in the BG505 sequence context and, by inference, others that are more relevant than 
JR-FL to present-day immunogen design programs. By making variant trimers containing 
all 20 natural amino acids at residue-559, we found no substitution that was superior to 
the original I559P design, when both stability and yield were taken into account. The I559F 
change, did, however, allow the production of trimers that were more stable than their 
I559P counterparts, although with reduced yield. Overall, we report on how the biochemical 
characteristics of the residue at position-559 influence the biophysical properties of the 
gp41 component of native-like, soluble trimers.

Results
 

Biochemical characterization of BG505 trimer variants that differ only at residue 559
To explore how residue-559 influences the formation and stability of native-like trimers, we 
made 20 different variants of the BG505 SOS.664 construct, each with a different amino 
acid at this position. The Pro-559 construct is, of course, the prototypic SOSIP.664 trimer. 
To facilitate analysis, each of the trimer variants contained a C-terminal D7324 epitope tag 
[29] (Fig. 1A). All 20 variants were transiently expressed in HEK293T cells using established 
methods [26,29]. All 20 constructs produced a single gp120 band on reducing SDS-PAGE 
gels followed by western blotting with the CA13 (ARP3119) MAb, indicating that all the Env 
proteins were efficiently cleaved at the gp120-gp41 cleavage site (data not shown). 
 Unpurified culture supernatants were then analyzed by BN-PAGE followed by 
western blotting with the 2G12 bNAb (a representative blot is shown in Fig. 1B). ImageJ 
software was used to quantify protein expression. The total amount of Env protein (trimer, 
dimer plus monomer fractions) produced from the SOSIP.664 construct was defined as 
100%, and the relative expression of each of the other 19 variants was determined relative 
to this value (Fig. 1C). On this scale, Env expression was highly (~10-fold) variable, ranging 
from 21% (Lys; SOSIK) to 233% (Met; SOSIM) (Fig. 1C). Overall, when Ile or Pro was present 
at residue-559 (i.e., the SOS and SOSIP proteins, respectively), Env expression was in the 
middle of the observed range.  
 We also quantified the amount of trimer present, again judged relative to the SOSIP 
construct (defined as 100%) and the proportion of trimers for any given mutant (Fig. 1D&E). 
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The relati ve trimer secreti on, compared to SOSIP, ranged from 3% (Met; SOSIM) to 163% 
(Val; SOSIV) (Fig. 1D), while the percentage of trimer secreti on for any given mutant ranged 
from 1% (Met; SOSIM) to 81% (Arg; SOSIR) compared to 57% for Pro (SOSIP; Fig. 1E). Overall, 
the constructs containing Arg, Tyr, Phe, His, Pro, Lys, Glu or Asn were the most effi  cient at 
trimer secreti on judged by the percentage of trimers for any given mutant. In contrast, the 
presence of Met and, to a lesser but sti ll marked extent, the hydrophobic Ile, Leu and Ala led 
to ineffi  cient trimer formati on. 

Figure 1. Biochemical characterizati on of unpurifi ed BG505 trimer mutants. (A) Linear representati on of the 
D7324-tagged BG505 SOSIP.664 trimer. (B) Representati ve BN-PAGE gel blott ed with the 2G12 bNAb. The trimer, 
dimer and monomer bands of the BG505 mutants are indicated. For all fi gures, the one lett er amino-acid code is 
depicted. (C) Total protein, (D) relati ve trimer levels compared to SOSIP and (E) relati ve trimer levels compared 
to total Env produced of any given mutant of the unpurifi ed HEK293T cell-expressed BG505 trimer mutants. The 
proteins were analyzed by BN-PAGE and the bands were quanti fi ed using ImageJ. The expression was normalized 
to that of the SOSIP construct, which was included on every gel. (F-H) D7324-capture ELISAs analyzing binding of 
the bNAbs (F) 2G12, (G) PGT145 and (H) PGT151 to the twenty variants at gp41 positi on 559. (I,J,K) The area under 
the curve (AUC) for each mutant was calculated and plott ed. The AUC values were derived from 3-4 independent 
ELISA experiments using culture supernatants from independent transfecti ons. (L,M,N) Correlati on plots of: (L) 
2G12 binding vs. PGT145 binding; (M) 2G12 vs. PGT151; (N) PGT145 vs. PGT151. In all panels, Pro is indicated in 
blue; Ile in red; Gly, Phe, Tyr, Lys, Arg, Glu, Asn, His (i.e. all other variants that were purifi ed and studied in further 
detail) in black; and Cys, Met, Ala, Ser, Thr, Leu, Asp, Val, Gln, Trp in gray. Spearman’s correlati on coeffi  cients, r, were 
calculated using Prism soft ware version 5.0.

20161230 Steven proefschrift.indd   31 08/02/17   14:54



Chapter 2

32

Again using unpurified culture supernatants, we measured the binding of a small 
panel of bNAbs (2G12, PGT145 and PGT151) in a D7324-capture ELISA to gain initial insights 
into trimer antigenicity and quaternary conformation (Fig. 1F,G,H,I,J&K). For each bNAb, we 
show binding curves (panels F,G&H) and bar graphs of  the area under the curve (AUC) values 
(panels I,J&K), using data derived from each of the 20 constructs. The 2G12 bNAb against an 
oligomannose epitope on the gp120 outer domain bound efficiently to all 20 trimers, except 
the SOSIM mutant (Fig. F&I). The CD4 binding site-directed VRC01 bNAb behaved similarly 
to 2G12, reinforcing the inference that the identity of the residue at position-559 does not 
markedly influence the conformation of individual gp120 subunits of the mutant trimers 
(data not shown). 

To gain insights into the effects of residue-559 changes on trimer structure, we used 
the PGT145 and PGT151 bNAbs, which bind to quaternary structure-specific epitopes at 
the trimer apex and the gp120/gp41 interface, respectively [29,41–43]. Both bNAbs bound 
efficiently to the standard SOSIP trimer (i.e., Pro-559), which was among the most reactive 
of the 20, but weakly to the Ile-559 variant (i.e., the SOS protein and natural sequence) (Fig. 
1G,H,J&K). The binding of 2G12 correlated poorly with the binding of PGT145 and PGT151 
(r=0.21, p=0.3853 and r=0.31, p=0.1777, respectively; Fig. 1L&M), which is not surprising as 
2G12 recognizes not just native-like trimers but also other Env forms (monomers, dimers and 
non-native trimers) that are present in the culture supernatants [29,41–43]. Accordingly, 
there was no statistically significant correlation between 2G12 binding and trimer formation 
(r=0.33, p=0.1508; data not shown). In contrast, PGT145 and PGT151 binding were strongly 
correlated (r=0.69, p=0.0008), consistent with these bNAbs both recognizing only native-like 
trimers (Fig. 1N).

Taken together with the trimer expression data (Fig. 1E), the bNAb reactivity 
profiles suggest that, although Pro-559 is not the best residue for trimer formation per se, 
the SOSIP trimers that contain Pro-559 are more likely to be in a native-like conformation 
than many other variants. For example, the SOSIV and SOSIQ variant trimers were produced 
at high yields (Fig. 1D), but bound PGT145 and PGT151 poorly (Fig. 1J&K). In general, we 
found that three classes of amino acids at residue 559 allowed for efficient native-like trimer 
formation, as gauged by strong PGT145 and PGT151 binding. These were helix-breakers (Pro 
and Gly; SOSIP and SOSIG); aromatic residues (Phe, Trp and Tyr; SOSIF, SOSIW and SOSIY), 
and charged amino acids (Asp, Arg, Lys and Glu; SOSID, SOSIR, SOSIK and SOSIE), and also His 
(SOSIH)(Fig. 1J&K). In contrast, the smaller hydrophobic residues Val, Leu, Ile and to a lesser 
extent Ala led to much less efficient production of native-like trimers, while the hydrophilic 
residues Ser, Thr, Asn, Gln, and also Cys conferred intermediate phenotypes (Fig. 1J&K). Met 
(SOSIM) was the amino acid least able to facilitate the formation of native-like trimers, as 
judged by the assays that we used. 

Purification of selected BG505 trimer variants
Based on the above pilot studies, we selected eight residue-559 trimer variants representing 
different amino acid classes (SOSIG, SOSIF, SOSIY, SOSIK, SOSIR, SOSIE, SOSIN and SOSIH) 
for larger-scale expression in HEK293F cells, and purified them by PGT145-affinity 
chromatography [29,34]. The SOS (Ile-559) and SOSIP (Pro-559) trimers were included as 
comparators. The yields of these various trimers were substantially lower than of the SOSIP 
prototype. Compared to SOSIP, yields were highest for the SOSIG trimers containing the 
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helix-breaker Gly at residue-559, albeit sti ll 2.5-fold lower (Fig. 2A). 
A non-reducing SDS-PAGE analysis of all ten PGT145-purifi ed proteins showed 

only a single gp140 band was present; under reducing conditi ons, this band was converted 
completely to gp120 (Fig. 2C). Hence, all ten trimers are fully cleaved between gp120 and 
gp41, and are not cross-linked by the intermolecular disulfi de bonds that frequently aff ect 
preparati ons of uncleaved gp140 proteins [44–46]. Thus, the identi ty of the residue at 
positi on-559 does not infl uence these aspects of nati ve-like trimer formati on. A BN-PAGE 
analysis followed by Coomassie Blue staining showed that nine of the ten PGT145-purifi ed 
proteins were exclusively trimers (Fig. 2B). The excepti on was the SOS protein preparati on, 
in which small amounts of dimer and monomer were also visible. As PGT145 does not bind 
these forms of Env, the inference is that the purifi ed SOS trimers are parti cularly prone to 
dissociati on into monomers and dimers. The tendency to dissociate is consistent with our 
earlier observati ons on SOS trimers [25]. It is also relevant to why Ile is the virus-encoded 
residue at positi on-559, as trimer metastability is necessary for fusion, and to why changing 
this residue is necessary to make stable soluble trimers. 

We used negati ve-stain EM (NS-EM) to assess the overall morphology of the ten 
PGT145-purifi ed trimer variants (Fig. 2D). All ten trimers had very similar morphologies 
and all were in a nati ve-like conformati on. However, the SOS protein preparati on, uniquely, 
contained a high percentage (23%) of non-trimeric proteins (i.e. monomers, dimers and/or 
other Env forms; data not shown). This observati on is concordant with the BN-PAGE analysis. 

Figure 2. Biochemical characterizati on of PGT145-purifi ed BG505 trimer mutants. All ten selected mutants were 
purifi ed using a PGT145-affi  nity column. (A) Yields of each variant trimer. The fold diff erence in yield compared to 
the SOSIP trimer (i.e., Pro-559) was calculated and plott ed. (B) BN-PAGE analysis, with gels stained by Coomassie 
blue; the molecular weights of the marker proteins (thyroglobulin and ferriti n) are indicated. (C) SDS-PAGE analysis 
under non-reducing and reducing conditi ons, followed by Coomassie blue staining. (D) NS-EM analysis showing the 
2D class-averages for all ten trimers. 
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Anti genic characterizati on of selected purifi ed BG505 trimer variants
We assessed the anti genicity of the same ten PGT145-purifi ed trimers using a panel of 
bNAbs and a D7324-capture ELISA [29]. The standard BG505 SOSIP.664 trimer has already 
been extensively studied in this regard, so serves as the key comparator [29,30] (Fig. 3). All 
of the trimer variants were recognized at similar effi  ciencies by glycan-dependent bNAbs to 
gp120 outer domain epitopes (2G12 and PGT125), except for poorer binding of PGT125 to 
the SOS protein (Ile-559). Both the CD4bs-directed bNAb VRC01 and gp41 targeti ng bNAb 
3BC315 bound comparably to all variant trimers including the SOS variants. MAb 17b bound 
ineffi  ciently in the absence of CD4, but its epitope was strongly induced on all the variants 
when soluble CD4 was present (Fig. 3). Thus, the identi ty of the residue at positi on-559 
does not aff ect the integrity of the CD4bs or the inducti on of CD4-triggered conformati onal 
changes.

The PGT145 bNAb, used to purify the trimers, recognizes a quaternary epitope in 
the V1V2 region. Again with the excepti on of the SOS trimer, PGT145 bound comparably 
to all trimer variants in ELISA (Fig. 3). The reduced affi  nity of PGT145 to the SOS trimer is 
most likely the refl ecti on of the presence of non-trimeric proteins (see above). Very similar 
observati ons were made with the PGT151 bNAb against a quaternary epitope at the gp120/
gp41 interface (Fig. 3). Thus, once formed and purifi ed by positi ve selecti on using PGT145, 
all variants had a nati ve-like anti genicity profi le. The SOS construct is an excepti on, in that 
non-trimeric structures can also be observed in BN-PAGE and NS-EM analyses (Fig. 2B and 
data not shown).

Figure 3. Anti genic analysis of PGT145-purifi ed BG505 trimer mutants by ELISA. The plots show representati ve 
binding curves of bNAbs 2G12, VRC01, PGT125, PGT145, PGT151 and 3BC315 and non-NAb 17b and 17b + sCD4 to 
the various trimer mutants.
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Figure 4. Thermal stability of PGT145-purifi ed BG505 trimer mutants. (A) Raw data and modeled unfolding curves 
derived from the DSC analysis. (B) Overlay of the DSC profi les for the various trimer mutants. The Tm, Tonset and T1/2 
of each mutant is shown in the table, and the fi tt ed curves from which Tm values were obtained are plott ed as the 
melti ng profi les. (C) Thermodynamic parameters for the unfolding of the various trimer mutants. 

Biophysical characterizati on of selected purifi ed BG505 trimer variantsThe thermal stability 
of the purifi ed trimer variants was esti mated using Diff erenti al Scanning Calorimetry (DSC). 
The midpoint of thermal denaturati on (Tm) of 67.4°C for the standard BG505 SOSIP.664 trimer 
is similar to the previously published value (Fig. 4) [33]. The Tm value, the temperature at 
which unfolding starts (Tonset) and the width at half peak height (T1/2) values was very similar 
for most of the variants, and generally within ± 1°C of the SOSIP comparator value. We did, 
however, note that the SOSIF trimer was markedly more stable (Tm = 70.7°C, Tonset = ~66°C i.e. 
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a difference of +3.3°C and 4°C respectively, compared to SOSIP). The T1/2 of SOSIF was also 
slightly higher (~5.5°C, compared to 4.0°C for SOSIP), suggestive of less cooperativity in the 
phase transition from the native to the denatured state, which may be the result of stronger 
hydrophobic interactions in SOSIF [47]. This was not true of the SOSIY trimer (Tm = 67.8°C).  
Hence, the absence of a hydroxyl group from the aromatic ring of a bulky hydrophobic 
(i.e., Phe) is sufficient to increase the stability of the entire trimer by over 3°C compared to 
when Tyr is present at residue 559. Strikingly, the SOS trimers, which dissociated visibly into 
monomers and dimers after isolation by PGT145 affinity chromatography, had a Tm value of 
68.9°C, i.e. slightly higher than that of the SOSIP trimer. One possibility is that the Tm value 
measured by DSC is not directly related to a trimer’s tendency to dissociate into monomers 
and dimers.

The calorimetric measurement of enthalpy (ΔHcal) in the unfolding process is the 
total energy that is been taken up in raising the temperature [48]. The highest ΔHcal values for 
unfolding are observed for the SOSIP and SOSIG trimers (925 and 864 kJ/mol·K respectively). 
Both Pro and Gly are α-helix breakers and maintain the trimer in the pre-fusion state most 
efficiently (judged by purified trimer yields). The increased energy requirement to denature 
both trimers may be the reflection of the pre-fusion stabilization effect introduced by Pro 
and Gly. The lowest ΔHcal is found for hydrophobic residues Ile (i.e. SOS) and Phe (722 and 
672 kJ/mol·K respectively). The reduction in ΔHcal indicates that the unfolding process is less 
endothermic for SOS and SOSIF, which is consistent with the presence of the hydrophobic 
residues Ile and Phe [49,50]. 

Overall, an array of assays shows that PGT145-purified variants of the BG505 
SOSIP.664 trimer that differ only at residue-559 are essentially indistinguishable. The 
exceptions are SOS (Ile-559), for which non-trimeric structures were also seen in BN-PAGE 
and NS-EM analyses (Fig. 2B and data not shown), and the substantially more thermostable 
SOSIF variant. Thus, although substitutions can influence the efficiency of trimer folding and 
hence yield, once the different trimers are made, they generally behave very similarly. 

Discussion 
An Ile-to-Pro mutation at residue 559 in gp41 has become a standard component of the 
recipe that is now widely used to make native-like HIV-1 Env trimers for immunogenicity 
studies and structural studies, alone or in combination with additional stabilization strategies 
[9,25,27–29,31,32,36,44,51–53]. When we first demonstrated the utility of this substitution 
in the context of JR-FL gp140, we proposed that the introduction of the helix-breaking Pro 
moiety would prevent a loop-to-helix transition in the gp41 subunits [25]. As a result, the 
complete HR1 helix would be unable to form, and the gp41 subunits would not undergo the 
transition to the six-helix bundle conformation. Thus, the tendency of an unstable, pre-fusion 
form of a soluble trimer to transit to the post-fusion configuration, would be countered [25]. 
The core of that theoretical argument was driven by then-available knowledge of how Env 
transmembrane proteins mediate fusion [4,25,54,55]. It remains valid today in the context 
of high resolution structural information on the inner workings of the trimer [9,10,27,28,56]. 
Whether the residue substituted at position-559 needs to be a helix-breaker per se (i.e., Pro) 
does, however, need further consideration. Multiple different substitutions at residue 559 
can have a broadly comparable stabilizing effect on the fragile BG505 SOS.664 trimer. They 
include the helix-breakers Pro and Gly, the aromatics Phe, Trp and Tyr, and the charged 
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residues Arg, Lys, Asp, Glu, and His. Not every residue is eff ecti ve, however, as the small 
hydrophobic residues Val, Leu, Ile and Ala and Met yield stable trimers ineffi  ciently. These 
new fi ndings in the context of the BG505 genotype are consistent with our earlier, more 

Figure 5. Structural analysis of BG505 trimer mutants. (A) Top view of the recently solved 3.0 Å BG505 SOSIP.664 
x-ray crystal structure (PDB ID: 5CEZ) and side view of a single gp140 protomer where Pro-559 is indicated in green; 
gp120s in gold, magenta and red; gp41s in cyan, violet and salmon. The B-value is indicated in a single gp140 
protomer (right panel). Flexibility is indicated by the color spectrum, where blue and red indicate low and high 
fl exibility respecti vely. The structure reveals that the region near residue-559 is highly fl exible, which complicates 
predicti ons of the impact of sequence changes in this area. (B) Detailed view of Pro (green) at residue-559 in the 
BG505 Env trimer and modeled in the high resoluti on EM reconstructi on (overall RMSD of 2.48 Å) of the JR-FL Env 
trimer (PDB ID: 5FUU. In the JR-FL trimer, the Pro (green) substi tuti ons at residue-559 are modeled in all three 
protomers as the conformati on of each protomer is slightly diff erent. Hydrophobic residues are indicated in red 
(light red; weak, red; strong); the large cavity in loop-segment B of HR1 is indicated in light grey. (C) Detailed view 
of Phe (green) modeled at residue 559. When Phe is introduced its large side-chain may fi ll a part of the cavity 
and could make hydrophobic contacts with Ala58, Ala60 and Ala561 in the BG505 trimer, increasing the thermal 
stability of the SOSIF trimer compared to SOSIY and SOSIP. In the JR-FL trimer structure, this is slightly diff erent 
and Phe could make hydrophobic contacts with Ile547 and Leu556. (D) Detailed view of the natural IIe (green) at 
residue-559 as in the EM structure and modeled on the crystal structure.
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limited studies on JR-FL, a sequence that yields native-like soluble trimers much less well 
than BG505 and several other env genes [25,34–38]. In the JR-FL context, introduction of 
Gly, Phe or Arg at residue-559 also enhanced formation of trimers, although at lower yields 
than the Pro substitution, and Ile and Val changes performed poorly [25].

Overall, the originally identified I559P substitution remains the optimal choice for 
efficient formation of soluble BG505 native-like trimers, in that we could identify no variant 
that was demonstrably superior to SOSIP. Whether this is true for every genotype remains 
to be seen.
 HIV-1 Env is extraordinarily diverse from the perspective of sequence changes 
that can be tolerated without a gross loss of function. As a wide range of SOSIP.664-type 
soluble trimers will need to be tested in the vaccine context, we sought to better understand 
structure-function residues in the general region of residue-559 that are clearly critical for 
the stability of native-like soluble trimers. In the original structures of the BG505 SOSIP.664 
trimer, the region surrounding residue-559 was unresolved [9,27,28] and Hydrogen-
Deuterium exchange analysis suggested that this domain is relatively disordered [57]. 
However, a newly available structure of the same trimer at a higher resolution of 3.0 Å 
has allowed the region near residue-559 to be modeled. The high B-values associated 
with this segment of gp41, compared to surrounding residues in gp41, suggests that it is 
conformationally flexible ([40]; PDB ID: 5CEZ) (Fig. 5A, right panel). Furthermore, the high 
resolution cryoEM structure of a transmembrane domain-containing, fully native (i.e., no 
SOSIP substitutions) JR-FL Env trimer as a complex with the PGT151 bNAb shows that part of 
this region assumes a helical conformation when the wild-type Ile is present at residue 559 
[56]. It is also noteworthy that the structure of this region of gp41 is slightly different in each 
of the three protomers, which may again be further evidence for local flexibility, but could 
also be an outcome of PGT151 binding [56].

The stabilizing effect of the helix-breakers Pro and Gly can probably still be explained 
by them preventing formation of an extended HR1, i.e., as proposed previously [25]. The 
small α-helices α6 and α7 are connected by a non-helical segment, and are “spring-loaded” 
and prevented from assembling into the extended post-fusion HR1 helix by the presence of 
gp120 [9,10]. In the structure of the JR-FL trimer where an Ile is present at position 559, the 
region around this residue is helical [40,56] (Fig. 5B). In contrast, in the X-ray structure of 
the BG505 SOSIP.664 trimer (with Pro present at position 559) this region is an extended coil 
consistent with the α-helix breaking ability of the Pro substitution.

Phe, Trp and Tyr are accommodated well in α-helices, necessitating a different 
explanation for their beneficial effects (compared to Pro) on soluble trimers. The BG505 
SOSIP.664 trimer structure shows that the loop around residue-559 forms hydrophobic 
interactions with gp120 residues. The large hydrophobic side chains of Phe or Tyr could 
possibly make additional hydrophobic contacts in this environment (Fig. 5C). If so, the subtle 
difference between Phe and Tyr (the latter’s hydroxyl group) must affect how the cavity is 
filled, because the SOSIF trimer was markedly more thermostable (by over 3°C) compared to 
SOSIY and SOSIP. We note that Phe often plays a role in protein stabilization [58] and that a 
hydrophilic moiety as small as a hydroxyl group can be sufficient to destabilize a predominantly 
hydrophobic environment [59]. When Phe is modeled in place of Pro at residue-559 in the 
BG505 SOSIP trimer structure, its side chain could possibly form hydrophobic interactions 
with Ala58, Ala60 and Ala561 (Fig. 5C). In the JR-FL trimer structure, the hydrophobic cavity 
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is slightly different as the Ala58 (~14 Å) and Ala561 (~9 Å) residues are not in close proximity. 
Instead, a loop is formed that extends from the α-helix and other residues, i.e. Ile547 (~5 Å 
distance) and Leu556 (~6 Å distance), may facilitate hydrophobic interactions in this cavity 
(Fig. 5C). We cannot exclude that the Phe-substitution causes a remodeling of the local 
protein backbone and creates alternative interactions. 

Hydrophobicity per se cannot be the full explanation for the impact of Phe and Tyr, 
as the aliphatic residues Leu, Ile and Val did not facilitate efficient soluble trimer formation. 
Hence, aromatic-aromatic interactions between Phe and His may also be relevant, as they 
are thought to help stabilize the internal structures of proteins [60,61]. In such an interaction, 
the side-chain of His is preferentially located within 6 Å of the ring centroids of either Phe, 
Tyr or Trp, allowing van der Waals contact with δ(−) π-electrons of aromatic rings. [60]. The 
BG505 SOSIP.664 trimer structure shows that several His rings are proximal to residue-559, 
most notably His72 (~5 Å distance), although this distance is larger in the JR-FL trimer (Fig. 
5C). For such aromatic interactions, the local peptide backbone around 559 would have to 
be remodeled slightly. 

The charged side chains of Lys, Arg, His and Glu, and also Asn also facilitated trimer 
formation, but did not increase thermal stability. We do not know how these effects are 
mediated. There are no obvious nearby candidates for electrostatic interactions, and the 
presence of charged moieties in a hydrophobic cavity is generally disadvantageous. One 
possibility is that they act via a substantial remodeling of the local protein backbone that we 
have not attempted to model. Based on the structure of the JR-FL trimer, an Arg or His at 
position-559 may interact with a Phe that is present at position-53.  

There have only been a few earlier studies on gp140 trimerization-promoting 
substitutions in the gp41 region near residue-559 [62,63]. Alsahafi et al. found that 
introducing the I559P change into membrane-associated BG505 Env abolished its ability 
to mediate membrane fusion [63]. That was the expected outcome, in that it confirmed 
an earlier study [64], and was consistent with the model that a Pro-residue in this region 
stabilizes the pre-fusion trimer by preventing conformational transitions to the post-fusion 
six-helix bundle [25]. Antibody probing of the Env proteins present on the membrane of the 
Env-transfected cells showed that the I559P substitution decreased the binding of various 
non-neutralizing anti-gp41 MAbs [29]. How these antibody-reactivity observations can be 
interpreted at the structural level is unclear, given the complex mixture of various native 
and non-native Env forms that is present on the cell surface [65–68]. The high-resolution 
cryoEM structure of the JR-FL Env trimer shows that its structure is virtually identical to 
that of the soluble BG505 SOSIP.664 trimer. In particular, the region around the engineered 
SOS disulphide bond was indistinguishable between the two structures. The region near 
residue-559 was more helical in the JR-FL Env trimer structure (Ile-559) than in the BG505 
SOSIP.664 soluble trimer (Pro-559). The difference in this region is entirely consistent with 
our original hypothesis that the Pro substitution stabilizes Env by preventing helix formation. 
Whatever modest impact the Ile-Pro change may have on Env structure, it seems a minimal 
price to pay for conferring the ability to produce stable, native-like trimers that very 
closely resemble the spike structures present on viruses. As noted earlier, the structures 
of the soluble BG505 SOSIP.664 trimer and the JR-FL membrane-associated Env trimer (no 
SOSIP substitutions present) are essentially indistinguishable, except for the very localized 
differences around the I559P substitution [9,27,28,40,56].
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Our overall conclusion is that, from the perspective of making stable, native-like 
soluble trimers, the originally identified I559P change remains the first choice. It is possible 
that other substitutions at or near residue-559 could be superior in certain Env genotypes, 
something that could only be determined on an empirical basis if the I559P change proves 
unsatisfactory, and for which the data presented here should serve as a guide. We also note 
that high-resolution trimer structures show that our initial choice of gp120 position-501 
and gp41 position-605 for the intersubunit disulfide (SOS) bond has stood the test of time 
[13,56].

Methods

Env trimers
The design of BG505 SOSIP.664 trimers, including the D7324-epitope tagged version, has 
been described elsewhere, as have the methods for their production and purification [26–
29]. In this study, BG505 SOSIP.664-D7324 trimers and mutants thereof were expressed by 
transient transfection of 293F cells and purified via PGT145-affinity chromatography [33,34].

Antibodies and reagents
MAbs were obtained as gifts, or purchased, or expressed from plasmids, from the following 
sources directly or through the AIDS Reagents Reference Program: John Mascola and Peter 
Kwong (VRC01); Polymun Scientific (2G12); Michel Nussenzweig (3BC315); James Robinson 
(17b and 14e); Dennis Burton (PGT121, PGT125, PGT145 and PGT151); Ms C. Arnold (CA13 
(ARP3119)), EU Programme EVA Centralized Facility for AIDS Reagents, NIBSC, UK (AVIP 
Contract Number LSHP-CT-2004-503487); Progenics Pharmaceuticals (sCD4).

SDS-PAGE and Blue Native-PAGE
Env proteins were analyzed using SDS-PAGE and BN-PAGE [25,69]; gels were stained using 
Coomassie blue or western blotted for Env detection using the CA13 (ARP3119) and 2G12 
MAbs. Bands were quantified using ImageJ.

D7324-capture ELISA using BG505 SOSIP.664 trimers
The D7324-capture ELISA has been described in detail elsewhere [29]. Microlon 96-well half-
area plates (Greiner Bio-One, Alphen aan den Rijn, the Netherlands) were coated with D7324 
antibody (10 µg/ml; Aalto Bioreagents, Dublin, Ireland). Unpurified, undiluted HEK293T 
transfection supernatants or PGT145-purified trimers (at 5 µg/ml) were subsequently 
captured onto the solid phase and tested for Ab binding. Abs were detected with goat anti-
human horseradish peroxidase labeled immunoglobulin G (Jackson Immunoresearch). 

Differential scanning calorimetry (DSC)
Thermal denaturation was probed with a Nano DSC calorimeter (TA Instruments). Before 
carrying out the experiments, all samples were extensively dialyzed against phosphate-
buffered saline (PBS) using Vivaspin 500 (Sartorius Stedim biotech) columns. The protein 
concentration was subsequently adjusted to 0.1– 0.3 mg/ml, with PBS. After loading the 
protein sample into the cell, thermal denaturation was probed at a temperature scan rate of 
1 °C/min. Buffer correction, normalization and baseline subtraction procedures were applied 
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before the data were analyzed using NanoAnalyze software v3.5.0 (TA Instruments). The 
data were fitted using a two-state model, as the asymmetry of some of the peaks suggested 
the presence of unfolding intermediates.

Electron microscopy
BG505 trimer mutants were analyzed by negative-stain EM after overnight incubation at 
room temperature. A 3 µL aliquot containing ~0.01 mg/ml of the trimer was applied for 5 
s onto a carbon-coated 400 Cu mesh grid that had been glow discharged at 20 mA for 30 s, 
then negatively stained with 2% (w/v) Uranyl formate for 60 s. Data were collected using an 
FEI Talos electron microscope operating at 200 keV, with an electron dose of ~25 e-/Å2 and a 
magnification of 73,000x that resulted in a pixel size of 1.98 Å at the specimen plane. Images 
were acquired with a FEI Ceta 16M camera using a nominal defocus range of 1500 nm.

Image processing and 2D reconstructionData processing methods were adapted from 
those used previously [29,44]. Particles were picked automatically using DoG Picker and 
put into a particle stack using the Appion software package [70]. Initial, reference-free, two-
dimensional (2D) class averages were calculated using particles binned by two via Iterative 
MSA/MRA and sorted into classes [71]. 
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Abstract

Background
Current HIV-1 immunogens are unable to induce antibodies that can neutralize a broad 
range of HIV-1 (broadly neutralizing antibodies; bNAbs). However, such antibodies are 
elicited in 10–30 % of HIV-1 infected individuals, and the co-evolution of the virus and the 
humoral immune responses in these individuals has attracted attention, because they can 
provide clues for vaccine design.

Results
Here we characterized the NAb responses and envelope glycoprotein evolution in an HIV-
1 infected “elite neutralizer” of the Amsterdam Cohort Studies on HIV-1 infection and 
AIDS who developed an unusually potent bNAb response rapidly after infection. The NAb 
response was dependent on the N332-glycan and viral resistance against the N332-glycan 
dependent bNAb PGT135 developed over time but viral escape did not occur at or near this 
glycan. In contrast, the virus likely escaped by increasing V1 length, with up to 21 amino 
acids, accompanied by the introduction of 1–3 additional glycans, as well as 2–4 additional 
cysteine residues within V1.

Conclusions
In the individual studied here, HIV-1 escaped from N332-glycan directed NAb responses 
without changing the epitope itself, but by elongating a variable loop that shields this 
epitope.

Keywords
HIV-1 N332 Envelope glycoprotein Glycans Broadly neutralizing antibodies Variable regions 
Cysteines
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Background
The development of a safe and protective HIV-1 vaccine is a major challenge. Although 
progress has been made over 30 years of research, there is no immunogen that can efficiently 
elicit protective humoral immunity. The HIV-1 envelope glycoprotein spike (Env) on the viral 
membrane is the sole target for neutralizing antibodies (NAbs), and therefore designing an 
Env-based immunogen capable of inducing antibodies that can neutralize diverse globally 
circulating viral variants (broadly neutralizing antibodies; bNAbs) is an obvious vaccine 
strategy to pursue. 
 In 10–30 % of the HIV-1 infected individuals bNAbs develop, indicating that 
there are no insurmountable barriers for the induction of bNAbs by Env in humans [1–8]. 
Several passive immunization studies in non-human primates using bNAbs isolated from 
HIV-1 infected individuals have shown protection against HIV/SHIV acquisition, even with 
low bNAb doses and after repeated viral challenges [9–13]. Furthermore, 1 % of the HIV-1 
infected individuals, termed “elite neutralizers”, develop exceptionally broad NAb responses, 
and some of these individuals develop a broad NAb response relatively quickly, i.e. within 
the first year after infection [8,14]. Elite neutralizers might therefore serve as examples for 
Env-based vaccine design.
 In infected humans, bNAbs appear to develop through co-evolution of HIV-1 Env 
and NAbs, probably via multiple pathways. In one scenario, iterative cycles of viral escape 
from (early) autologous NAbs and renewed NAb affinity maturation lead to NAb breadth 
[15–20]. This scenario is consistent with the large number of somatic mutations observed 
in HIV-1 bNAbs [21–24]. In a second scenario, escape from one NAb specificity can result 
in the exposure or creation of a bNAb epitope elsewhere on the Env surface, resulting in 
an independent bNAb lineage [25,26]. Viral factors that have been associated with bNAb 
development include high viral load and antigenic diversity, prolonged antigenic stimulation 
and polyreactivity [1,2,27–30], but also specific Env characteristics on early viruses, such as 
short variable loops and lower glycan content [31–35].
 Despite this knowledge, inducing bNAb responses by means of vaccination has 
proven a major challenge. In fact, even inducing consistent NAbs against the autologous, 
sequence-matched virus, with a vaccine based on a neutralization-resistant (Tier-2) primary 
isolate, has only been very recently achieved by immunizing with stabilized native-like 
trimers [36,37]. The importance of viral evolution during Ab maturation, and in shaping 
bNAb responses, has led to the idea that sequential Env-based immunogens are required 
to steer Ab lineages towards becoming bNAbs. Indeed, immunogenicity studies have shown 
improved NAb responses when using sequentially isolated Envs from an SHIVSF162p4 
infected macaque or from HIV-1 infected individuals who developed breadth, although 
NAbs were elicited only against neutralization sensitive (Tier-1) viruses [38–40]. Therefore, 
studying Env evolution in infected individuals who eventually developed bNAbs, in particular 
elite neutralizers, can provide information that benefits sequential Env-based immunogen 
strategies.
 The native, pre-fusion Env spike is a heterotrimeric complex of three gp120 
subunits non-covalently linked to three gp41 subunits that are derived from a gp160 
precursor protein through proteolytic cleavage [41]. Gp120 is composed of five conserved 
regions (C1–C5), interspersed with five exposed variable regions (V1–V5). C1–C5 form the 
gp120 core that is crucial for binding to target cells and transmitting receptor-induced 
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conformati onal changes to the fusion machinery in gp41. V1–V5, in parti cular V1, V2 and 
V4, are highly diverse as a consequence of mutati ons, recombinati ons, deleti ons, and/ or 
inserti ons. V1–V3 are important trimer associati on domains interacti ng at the apex of the 
trimer [42–46]. The high variability in these domains is driven by the need to conti nuously 
escape from NAbs and is facilitated by the high replicati on rate of the virus combined with 
the error prone reverse transcripti on process. The N-linked glycans that are att ached to 
20–35 potenti al N-linked glycosylati on sites (PNGS) on the backbone of gp120 account for 
50 % of the mass of the external Env domains [47], and are usually not seen as foreign by 
the immune system. Therefore glycans and highly variable regions provide a formidable viral 
defense to protect the conserved Env regions from NAb att ack [48–52]. Yet by necessity 
bNAb epitopes frequently incorporate glycan components, indicati ng that they are not 
completely immunosilent.
 To fold and maintain its intricate structure gp120 typically has 18 cysteine residues 
that form 9 disulfi de bonds, and one additi onal disulfi de bond is present in gp41 [53,54]. 
Disulfi de bonds are key structural elements for protein folding and functi on, which also 
explains why disulfi de bonds are usually conserved within protein families [54]. The positi ons 
of the disulfi de bonds in gp120 are highly conserved across all isolates of HIV and SIV (Los 
Alamos database). Additi onal cysteine residues in the variable regions have been observed 
in HIV-1 (Table 1), but more so in HIV-2 and SIV (in parti cular in V2) [55–59].
Here we have studied Env evoluti on in response to NAb pressure over ti me in an individual 
from the Amsterdam Cohort Studies on HIV-1 infecti on and AIDS (ACS) infected by intravenous 
drug use (IDU), who developed an elite bNAb response within 30 months post-serconversion 
(post-SC) [14]. NAb responses developed against autologous and heterologous viruses and 
were strongly dependent on the glycan at positi on 332. Viral escape from these responses 
did not occur at or near the N332-glycan, but rather involved the elongati on of V1, by up 
to 21 additi onal amino acids. This V1 extension coincided with the introducti on of 2–4 
additi onal cysteine residues and 1–3 glycans, and was accompanied by a fi tness loss. These 
fi ndings provide insights into how HIV-1 can escape from N332-directed bNAb responses 
without changing the epitope itself. 

Table 1. Relati ve occurence of non-conserved cysteine residues in V1, V2 and V4 in HIV-1 subtypes

a The number of Env sequences used to calculate the percentage of viruses with normal or non-conserved cysteine 
residues
b The percentage of viruses with normal or non-conserved cysteine residues
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Results

Development of autologous NAb responses in elite neutralizer D16916
Individual D16916 entered the Amsterdam Cohort Studies (ACS) HIV-1 negati ve and 
seroconverted during acti ve follow-up aft er infecti on with a clade B virus. In the fi rst fi ve 
years post-SC, this individual had stable CD4+ T cell numbers (average 395 cells/μl) and 
low to undetectable viral loads (Additi onal fi le 1: Fig. S1). We previously described the 
development of the bNAb responses in this individual [14]. At 38 months, D16916 qualifi ed 
as an elite neutralizer, neutralizing all viruses of a six-virus panel that is representati ve of 
global HIV-1 variati on, at a geometric mean midpoint ti ter of 978 (Fig. 1a). By this standard 
this individual has the broadest and most potent neutralizati on observed in the ACS. 
Furthermore, neutralizati on of multi ple heterologous Tier-2 viruses was observed at around 
8 months, and broad neutralizati on, defi ned as a geometric mean midpoint ti ter of >100, 
was observed around 11 months, which is unusually early [14].

Figure 1. Development of heterologous and autologous NAb responses in elite neutralizer D16916. (a) Neutralizing 
acti vity over the course of HIV-1 infecti on against the individual viruses of a 6-virus panel that is representati ve for 
HIV-1 variati on worldwide [8, 32]. The ID50 against each virus as well as the geometric mean midpoint ti ter for all 6 
viruses combined are given for D16916 sera taken 8, 11, 14, 19, 22, 26, 30, 34 and 38 months post-SC. A color scale 
is used to indicate low (green) to high (red) ID50 values. (b) Longitudinal neutralizati on of autologous viruses. The 
mean ID50 values of longitudinal sera (x-axis) against the autologous viruses (3 for month 7 and 6 for month 11, all 
in grey) are plott ed in green (month 7) and blue (month 11). The red line indicates the geometric mean midpoint 
ti ter against the heterologous 6-virus panel from a [14]
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To gain more insight into the unusually rapid heterologous NAb response, we fi rst 
studied the development of the autologous NAb response at and preceding the 11 month 
ti me point (Fig. 1b). Therefore, we tested three and six viral isolates from 7 and 11 months 
post-SC, respecti vely. We observed low neutralizing acti vity in serum from 8 months against 
one out of three viruses from 7 months, and no acti vity against any of the other viruses from 
7 and 11 months tested. Serum neutralizati on against the month 7 viruses rapidly increased 
unti l it peaked at 14 months, aft er which it declined very rapidly. The increase in neutralizing 
acti vity could also be observed against viruses from 11 months, although the acti vity against 
these viruses remained rather stable between 14 and 34 months before declining. Thus, 
around a year post-SC, i.e. when heterologous NAb responses fi rst appeared, this individual 
had developed strong autologous NAb responses against the viruses that were present at 7 
months post-SC. Whether earlier autologous NAb responses against the preceding viruses 
were present, could not be tested because such samples were not available for analysis.

N332-directed bNAb responses in elite neutralizer D16916
Five viruses of the six-virus panel were neutralized by serum from individual D16916 as early 
as 14 months aft er infecti on. The 92TH021 virus was an excepti on and was only very weakly 
neutralized by month 38 (Fig. 1a). We noted that the fi ve sensiti ve viruses had the PNGS 
at positi on 332, which is frequently targeted by bNAb responses [60], whereas 92TH021 
contains the PNGS at positi on 334. To assess whether the bNAb response in individual 
D16916 was N332-glycan dependent, we measured the neutralizati on acti vity of serum 
from 14 months against three viruses of the six-virus panel in comparison with their N332A 
glycan knock-out variants: JRCSF, 92BR020 (both clade B viruses) and MGRM-C-026 (a clade 
C virus) [61]. Unfortunately, changing the glycan from positi on 334–332 in 92TH021 did not 
yield an infecti ous virus. We observed a marked decrease in neutralizati on sensiti vity for the 
three N332A variants, when compared with the wild-type (WT) viruses (Table 2). 
 We also tested serum from 30 months, when elite bNAb acti vity was present, 
against the Tier-2 subtype A BG505 virus, which naturally lacks the N332-glycan, as well 
as the BG505 T332N glycan knock-in mutant [62]. While the WT BG505 virus was not 
neutralized (10 % neutralizati on at a 1:40 diluti on), we did observe neutralizati on of the 
T332N glycan knock-in virus (77 % neutralizati on at a 1:40 diluti on; see also Table 2). 

Table 2. N332-dependent heterologous NAb responses in elite neutralizer D16916

a 50 % inhibitory diluti on (ID50)
b ID50 of month 14 serum tested against the 92BR020 and JRCSF (both clade B)
and MGRM-C-026 (clade C) viruses and their N332A mutants
c ID50 of month 30 serum tested against the BG505 virus (clade A) and its T332N mutant
d The fold-reducti on in neutralizati on as a consequence of the lack of the N332-glycan
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These data suggest that a substanti al proporti on of the bNAb response in elite neutralizer 
D16916 is directed against the N332-glycan.

Development of viral resistance to N332-directed bNAb PGT135, as well as bNAbs b12 and 
12A21
To study the eff ect of the N332-directed NAb response on the viral evoluti on in individual 
D16916 we tested lo gitudinally isolated viruses for their sensiti vity to N332-directed 
bNAbs PGT121, PGT126, PGT128, PGT135 and 2G12. No diff erences were observed in the 
neutralizati on sensiti vity of viruses from month 7 and 11 to the N332-directed bNAbs, 

Figure 2. Sensiti vity of viral isolates from individual D16916 to bNAbs. Clonal HIV-1 variants from 7 and 11 months 
post-SC were tested for their neutralizati on sensiti vity against bNAbs PGT135 (a), b12 (b), 12A21 (c), PG16 (d) and 
PGT145 (e) and grouped according to their target epitope OD-glycan, CD4-bs and V1V2 apex. The graphs show IC50 
values for each virus isolate, as determined by linear regression. Diff erences were considered stati sti cally signifi cant 
when p values were ≤ 0.05, represented by asterisks (*p ≤ 0.05; **p ≤ 0.005, ***p ≤ 0.001). The horizontal bars 
represent the median IC50 value per ti me point
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except for PGT135 (Fig. 2a; Additi onal fi le 2: Fig. S2A–D). While, 9 out of 10 viruses isolated 
from month 7 were sensiti ve to PGT135, only 1 out of 9 viruses from month 11 was sensiti ve 
to PGT135. Thus, from month 7 to month 11, the majority of viruses acquired resistance 
to the N332-directed bNAb PGT135 (>14-fold when comparing the median 50 % inhibitory 
concentrati on (IC50) values, p = 0.0016). In additi on, we also tested bNAbs targeti ng other 
epitopes. We observed, to a lesser extent, development of resistance against the CD4bs-
directed bNAbs b12 and 12A21 (2.5-fold, p = 0.0072 and 3-fold, p = 0.01, respecti vely; Fig. 
2b, c). In contrast, we observed an increased sensiti vity to bNAbs PG16 and PGT145, directed 
against a quaternary glycan-dependent V2 epitope (by >7-fold, p = 0.0027 and >36-fold, p = 
0.0007, respecti vely; Fig. 2d, e). We did not fi nd signifi cant diff erences in the neutralizati on 
sensiti vity to bNAbs VRC01, PG9, and 8ANC195 (Additi onal fi le 2: Fig. S2E–G).

Figure 3. Extension of V1 and inserti on of unusual disulfi de bonds. (a) Amino acid alignment of the D16916 V1 
loop of clonal HIV-1 variants isolated over ti me. Cysteine residues are indicated in dark grey boxes and potenti al 
N-linked glycans in light grey. The frequencies of additi onal cysteines (0: blue, 2: red, 4: green) in the sequences 
from viruses isolated at 7, 11 and 19, 22 and 30 months post-SC combined are shown in the pie charts. HXB2 
numbering has been used to annotate the positi ons of the conserved cysteine residues. Arrows indicate the 
positi ons of the introduced cysteine residues. (b) The length of V1 and (c) the number of PNGS in V1 of clonal HIV-1 
variants over the course of infecti on are shown. In both panels, the horizontal bars represent the mean values per 
ti me point tested and diff erences were considered stati sti cally signifi cant when p values were ≤ 0.05, represented 
by asterisks (***p ≤ 0.001)
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Lack of viral escape mutations in the N332-directed bNAb epitope
Since we observed the development of viral resistance to PGT135, b12 and 12A21, we 
studied the evolution of the epitopes of these bNAbs. We sequenced the complete gp160 
env from multiple viruses from different time points (Fig. 3a). Phylogenetic analyses showed 
that, with one exception, the month 7 and month 11 sequences formed separate clusters 
(Additional file 3: Fig. S3). Interestingly, we did not observe escape mutations at the N332-
glycan, nor did we find escape mutations anywhere else in the PGT135 epitope (Additional 
file 4: Fig. S4A), suggesting that changes outside the PGT135 epitope were responsible for 
the increase in PGT135-resistance from month 7 to 11. We did observe mutations in the b12 
and 12A21 epitopes at month 11 compared to month 7, notably at position 475, a contact 
residue for b12, and at position 462, a contact residue for 12A21 (Additional file 4: Fig. S4B). 
However, none of these changes were associated with increased resistance to b12 or 12A21, 
when sensitivity of specific viral clones and their sequences were compared. The increase 
in neutralization sensitivity for PG16 that developed from month 7 to 11 could also not be 
explained by mutations in the known epitope, as there were none (Additional file 4: Fig. 
S4C). 

Elongation of V1 with insertions of unusual disulfide bonds
Since we did not find mutations in the bNAb epitopes that could explain the increase in 
neutralization resistance we studied the evolution of the entire gp160 sequence. We 
identified many amino acids that changed from month 7 to month 11 and these amino 
acids were scattered across the gp160 sequence. Some of these changes became fixed in 
the viral population, but none of them stood out as likely candidates to explain the altered 
neutralization profile. However, we observed a significant increase in the length of gp160 
and the number of PNGS from month 7 to month 11 (mean of 827 vs. 836 amino acids, p = 
0.0009, mean of 30 vs. 32 PNGS, p < 0.0001, respectively). Both were mostly attributable to 
an increase in V1 length (mean of 29 vs. 37 amino acids, p = 0.0006, mean of 3 vs. 4.5 PNGS, 
p = 0.0001, respectively; Fig. 3b, c). The additional PNGS in the V1 were all NXT motifs, which 
have a higher probability to become glycosylated compared to NXS motifs [63–65].

At 7 months, we found one virus with a short V1 (20 amino acids) while the other 
9 sequences showed V1 elongation by 8, 10, or 13 additional amino acids, including one 
or two extra PNGS (Fig. 3a). The elongation of the V1 was likely caused by an 8 amino 
acid duplication of the sequence CVTLNCTD containing 2 extra cysteines and one PNGS 
(5 isolates), followed by the insertion of an additional 5 amino acids (GGNTT or RGNTT), 
including an additional PNGS (3 isolates). The additional 2 cysteines are likely to pair and 
form a disulfide bond in an “oven mitt” structure (Additional file 5: Fig. S5B) [59].
At 11 months we observed three isolates with similar features as described for the isolates 
from 7 months containing 2 additional cysteines. Remarkably, in three other isolates the 
V1 length was further increased (to 39 amino acids), with a 6 amino acid duplication of the 
sequence DGGNTT. Interestingly, in three other virus isolates the 8 amino acid sequence 
CVTNLCTD was again duplicated and further mutated, resulting in a V1 with 4 extra cysteines 
(2 isolates), while in the last virus isolate the first cysteine of each 8 amino acid repeat was 
replaced by an arginine, restoring the number of cysteines to +2 (Additional file 5: Fig. S5C). 
The 4 extra cysteines might form 2 extra cysteine bridges, with “oven mitt” structures, but 
an alternative structure is now also possible (Additional file 5: Fig. S5D–F). The longest V1 
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Figure 4. Involvement of V1 length in resistance to bNAbs PGT135, b12 and 12A21. Correlati on plots between the 
V1 length and neutralizati on sensiti vity for mAbs PGT135 (a), PGT121 (b), b12 (c), 12A21 (d), and VRC01 (e). The 
r and p values for the linear regression are given. For correlati ons that were stati sti cally signifi cant, the regression 
line is shown. (f) Top view of the Env trimer with one protomer shown in dark blue and the other protomers 
in light blue. The V1 loops are indicated in red and the N332-glycan is shown on one protomer. (g) View of the 
trimer in the same orientati ons as f in complex with PGT135 (yellow) and PGT122 (gray). We used PGT122 in our 
fi gure instead of PGT121 since the HIV-1 Env trimer structures were solved in complex with PGT122, whereas for 
PGT121 the structure was only solved in complex with a glycan [42] or recently a complex of a PGT121 precursor 
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in complex with the HIV-1 Env trimer [120]. It was shown that PGT121 and PGT122 bind to the Env protein with 
the same angle of approach in a very similar way. (h) Detailed view of the expected clash of PGT135 with the V1 
loop indicated by an asterisk. (i) View of the trimer in the same orientations as f in complex with b12 (green) and 
12A21 (dark green) and VRC01 (gray). (j) Detailed view of the expected clash of b12 with the V1 loop indicated by 
an asterisk. The figures were drawn using pymol (www.pymol.org) by aligning the gp120 structures of 4JM2.pdb 
(gp120 plus PGT135; PMC3823233 [60]), 2NY7.pdb (gp120 plus b12: PMC2584968 [121]), 4JPW.pdb (gp120 plus 
12A21; PMC3792590 [122]), and 3NGB.pdb (gp120 plus VRC01; PMC2981354 [123]) with the dark blue protomer 
of the BG505 SOSIP.664 trimer in complex with PGT122 and 35O22 (4TVP.pdb [43])

sequences (clones 2H9, 2D1 and 3A1 at month 11 and clone 1A10 at month 19) have a V1 of 
41 amino acids, i.e. 21 amino acids longer than the shortest V1 (clone 2C9 at month 7). For 
comparison, the average V1 length in Env sequences in the Los Alamos Database is 27 amino 
acids, with 95 % of the sequences falling in the range of 15–39 amino acids, illustrating that 
a V1 of 41 amino acids is unusually long. We could only isolate one virus from 19, 22 and 30 
months (Fig. 3a). The virus isolated at 19 months had a V1 sequence that was very similar 
to the unusually long month 11 V1 containing 4 extra cysteines, while the month 22 and 30 
sequences contained moderately long V1 sequences with two extra cysteine residues (Fig. 
3a). We analyzed the frequency of additional cysteines in V1, as well as V2 and V4 in natural 
HIV and SIV isolates. The presence of additional cysteines in V1 is common in HIV-2 and 
SIV (Los Alamos Database), but rare in HIV-1 (Table 1). 4.7 % of HIV-1 isolates contain two 
extra cysteines in V1, while 4 extra cysteines are present in only 0.1 % of HIV-1 sequences, 
illustrating that the Env protein in individual D16916, who developed elite NAb responses, 
evolved to have rather unusual properties.

Involvement of V1 length in resistance to bNAbs PGT135, b12 and 12A21
The elongation of the V1 from month 7 to 11, and the accompanying introduction of 
additional cysteine residues, led us to speculate that the V1 was responsible for the 
increased resistance against bNAbs PGT135, b12 and 12A21. For PGT135, we observed a 
statistically significant positive correlation between V1 length and neutralization resistance 
(r = 0.54, p = 0.016; Fig. 4a). Inspection of the Env structure in complex with PGT135 reveals 
that a longer V1 region could indeed clash with PGT135 (Fig. 4g, h). For PGT121, which 
also targets the N332-glycan, we did not observe a correlation between the length of the 
V1 region and neutralization sensitivity (Fig. 4b), which might be related to the different 
angle of approach of the bNAb, thereby avoiding a clash with V1 (Fig. 4h). In addition, we 
observed a significant positive correlation between V1 length and neutralization resistance 
for b12 and a trend for 12A21, both directed against the CD4bs (r = 0.46, p = 0.045 and r = 
0.42, p = 0.07, respectively; Fig. 4c, d). These bNAbs can also clash with unusually long V1 
regions (Fig. 4i, j), while VRC01, another CD4bs bNAb for which no correlation between the 
length of V1 and neutralization sensitivity was found (Fig. 4e), targets the CD4bs with an 
angle that avoids the V1 (Fig. 4i, j).

Association of V1 length with loss of viral fitness
Based on the low occurrence of long V1 sequences with extra disulfide bonds in natural 
isolates, we hypothesized that the elongation of the V1 and the inclusion of extra cysteine 
residues, possibly a consequence of NAb pressure, might have a negative impact on viral 
fitness. We analyzed the replication kinetics of all virus isolates from 7 and 11 months on 
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Figure 5. Accommodati on of long V1, associated with viral fi tness loss, by compensatory mutati ons. (a) Viral 
replicati on of clonal viral isolates from month 7 versus month 11 with the horizontal bars representi ng the median 
p24 values over the viruses isolated at that ti me point. (b) Linear regression between viral replicati on, expressed as 
p24 producti on per day, and V1 length for viruses from month 7 and 11. Virus isolates are colored based on number 
of additi onal cysteine residues in their V1 (0: blue, 2: red, 4: green). (c) V1 sequence alignment of representati ve 
virus isolates from individual D16916 with 0, 2 and 4 additi onal cysteines (clones D16916.7.2C9, D16916.7.1E3, 
D16916.11.2D1), as well as HIV-1LAI, HIV-1LAI mutants 1 and 2, and their revertants. (d) CA-p24 ELISA of HIV-1LAI and 
mutant virus stocks, produced by transient transfecti on of HEK293T cells. (e) TZM-bl cells were infected with 500 
pg CA-p24, and infecti vity was measured aft er 48 h infecti on. (f) Schemati c V1/V2 topology. β-strands are depicted 
as purple arrows and disulphide bonds as yellow lines. The V1 and V2 loop are indicated in green and blue lines, 
respecti vely. The substi tuti ons designed to restore the epitopes for bNAbs PG9 and PG16 are underlined and the 
locati ons of the HIV-1LAI reversions are indicated in bold. (g) Ribbon diagram of f with the positi on of the HIV-1LAI 
reversions indicated as red spheres (except L → P at the fourth positi on of the insert) and labeled according to 
their positi on in the linear sequence. Note that the elongated V1 with additi onal cysteine residues is not depicted.
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phytohemagglutinin (PHA) stimulated peripheral blood mononuclear cells (PBMCs). We 
observed that there was a significant difference between the replication rates of the viral 
isolates from 7 and 11 months (p = 0.0041, Fig. 5a), and a significant negative correlation 
between the replication kinetics and the V1 length (r = −0.62, p = 0.0044; Fig. 5b). Thus, 
viruses isolated later during infection harboring longer V1 had lower replication rates 
compared to earlier viruses harboring a shorter V1. These data support the hypothesis that 
the virus present in individual D16916 was under selection pressure from NAbs to generate 
and preserve gp160 proteins with unusually long V1 loops containing additional cysteines 
that were accompanied with a decrease in gp160 function.

Accommodation of elongated V1 loops with additional cysteine bonds in a different virus 
isolate
To answer the question whether the long V1 sequences with additional cysteine residues 
were isolate-specific or could be incorporated into an unrelated HIV-1 strain, we investigated 
the infectivity of variants of the HIV-1LAI isolate (containing 4 substitutions to facilitate PG9/ 
PG16 binding: S162T, G167D, V169K and E172V) in which the V1 sequences were extended 
with 8 or 16 amino acids, based on the increase in V1 length observed in individual D16916. 
In mutant 1, the V1 was extended by 8 amino acids (CVSLKCTD; based on month 7 isolate 
D16916.7.1E3) and in mutant 2 by 16 amino acids (CVSLKCTDCVSLKCTD; based on month 11 
isolate D16916.11.2D1), harboring 2 or 4 extra cysteines, respectively (Fig. 5c). Virus stocks 
were generated in HEK293T cells and the two mutant viruses were analyzed for their ability 
to infect TZM-bl cells. We observed that mutant 1 and 2 produced similar amounts of capsid 
(CA)-p24 antigen compared to wild-type virus (Fig. 5d), but were not able to infect TZM-bl 
cells (Fig. 5e). These data suggest that the long V1 sequences cannot be introduced in any 
virus isolate and/or that compensatory changes are required to do so.

Next we performed in vitro virus evolution experiments using the HIV-1LAI mutant. 
Four independent cultures of SupT1 cells were transfected with the molecular clones of either 
HIV-1LAI mutant 1 (cultures 1A and 1B) or mutant 2 (cultures 2A and 2B). The transfected 
cells were maintained for 3 months, and the cultures were inspected every week by eye 
for the presence of syncytia and by CA-p24 enzyme linked immunosorbent assay (ELISA). 
For mutant 1, replicating virus was identified 2 and 3 weeks post-transfection (cultures 1B 
and 1A, respectively), whereas for mutant 2 replication was observed after 5 weeks (both 
cultures). In contrast to the original mutant viruses, the evolved viruses obtained after 3 
months of culturing were able to infect TZM-bl cells (Fig. 5e). Both HIV-1LAI and the evolved 
viruses were resistant to all N332-dependent bNAbs as well as the apex bNAbs, precluding 
analyses to study the differences in sensitivity to N332-directed specificities in the context 
of the HIV-1LAI isolate (data not shown). 

Total cellular DNA was extracted from the infected cells at 3 months post-
transfection. The env sequences revealed mutations in all four cultures (indicated by boxes; 
Fig. 5c). In culture 1A the 8 amino acid insertion was maintained, but a substitution was 
observed at the fourth residue of the inserted sequence (L133dP), as were substitutions 
further downstream in V1 and V2 (M148I and T188N). In the 1B culture we observed the 
deletion of the introduced 8 amino acids. In culture 2A we found two substitutions: N139D 
in V1 and I181L in V2, whereas in culture 2B we observed the deletion of all 16 introduced 
amino acids except for one aspartic acid, as well as an I181L substitution. Interestingly, we 
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found that the I181L substitution was present in all the viral isolates from individual D16916, 
suggesting that the presence of a leucine at position 181 might facilitate the V1 insertion. 
Furthermore, the T188N substitution that emerged during evolution in culture 1B was also 
observed in one viral isolate (data not shown). The 181 and 188 residues are located at the 
base of V2 that interacts with the base of V1 and they might therefore contribute to the 
appropriate positioning of the elongated V1 (Fig. 5f, g).

Discussion
To guide Env-based vaccine design, it is important to understand the mechanisms that 
are involved in the development of bNAb responses and viral escape from them. Here we 
studied virus evolution in individual D16916 of the ACS with unusually potent and broad NAb 
responses, which developed much faster than usually seen, i.e. within 1 year as opposed to 
2–3 years [14], making individual D16916 a particularly attractive case to inform vaccine 
design.
 In concordance with other studies, we observed that the autologous NAb 
responses in individual D16916 developed in parallel with the heterologous NAb response 
development [2,17,18,20,26,51,66,67], supporting the view that iterative cycles of NAb 
escape and renewed affinity maturation lead to increased neutralization breadth [16–
20]. When dissecting the heterologous NAb response we observed that this response 
was dependent on the glycan at position 332 of Env. This glycan is a central feature of 
the supersite of immune vulnerability on the glycosylated outer domain of gp120 that is 
targeted by multiple bNAbs [60], and is commonly targeted by NAb responses in HIV-1 
infected individuals [68]. Moore et al. showed that in two individuals the appearance of the 
N332-glycan on Env, which allowed immune escape early during infection, created a new 
epitope on the autologous virus that triggered the development of N332-directed bNAbs 
[25]. We were not able to generate viruses from before 7 months post-SC, and therefore we 
cannot determine whether a similar pathway was followed in individual D16916.
 Various known N332-directed bNAbs have been isolated from different HIV-1 
infected individuals and are derived from different germline lineages. Extensive studies 
showed that most of these bNAbs interact differently with the N332-glycan, even when the 
bNAbs are of the same antibody lineage (such as PGT121, PGT122 and PGT124), probably 
due to different maturation pathways [69,70]. In addition to the targeting of the N332-
glycan, these bNAbs often also recognize other glycans, such as N137, N156, N301, as well as 
protein backbone. In individual D16916 we observed viral escape from N332-directed bNAb 
PGT135 [60] but not from other N332-glycan targeting bNAbs, suggesting that PGT135-like 
N332-directed bNAbs were elicited by this individual.
 Escape from N332-directed (b)NAbs has been reported, both in HIV-1 infected 
individuals and in infected macaques and humanized mice that received N332-directed 
bNAbs as immunotherapy. Such escape is usually mediated via a direct mutation of the 
N332-glycan or mutations elsewhere in the target epitope [25,71–75]. In contrast, in 
individual D16916 it appears that viral escape from N332-directed bNAbs was mediated 
by a large increase in V1 length, rather than direct mutation of the N332-glycan or residues 
nearby. Escape via elongation of V1, in combination with mutations in other variable 
regions, but not the removal of the N332-glycan, was also observed in one rhesus macaque 
that was inoculated with SHIVAD8-LN and developed potent bNAbs targeting the N332-glycan 
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[76,77]. However, the elongated V1 (by 6 amino acids) was not the principal determinant 
of viral resistance in this animal, as it was shown that mutations in V3 were responsible 
for the escape [72]. The viral escape in individual D16916 from N332-directed, PGT135-like 
NAb responses through V1 masking is supported by the positive correlation between the 
V1 length and the increased resistance to PGT135. Multiple studies have described that an 
increase in variable loop length is a shielding mechanism to protect other bNAb epitopes 
from antibody recognition [33,51,78–88]. The viral escape from N332-directed bNAbs, and 
to a lesser extent resistance to CD4bs bNAbs, via an elongated and stabilized V1, could be 
achieved by intraprotomer or interprotomer masking of the N332 and/or CD4bs, and both 
scenarios are compatible with the trimer structure (Fig. 4) [43,89–92].
 Remarkably, we observed that the elongation of the V1 was accompanied by the 
introduction of additional cysteine residues, which is a rare phenomenon. As some studies 
suggest that viral escape from autologous NAbs can result in reduced viral replication, 
whereas others observed minimal fitness cost [31,67,93–97], we were interested if an 
elongated V1 with additional cysteine residues could indeed reduce viral replication. We 
did not find a significant difference in replication rate or neutralization sensitivity for bNAbs 
when comparing viruses that harbored 0, 2 or 4 extra cysteines in the V1 (data not shown), 
however longer V1 loops did correlate with reduced replication rates. Rather than being a 
mechanism of immune escape by itself [59], the additional cysteine bonds might therefore 
be coincidental, through the duplication of an already existing part of V1. The extra cysteines 
might also have facilitated the presence of the long V1 loops by stabilizing its extended 
structure, because if they were disadvantageous, they would probably have disappeared 
from the viral population. Although an extended V1 harboring additional cysteines is not 
observed frequently, incorporating such V1 loops into HIV-1LAI showed that HIV-1 can cope 
with these features via the introduction of compensatory amino acid substitutions in and 
around the inserted sequence (cultures 1A: L133dP, M148I and T188N, and 2A: N139D and 
I181L; Fig. 5). Thus, while long V1 loops with additional disulfide bonds have adverse effects 
on Env function, sometimes leading to their deletion, they can also be accommodated by 
the presence of compensatory changes within the inserted segment or in close proximity of 
the insertion in V1 or V2. The mutations observed in culture 1A and 2A were also detected 
in viruses isolated from D16916 and therefore seem to facilitate the elongated V1.

Conclusions
In summary, despite the limited availability of viral samples for our study subject, our 
results illustrate that HIV-1 can escape from N332-directed NAb responses in a time frame 
of 4 months, not by changing the epitope, but by elongation of the V1 loop. The results 
are noteworthy in light of sequential, patient-based vaccine strategies to steer desirable 
Ab lineages that have the potential to become bNAbs [17,18,98]. Immunizing with 
sequential immunogens from individual D16916 will most likely not lead to development 
of N332-directed bNAbs when Env’s with the long V1 loops are included, because in those 
immunogens the desired target epitope is masked. On the other hand, these same Env’s 
more efficiently present the bNAb epitopes located at the trimer-apex. We conclude that 
longitudinal Env sequences should be studied in detail before using them in sequential 
immunization strategies.
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Methods

ACS participant D16916
Individual D16916 is a male participant of the ACS who was infected in 1990 with HIV-1 
subtype B, likely via IDU. He entered the ACS as HIV-1 negative and seroconverted during 
active follow-up, and was initially described in studies that investigated the number of ACS 
individuals with broad neutralization (van den Kerkhof et al. manuscript in preparation), and 
the longitudinal development of bNAbs in elite neutralizers ([14]; individual IDU1 in that 
study). D16916 was under observation for more than 12 years and until 5 years post-SC this 
individual had constant CD4+ T-cell numbers (average 395 cells/μl), had low/undetectable 
viral loads, did not receive anti-retroviral therapy and had no clinical signs of AIDS (Additional 
file 1: Fig. S1). In addition, this individual had no known protective human leukocyte antigen 
(HLA) type but was heterozygous for the Δ32 deletion in the CCR5 gene. Serum and PBMC 
samples were taken approximately every 4 months. Here we studied clonal virus isolates 
from 7.4, 10.7, 18.8, 22.2 and 30.1 months post-SC. For autologous neutralizing responses, 
we used serum samples from 7.8, 10.7, 14.1, 22.2, 34.0 and 48.9 months post-SC, whereas 
for heterologous neutralizing responses we used serum samples from 7.8, 10.7, 14.1, 18.8, 
22.2, 26.2, 30.1, 34.0 and 37.5 months post-SC. An overview can be found in Additional file 
1: Fig. S1. Rounded numbers were used in the text to refer to these time points. Due to the 
low viral load and limited serum availability, we were unable to extract multiple clonal virus 
isolates from the last three time points, as described below, or to test both autologous and 
heterologous neutralizing responses with sera from the same time points for all viruses.

Virus isolation from PBMCs
PBMC samples from individual D16916 were collected at month 7, 11, 19, 22 and 30 post-
SC. Single clonal virus variants were isolated from selected PBMCs by direct limiting dilution 
of the cells. Cells were co-cultivated with PHA-stimulated PBMCs from ten healthy HIV-1 
uninfected donors, as described previously [99,100]. To prevent sequence changes during 
in vitro culture, the number of passages in PBMCs was kept to a minimum. An earlier study 
showed that the quasispecies of clonal viral variants isolated from PBMCs are highly similar 
to sequences from viral RNA in plasma samples from the same individual [101]. We were 
able to generate ten and nine replication competent clonal virus variants at 7 and 11 months 
post-SC, respectively, and only one viral variant at 19, 22 and 30 months post-SC, probably 
due to low viral loads. Furthermore, phylogenetic analyses suggested that those viruses 
might be archived viruses (Additional file 1: Fig. S1, Additional file 2: Fig. S2).

Gp160 sequence analysis
Proviral env genes from PBMCs that were infected in vitro with a single clonal HIV-1 
variant were PCR-amplified and sequenced [102–104]. Nucleotide sequences were aligned 
using ClustalW in the software package of BioEdit [105], and edited manually, excluding 
contamination. The gp160 sequences were used to construct a Maximum Likelihood 
(ML) tree. The best-fit nucleotide substitution model (GTR + I+G), selected by hierarchical 
likelihood ratio tests (hLRTs, Model Test 3.7 [106]) was implemented in the heuristic search 
for the best ML tree applying the Tree Bisection and Reconnection (TBR) branch-swapping 
algorithm using PAUP*4.0 [107], starting with a neighbor-joining (NJ) tree constructed 
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under the Hasegawa–Kishino–Yano (HKY85) model of evolution [108]. The robustness 
of the NJ phylogeny was assessed by bootstrap analysis with 1000 rounds of replication. 
Genetic analyses were performed on gp160 sequences starting at nucleotide position 91, 
and for gp160 protein analyses starting at amino acid residue 31, thereby excluding the 
signal peptide. PNGS, and NXT and NXS motifs were identified using N-glycosite [109] at the 
Los Alamos HIV database website (http://www.hiv.lanl.gov/content/ sequence/GLYCOSITE/
glycosite.html). Overlapping PNGS (NN[TS][ST]) were included by N-glycosite as one PNGS, 
and NPS or NPT motifs were excluded.

PBMC-based replication assays
To determine the viral replication rates of the different clonal viral variants, 2 × 106 PHA-
stimulated PBMCs from ten healthy uninfected donors were inoculated with 100 50 % tissue 
culture infective doses (TCID50) for 2 h at 37 °C in a shaking water bath, in a total volume 
of 2 ml. Subsequently, the PBMCs were washed with 10 ml of IMDM supplemented with 
10 % fetal calf serum (FCS), and cultured in IMDM supplemented with 10 % FCS, 20 U/ml 
recombinant interleukin-2 (rIL-2), 5 μg/ml polybrene, 5 μg/ml ciproxine, 100 U/ml penicillin 
and 100 μg/ml streptomycin at a cell density of 1 × 106 per ml in a humified CO2-incubator at 
37 °C. Experiments were performed in duplicate. At 5, 8, 11 and 14 days after inoculation, 1 
ml 1 × 106 fresh PHA-stimulated PBMCs were added. Each day samples for p24 determination 
were taken and virus spread was analyzed with an in-house p24 antigen ELISA [110].

PBMC-based neutralization assays
For measuring neutralization, virus (30 TCID50 in 25 μl when sera were tested, 20 TCID50 of 
virus in 50 μl when bNAbs were tested) was incubated for 1 h at 37 °C with threefold serial 
serum dilutions starting at a dilution of 1:50, or threefold serial bNAb dilutions. The starting 
concentration of bNAbs was 25 μg/ml for b12 and 2G12, 10 μg/ml for 8ANC195 and 5 μg/
ml for VRC01, 12A21, PG9, PG16, PGT145, PGT121. PGT126, PGT128 and PGT135. bNAbs 
were obtained from Herman Katinger, Peter Kwong, Michel Nussenzweig and John Mascola, 
directly or through the AIDS reagent program. Subsequently, 1 × 105 PHA-stimulated PBMCs 
were added. After an incubation of 4 h, PBMCs were washed once with 150 μl phosphate-
buffered saline (PBS), put in 150 μl IMDM supplemented with 10 % FCS (inactivated at 56 
°C for 30 min), 20 U/ml rIL-2, 5 μg/ml polybrene, 5 μg/ml ciproxine, 100 U/ml penicillin and 
100 μg/ml streptomycin, and cultured in a humified CO2-incubator at 37 °C for 11 days. On 
days 7 and 11 virus production was measured by p24 ELISA [110]. The percent neutralization 
was calculated by determining the reduction in p24 production in the presence of serum 
or bNAbs compared to the cultures with virus only. 50 % inhibitory dose neutralization 
dilution (ID50 values; sera) and IC50 values (bNAbs) were determined by linear regression. 
For calculations, viruses with ID50 or IC50 values below the lowest Ab concentration or above 
the highest Ab concentration tested were assigned the lowest or highest Ab concentration 
tested. For viruses that were not inhibited by the 1:50 serum dilution, we assumed that 50 
% inhibition would have occurred at a 1:25 serum dilution.

Viral infection of TZM-bl cells
The TZM-bl reporter cell line stably expresses high levels of CD4-receptor and the HIV-1 
coreceptors CCR5 and CXCR4 and contains the luciferase and β-galactosidase genes under 
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control of the HIV-1 LTR promoter [111,112]. The line was obtained through the National 
Institutes of Health AIDS Research and Reference Reagent Program from Dr. John C. Kappes, 
Dr. Xiaoyun Wu, and Tranzyme Inc., Durham, NC. TZM-bl cells were maintained in DMEM 
containing 10 % FCS, MEM nonessential amino acids, and penicillin/streptomycin (both at 
100 U/ml). One day prior to infection, TZM-bl cells (1.7 × 104 cells) were seeded in a 96-
well plate in DMEM containing 10 % FCS, MEM nonessential amino acids, and penicillin/
streptomycin (both at 100 U/ml) and incubated at 37 °C in an atmosphere containing 5 % 
CO2. A fixed amount of virus (500 pg) was added to the TZM-bl cells (70–80 % confluency) 
in the presence of 400 nM saquinavir (Roche Applied Science) and 40 μg/ml DEAE, in a total 
volume of 200 μl. Two days post-infection, the medium was removed, cells were washed 
once with PBS and subsequently lysed in Reporter Lysis buffer (Promega, Madison, WI). 
Luciferase activity was measured using the luciferase assay kit (Promega) and a Glomax 
luminometer according to the manufacturer’s instructions (Turner BioSystems, Sunnyvale, 
CA). All infections were performed in quadruplicate. Uninfected cells were used to correct 
for background luciferase activity.

TZM-bl based neutralization assays
N332-glycan dependent neutralization was assessed by comparing neutralization of JRCSF, 
92BR020 and MGRM-C-026 Env-pseudotyped viruses and their N332A glycan knock-out 
variants with D16916 serum taken 14 months post-SC, and using BG505 Env-pseudotyped 
virus and its T332N knock-in variant with serum taken 30 months post-SC. Substitutions 
were made using the Quikchange mutagenesis kit (Agilent, Santa Clara, CA) [111]. The 
experiments were carried out as described previously [37]. In summary, one day prior to 
infection, TZM-bl cells were plated on a 96-well plate in DMEM containing 10 % FCS, 1 × MEM 
nonessential amino acids, penicillin and streptomycin (both at 100 U/ ml), and incubated at 
37 °C in an atmosphere containing 5 % CO2 for 48 h. Virus (500 pg) was incubated for 30 
min at room temperature with threefold serial dilutions of serum, starting at 1:37.5 or 1:40 
(after the addition of virus). This mixture was added to the cells and 40 μg/ ml DEAE, in a 
total volume of 200 μl. Two days later, the medium was removed. The cells were washed 
once with PBS (150 mM NaCl, 50 mM sodium phosphate, pH 7.0) and lysed in Reporter Lysis 
Buffer (Promega, Madison, WI). Luciferase activity was measured using a Luciferase Assay 
kit (Promega, Madison, WI) and a Glomax Luminometer according to the manufacturer’s 
instructions (Turner BioSystems, Sunnyvale, CA). Uninfected cells were used to correct 
for background luciferase activity. Nonlinear regression curves were determined and IC50 
values were calculated using a sigmoid function in Graphpad Prism v5.01.

Construction of HIV-1 LAI molecular clones and generation of viruses
A slightly modified version of the full-length molecular clone HIV-1 LAI (pLAI; [113]) was 
used as the basis for introducing mutations. These modifications included the S162T, 
G167D, V169K and E172V substitutions, designed to restore the epitopes for bNAbs 
PG9 and PG16 [114]. This modified pLAI was further changed to contain V1 elongations 
based on the sequences observed in individual D16916 as outlined in the results section 
and using previously described methods [115]. Briefly, mutant env genes were generated 
in pRS1 plasmid and cloned into pLAI as SalI-BamHI fragments. Mutations, deletions, and 
insertions were generated using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA), 
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and the integrity of all plasmids was verified by sequencing. Virus stocks were generated by 
transfecting HEK293T cells with 4 μg full-length pLAI (or mutant pLAI), using the lipofectamine 
method [62]. HEK293T cells were purchased from the American Type Culture Collection 
and cultivated in DMEM containing 10 % FCS, 1 % streptomycin and 75 mM NaHCO3. Three 
days after transfection, virus-containing culture supernatants were harvested, filtered, and 
stored at −80 °C. Virus was quantitated by p24 ELISA [116] and viruses were normalized 
based on p24.

SupT1-based replication and evolution assays
SupT1 cells were maintained in DMEM supplemented with 10 % FCS, 100 U/ml penicillin and 
100 μg/ml streptomycin as described previously [117], and transfected by electroporation as 
described previously [118]. Evolution experiments were performed essentially as described 
before [115,119]. A total of 5 × 106 SupT1 cells were transfected with 5 or 20 μg pLAI (or 
mutant pLAI), and virus spread was monitored by visual inspection for the appearance of 
syncytia and by p24 ELISA as indicators of virus replication. Viruses were cultured for ∼3 
months and decreasing amounts of supernatant were passaged cell-free onto uninfected 
cells when virus replication was apparent. At regular intervals, cells and filtered supernatant 
were stored at −80 °C for subsequent genotypic and phenotypic analysis and virus production 
was quantitated by p24 ELISA. When a putative faster-replicating virus was identified, DNA 
was extracted from infected cells using the QIAamp DNA mini kit (Qiagen, Valencia, CA), and 
the complete proviral env sequences were PCR amplified and sequenced.

Statistical analyses
Statistical analyses were performed using Graphpad Prism v5.01. Differences between 
neutralizing responses were assessed using two-tailed Mann–Whitney tests, while 
differences in sequence (number of amino acids and PNGS) were analyzed by Student’s 
t-tests. Correlations between gp160 sequences with p24 production per virus isolate per day 
and with neutralizing responses were evaluated with a linear regression model. Differences 
and correlations were considered statistically significant when p values were ≤0.05.
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Supplementary fi gures

Additi onal fi le 1: Figure S1. Longitudinal sampling, CD4+ T-cell count and viral RNA load during the course of 
infecti on of individual D16916. Arrows indicate the ti me points from which clonal HIV-1 variants were isolated 
(black), and from which serum was obtained for autologous and heterologous neutralizati on experiments (light and 
dark grey, respecti vely). CD4+ T-cell count (red) and HIV-1 RNA viral load measurements (black).

Additi onal fi le 2: Figure S2. Neutralizati on sensiti vity of viral isolates for bNAbs. Clonal HIV-1 variants from 7 
and 11 months post-SC were tested for their neutralizati on sensiti vity for mAbs PGT121, PGT126, PGT128, 2G12, 
VRC01, PG9 and 8ANC195. The IC50 values are plott ed and the horizontal bars represent the median IC50 value.
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Additi onal fi le 3: Figure S3. Maximum-likelihood tree of longitudinal gp160 env sequences from isolated clonal 
HIV-1 variants. Clonal HIV-1 env sequences from 7, 11, 19, 22 and 30 months post-SC were aligned and a Maximum-
likelihood (ML) tree was constructed, and are indicated in green, blue, red, purple and orange, respecti vely. 
Analyses were done with total gp160 sequences, including gaps, because for this individual the V1, harboring the 
additi onal cysteines, was of great interest.
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Additi onal fi le 4: Figure S4. bNAb epitopes and the corresponding viral sequence alignment. Amino acid 
sequences of bNAb epitopes for isolates from 7 and 11 months post-SC. Contact residues (<5.0 Å distance from 
gp120 residues based on the crystal structures of gp120-bNAb co-complexes [60,121,122,124] are indicated with 
black dots for (A) PGT135, (B) b12 (grey), 12A21 and (C) PG16.
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Additi onal fi le 5: Figure S5. Schemati c representati on of the V1V2 loop observed in D16916. Schemati c of the 
V1V2 loops based on Bontjer et al. [125]. Cysteine residues and disulfi de bridges are indicated in red. The variable 
loops are depicted in yellow and the conserved bridging sheet β-strands 2 and 3, are indicated in green. (A) V1V2 
loop containing the normal number of cysteine residues. (B) V1V2 loop with 2 additi onal cysteine and adjacent 
residues, forming an “oven mitt ” structure. (C) V1V2 loop with 2 additi onal cysteine and adjacent residues, 
resulti ng in a longer V1 compared to (A). (D-E) V1V2 with 4 additi onal cysteine and adjacent residues forming two 
“oven mitt ” structures, (F) or an alternati ve structure.
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Abstract
For an HIV-1 vaccine to be successful it will probably have to be able to elicit broadly 
neutralizing antibodies (bNAbs) that target the HIV-1 envelope glycoprotein (Env) spike. The 
development of native-like Env trimers such as BG505 SOSIP.664 that induces autologous 
Tier-2 NAbs in animals is an important step in this direction. However, the generally 
inefficient binding of recombinant Env proteins to the inferred germline precursors of 
bNAbs is a major obstacle for the elicitation of bNAbs. We hypothesized that the inherent 
flexibility of variable loops V1 and V2 contributes to poor recognition of bNAb epitopes 
located in the V2 domain at the trimer apex by the inferred germline precursors of V2-
directed bNAbs. To reduce local V2 flexibility and improve recognition of V2 bNAbs and their 
germline precursors, we designed an intraloop disulfide mutant, I184C-E190C, intended to 
stabilize the V2 loop, as well as an interloop disulfide mutant, E153C-R178C, connecting the 
V2 loop with the V1. When introduced into BG505 SOSIP.664 trimers, these disulfide bonds 
improved the binding to V2 bNAbs and their inferred germline precursors. Restricting the 
flexibility of variable loops V1 and V2 via disulfide stabilization might thus be a promising 
strategy to improve the presentation of bNAb epitopes on HIV-1 Env trimers. 
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Introduction
Despite considerable progress in the treatment of HIV-1, an HIV-1 vaccine is urgently 
needed to stop the further spread of this virus. For an HIV-1 vaccine to be effective it should 
probably elicit broadly neutralizing antibodies (bNAbs) to the HIV-1 envelope glycoprotein 
spike (Env), the sole viral protein on the viral membrane [1,2].
 HIV-1 infection is facilitated via binding of Env to the CD4 receptor on predominantly 
CD4+ T-cells, which initiates conformational changes in Env, allowing the binding to a 
co-receptor, CCR5 or CXCR4, and fusion of the viral and cellular membranes [3]. The Env 
trimer is embedded in the viral membrane and is composed of three gp41 subunits that 
are non-covalently linked to three gp120 subunits, forming a trimer of heterodimers [4,5]. 
Each gp120 subunit is composed of five conserved domains (C1-C5) and five variable 
domains (V1-V5) and is decorated by a dense glycan shield of 25-35 N-linked glycans, which 
contribute half of the mass of the gp120 subunit. Gp41 contains an additional number of 
three to four N-linked glycans [6]. The structure of Env is maintained by ten disulfide bonds 
in each monomer, nine in gp120 and one in the gp41 region [7,8]. The ten disulfide bonds, 
which are conserved in all HIV-1 subtypes, are mostly located in the gp120 core from which 
the variable loops and N-linked glycans emanate [5,9,10]. The stems of the V1, V2, V3 and 
V4 loops are fixed by disulfide bonds. In some HIV-1 natural isolates and, more frequently 
in HIV-2 and SIV isolates, additional cysteines can be found in the variable loops, allowing 
the formation of an eleventh and, in rare cases, a twelfth disulfide bond in each monomer 
[11–15]. 
 Env has evolved to limit the development of bNAb responses [16]. First, the 
conserved protein domains are masked by the flexible variable loops, as well as by the 
dense glycan shield [17]. Second, aberrant forms of Env such as uncleaved gp160 precursors, 
gp41 stumps and shedded gp120 subunits, act as a decoy, distracting the Ab response 
from the bNAb epitopes presented on the native trimeric Env spike [18,19]. Third, Env is 
conformationally flexible and samples different conformations, a process referred to as “Env 
breathing”, which limits the stable exposure of bNAb epitopes [20,21]. Despite these natural 
defenses, approximately 20-25% of HIV-1 infected individuals develop a bNAbs response, 
albeit usually only after 1-3 years of infection [22–24]. 
 The isolation of bNAbs from infected individuals has provided tremendous insight in 
the sites of vulnerability on Env and the coevolution of Ab and HIV-1 Env in natural infection 
that drives bNAb development [1,25–29]. When mapping the bNAb specificities on the HIV-
1 Env trimer it becomes obvious that almost the entire surface can be targeted by bNAbs 
[30]. Nevertheless, five main epitope clusters can be distinguished: the V2 trimer apex, the 
outer domain oligomannose patch centered around the glycan at N332, the gp120-gp41 
interface, the membrane-proximal external region (MPER) and the CD4 binding site (CD4bs) 
[30–33]. 
 One specific bNAb epitope cluster of interest is located in the V2 domain at the 
trimer apex. BNAbs that target this cluster, such as PG9, PG16, PGT145, PGDM1400, CH01 
and VRC26.09 (from hereon termed V2 bNAbs), generally recognize one or two glycans 
at position 156 and 160, and a relatively conserved stretch of the V2 loop: the positively 
charged ß-strand C (residues 166-176) [27,34–42]. The epitopes are quaternary in nature 
in that components from two or three gp120 monomers are required. Hence these bNAbs 
are trimer-specific or trimer-preferring. Binding to the V2 ß-strand C is frequently mediated 
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via an unusually long CDRH3 loop that penetrates through the glycan shield between the 
glycans at positions 156 and 160 [27,34–42]. Trimer apex V2 bNAbs are of interest for 
various reasons. First, they are elicited relatively frequently in HIV-1 infected individuals 
[24,43,44]. Second, they usually develop earlier in infection compared to other classes of 
bNAbs [45,46] and require a relatively low percentage of somatic hyper mutation (SHM) 
to mature compared to other bNAbs [26,27,35,47,48]. These characteristics highlight the 
trimer apex as an interesting target for HIV-1 vaccine design.
 The generation of the soluble HIV-1 Env trimer immunogen BG505 SOSIP.664, which 
closely mimics the native Env trimer on the viral membrane advanced the field by enabling 
the structure of the trimer to be solved at high resolution [5,9,10,49–52]. Furthermore, 
SOSIP trimers, which are stabilized by a disulfide bond between gp120 and gp41 (A501C-
T605C), a helix-breaking substitution in gp41 (I559P), and further modified by a variety 
of approaches, show promise as a platform for vaccine design [49,53–61]. In rabbits and 
macaques, BG505, CZA97 and B41 SOSIP.664 as well as next-generation SOSIP.v4 and SOSIP.
v5 trimers elicited NAbs against the neutralization-resistant (Tier-2) autologous viruses, 
which is considered an important first step on the path to heterologous, cross-reactive 
Tier-2 NAbs (i.e. bNAbs) [53,62–64]. Several approaches to improve the immunogenicity of 
BG505 SOSIP.664 and other trimers immunogens involve increasing the overall stability of 
the trimer and reducing the presentation of non-neutralizing antibody (non-NAb) epitopes 
[53,55,59,65,66]. An alternative approach could be the local stabilization of specific bNAb 
epitopes on the HIV-1 Env trimer to improve their presentation to naïve B cells. 
 The V2 bNAb epitope cluster might particularly benefit from the latter strategy, 
since this domain shows exceptional flexibility [21,34,53], which might hinder a productive 
interaction with the appropriate B cell receptors (BCRs) on naïve B cells, and thus not 
lead to effective B cell activation and affinity maturation. Furthermore, rigidification of 
the V1 and V2 domains might reduce the capacity of this domain to shield the CD4bs and 
V2 bNAb epitopes [67–71]. Several studies have linked the length of the V1 and V2 loops 
with sensitivity to antibody mediated neutralization. Thus, longer loops including higher 
numbers of PNGS, protect from neutralization by NAbs [11,68,71–73]. The V1V2 domain 
folds into a four stranded anti-parallel ß-sheet greek key motif in which strand A and B are 
connected by the flexible V1 loop and strand C and D by the flexible V2 loop  [5,9,10,34,50]. 
The V1V2 domain participates in interactions between gp120 subunits at the trimer apex 
that contribute to trimer formation and the apex interactions of the V1V2 and V3 domain 
stabilize the prefusion state, in which the V3 domain is sequestered under the V1V2 domain 
[10,50,51,74,75]. The lack of density for many residues and the high B-factors for other 
residues in the V1V2 in the Env trimer structures underpin the flexibility of this domain in 
the prefusion HIV-1 Env trimer [5,9,10,50–52,66,76]. Hydrogen deuterium exchange (HDX) 
analyses of BG505 SOSIP trimers showing that V1 and V2 peptides exchanged deuterium for 
hydrogen within seconds, confirmed the flexibility of the V1 and V2 loops [21,53]. 

We hypothesized that the flexibility of the V1 and V2 domains might hamper the 
recognition of trimer apex bNAb epitope cluster by naïve B-cells, and also to some extent 
that of underlying epitope clusters such as the CD4bs. To improve the presentation of this 
epitope cluster, we endeavoured to stabilize the V1V2 domain through the introduction 
of a disulfide bond within the V2 loop or between the V1 and V2 loops. We show that 
when appropriately designed, both strategies can improve the presentation of the V2  bNAb 
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epitopes. Thus, intraloop disulfide mutant and interloop disulfide mutant trimers showed 
improved binding to and neutralization by V2-directed bNAbs as well as their inferred 
germline (gl) precursors. V1V2 stabilization might aid in the induction of bNAbs against this 
domain.

Results 

Design of inter- and intraloop disulfide bonds at the trimer apex 
To improve the presentation of trimer apex V2 bNAb epitopes on HIV-1 Env trimer 
immunogens, we designed disulfide mutants to stabilize the flexible V1 and V2 domains 
(Figure 1A-C). In an effort to stabilize both the flexible V1 and V2 domain, we designed three 
interloop disulfide mutants, K155C-F176C, I154C-Y177C and E153C-R178C, connecting the 
C-terminal part of the V1 loop with the N-terminal part of the V2 loop (Fig. 1C). Based on the 
close proximity of residues K155 and F176 (5.5 Å distance between the beta carbons (Cβ) 
atoms), I154 and Y177 (5.4 Å) and E153 and R178 (4.1 Å), we assumed that disulfide bond 
formation was feasible ([51]; Fig. 1C). Furthermore, since the BG505 isolate has an relatively 
long V2 loop of 47 amino acids (compared to a median HIV-1 Env V2 length of 42 amino 
acids), we reasoned that an intraloop disulfide bond could stabilize this long V2. Accordingly, 
we designed two intraloop disulfide mutants, Q183C-E190C and I184C-E190C (Fig. 1A-C). 
These latter two mutants were inspired by the presence of a twin cysteine motif in the V2 
loops of SIV and HIV-2 Env sequences that supposedly contribute to trimer stability (Fig. 
1D; [15]). Residues 184 and 190 are in close proximity (Cβ distance of 5.7 Å), theoretically 
allowing for disulfide bond formation, while residues 183 and 190 are slightly more distant 
from each other (6.4 Å; Fig. 1C).

The five cysteine pairs described above were introduced into a construct expressing 
D7324-tagged BG505 SOSIP.664 gp140 (Fig. 1A-C) and the resulting proteins were expressed 
transiently in 293T cells. We then assessed expression, trimer formation and antigenicity 
of the V1V2 disulfide mutants. All three interloop disulfide mutants showed proper Env 
expression (Fig. S1A), however trimer formation was severely reduced, suggesting that 
the mutated V1V2 domains are unable to establish the intersubunit interactions at trimer 
apex (Fig. 1E). Consistent with the efficient Env expression, 2G12 and VRC01 interacted 
efficiently with the interloop mutant proteins compared to WT BG505 SOSIP.664 (Fig. 1F & 
S1B). However, binding of quaternary structure preferring bNAbs PG9, PG16 and PGT145 to 
K155C-F176C and I154C-Y177C interloop mutants was completely abrogated and binding of 
these bNAbs to the E153C-R178C interloop mutant was severely reduced. These data are 
consistent with the poor trimer formation of the three constructs, but also indicated that a 
minority subpopulation of E153C-R178C proteins was able to form native-like trimers that 
were able to bind trimer specific bNAbs PG9, PG16 and PGT145 (Fig. 1F & S1B) 

Env expression of the intraloop mutants was slightly less efficient compared to 
WT BG505 SOSIP.664 (Fig. S1A). Whereas trimer formation of the Q183C-E190C intraloop 
mutant was completely disrupted, reasonably efficient trimer formation was observed for 
the I184C-E190C mutant (Fig. 1E). Binding of 2G12 and VRC01 to the Q183C-E190C intraloop 
mutant was reduced compared to WT BG505 SOSIP.664 and binding of PG9, PG16 and 
PGT145 was completely abrogated (Fig. 1F & S1C). In contrast, the I184C-E190C intraloop 
mutant showed similar binding to bNAbs 2G12 and VRC01 and also binding to PG9, PG16 
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Figure 1:.Design and preliminary characterizati on of BG505 SOSIP.664 V1V2 disulfi de mutants. 
(A) Linear representati on of BG505 SOSIP.664 and the V1V2 disulfi de bond mutants. The glycan compositi on of 
BG505 SOSIP.664 is derived from behrens et al [6]. (B) Crystal structure of the BG505 SOSIP.664 trimer (PDB:5CEZ 
[51]). The protomers are coloured as follows: gp41 subunit in cyan, the V1 loop in purple, the V2 loop in orange and 
the other domains of gp120 in green. (C) Detailed view of the V1V2 region. Residues that are changed to a cysteine 
in the V1V2 disulfi de mutants are shown as sti cks and the distances (in Å) between the beta carbons (Cß) of the 
mutated residue pairs are given next to the yellow dott ed lines. (D) Alignment of the V2 region (residues 168-205) 
of several SIV, HIV-2 and HIV-1 sequences (adapted from Bohl et al [15]). Residues 184 and 190 (HBX2 numbering) 
are highlighted in yellow to show the twin cysteine pair that is present in HIV-2 and SIV sequences, but absent from 
HIV-1 sequences. (E) BN-PAGE analysis of 293T expressed BG505 SOSIP.664 V1V2 disulfi de mutants, followed by 
western blotti  ng with bNAb 2G12. (F) bNAb binding of 293T expressed BG505 SOSIP.664 V1V2 disulfi de mutants. 
The binding effi  ciency, based on the area under the curve (AUC) values, is indicated by the following code: +++, 
very strong binding; ++, strong binding; +, moderate binding; +/-, weak binding; -, no binding; ND, not determined.
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and PGT145, albeit at lower levels compared to WT BG505 SOSIP.664 (Fig. 1F & S1C). The 
latter was considered sufficient for further evaluation of this intraloop disulfide mutant 
(see below).

Evolutionary rescue of V1V2 disulfide mutant E153C-R178C in LAI virus
Trimer formation of the K155C-F176C, I154C-Y177C and E153C-R178C interloop disulfide 
mutants was so inefficient that we deemed it necessary to repair these mutants, if at all 
possible. For this purpose we turned to virus evolution experiments using the LAI virus 
strain as this is an established method to repair Env folding defects caused by changes in the 
V1V2 domain and/or the disulfide bond architecture of Env [77–80]. 

The K155C-F176C, I154C-Y177C and E153C-R178C cysteine pairs were introduced 
in the molecular clone of the LAI virus and their effect on virus infectivity was assessed. The 
LAI virus used here contained four amino acid substitutions in Env compared to the original 
LAI virus to allow for PG9 binding and neutralization (see materials and methods section 
for details). Consistent with the dramatic effect on trimer formation in BG505 SOSIP.664, 
none of the three interloop disulfide mutant LAI viruses were infectious, as measured in a 
single round infection assay in TZM-bl cells (Fig. 2A). In an effort to identify compensatory 
mutations that restore infectivity, each mutant virus was allowed to evolve during prolonged 
virus culture in SupT1 T cells in two independent cultures. After three weeks of passaging, 
the E153C-K178C mutant was replicating in SupT1 cells and the proviral DNA in the cultures  
was sequenced after 1, 2 and 3 months of culturing. In both cultures of V1V2 interloop 
mutant E153C-K178C, a point-substitution at position 152 was identified 1 month after 
the experiment was started (Fig. 2B). The glycine at 152, which is directly adjacent to the 
cysteine introduced at position 153, was mutated either to a glutamic acid (G152E; culture 
1) or to a valine (G152V; culture 2). After three months the substitutions at position 152 
remained present in each culture, but the virus in culture 1 has also acquired another 
substitution: S128R (Fig. 2B). No replication was observed for the other two interloop 
disulfide mutants, i.e. K155C-F176C and I154C-Y177C, in the 3 month timeframe, indicating 
that the defects caused by the presence of these non-native cysteines was beyond repair 
using these methods. 

To confirm the restoration of Env function, we tested infection of TZM-bl cells by the 
evolved E153C-K178C virus quasispecies present in the two SupT1 cultures. The comparison 
of the quasispecies at months 1, 2 and 3 showed a gradual gain of infectivity. After 3 months, 
infectivity of interloop disulfide mutant E153C-K178C was partially restored in culture 
1 (~50% infectivity compared to WT virus) and completely restored in culture 2 (similar 
infectivity as WT virus) (Fig. 2C). To confirm that the compensatory mutations identified by 
sequencing the env gene were in fact responsible for the restored infectivity, we introduced 
the G152E, G152V and S128R reversions into a clone of the WT LAI virus also containing 
the E153C-K178C disulfide bond and tested infectivity of these viruses on TZM-bl cells. The 
infectivity of the revertants closely recapitulated the infectivity of the quasispecies present 
in the evolution cultures at month 3 (Fig. 2C). The restored infectivity of the revertants was 
largely attributable to the substitution at position 152, where the S128R substitution only 
slightly increased the infectivity of the G152E revertant. Taken together the results show 
that a compensatory substitution at position 152, either G152E or G152V, partially restores 
the infectivity of an E153C-K178C interloop disulfide mutant LAI virus. 
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Figure 2. Evoluti onary repair of the E153C-K178C V1V2 interloop disulfi de mutant. (A) Infecti on of TZM-bl cells by 
various interloop disulfi de mutant LAI viruses. (B) Schemati c ti meline showing the mutati ons that were found over 
ti me in two individual SupT1 evoluti on cultures of interloop disulfi de mutant E153C-K178C. (C) Infecti on of TZM-bl 
cells by WT LAI virus, the original E153C-K178C LAI virus, the culture supernatants of the SupT1 evoluti on cultures 
one, two and three months in evoluti on containing the evolving virus quasispecies, and the E153C-K178C LAI 
viruses in which the reversions that we identi fi ed in the evoluti on cultures (indicated in bold) were re-introduced 
by mutagenesis. The infecti on data are ordered based on the individual cultures: culture 1, left  panel; culture 2, 
right panel.

Improved trimer formati on of V1V2 interloop disulfi de mutant BG505 SOSIP.664 E153C-
R178C G152E
To explore and exploit the restorati ve capacity of the compensatory mutati on at residue 152 
for the producti on of BG505 SOSIP.664 trimers, we introduced either G152E or G152V in the 
interloop disulfi de BG505 SOSIP.664 mutant E153C-R178C. The V1V2 disulfi de mutant in the 
supernatant of transiently transfected 293T cells showed increased trimer formati on when 
the G152E compensatory mutati on was present (Fig. 3A). Consistent with this, the G152E 
mutati on also improved binding of quaternary dependent Abs to the E153C-R178C mutant 
BG505 trimer (Fig. S2B). In contrast, the G152V mutati on did not improve trimer formati on 
nor quaternary dependent Ab binding of the BG505 SOSIP.664 E153C-R178C interloop 
disulfi de mutant (Fig. 3A and S2B), and was not used in further experiments. 

To further characterize the BG505 SOSIP.664 E153C-R178C interloop disulfi de 
mutant and the revertant that also contained the G152E substi tuti on, we expressed both 
variants in 293F cells, purifi ed them via 2G12 affi  nity chromatography, and analysed them 
using size exclusion chromatography (SEC). The SEC profi le of the interloop disulfi de mutant 
showed a large proporti on of monomers and dimers compared to WT BG505 SOSIP.664 (Fig. 
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3B). However, the G152E mutation partially restored trimer formation (Fig. 3B), consistent 
with the increased trimer formation observed in native PAGE analysis of 293T cell supernatant 
(Fig. 3A). The large proportion of monomers and dimers did not allow successful purification 
of the trimer fractions of the interloop disulfide mutant by SEC, however, we were able to 
successfully isolate pure trimers using PGT145-affinity chromatography (see below).

Purification and characterization of loop-stabilized BG505 SOSIP.664 trimers
We next purified the native-like trimer fractions of the BG505 SOSIP.664 E153C-R178C 
interloop disulfide mutant (+/- G152E) as well as the I184C-E190C intraloop disulfide 
mutant by affinity chromotography with the quaternary dependent antibody PGT145, as 
described previously [53,56]. Pure trimers were retrieved for all constructs (Fig. 3C), but 
the yields differed substantially compared to the yield of WT BG505 SOSIP.664 after PGT145 
purification (~2.0 mg/l of 293F cell supernatant). Trimer yields were low for the V1V2 E153C-
R178C interloop disulfide mutant, but 3-fold higher when the G152E reversion was present 
(~0.2 and ~0.6 mg/l, respectively; Table 1). The I184C-E190C intraloop disulfide mutant 
yielded trimers at ~0.8 mg/l (Table 1). All PGT145-purified disulfide modified trimers were 
cleaved as assessed by comparing the SDS-PAGE migration behaviour under reducing and 
non-reducing conditions (Fig. 3D). 
 To confirm the formation of the intended disulfide bond between the introduced 
cysteine residues, the trimers were digested by trypsin proteolysis and the fragments were 
analysed by mass-spectrometry [81]. Disulfide bonds were then identified by measuring 
the presence of linked peptides. Both the interloop disulfide bond (E153C-R178C) as well as 
the intraloop disulfide bond (I184C-E190C) were identified in the peptide fragments after 
proteolytic digestion (Fig. S3A). Alternative disulfide bonds were detected at low quantities 
and these alternatively linked peptides were similar to the ones observed in WT BG505 
SOSIP.664 [81]. Thus, the newly introduced cysteines formed the intended inter- or intraloop 
disulfide bonds and were not detectably involved in alternative, aberrant disulfide bonds 
(Fig. S3B). 
 Next, we visualised the V1V2 disulfide mutants with negative-stain electron 
microscopy (NS-EM) to determine the conformation of the trimers. All trimers displayed 
a native-like trimers conformation. However, in addition to a large percentage of partially 
open native-like trimers (65%), the E153C-R178C interloop disulfide mutant also showed 
a small percentage (15%) of trimers in a fully open conformation resembling that of the 
CD4-bound state (Table 1, Fig. 3E). This conformation is usually not observed after PGT145 
purification of SOSIP trimers [53,56] and suggests that the interloop disulfide mutant is 
unstable and/or has a high tendency to sample more open conformations. In contrast, 
the E153C-R178C interloop disulfide mutant containing the restorative G152E mutation 
predominantly sampled the closed native-like conformation (70%; Table 1, Fig. 3E). The 
I184C-E190C intraloop disulfide mutant showed similar characteristics as the WT BG505 
SOSIP.664 and was predominantly in a closed native-like conformation (85%; Table 1, Fig. 
3E).
 The stability of the modified BG505 SOSIP.664 trimers was assessed by differential 
scanning calorimetry (DSC). The E153C-R178C interloop disulfide mutant was slightly less 
thermostable compared to WT BG505 SOSIP.664 (Tm = 65.3°C vs. 66.6°C; Table 1, Fig. 3F). 
The G152E compensatory mutation raised the thermostability of the E153C-R178C interloop 
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Figure 3. Biochemical analysis of BG505 SOSIP.664 V1V2 disulfi de mutants. (A) BN-PAGE analysis of 293T culture 
supernatant containing the E153C-R178C interloop disulfi de mutant with or without a compensatory mutati on 
(G152E or G152V), followed by western blotti  ng with bNAb 2G12. (B) SEC chromatogram of the E153C-R178C 
interloop disulfi de mutant with or without a compensatory mutati on G152E and WT BG505 SOSIP.664 aft er 2G12 
affi  nity chromatography. (C) BN-PAGE analysis of PGT145-purifi ed BG505 SOSIP.664 V1V2 disulfi de mutants, 
followed by coomassie staining. (D) SDS-PAGE analysis of PGT145-purifi ed BG505 SOSIP.664 V1V2 disulfi de mutants 
under reduced and non-reduced conditi ons, followed by coomassie staining. (E) 2D class averages of NS-EM analysis 
of PGT145-purifi ed BG505 SOSIP.664 V1V2 disulfi de mutants. The percentage of closed nati ve-like, parti ally open 
nati ve-like and fully open trimers are shown in green, green and red respecti vely (see also Table 1). Selected fully 
open trimer classes, adopti ng a CD4-bound-like conformati on, are indicated by a red arrow. (F) Thermal melti ng 
profi les of the interloop BG505 SOSIP.664 V1V2 disulfi de mutants obtained by DSC. (G) Thermal melti ng profi le of 
the intraloop BG505 SOSIP.664 V2 disulfi de mutant obtained by DSC
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displayed a thermostability comparable to that of BG505 SOSIP.664 (Tm = 66.3°C; Table 1, Fig. 
3G). Thus, in contrast to disulfi de bonds in the gp120 core (I201C-A433C; [66]), or the trimer 
core (E49C-L555C and A73C-A561C; [51, de la Peña. manuscript in preparati on]), these 
new disulfi de bonds do not increase the themostability of the BG505 SOSIP.664 trimer. This 
disulfi de mutant to that of WT BG505 SOSIP.664, again confi rming the restorati ve eff ect of 
this mutati on (Tm = 66.7°C; Table 1, Fig. 3F). The I184C-E190C intraloop disulfi de mutant 
fi nding suggests that Env protein stability is predominantly determined by the protein core 
and the stability of external loops has limited eff ect on overall protein stability. 
In summary, through design, virus evoluti on and positi ve selecti on with PGT145 purifi cati on, 
we were able to purify stable nati ve-like BG505 SOSIP.664 trimers with an extra disulfi de 
loop within the V2 or between V1 and V2. 

Table 1. Biochemical characterizati on of V1V2 disulfi de mutant BG505 SOSIP.664 trimers. 

The biophysical properti es of 293F cell-expressed, PGT145-purifi ed SOSIP.664-D7324 trimers were assessed using 
NS-EM to determine nati ve-like trimer formati on and DSC to quanti fy thermostability (Tm). The unprocessed EM 
data are shown in Fig. 2E. The DSC data were fi tt ed using a two state model (Figs. 2F&2G). 

Improved binding of inter and intraloop disulfi de mutant trimers to V2 bNAbs 
Next, we analyzed whether stabilizing the V1V2 domain with an intraloop or interloop 
disulfi de bond improved the presentati on of bNAb epitopes on the HIV-1 Env trimer. We 
tested binding of a large panel of bNAbs, with a parti cular focus on V2 bNAbs, and also non-
NAbs to various epitopes, to the V1V2 disulfi de stabilized D7324-tagged trimers in a D7324 
sandwich ELISA and compared it with binding to WT BG505 SOSIP.664.

The E153C-R178C interloop disulfi de bond mutant showed decreased binding to 
various bNAbs (VRC01, PGT151 and 2G12) compared to WT BG505 SOSIP.664 (Fig. 4A). In 
additi on, non-NAbs targeti ng V3 and CD4i epitopes (19b, 14e and 17b) interacted more 
effi  ciently with the E153C-R178C mutant than to WT BG505 SOSIP.664, which is consistent 
with the frequent sampling of the open trimer conformati on that we observed in NS-EM 
(Fig. 4A). The compensatory mutati on G152E restored binding of bNAbs VRC01, PGT151 
and 2G12 and also improved binding of V3-glycan bNAb PGT121 and V2 bNAbs PG9, PG16 
and CH01 compared to WT BG505 SOSIP.664 (Table 2; Fig. 4A&B). The G152E compensatory 
mutati on did not alter the binding of non-NAbs to the interloop disulfi de mutant, which 
thus remained stronger compared to WT BG505 SOSIP.664 (Table 2; Fig. 4A&B). 

Interesti ngly, the I184C-E190C intraloop disulfi de mutant displayed improved 
binding to all V2 bNAbs tested (PG9, PG16, PGT145, VRC26.09 and CH01) compared to 
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unmodifi ed BG505 SOSIP.664 (Table 2; Fig. 4B). When inspecti ng the binding curves of the 
V2 bNAbs it is evident that the maximum plateau of binding is substanti ally higher for the 
I184C-E190C intraloop disulfi de mutant compared to BG505 SOSIP.664, suggesti ng that the 
introducti on of a disulfi de bond within the V2 improves the presentati on of all V2 bNAb 
epitopes. While the I184C-E190C intraloop disulfi de mutant bound VRC01 equally well 
compared to unmodifi ed BG505 SOSIP.664, binding of another CD4bs bNAb, CH103, was 
improved, suggesti ng that the introducti on of a disulfi de bond in the V2 loop also improves 
the presentati on of this parti cular CD4bs bNAb epitope (Table 2; Fig. 4B). bNAbs targeti ng 
other epitopes on the trimer (2G12, PGT121, PGT151) bound equally well to the I184C-
E190C intraloop disulfi de mutant and unmodifi ed BG505 SOSIP.664 (Table 2; Fig. 4B). 
Furthermore, non-NAbs (F105 and 17b) bound equally well or subtly more effi  cient to the 
intraloop disulfi de mutant compared to unmodifi ed BG505 SOSIP.664.

Figure 4. Anti genicity of BG505 SOSIP.664 inter- and intraloop V1V2 disulfi de mutants. (A) Binding of multi ple 
bNAbs and non-NAbs to the BG505 SOSIP.664 E153C-R178C interloop disulfi de mutant, with or without 
compensatory mutati on G152E, in a D7324 sandwich ELISA. (B) Binding of multi ple bNAbs, non-NAbs and gl-
bNAbs to the E153C-R178C G152E inter- and I184C-E190C intraloop disulfi de BG505 SOSIP.664 mutants in a D7324 
sandwich ELISA. (C) Binding of V2 gl-bNAbs to the inter- and intraloop disulfi de BG505 SOSIP.664 mutants in a 
D7324 sandwich ELISA using a modifi ed protocol that is opti mized for measuring gl-bNAb binding (see materials 
and methods secti on for details, and Sliepen et al. [82].
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Improved binding of intraloop disulfi de mutant trimers to germline precursors of V2 
bNAbs 
To induce bNAbs an immunogen should be able to successfully engage the desirable germline 
(gl) precursor BCRs on naïve B-cells. Therefore, we assessed whether the inter- and intraloop 
disulfi de bonds improved the binding of the inferred gl precursors of V2 bNAbs to BG505 
SOSIP.664. gl-PG9, gl-PG16 and gl-CH01 bound to BG505 SOSIP.664, albeit with low affi  nity 
compared to the mature bNAbs, consistent with previous fi ndings (Fig. 4B; [82]). However, 
gl-PG9, gl-PG16 and gl-CH01 all interacted substanti ally more effi  ciently with the I184C-
E190C intraloop disulfi de mutant trimer compared to the unmodifi ed BG505 SOSIP.664 
(Table 2; Fig. 4B). Thus, gl-PG9 binding to the intraloop disulfi de mutant was improved by 
5-fold based on the half-maximal binding (EC50) values and the maximum plateau of the 
binding curve was also higher (Fig. 4C). Binding of gl-PG16 and gl-CH01 to the intraloop 
disulfi de mutant was also improved, however the binding curves did not reach a maximum 
plateau, which precluded EC50 calculati ons (Table 2; Fig. 4B&C). The V1V2 interloop disulfi de 
bond also slightly improved binding to gl-PG9, gl-PG16 and gl-CH01, although to a lesser 
extent compared to the intraloop mutant (Table 2, Fig. 4B). We did not observe binding 
of any of the BG505 trimer variants to gl-PGT145 or gl-VRC26.09, suggesti ng that these 
precursors have diff erent requirements for binding compared to gl-PG9, gl-PG16 and gl-
CH01 (Table 2, Fig. 4C).

Table 2: Anti genicity of V1V2 disulfi de mutant BG505 SOSIP.664 trimers.

Binding of (gl)-bNAbs and non-NAbs to PGT145-purifi ed V1V2 disulfi de mutant BG505 SOSIP.664 trimer was 
assessed by D7324-capture ELISA (Fig. 4). The binding effi  ciency to BG505 SOSIP.664 is represented by area under 
the curve (AUC) values. The fold-change in AUC value compared to WT for both mutants is listed. Improved binding 
(fold change ≥1.5) is highlighted in green. 
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Improved neutralizati on of inter and intraloop disulfi de virus mutants by V2 bNAbs 
We found that stabilizati on of the V2 loop via an interloop or intraloop disulfi de bond 
increased the presentati on of a number of V2-associated trimer apex bNAb epitopes on 
the BG505 SOSIP.664 trimer. To determine whether V2 stabilizati on also increased the 
presentati on of these epitopes on the nati ve Env trimer in a virus context, we generated the 
same disulfi de mutants (i.e. the E153C-R178C G152E interloop mutant and the I184C-E190C 
intraloop mutant) in BG505 pseudovirus and determined the neutralizati on sensiti vity to a 
panel of V2 bNAbs as well as two inferred gl-bNAbs: gl-PG9 and gl-PG16. 

We found that the intraloop disulfi de mutant was more sensiti ve to neutralizati on 
by V2 bNAbs compared to WT BG505 pseudovirus (PG9: 5-fold more sensiti ve compared 
to WT; PG16: 3-fold; CH01: 6-fold; PGDM1400: 3-fold; gl-PG16: 6-fold), indicati ng that V2 
stabilizati on improves the presentati on of the V2 epitopes in the context of the nati ve Env 
trimer (Fig. S4; Table 3). The intraloop disulfi de mutant pseudovirus was not more sensiti ve 
to V2 bNAbs PGT145 and VRC26.09 (Fig. S4; Table 3). gl-PG9 did not neutralize the intraloop 
disulfi de mutant pseudovirus nor WT BG505 Env pseudovirus, suggesti ng that the affi  nity 
is not strong enough for neutralizati on. The interloop disulfi de mutant showed increased 
sensiti vity to gl-PG16 (3-fold), but not to mature V2 bNAbs, suggesti ng that the V2 is 
stabilized in a diff erent conformati on in the interloop mutant compared to the intraloop 
disulfi de mutant (Fig. S4; Table 3). Superpositi on of the Env trimer structure with a V1V2-
scaff old bound by PG9 shows that the V2 loop can interfere with V2 bNAb binding (Fig. 5A). 
Whether the V1V2 disulfi de mutants improve binding of V2 bNAbs to the BG505 Env trimer, 
obviously depends on the positi on of the stabilized V2 loop and this might be diff erent for 
the interloop and intraloop disulfi de mutant trimers.

Table 3: Neutralizati on sensiti vity of V1V2 disulfi de mutant BG505 virus

Neutralizati on sensiti vity of WT BG505 Env-pseudovirus and V1V2 disulfi de stabilized variants to a panel of bNAbs 
and gl-bNAbs. The IC50 values, calculated from the raw neutralizati on curves (Fig. S4), are listed for WT BG505 and 
the fold-increase in IC50 for each respecti ve V1V2 disulfi de mutant relati ve to WT is given. Changes in neutralizati on 
sensiti vity are higlighted in green (more sensiti ve) or orange (less sensiti ve). ND = not determined.
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Figure 5: Neutralizati on sensiti vity of BG505.T332N pseudovirus V1V2 inter- and intraloop disulfi de mutants. 
(A) Superpositi on of the crystal structure of BG505 SOSIP.664 (green; PDB 5CEZ) and the PG9 anti body (blue; PDB 
3U4E) in complex with a scaff olded V1V2 domain [34,51]. The nine amino-acids in the V2 loop (ENQGNRSNN) 
for which density is lacking in the BG505 SOSIP.664 crystal structure, are depicted as an orange dott ed line. (B) 
Superpositi on of the crystal structure of BG505 SOSIP.664 (green; 5CEZ) with the VRC01 (purple; PDB 3NGB) and 
CH103 (cyan; PDB 4JAN) CD4bs bNAbs in complex with gp120 [25,98]. As in panel C an orange dott ed line depicts 
the residues in the V2 loop that lack density in the crystal structure. (C, D) Correlati on plots between bNAb binding 
effi  ciency (fold change AUC compared to WT BG505 SOSIP.664) and bNAb neutralizati on capacity (fold change IC50 
compared to WT BG505 T332N) for (C) the intraloop disulfi de mutant and (D) interloop disulfi de mutant. The r and 
p values for non-parametric Spearman correlati ons are shown.

Interesti ngly, both V1V2 disulfi de mutants increased neutralizati on sensiti vity 
of BG505 pseudovirus to CD4bs anti body CH103 by ~10-fold, whereas the sensiti vity to 
VRC01 neutralizati on was unchanged. Whether the V2 loop interferes with accessibility of 
the CD4 binding site epitope is likely to depend on the angle of approach of the parti cular 
CD4bs bNAb. Since CH103 binds with a 45° angle relati ve to the viral membrane, it is in 
close proximity to the V2 region and the V2 can hinder access to its epitope (Fig. 5B). In 
contrast, VRC01 approaches the CD4bs with an angle parallel to the viral membrane and 
neutralizati on is less likely to be aff ected by the fl exible V2 loop (Fig. 5B). 

Overall, the neutralizati on data were consistent with the binding data in that 
generally, the interloop and intraloop mutant trimers interacted more strongly with V2 (gl)-
bNAbs compared to WT trimers and the interloop and intraloop mutant viruses were more 
sensiti ve to V2 (gl)-bNAb neutralizati on. Thus, an increase in Ab binding to the intraloop V2 
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disulfide mutant BG505 trimer was found to be correlated with an increase in neutralization 
sensitivity of the intraloop mutant virus to the same Ab (r=0.64, p=0.037; Fig. 5C). However, 
there were some qualitative differences and examples where stronger trimer binding in 
ELISA did not translate into stronger neutralization of the respective virus. The correlation 
was weaker and not statistically significant for the interloop V1V2 disulfide mutant (r=0.51, 
p=0.20; Fig. 5D). Nevertheless, these neutralization data reinforce the observations that 
stabilization of the V2 domain by an intraloop disulfide bond or an interloop disulfide bind 
linking the V2 to V1 improves the presentation of V2-associated bNAb epitopes at the trimer 
apex.

Discussion
The development of soluble HIV-1 Env trimers, such as BG505 SOSIP.664, that mimic the 
native-like spike on HIV virions, has revitalized the HIV-1 vaccine field, providing structural 
details on the HIV-1 Env trimer and the first immunogens to elicit strong and consistent 
autologous Tier-2 NAbs in animals. These native-like trimers therefore serve as a platform for 
immunogen design strategies that aim to broaden these Tier-2 NAbs and elicit bNAbs. Here, 
we sought to improve the recognition of bNAb epitopes on Env trimers, in particular those 
located at the trimer apex, as well as nearby epitopes, by reducing local conformational 
flexibility. We designed and characterized an interloop (V1V2) disulfide mutant and an 
intraloop (V2) disulfide mutant aimed to stabilize the V2 loop and its associated bNAb 
epitopes. We showed that restraining the long flexible V2 loop improves the presentation of 
the V2 epitopes and also at least one CD4bs bNAb epitope on the BG505 SOSIP.664 trimer 
(Fig. 5A&B). 
 Generation of BG505 SOSIP.664 trimers with a stabilized V2 loop by adding disulfide 
bonds was not very straightforward and required three steps: structure-based design, virus 
evolution, and positive selection. While we designed 5 mutants with appropriately positioned 
cysteine pairs (i.e. at residues that were close enough to allow formation of a disulfide bond), 
only two of them (E153C-R178C and I184C-E190C) were expressed as trimers and even then 
at considerably lower levels compared to the original BG505 SOSIP.664 protein, particularly 
for the former. The reason might be that the newly introduced cysteines interfere with the 
intricate disulfide isomerization and protein folding process by forming aberrant disulfide 
bonds leading to dead-end folding pathways [8,77,81,83–85].
 Trimer formation of the E153C-R178C interloop mutant in particular remained very 
poor and required rescuing. Possibly, the adverse effects of two new cysteines on protein 
folding are aggravated when both are in a different flexible loop, reducing the propensity for 
them to find each other. When they pair up with other cysteines and form aberrant disulfide 
bonds, it is likely that the V1V2 domain folds incorrectly and cannot function properly as 
a trimer-association domain, resulting in poor trimerization. Indeed, the V1V2 interloop 
cysteine substitutions severely disrupted BG505 SOSIP.664 trimer formation and when they 
did form trimers, they frequently sampled more open conformations resembling the CD4-
bound conformation. These adverse effects forced us to implement a second development 
step to support the construct design: virus evolution. 
 We have previously shown that virus evolution is an excellent method to restore 
folding problems associated with modifications in the V1V2 domain and/or changes in the 
disulfide bonded architecture of Env [77–80]. The experiments described here yielded 
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a compensatory mutation, G152E, positioned directly adjacent to the disulfide bond 
153C-178C, which improved trimer stability, yield and antigenicity. We do not yet have a 
structural explanation for the G152E compensatory mutation, but it is likely involved in 
increasing the propensity of the cysteines 153C and 178C to pair up, and/or in stabilizing 
the conformation of the V1V2 domain once the disulfide bond is formed.

The third step that was required was affinity purification with the quaternary 
dependent antibody PGT145. This allowed purification of well-folded, stable, native-
like interloop and intraloop disulfide mutant trimers. Although we have not specifically 
investigated this, it is probable that the PGT145 purification of the V1V2 stabilized disulfide 
mutants was necessary to remove misfolded trimers and dimers/monomers with aberrant 
disulfide bonds. Nevertheless, despite all these measures, the yields of the inter- and 
intraloop trimers described here were substantially lower compared to that of the parental 
trimer, something that may need to be solved when considering these trimers for further 
preclinical development. 

Stabilizing the V2 with an intraloop disulfide mutant improved binding of V2 
bNAbs. The WT V2 loop either assumes a conformation in which it occludes the V2 bNAb 
epitopes in a subset of BG505 SOSIP.664 trimers, or fluctuates between conformations, 
occasionally masking the V2 bNAb epitopes. The latter hypothesis is consistent with HD-X 
studies that show that the V2 domain is flexible. The observations described here that both 
the presentation of the V2 and CD4bs bNAb epitopes was improved for the intra V2 loop 
disulfide mutant also agrees with the latter hypothesis. A structural characterization of the 
intra V2 loop disulfide mutant might shed light on the conformation of the long V2 loop. 

Connecting the V1 and V2 loops via an interloop disulfide bond also improved 
the presentation of the V2 bNAb epitopes, although less efficiently so compared to the 
intraloop disulfide bond. Furthermore, the interloop disulfide bond negatively affected the 
conformational stability of the BG505 SOSIP.664 and cause a more frequent sampling of the 
CD4 bound conformation, although these latter two effects were largely negated by adding 
the G152E substitution.
 For an HIV-1 Env immunogen to induce bNAbs, it is important that naïve B-cells are 
activated that recognize a particular bNAb epitope and have the intrinsic capability to mature 
into a bNAb. In the first step towards the development of a bNAb response, the presentation 
of bNAb epitopes on the HIV-1 Env immunogens, including the V2 bNAbs epitopes, is 
essential. Most HIV-1 Env immunogens were shown to activate non-NAb B-cell precursors 
better than bNAb precursors [86]. We found that the affinity of three inferred V2 gl-bNAb 
precursors for the intraloop disulfide mutant was increased compared to that for BG505 
SOSIP.664, which should increase the chances that naive B-cells expressing similar precursors 
are activated more efficiently than those that express non-NAb precursors. Immunogenicity 
experiments will be needed to assess whether the promising in vitro antigenicity properties 
of the intraloop disulfide mutant translate into improved immunogenicity. Vaccination of 
knock-in mice bearing the V2 gl-bNAbs as their BCR, would be an important first step to 
assess whether the improved presentation of the V2 epitopes indeed improves engagement 
of the desirable gl-bNAb precursors in vivo [87,88]. 
 To further harness the value of V1V2 stabilized trimer immunogens, it would be 
useful to determine whether the intraloop and interloop disulfide bonds can be incorporated 
into trimers of other HIV-1 strains. The effect of the intraloop V2 disulfide bond in particular 
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is likely dependent on the length of the V2 loop, since a short V2 loop might be less flexible 
and might have a decreased capacity to shield V2 and neighbouring bNAb epitopes. 
Accordingly, it is possible that stabilization of a variable loop with an intraloop disulfide 
bond is most relevant and worth pursuing when the loop is of considerable length. Indeed, 
removing 7 amino acids from the BG505 V2 contributed to engagement of V2 gl-bNAbs 
(Medina-Ramirez et al. manuscript in preparation).
 A similar, although not identical, intraloop disulfide mutant as the one described 
here (183C-191C) was recently generated in a clade C ZM109F Env-pseudovirus [89]. In 
that context, the intraloop disulfide bond apparently improved neutralization by Abs that 
bind the supposed integrin α4β7-binding LDV/I motif in V2. However, in contrast to the 
disulfide bond described here (184C-190C), it did not confer increased sensitivity to PG9 
neutralization, suggesting that the effect of an intraloop disulfide bond on the flexibility and 
orientation of the V2 is Env context dependent [89].
 The intraloop mutant to stabilize the long flexible V2 loop was inspired by a twin 
cysteine motif that is present in the V2 of most HIV-2 and SIV Env sequences, but as far 
as we know is not present in any HIV-1 sequence. The twin cysteine motif was found to 
be important for the interactions between the SIV gp120 subunits, contributing to trimer 
stability, presumably via the formation of an inter- or intrasubunit disulfide bond [15]. From 
an evolutionary perspective it might be interesting to determine which selective pressure 
was driving the evolutionary loss of this twin cysteine motif in HIV-1, and when. After 
evolving in several SIV lineages, the twin cysteine motif disappeared from most, but not all 
SIVcpz isolates and was then lost completely in HIV-1 [15]. The fact that the twin cysteine 
motif appeared to be disappearing from SIVcpz isolates, suggests that selective pressure in 
chimpanzees was already driving the loss of the twin-cysteine motif. It remains uncertain 
whether the motif was absent from the SIVcpz isolates that established the group M HIV-1 
pandemic or whether it was lost in the first human host or even later. Another interesting 
question is what the underlying selection pressure was that drove the loss of the twin 
cysteine motif. The presence of the twin cysteine motif, which restrains the flexibility of 
the V2 loop, might have favoured the induction of V2 NAbs that exerted selection pressure. 
Indeed several V1V2 targeting SIV NAbs have been isolated, providing testimony for the 
presence of such a selective pressure on the V1V2 [90]. Thus, we can speculate that the 
evolution from SIV to HIV might have involved enhancing the flexibility of the V1 and V2 
loops to prevent productive interactions with naïve B-cells with the capacity to evolve into 
V2-targeting (b)NAbs. 

In conclusion, we designed an intraloop (V2) and interloop (V1V2) disulfide mutant 
to stabilize the V1 and V2 variable loops on the BG505 SOSIP.664 trimer. The presentation 
of V2 bNAb epitopes and one CD4bs bNAb epitope on the BG505 SOSIP.664 was markedly 
improved when the flexibility of the V1 and V2 loops was impaired via interloop and 
particularly intraloop disulfide stabilization. In general, stabilizing long flexible loops on HIV-
1 Env immunogens via intraloop disulfide bonds might be an effective strategy to enhance 
the presentation of bNAb epitopes on HIV-1 Env immunogens and to better engage desirable 
naïve B-cells that can develop into bNAb-producing B cells.  
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Methods 

Construct design
The BG505 SOSIP.664 construct has been described elsewhere [49]. It was generated by 
introducing the following sequence changes: A501C and T605C (gp120-gp41ECTO disulfide 
bond; [91]); I559P in gp41ECTO (trimer-stabilizing; [92]); REKR to RRRRRR in gp120 (cleavage 
enhancement; [93]); a stop codon at gp41ECTO residue 664 (improvement of homogeneity 
and solubility; [94]). SOSIP.664-D7324 trimers contain a D7324 epitope-tag sequence 
at the C-terminus of gp41ECTO and were constructed by adding the amino-acid sequence 
GSAPTKAKRRVVQREKR after residue 664 in gp41ECTO [49]. Point mutants were generated by 
Quikchange site directed mutagenesis (Agilent, Stratagene), and verified by sequencing. All 
experiments described in this manuscript used D7324-tagged trimers.

Env protein expression
Proteins encoded by the various env genes described above were expressed in adherent 293T 
cells, or in 293F cells adapted for suspension cultures, essentially as described ([38,49,53]). 
All experiments with purified trimers used 293F cell-expressed proteins. The 293T cells were 
maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal 
calf serum (FCS), penicillin (100 U/ml) and streptomycin (100 µg/ml). 
For small scale trimer expression, 293T cells were seeded at a density of 5.5×104/ml in a 
6-well plate. The next day, when the cells had reached a density of 1.0×106/ml, they were 
transfected using polyethyleneimine (PEI), as previously described [95]. Briefly, PEI-MAX in 
water was mixed with expression plasmids for Env and Furin [91] in OPTI-MEM (Gibco). For 
one well, 3.75 µg of Env plasmid, 1.25 µg of Furin plasmid and 12.5 µl PEI-MAX (1.0 mg/
ml) were added in 3 ml of growth media (DMEM supplemented with FCS, penicillin and 
streptomycin). Culture supernatants were harvested 72 h after transfection. 
 For larger-scale trimer production, Env proteins were produced in 293F cells using 
a protocol similar to that described previously [53]. Briefly, PEI-MAX (1.0 mg/ml) in water 
was mixed with the expression plasmids for Env and Furin in OPTI-MEM. For cultures in a 2 
l disposable Nalgene flask (VWR), 250 µg of Env plasmid, 62.5 µg of Furin plasmid and 0.94 
mg of PEI-MAX were added to 1 l of pre-warmed Free-style 293 expression medium (Life 
Technologies). 293F cells were cultured for 6-7 days at 37°C, in an atmosphere containing 
8% CO2 and at a rotation speed of 125 rpm. 

Trimer purification
Env proteins were purified from transfection supernatants by affinity chromatography 
using a PGT145- or a 2G12-column, essentially as described [49,53,56]. The columns 
were generated by coupling PGT145 or 2G12 to CNBr-activated Sepharose 4B beads (GE 
Healthcare). Briefly, supernatants were vacuum filtered through 0.2-µm filters and passed 
(0.5–1 ml/min flow rate) through the column, which was then washed with 2 column 
volumes of buffer (0.5 M NaCl, 20 mM Tris, pH 8.0). Bound Env proteins were eluted using 
1 column volume of 3 M MgCl2 and then immediately buffer-exchanged into 75 mM NaCl, 
10 mM Tris, pH 8.0, using Vivaspin-20 tubes. The proteins were concentrated using Vivaspin 
columns with a 30-kDa cut off (GE Healthcare). 2G12-purified Env proteins were further 
fractionated by size exclusion chromatography (SEC) to obtain pure trimers, whereas the 
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PGT145 column yielded pure trimers without the need for SEC. Protein concentrations 
were determined using UV280 absorbance and theoretical extinction coefficients obtained 
via the Expasy webserver (ProtParam tool; http://web.expasy.org/protparam/). Except 
for the experiments described in Fig. 3B which included 2G12-purified trimers, all other 
experiments were performed with PGT145-purified trimers.

SDS-PAGE
Env proteins were analyzed using SDS-PAGE followed by western blotting or Coomassie 
blue dye staining [92,96]. The input material was mixed with loading dye (25 mM Tris, 
192 mM Glycine, 20% v/v glycerol, 4% m/v SDS, 0.1% v/v bromophenol blue in milli-Q 
water) and incubated at 95°C for 5 min prior to loading on a 4-12% or 8% Tris-Glycine gel 
(Invitrogen). For reducing SDS-PAGE, dithiothreitol (DTT; 100 mM) was included in the 
loading dye. The gels were run for 2 h at 125 V (0.07 A) using 50 mM MOPS, 50 mM Tris, 
pH 7.7 as the running buffer (Invitrogen). Western blot analysis of SDS-PAGE gels using 
mouse MAb ARP3119 (1:2,000 dilution, i.e. 0.2 μg/ml), followed by HRP-labeled goat anti-
mouse IgG (1:5000; Jackson Immunoresearch) was performed as previously described [92]. 
The Western Lightning ECL system (PerkinElmer Life Sciences) was used for luminometric 
detection. Coomassie blue staining of SDS-PAGE gels was performed using the PageBlue 
Protein Staining Solution (Thermo Scientific).

Blue Native (BN)-PAGE
For BN-PAGE [92,96], the input Env proteins were mixed in a 3:1 ratio with loading dye 
(500μl 20x MOPS Running Buffer (1 M MOPS + 1 M Tris, pH 7.7), 1000 μl 100% Ultrapure 
Glycerol (Invitrogen), 50μl 5% Coomassie Brilliant Blue G-250 solution, and 600 μl milli-Q 
water) and directly loaded onto a 4–12% Bis-Tris NuPAGE gel. The gels were run for 1.5 h 
at 200 V (0.07 A) using as the anode buffer 1x NativePAGE Running Buffer (Invitrogen) and 
as the cathode buffer the same buffer supplemeted with 1% NativePAGE Cathode-Buffer 
Additive (Invitrogen). Western blot analysis of BN-PAGE gels was carried out using human 
MAb 2G12 (0.1 μg/ml), followed by HRP-labeled goat anti-human IgG (1:5,000 dilution, 
Jackson Immunoresearch and the Western Lightning ECL system (PerkinElmer Life Sciences), 
essentially as described previously [92]. For Coomassie staining BN-PAGE gels were stained 
using the Colloidal Blue Staining Kit (Life Technologies).

D7324-capture ELISA
The methods to perform sandwich ELISAs using D7324-tagged BG505 SOSIP.664 trimers 
has been described elsewhere [30,49]. Microlon-600 96-well, half-area plates (Greiner 
Bio-One) were coated overnight with Ab D7324 at 10 μg/ml in 0.1 M NaHCO3, pH 8.6 (50 
µl/well). After washing and blocking steps, purified BG505 SOSIP.664-D7324 trimers were 
added at 2 µg/ml in TBS for 2 h. Unbound trimers were removed by 2 wash steps with TBS 
before various concentrations of test Abs were added for 2 h. After 3 washes with TBS, HRP-
labeled goat anti-human IgG (Jackson Immunoresearch) was added at a 1:3000 dilution in 
TBS/2% skimmed milk for 1 h, followed by 5 washes with TBS/0.05% Tween-20. Colorimetric 
detection was performed using a solution containing 1% 3,3′,5,5′-tetramethylbenzidine 
(Sigma-Aldrich), 0.01% H2O2, 100 mM sodium acetate and 100 mM citric acid. Color 
development (absorption at 450 nm) was stopped using 0.8 M H2SO4 (25 µl) when a plateau 
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value was reached in the two wells containing the highest Ab concentration. 
 We also used a modified D7324-capture ELISA protocol that was optimized for 
detecting gl-bNAb binding [82]. The modifications compared to the regular protocol 
described above are as follows. Purified BG505 SOSIP.664-D7324 trimers were added at 
5 µg/ml instead of 2 µg/ml, and cassein (Thermo Scientific) was used as blocking agent 
instead of 2% milk in TBS. 

Negative-stain electron microscopy (EM)
Purified BG505 trimers were analyzed by negative-stain EM. A 3 µl aliquot containing purified 
trimer at a concentration of ~0.03 mg/ml was applied for 5 s onto a carbon-coated 400 Cu 
mesh grid that had been glow discharged at 20 mA for 30 s, then negatively stained with 
2% (w/v) uranyl formate for 60 s. Data were collected on either an FEI Tecnai T12 electron 
microscope operating at 120 keV, with an electron dose of ~25 e-/Å2 and a magnification of 
52,000x that resulted in a pixel size of 2.05 Å at the specimen plane, or an FEI Talos electron 
microscope operating at 200 keV, with an electron dose of ~25 e-/Å2 and a magnification of 
92,000x that resulted in a pixel size of 1.57 Å at the specimen plane. Images were acquired 
with a Tietz TemCam-F416 CMOS camera (FEI Tecnai T12) or FEI Ceta 16M camera (FEI Talos) 
using a nominal defocus range of 1000-1500 nm. Data processing methods are described in 
detail elsewhere, including the closed, partially open, and non-native trimer classification 
system [30,56]. 

Differential scanning calorimetry
Thermal denaturation of purified Env proteins was studied using a MicroCal VP-Capillary DSC 
calorimeter (Malvern Instruments) or a nano-DSC calorimeter (TA instruments) as described 
previously [53]. All Env protein samples were first extensively dialyzed against PBS, and the 
protein concentration then adjusted to 0.1–0.3 mg/ml. After loading the sample into the cell, 
thermal denaturation was probed at a scan rate of 60°C/h. Buffer correction, normalization 
and baseline subtraction procedures were applied before the data were analyzed using 
NanoAnalyze Software v.3.3.0 (TA Instruments) or Origin 7.0 software. The data were fitted 
using a two state model. 

Disulfide bond analysis of BG505 Env proteins
Disulfide bond patterns of BG505 SOSIP.664 Env samples were determined as described 
previously [84,85].  In brief, samples containing 20 µg of Env were alkylated with a 10-fold 
molar excess of 4-vinylpyridine for 1 h at room temperature in the dark to cap free cysteine 
residues.  Deglycosylation was performed by incubating Env samples with 1 µl of PNGase F 
solution (500,000 units/mL) in 100 mM ammonium citrate buffer (pH 6.5) for one week at 
37°C.  The fully deglycosylated and alkylated samples were digested overnight with trypsin 
(protein to enzyme ratio of 30:1) at 37°C and were subsequently analyzed by LC-MS using 
an Orbitrap Velos Pro™ hybrid (Thermo Scientific, San Jose CA) mass spectrometer equipped 
with electron transfer dissociation (ETD) module coupled to an Acquity Ultra Performance 
Liquid Chromatography (UPLC®) system (Waters, Milford MA). About 5 µl (1 µg equivalent) 
of the tryptic digest was injected onto a C18 PepMap™ 300 column (300 µm i.d. x 15 cm, 
300 Å; Thermo Scientific, Sunnyvale, CA) and the peptides were separated using a linear 
gradient starting from 3% B to 40% B gradient in 50 min, then 90% B in 10 min and re-
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equilibration at 97% A for 10 min. LC-MS runs were performed with a flow rate of 5 µl/min 
using mobile phases consisting of solvent A: 99.9% HPLC-grade H2O + 0.1% formic acid and 
solvent B: 99.9% HPLC grade CH3CN + 0.1% formic acid. Data were collected using the data 
dependent mode with five most intense ions in a high resolution scan in the Orbitrap were 
subjected to alternating collision-induced dissociation (CID) and ETD in the linear ion trap 
to determine the disulfide connectivity. Data analysis was performed using Mascot search 
engine for peptides containing free cysteine residues and disulfide bond patterns were 
analyzed manually as described previously [84,85].

LAI constructs
The full-length molecular clone of HIV-1 LAI (pLAI) was the source of WT and mutant viruses 
[97]. The pRS1 plasmid was used to introduce mutations into env, as described previously 
[79]. Mutant env genes were generated in pRS1 and cloned into pLAI as SalI-BamHI fragments. 
Mutations, deletions, and insertions were generated using the QuikChange mutagenesis kit 
(Stratagene, La Jolla, CA), and the integrity of all plasmids was verified by sequencing. To 
render LAI virus neutralization sensitive to PG9, four substitutions (S162T, G167D, V169K, 
E172V) were introduced in ß-strand C of the V1V2 domain to match the ß-strand C of the 
BG505 isolate, which is sensitive to PG9 and PG16. The introduction of the four mutations in 
ß-strand C rendered the LAI virus 20-fold more sensitive to PG9 neutralization (IC50 = 0.1 µg/
ml compared to 2.0 µg/ml  for the original LAI virus). In contrast, neutralization by PG16 was 
not affected  (IC50 = 3.0 µg/ml compared to 4.0 µg/ml for the original LAI virus), suggesting 
that PG16 sensitivity is determined by other residues than the four changed here. 

Virus evolution 
Evolution experiments were essentially performed as described before [11,77,79]. A total of 
5 × 106 SupT1 cells were transfected with 5 or 20 μg pLAI, and virus spread was monitored 
by visual inspection for the appearance of syncytia and by CA-p24 ELISA as indicators of 
virus replication. SupT1 cells were cultured for three months and passaged cell free onto 
uninfected cells when virus replication was apparent. Decreasing amounts of supernatant 
were passaged when the cells were (almost) wasted due to infection by the replicating virus. 
At regular intervals, cells and filtered supernatant were stored at −80°C for subsequent 
genotypic and phenotypic analysis and virus was quantitated by CA-p24 ELISA. When a 
putative faster-replicating virus was identified, DNA was extracted from infected cells using 
the QIAamp DNA mini kit (Qiagen, Valencia, CA), and the complete proviral env sequences 
were PCR amplified using primers 1 (5′ATAAGCTTAGCAGAAGACAGTGGCAATG-3′) and 2 
(5′-GCAAAATCCTTTCCAAGCCC-3′) and sequenced.

Single-round infection assay and neutralization assay
The TZM-bl reporter cell line, which stably expresses high levels of CD4 and the co-receptors 
CCR5 and CXCR4 and contains the luciferase and β-galactosidase genes under the control 
of the HIV-1 long-terminal-repeat promoter, was obtained through the NIH AIDS Research 
and Reference Reagent Program, Division of AIDS, NIAID, NIH (John C. Kappes, Xiaoyun Wu, 
and Tranzyme Inc., Durham, NC). TZM-bl cell neutralization assays using Env-pseudotyped 
or chimeric molecular clone For use in virus production, 293T cells (2×105) were seeded in a 
6-well tissue culture plate (Corning) in 3 ml of DMEM (Gibco) containing 10% FCS, penicillin 
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(Sigma) and streptomycin (Gibco) (both at 100 U/ml) per well. The culture was refreshed 
after 1 d by adding 3 ml of culture medium when the cells had reached a confluence of 
90–95% and were ready for transfection. To make Env-pseudotyped viruses, the following 
expression plasmids were added to 240 µl of OPTI-MEM (Gibco) and 10 µl of lipofectamine 
2000 (Invitrogen) per well: 1.6 µg of WT or mutant BG505.T332N Env plasmid and 2.4 µg 
of pSG3ΔEnv plasmid (obtained through the NIH AIDS Research and Reference Reagent 
Program, Division of AIDS, NIAID, NIH (John C. Kappes, Xiaoyun Wu, and Tranzyme Inc. 
Durham, NC)). To generate WT  or mutant LAI  viruses by transfection we followed the same 
procedure except that 4 μg of a single plasmid encoding the entire LAI genome was added 
to each well. After incubation for 20 min at room temperature, the transfection mixture 
was added to the cells, and the culture supernatants were harvested 48 h later as the 
source of Env-pseudotyped or infectious chimeric viruses for infection and/or neutralization 
experiments.

One day prior to infection, TZM-bl cells (17 × 103 cells) were added to a 96-well 
plate in DMEM containing 10% FCS and penicillin and streptomycin (both at 100 units/ml) 
and incubated at 37 °C in an atmosphere containing 5% CO2. A fixed amount of virus (1 
ng of CA-p24) was added to the TZM-bl cells (70–80% confluency) in the presence of 400 
nM saquinavir (Roche Applied Science) and 40 μg/ml DEAE, in a total volume of 200 μl. To 
determine neutralization activity of monoclonal antibodies, a fixed amount of virus (1 ng of 
CA-p24-antigen equivalent) was incubated for 30 min at room temperature with threefold 
serial dilutions of the antibody. The mix was then added to the cells in the presence of 40 
µg/ml DEAE-Dextran (Sigma) and Saquinavir, in a total volume of 200 µl. 72 h later, the 
medium was removed and the cells were washed once with PBS (150 mM NaCl, 50 mM 
sodium phosphate, pH 7.0) and lysed in Reporter Lysis Buffer (Promega). Luciferase activity 
was measured using a Luciferase Assay kit (Promega) and a Glomax Luminometer according 
to the manufacturer's instructions (Turner BioSystems). All infections were performed in 
duplicate. Uninfected cells were used to correct for background luciferase activity. The 
infectivity of each virus in the absence of antibody was set at 100%. Nonlinear regression 
curves were determined and the 50% inhibitory concentration (IC50) was calculated using a 
sigmoid function in Prism software version 5.0.
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 Supplementary fi gures

SI Figure 1: Expression and Ab binding of V1V2 disulfi de mutants in culture supernatant. (A) SDS-PAGE analysis 
of unpurifi ed 293T-expressed V1V2 disulfi de mutant proteins, followed by western blot analysis with ARP3119. 
(B) The binding effi  ciency of fi ve bNAbs (2G12, VRC01, PG9, PG16 and PGT145) to the unpurifi ed interloop V1V2 
disulfi de mutant proteins was assessed with a D7324 ELISA. (C) The binding effi  ciency of fi ve bNAbs (2G12, VRC01, 
PG9, PG16 and PGT145) to the unpurifi ed intraloop V2 disulfi de mutant proteins was assessed with a D7324 ELISA.
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SI Figure 2. Repair of the interloop V1V2 disulfi de mutant E153C-R178C. (A) SDS-PAGE analysis of unpurifi ed 
293T-expressed interloop V1V2 disulfi de mutant proteins, with or without compensatory mutati on G152E/V, 
followed by western blot analysis with ARP3119. (B) The binding effi  ciency of fi ve bNAbs (2G12, VRC01, PG9, PG16 
and PGT145) to the unpurifi ed interloop V1V2 disulfi de mutant proteins with or without compensatory mutati on 
G152E/V was assessed with a D7324 ELISA.
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SI Figure 3. Disulfi de analysis of BG505 SOSIP.664 V1V2 disulfi de mutants. (A) Overview and characterizati on of all 
individual disulfi de-linked pepti des that were identi fi ed in the disulfi de analysis of PGT145 purifi ed V1V2 disulfi de 
mutants by mass spectrometry. The interloop V1V2 and intraloop V2 disulfi de-linked pepti de are highlighted in 
orange (B) List of aberrant disulfi de-linked pepti des in the PGT145 purifi ed V1V2 disulfi de mutants that were 
present at low abundance.
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SI Figure 4. Neutralizati on sensiti vity of BG505.T332N V1V2 disulfi de mutants. Neutralizati on sensiti vity of 
interloop and intraloop V1V2 mutant BG505.T332N viruses to (gl-)bNAbs was determined in a TZMbl assay. Abs 
were serially diluted using starti ng concentati ons of  1, 10 or 100 µg/ml depending on the neutralizati on potency. 
Infecti vity in the absence of Ab was set to 100 percent. IC50 values were calculated using Prism 6.0.
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Abstract
HIV-1 entry into cells is mediated by the envelope glycoprotein and forms an attractive target 
for therapeutic intervention. Two drugs that inhibit the entry process have been approved 
for clinical use: the fusion inhibitor T20 (Fuzeon, enfuvirtide) and the CCR5 blocker maraviroc 
(Selzentry). Another class of entry inhibitors supposedly targets the fusion peptide and 
hence are termed anchor inhibitors. These include the VIRIP peptide and VIRIP-derivatives 
such as VIR165, VIR353 and VIR576. Here we investigated the mechanism of inhibition by 
the anchor inhibitor VIR165. We show that VIR165 acts during an intermediate post-CD4-
binding entry step that is overlapping but not identical to the step that is inhibited by fusion 
inhibitors such as T20. We found that some but not all resistance mutations to HR2-based 
fusion inhibitors can provide cross-resistance to VIR165. Resistance mutations in the HR1 
binding site of the fusion inhibitors do not cause cross-resistance to VIR165. However, those 
that are located outside the binding site and that are thought to affect the fusion kinetics, 
showed decreased sensitivity to VIR165. While we found a strong correlation between Env 
stability and resistance to HR2-based fusion inhibitors, such a correlation was not observed 
for Env stability and VIR165-resistance. Furthermore, we show that substitutions within 
the FP can affect sensitivity to VIR165, conferring enhanced sensitivity or resistance. Taken 
together we conclude that VIRIP-analogues target the FP during an intermediate, post CD4-
binding, entry step that is overlapping but distinct from the step(s) inhibited by HR2-based 
fusion inhibitors. 
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Introduction
The human immunodeficiency virus type 1 (HIV-1) is the causative agent of the acquired 
immunodeficiency syndrome (AIDS) and over 37 million people are currently infected 
worldwide (www.unaids.org). Although progress has been made in the development 
of treatment strategies, the capacity of the virus to become resistant to drugs is a major 
problem in the fight against AIDS [1]. Drugs used in the current combination antiretroviral 
therapy (cART) target the viral integrase, protease or reverse transcriptase. Because of the 
acquisition of resistance against these drugs and the possibility of cross-resistance to drugs 
directed against the same viral proteins, other drug-targets need to be explored. 
 The envelope glycoprotein (Env) represents such an additional target. Env is a 
trimeric complex consisting of three gp41 subunits and three non-covalently attached 
gp120 subunits. Env mediates membrane fusion and virus entry, a process that is initiated 
by binding of gp120 to the CD4 receptor. This interaction induces a conformational change 
revealing the binding site for a chemokine co-receptor, generally CXCR4 or CCR5 [2,3]. 
Receptor-triggered conformational changes in gp41 involve two heptad repeat regions (HR1 
and HR2) in gp41. First, a trimeric coiled coil consisting of three HR1 domains is formed 
and the fusion peptide (FP) is inserted into the target cell membrane. Next, the three HR2 
domains associate with the HR1 trimer core, resulting in the formation of a stable post-
fusion six-helix bundle [4–7] that brings together the viral and cellular membranes and 
provides the free energy for membrane fusion [8].
 Targeting the HIV-1 entry process has several advantages over other targets. First, 
in contrast to for example protease inhibitors the virus is blocked before the viral genome 
is integrated into the host cell genome, thus preventing the establishment of latent viral 
reservoirs. Second, entry inhibitors do not need to enter cells, unlike reverse transcriptase, 
integrase and protease inhibitors. Third, the entry process comprises distinct steps that 
each could be inhibited, offering multiple targets for entry inhibitors that should not exhibit 
cross-resistance. Two inhibitors interfering with the entry process have been approved for 
clinical use. Maraviroc prevents the interaction of gp120 with the co-receptor CCR5, and 
T20 (enfuvirtide, Fuzeon) binds to HR1 in gp41 and prevents the formation of the six-helix 
bundle [9–11]. 
 Munch et al. identified another class of HIV-1 fusion inhibitors, termed anchor 
inhibitors, which supposedly target the FP (Fig. 1A). The prototype inhibitor VIRIP is a 
natural 20-amino acid breakdown product of α1-antitrypsin [12]. A number of VIRIP-
derivatives with enhanced stability and potency, such as VIR165, VIR353 and VIR576 have 
been described with various substitutions including two cysteines to create a disulfide bond 
(Fig 1B). VIRIP and VIRIP-derivatives are thought to inhibit HIV-1 entry by interfering with 
FP function, which distinguishes VIRIP from classical fusion inhibitors that prevent six-helix 
bundle formation. The VIRIP-derivative VIR576 has been evaluated in a phase I trial of 10 
day monotherapy in treatment-naïve individuals, resulting in a mean viral load reduction of 
1.23 log10 [13]. 
 The ability of VIRIP to inhibit FP-mediated hemolytic activity and NMR analyses of 
the VIRIP-FP complex point at an inhibitory mechanism involving the FP [12,13]. However, 
random mutagenesis studies could not identify FP substitutions that caused VIRIP resistance 
[12]. Furthermore, in vitro escape studies with the VIRIP-derivative VIR353, which required 
unusually long-term virus culture (up to 90 passages), revealed no mutations in the FP, but 
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rather identified resistance mutations in the C4 (A433T) or C5 (V489I) domains of gp120 
and HR1 (L545M, V570I) or loop (A612T) domain in gp41 [14]. These findings created some 
controversy about the putative binding site of VIRIP and it was suggested that VIRIP may 
interact with an unidentified region of Env different from the FP [14,15].

Here we further unravel the mechanism of inhibition by VIRIP-like peptides. 
We show that VIRIP inhibits during an intermediate post-CD4-binding entry step that is 
overlapping but not identical to the step that is inhibited by HR2-based fusion inhibitors 
such as T20. Consistent with this we found that a subset of mutations that cause resistance 
against HR2-based fusion inhibitors can provide cross-resistance to VIR165, in particular 
those that are located outside the inhibitor binding site and that might affect fusion kinetics. 
Furthermore, we show that designed mutations within the FP can alter the sensitivity of 
HIV-1 to VIR165, consistent with the idea that the FP is the actual drug target. 

Results

VIR165 inhibits during an intermediate entry step
In this study, we used and compared the first and third generation fusion inhibitors T20 and 
T2635 and the potent VIRIP-derivative VIR165. Their individual HIV-1 inhibitory capacities 
are shown in Fig. 1C. HIV-1 entry and membrane fusion is initiated upon CD4 and co-
receptor binding, involving multiple large conformational changes within Env, exposing the 
target sites of fusion inhibitors and VIRIP analogues (Fig 2A). To delineate which entry step 
was inhibited by VIRIP-derivatives, we performed temperature arrest experiments. Such 
experiments allow a distinction between the initial receptor attachment events and the 
subsequent conformational changes that lead to membrane fusion (Fig 2A). 
 First, wild-type HIV-1LAI (WT) was allowed to bind target cells at either 4°C or 23°C 
for 2 h during spinoculation [16–18]. At 4°C the virus is able only to bind CD4 but further 
conformational changes needed for co-receptor binding do not occur. At 23°C the virus 
will bind both CD4 and the co-receptor, but subsequent conformational changes leading 
to membrane fusion require a higher temperature of 37°C [18,19]. We refer to these 
temperature-arrested states as TAS-4 and TAS-23, respectively (Fig 2B). Inhibitors can be 
added during formation of TAS-4 and TAS-23 or during the transition to 37°C. One can thus 
assess whether compounds inhibit during the first step (i.e. approximately coincidental with 
CD4 binding), the second step (coincidental with CD4 binding or co-receptor binding) or the 
later steps (including fusion) of the entry process. We verified the assay by investigating at 
which stage WT virus was inhibited by a number of control reagents. Soluble CD4 (sCD4) 
targets the CD4 binding site on Env and only inhibited efficiently during formation of TAS-4 
but not after, confirming that CD4 binding already takes place at 4°C. In contrast, inhibition 
by the CXCR4 antagonist AMD3100 was more efficient after TAS-4 formation, indicating that 
co-receptor binding is not very efficient at 4°C. However, AMD3100 inhibited virus infection 
only when added during formation of TAS-23 and not after, consistent with the notion that 
Env has already engaged the co-receptor during TAS-23, as described previously [19].
 Fusion inhibitor T2635 (Fig. 2C) did not efficiently inhibit HIV-1 infectivity during 
formation of TAS-4, consistent with the notion that their target (HR1) is not yet exposed. 
When added after TAS-4 formation, T2635 was able to efficiently inhibit the entry process. 
In contrast, T2635 was able to inhibit virus infection when added during formation of TAS23,
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Figure 1. The fusion pepti de of HIV-1LAI and VIR165. (A) Schemati c of the gp41 ectodomain. The various gp41 
subdomains are indicated (FP: fusion pepti de; HR1 and HR2: heptad repeats 1 and 2; MPER: membrane proximal 
external region; TM: transmembrane domain; CT: cytoplasmic tail). The sequence of the HIV-1LAI FP is aligned to 
the sequence of reference strain HIV-1HXB2. Dots indicate identi cal amino acids. (B) Sequence of the natural pepti de 
VIRIP and the more potent and stable derivati ve VIR165 and VIR353 cyclized by the introducti on of a disulfi de bond 
and the dipepti de VIR576. (C) HIV-1 inhibitory capacity of VIR165 compared to inhibiti on by HR2-based fusion 
inhibitors T20 and T2635 single cycle infecti on experiments in TZM-bl reporter cells were performed as described 
in the material and methods secti on.

but less so when added aft er TAS-23. Combined, these results indicate that HR1 exposure 
and pre-hairpin intermediate formati on becomes accessible during the formati on of TAS-
23 and requires the shift  from 4°C to 23°C. Furthermore, binding of Env to the co-receptor 
coincides with becoming suscepti ble to fusion inhibitors. When fusion inhibitors were added 
aft er TAS-23, infecti on was partly inhibited indicati ng that HR1 remained exposed at least 
parti ally and/or temporarily. This is consistent with fi ndings by Henderson et al showing 
that the binding site of the fusion inhibitor C34 only becomes available during formati on of 
TAS-23 but virus-cell fusion can proceed to a state preceding six-helix bundle formati on and 
membrane fusion [20].
 Thus, exploiti ng TAS-4 and TAS-23, we are able to disti nguish between the CD4 
binding phase, the co-receptor binding phase, and the fi nal stage of membrane fusion for 
which an increased temperature of 37°C is necessary. 
 We next assessed at what stage VIR165 inhibited virus infecti on. Similar to the 
fusion inhibitors T20 and T2635, VIR165 was only able to inhibit infecti on when present 
post TAS-4 and during formati on of TAS-23 (Fig. 2D), indicati ng that VIR165 inhibits a similar 
intermediate entry step as T20 and T2635. This is consistent with the idea that VIR165 
inhibits fusion by binding to the FP, which should only be shortly exposed aft er CD4 binding 
to facilitate incorporati on into the target membrane. On the other hand, while T20 and 
T2635 exhibited residual acti vity aft er TAS-23, the VIR165 pepti de was completely inacti ve 
at this stage. This suggests that VIRIP acts at an overlapping but non-identi cal step during 
entry, probably because the FP is buried in the target membrane soon aft er TAS-23, whereas 
HR1 is sti ll temporarily or parti ally accessible.
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Figure 2. VIR165 acts at an intermediate step of the HIV-1 entry process. (A) Cartoons of diff erent steps during HIV-
1 entry. HIV-1 enters the cell by fi rst binding to the CD4 receptor, which induces multi ple conformati onal changes. 
Subsequently, binding to the CXCR4 or CCR5 co-receptor and inserti on of the FP into the target cell membrane 
triggers formati on of the stable six-helix bundle and fusion of the viral and cell membrane. (B) Entry and fusion 
inhibitors can act during diff erent stages of the entry process. (C-D) Temperature arrested state experiments: Virus 
was allowed to att ach to target cells at 4°C or 23°C in the presence or absence of inhibitor (temperature arrested 
states at 4°C and 23°C; TAS-4 and TAS-23). Unbound virus and inhibitor were washed away aft er centrifugati on and 
fresh medium was added that contained new inhibitor if the incubati on during TAS-4 or TAS-23 was performed in 
the absence of inhibitor. (C) Inhibiti on of WT virus infecti on by sCD4, AMD3100 and T2635 during formati on or 
post TAS-4 and TAS-23. Black bars represent infecti vity when the inhibitor was present during formati on of TAS and 
white bars show the infecti vity when the inhibitor was present post TAS-4 or TAS-23 formati on. (D) Inhibiti on of WT 
virus when VIR165 was present during or post TAS-4 or TAS-23. (E-G) SOS arrested state experiments. (E) Infecti vity 
of WT virus and SOS virus which contains a disulfi de bond between gp120 and gp41 allowing CD4 and co-receptor 
binding but blocking gp120 dissociati on from gp41, as well as six-helix bundle formati on. White bars represent 
infecti on without additi on of DTT, while black bars represent infecti on aft er incubati on for 10 minutes with 30 mM 
DTT. (F) SOS arrested state experiments. Virus was allowed to att ach to target cells at 23°C in the presence (+/-) or 
absence of inhibitor (SOS arrested state at 23°C; SAS-23) before additi on of 30 mM DTT for 10 minutes. Unbound 
virus, inhibitor and DTT were washed away aft er this incubati on and fresh medium was added that contained new 
inhibitor if the incubati on during SAS-23 was performed in the absence of inhibitor (-/+). Inhibiti on of SOS virus 
infecti on by sCD4, AMD3100 and T2635 during formati on or post SAS-23. Black bars represent infecti vity when the 
inhibitor was present during formati on of SAS and white bars show the infecti vity when the inhibitor was present 
post SAS-23 formati on. (G) Inhibiti on of SOS virus when VIR165 was present during or post SAS-23 formati on

Next, we performed experiments in which a mutant virus was used with an engineered 
disulfi de bond between gp120 and gp41, allowing CD4 and co-receptor binding, but 
blocking gp120 dissociati on from gp41 and subsequent six-helix bundle formati on (SOS-
arrested state; SAS) [21,22]. SAS can be established at 37°C, and consequently represents 
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a later intermediate than TAS-23, in which hemifusion occurs immediately following SOS 
disulfide bond reduction [21,22]. Since we do not expect VIR165 to inhibit a very late entry 
step we performed the experiments at 23°C and refer to the arrested state as SAS-23, 
which represents a doubly arrested intermediate restricted by suboptimal temperature and 
covalent linkage of gp120 and gp41. 
 HIV-1LAI SOS virus (containing a disulfide bond between residues 501 in gp120 
and 605 in gp41) was not infectious [23], but could be rendered infectious by adding 30 
mM DTT after 2 h spinoculation at 23°C for 10 min (Fig. 2E). AMD3100 inhibited SOS virus 
only when added before formation of SAS-23, but not after SAS-23 was formed, indicating 
that the co-receptor was already bound at SAS-23, consistent with the TAS-23 experiment 
(Fig. 2F). Also consistent with the TAS-23 experiments, T20 (data not shown) and T2635 
were able to inhibit in both steps (Fig. 2F), confirming that HR1 becomes exposed prior to 
formation of SAS-23 or TAS-23, but remains partially and/or shortly exposed after reduction 
of the disulfide bond or incubation at 23°C, indicating that the six-helix bundle does not 
form immediately. The virus was effectively inhibited when VIR165 was introduced prior to 
SAS-23 formation, but VIR165 was ineffective when added after SAS-23, indicating that the 
FP quickly became unavailable for binding (Fig 2G), in contrast to the binding site of fusion 
inhibitors T20 and T2635.
 Thus, SAS and TAS experiments reveal that VIR165 inhibits at an intermediate, 
post-CD4 entry step that overlaps but is not identical to the step(s) inhibited by HR2-
based fusion inhibitors T20 and T2635. This is consistent with the FP being exposed only 
shortly after CD4-binding, before insertion into the target membrane. In contrast, the pre-
hairpin intermediate that is the target of T20 and T2635 is still temporarily exposed after FP 
insertion. 

Resistance mutations to HR2-based fusion inhibitors can provide cross-resistance to 
VIR165 
Because VIR165 targets an intermediate Env state that is also susceptible to HR2-based 
fusion inhibitors, we tested whether HIV-1 variants that are resistant to three generations 
of fusion inhibitors, T20, T1249 or T2635, were cross-resistant against VIR165. Resistance 
to HR2-based fusion inhibitors can be caused by different mechanisms [17,24–29]. First, 
mutations within the peptide binding site can affect drug binding. Second, mutations in 
other gp41 domains can cause resistance, most likely by affecting the kinetics of the fusion 
process, e.g. by reducing the time window for the inhibitors to act [17,25,27–30]. Because 
the window of opportunity for VIR165 and HR2-based fusion inhibitors partially overlap, 
some resistance mutations that affect this window by enhancing the fusion kinetics could 
possibly provide cross-resistance to VIR165. On the other hand, mutations in the fusion 
inhibitor binding site would not be expected to do so because the VIR165 binding site is 
different.
 We tested a number of substitutions that were previously identified as resistance 
mutations for fusion inhibitors. HR1 substitution V549A is a common T20-resistance mutation 
[31,32]. In fact, V549 located in the binding site of HR2-based inhibitors, is a resistance 
“hotspot” for different generations of HR2-based peptidic fusion inhibitors [31,33–35]. 
Furthermore, the HR1-HR2 double mutant V549A/N637K causes T20-dependence [30]. 
Substitutions located at the edge (Q577R) or outside the binding site of HR2-based fusion 
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inhibitors (Q590E, K601E and N637K) provide resistance to the more potent second and 
third generati on pepti des T1249 and T2635 [26,33]. Several combinati on mutants with 
three to fi ve substi tuti ons in gp41 that were identi fi ed in T2635-escape studies were also 
included [26]. 

Table 1. VIR165 cross-resistance to HIV-1 mutants resistant to diff erent generati ons of HR2 based fusion 
inhibitors.

 We performed single cycle infecti on assays using the TZM-bl reporter cell-line to 
determine the IC50 of VIR165 against these variants (Table 1). The classical T20-resistance 
mutati on V549A did not confer resistance, neither did the combinati on of V549A and N637K 
that caused T20-dependence [30,36]. However, the Q577R variant showed considerable 
resistance to VIR165 (>10-fold; Table 1). All combinati on mutants containing the Q577R 
substi tuti on were also resistant to VIR165, although the additi onal substi tuti ons did not raise 
the level of resistance, suggesti ng that the Q577R substi tuti on was dominant for VIR165-
resistance. The Q590E and K601E substi tuti ons provided low-level or moderate VIR165-
resistance (2.5-fold and 4.3-fold, respecti vely). Thus, resistance mutati ons in the gp41 loop 
domain or C-terminal part of HR1 can confer cross-resistance to VIR165, whereas those in 
the middle of HR1 (V549A) or HR2 (N637K) can not, confi rming that VIR165 and classical 
fusion inhibitors target an overlapping but non-identi cal step in virus entry. HR2 mutati ons 
are proposed to alter the kineti cs of HR1-HR2 associati on and six-helix bundle formati on, 
thereby decreasing the ti me available for HR2-based fusion inhibitors [25,28,36]. The fact 
that this process does not aff ect VIR165 inhibiti on is consistent with the idea that the FP 
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is already inserted into the target membrane before six-helix bundle formati on. Likewise, 
altered kineti cs of six-helix bundle formati on do not aff ect sensiti vity to FP targeti ng 
inhibitors. This suggests that HR2-based fusion inhibitors act during an overlapping but 
extended ti me window compared to VIR165. 

Figure 3. The eff ect of Env stability on resistance to fusion inhibitors. (A, B) The thermostability of WT and mutant 
viruses was determined by incubati ng them for 1 h at escalati ng temperatures, followed by testi ng the remaining 
infecti vity on TZM-bl reporter cells. A representati ve curve of the residual infecti vity aft er incubati on is plott ed for 
each individual mutant virus. For viruses containing one, two or three substi tuti ons these substi tuti ons are listed. 
Viruses containing more than 3 mutati ons are abbreviated as follows: H2A (K588E/N637K/E647G); H3C (A517V/
L544S/Q577R/N637K/H643Q/E647G); H5C (L544S/K588N/T605N/N637K/E662G); H28C (Q577R/N611D/N636S/
N637K/H643Q/K665Q); H29C (L544S/Q577R/N624D/N636S/N637K/H643Q). See also Table 1. These viruses 
were obtained from escape studies with T2635 as described previously [26]. (C) The mean midpoints of thermal 
denaturati on (Tm ) and their standard errors of the mean (SEM) of WT and mutant viruses are shown, measured in 
two independent experiments, each performed in duplicate. The raw data of one such experiment are depicted in 
panels (A) and (B). The exact values are also listed in Table 1. (D-F) Correlati on plots showing the relati ons between 
Env stability of mutant viruses and resistance to fusion inhibitors T20 (D), T1625 (E), and VIR165 (F). The r and p 
values for non-parametric Spearman correlati ons are shown.

Residues 590 and 601 aff ect Env spike stability
Residues Q590 and K601 that provide resistance to T20 and T2635 [33] also cause cross-
resistance to VIR165, suggesti ng that they might accelerate the step in which FP and HR1 are 
simultaneously exposed, i.e. the intermediate prior to FP inserti on (Fig. 2A; middle panel). 
There is a correlati on between resistance to fusion inhibitors, such as T20 and T2635, Env 
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stability, and “intrinsic Env reacti vity” [29,30,36–39] (Fig. 3). Env proteins with enhanced 
fusion kineti cs and reduced HR1 exposure, i.e. Env proteins with high “intrinsic reacti vity” 
are oft en less stable compared to Env proteins with low “intrinsic reacti vity” because such 
Env proteins are “primed” to undergo conformati onal changes down the fusion pathway 
[38,39]. We measured the thermal stability of a series of viruses containing one or more 
amino acid substi tuti ons associated with resistance to HR1-based fusion inhibitors, 
including the Q590E and K601E viruses that cause. This panel of viruses covers a large range 
in resistance to fusion inhibitors T20 and T2635 [26,30,33] and cross-resistance to anchor 
inhibitor VIR165 (Fig. 3). Each virus was incubated for 1 h at increasing temperatures and 
the residual infecti vity was measured using TZM-bl reporter cells to determine the relati ve 
remaining Env functi on (Fig. 3). 
 The WT virus had a midpoint of thermal denaturati on (Tm) of 43.7°C (Fig. 3A, B and C; 
Table 1), which is in the same range as those reported for multi ple diff erent viruses including 
HIV-1LAI ([40,41]; D. Leaman and M. Zwick, personal communicati on). The mutant viruses 
had Tm values ranging from 40.5°C to 44.5°C (Fig. 3A, B and C; Table 1). The Q590E and K601E 
mutant viruses showed signifi cantly decreased thermal stability compared to WT virus, Tm 
values of 41.1°C and 40.7°C, respecti vely, versus 43.7°C for WT virus, Fig. 3C). These data 
might support the hypothesis that the Q590E and K601E substi tuti ons provide resistance to 
HR2-based fusion inhibitors and VIR165 by destabilizing the pre-fusion conformati on of Env. 
Overall, there was a very strong correlati on of Env stability and resistance to T20 (Fig. 3D) 
and a moderate correlati on with resistance to T2635 (Fig. 3E), supporti ng the link between 
Env stability and resistance to HR2-based fusion inhibitors. However, there was no relati on 
between Env stability and VIR165 resistance (Fig. 3F). These data therefore confi rm that the 
windows of opportunity for fusion and anchor inhibitors are probably not the same.

Table 2. VIR165 cross-resistance to HIV-1 mutants resistant to diff erent generati ons of HR2 based fusion 
inhibitors.

Substi tuti ons in the FP can alter sensiti vity to VIR165 
The results obtained thus far are consistent with VIR165 targeti ng the FP, thereby inhibiti ng 
an intermediate entry step, but none of the evidence is direct. To confi rm that the FP is 
the target of VIR165, we designed a set of FP mutants. We anti cipated that this would not 
be straightf orward because generally only hydrophobic residues are allowed in the FP to 
facilitate inserti on into the target membrane. Indeed, hydrophilic residues are extremely 
rarely present in the FP of natural HIV-1 isolates (Los Alamos Database, htt p://www.hiv.lanl.
gov/). Since VIR165 is thought to interact with the FP through hydrophobic interacti ons, 
conservati ve (hydrophobic) substi tuti ons might not cause a signifi cant level of resistance, 
whereas less conservati ve substi tuti ons are expected to be deleterious to the FP functi on. 
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As a result no FP escape mutants might have been identi fi ed so far [12,14]. 
 Based on the NMR structure model of the VIR165-FP complex (Fig. 4A) [12], we 
identi fi ed two residues within FP that interact inti mately with VIR165 through side chain 
interacti ons: I515 and L523. We substi tuted these relati vely small amino acids for Thr, Arg, 
or Phe to explore diff erences in amino acid side chain size, charge and hydrophobicity [24]. 
Thr has only a minor impact on the amino acid size but represents a change from apolar 
to polar; Arg is also polar and increases the size of the side chain yet also has hydrophobic 
properti es and can be accommodated in membranes as a “snorkeling Arg” [42]; Phe 
maintains the hydrophobic character, but enhances the size of the side chain considerably. 
 We found that most substi tuti ons at positi on 515 and 523 were deleterious for 
viral infecti vity, but substi tuti ons I515F and I515T and to a minor extend L523F were viable 
with relati ve infecti viti es ranging from 4 to 32% compared to WT (Table 2, Fig. 4B). When 
we tested the sensiti vity to VIR165, we measured a 10-fold increase in resistance for I515F 
(Table 2, Fig 4C), supporti ng the suggesti on that the FP is the binding site of VIR165. This 
fi nding is consistent with the presence of Phe at positi on 515 in an HIV-1 infected pati ent 
who responded poorly to VIR576 in a clinical trial [13]. Interesti ngly, we observed an 
opposite eff ect for mutants I515T and L523F, which became respecti vely 3- and 9-fold more 
sensiti ve to VIR165. The substi tuti ons might increase the affi  nity of the FP for VIR165. Thus, 
we show that FP substi tuti ons can modulate the sensiti vity to VIR165, further strengthening 
the evidence that VIRIP analogues target the FP. 

Figure 4. Design of fusion pepti de mutati ons that cause resistance to VIR165. (A) Molecular model of VIR165 
in complex with the HIV-1LAI FP. VIR165 is shown in sti cks, with the disulfi de bond indicated in yellow The FP is 
represented in a space-fi lling model colored based on the electrostati c surface potenti al (red: acidic; blue: basic), 
showing the large neutral hydrophobic area of the FP in white. The VIR165-FP model was drawn using PyMol 
(DeLano Scienti fi c; htt p://pymol.sourceforge.net) using PDB accession code 2JNR. Residues 515 and 523 of the 
FP are indicated. (B) Infecti vity in single cycle infecti on experiments of virus variants containing substi tuti ons in 
the FP at positi on 515 or 523. I515 and L523 (I4 and L12 in gp41 numbering) were substi tuted to amino acids Thr, 
Arg, or Phe, to explore diff erences in amino acid sidechain size, charge and hydrophobicity for their eff ect on the 
interacti on with VIR165. (C). Inhibiti on of HIV-1LAI variants containing the I515F, I515T and L523F mutati ons by 
VIR165.

Discussion 
Munch et al. showed that VIRIP and derived pepti de variants inhibit HIV-1 entry, also of 
HIV-1 strains that are resistant to classical HR2-based fusion inhibitors. Various lines of 
evidence suggested that VIRIP inhibits by binding to the FP and thus blocking its inserti on 
into the target cell membrane [12]. However, random mutagenesis studies and virus escape 
studies did not reveal any resistance mutati ons within this putati ve binding site, but rather 
identi fi ed escape mutati ons in the C4 and C5 domains in gp120 and the HR1 domain in gp41 
[12,14,43], shedding doubt about whether or not the FP is the target of VIRIP derivati ves. 
Here we further explored the mode of acti on of VIR165, one of the most potent VIRIP-

20161230 Steven proefschrift.indd   119 08/02/17   14:55



Chapter 5

120

derivatives. We show that VIR165 inhibits an intermediate post-CD4 binding step that is 
overlapping with, but not identical to the step inhibited by HR2-based fusion inhibitors. 
VIR165 likely inhibits a form of the CD4-triggered pre-hairpin intermediate that has not yet 
inserted its FP into the target membrane, whereas HR2-based inhibitors like T20 are also 
able to inhibit the pre-hairpin intermediate after insertion of the FP into the membrane (Fig. 
2A). 
 The most common drug resistance mechanism is decreased drug-target affinity by 
substitutions in the drug binding site [44] and this has been described repeatedly for HIV 
fusion inhibitors [24]. Although no studies have described virus escape mutations in the FP 
for VIRIP-derivative peptides [12,14], we were able to design FP substitutions that altered 
sensitivity to VIR165 (Fig. 4C). Interestingly one of these substitutions was also present 
in an infected patient that responded poorly to VIR576 [13]. The lack of spontaneous 
escape mutations in FP might be explained by the conserved and hydrophobic nature of 
this domain [45–51]. VIRIP-FP interactions are almost exclusively mediated by hydrophobic 
interactions (Fig. 4A) [12]. Such hydrophobic interactions can be rather promiscuous or 
polyspecific, a property referred to as “hydrophobic stickiness” [52–57], which may explain 
why no resistance mutations occur in FP as the only allowed (hydrophobic) substitutions in 
FP may not significantly perturb VIR165 binding. Thus, HIV-1 might not be able to escape 
from VIRIP-derivatives via mutation of the FP because the penalty on Env function and 
viral fitness is too high. In addition, the Ile to Phe substitution at position 515 in the FP, 
which increases VIR165 resistance by 10-fold, requires a difficult codon change with two 
point mutations, representing a higher genetic barrier for virus evolution than substitutions 
caused by a single point mutation in other Env domains that were apparently selected for 
VIRIP resistance [14]. 
 Env stability is strongly correlated with resistance to the HR2-based fusion 
inhibitor T20 and moderately with resistance to T2635. However, this correlation does not 
translate to resistance to VIR165, except for the specific cases of substitutions Q590E and 
K601E, previously identified in a fusion inhibitor escape study [33]. These substitutions 
are associated with a decreased thermal stability of Env (Fig. 3A-C). The destabilization of 
the pre-fusion conformation of Env probably increases the “intrinsic Env reactivity”, thus 
altering fusion kinetics and resulting in the resistance to HR2-based fusion inhibitors, as 
well as VIR165. However, we could not identify a link between Env stability and resistance 
against VIR165 for other mutants resistant to HR2-based fusion inhibitors tested. This data 
confirms that the windows of opportunity for these two classes of entry inhibitors, fusion 
and anchor inhibitors, are probably not the same.
Taken together our data support the hypothesis that VIRIP derivatives inhibit an intermediate 
step during virus entry and target the FP. Furthermore, we show that these peptides inhibit 
a step that is non-identical but overlapping with the step inhibited by classical, HR2-based 
fusion inhibitors.

Methods

Reagents
MAbs and inhibitors were obtained as gifts, or purchased, from the following sources: 
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William Olson (Progenics Pharmaceuticals) provided soluble CD4 (sCD4). AMD3100 was a 
generous gift from Dr D. Schols (Rega Institute, Leuven University). 

Peptide synthesis 
Peptide VIR165 (LEAIPCSIPPCFAFNKPFVF), T20 
(YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF) and T2635 
(TTWEAWDRAIAEYAARIEALIRAAQEQQEKNEAALREL) were synthesized as described 
previously [24,33]. The peptides were lyophilized from acetonitrile (50% (v/v) in water and 
stored at -20°C.

Infectivity and IC50 determination 
The TZM-bl reporter cell line [58,59] stably expresses high levels of CD4 and HIV-1 co-
receptors CCR5 and CXCR4 and contains the luciferase and β-galactosidase genes under 
the control of the HIV-1 long-terminal-repeat promoter. The TZM-bl cell line was obtained 
through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH 
(John C. Kappes, Xiaoyun Wu, and Tranzyme Inc. [Durham, NC]). One day prior to infection, 
17 x 103 TZM-bl cells per well were plated on a 96-well plate in Dulbecco's modified Eagle's 
medium containing 10% fetal bovine serum and penicillin-streptomycin (both at 100 units/
ml) and incubated at 37°C with 5% CO2. A fixed amount of virus (1.0-5.0 ng CA-p24) was 
pre-incubated for 30 min at room temperature with serial dilutions of VIR165. This mixture 
was added to the cells in the presence of 400 nM saquinavir (Roche, Mannheim, Germany) 
to block secondary rounds of infection and 40 µg/ml DEAE in a total volume of 200 µl. DEAE 
was added to enhance HIV-1 infectivity without affecting the sensitivity to inhibitors tested 
[58,59]. Two days post-infection, the medium was removed and cells were washed once 
with phosphate-buffered saline (50 mM sodium phosphate, pH 7.0, 150 mM NaCl; PBS) 
and lysed in reporter lysis buffer (Promega, Madison, WI). Luciferase activity was measured 
using a luciferase assay kit (Promega, Madison, WI) and a Glomax luminometer according 
to the manufacturer's instructions (Turner BioSystems, Sunnyvale, CA). All infections were 
performed in duplicate in at least two independent experiments. Uninfected cells were 
used to correct for background luciferase activity. The infectivity of each mutant without 
inhibitor was set at 100%. Nonlinear regression curves were determined and 50% inhibitory 
concentrations (IC50s) were calculated using Prism software version 5.0. 

Temperature arrested state inhibition assays (TAS)
Temperature trap experiments were performed using the spinoculation technique [16,17]. 
TZM-bl cells were plated as described above and were cooled to 4°C before 5.0 ng CA-p24 
of cold virus was added. High concentrations of sCD4 (10 μg/ml), AMD3100 (10 ng/ml), 2F5 
(10 μg/ml), T20 (300 ng/ml), T2635 (100 ng/ml) or VIR165 (10 μg/ml) were added when 
applicable and plates were centrifuged at 4°C or 23°C at 1,100 x g for 2 h. The cells were 
washed with cold or room temperature PBS to remove unbound virus and inhibitor. Fresh 
medium containing high concentrations of inhibitor was added when applicable and cells 
were incubated at 37°C to allow complete membrane fusion and virus entry. Virus infectivity 
was measured in the presence of 400 nM saquinavir and 40 µg/ml DEAE as described above. 
Cells were lysed two days post-infection and luciferase activity was measured to quantify 
virus infectivity. Infectivity of virus without inhibitor present at any of the steps was set at 
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100% for each temperature incubation.

SOS arrested state inhibition assays (SAS)
HIV-1LAI SOS virus (containing a disulfide bond between residues 501 in gp120 and 605 
in gp41) was not infectious [21–23], but could be rendered infectious by adding 30 mM 
Dithiothreitol DTT at 23°C for 10 min. SOS arrest experiments were performed as the 
temperature arrested state experiments with the addition of an extra 10 minute incubation 
at room temperature with 30 mM DTT after the 2 hr spinocculation at 4°C or 23°C. DTT was 
washed away before addition of medium containing indicated inhibitors.

Construction of HIV-1LAI molecular clones 
The full-length molecular clone of HIV-1LAI (pLAI) [60] was used to produce WT and mutant 
viruses. The plasmid pRS1 was used to introduce mutations as described previously [33,61] 
and the entire env gene was verified by DNA sequencing. Mutant env genes in pRS1 
were cloned back into pLAI as SalI-BamHI fragments. Each virus variant was transiently 
transfected in C33A or 293T cells by calcium phosphate precipitation as previously described 
[62] or Lipofectamine 2000 according to the manufacturers protocols (Invitrogen). The virus 
containing supernatant was harvested 3 days post-transfection and stored at -80°C and the 
virus concentration was quantitated by capsid CA-p24 ELISA as described previously [63].

Virus thermostability experiments
WT and mutant viruses were incubated for 1 h at a temperature range of 37°C to 50°C using 
a thermocycler before testing their residual infectivity on TZM-bl reporter cells as above. 
The midpoint of thermal denaturation (Tm) was defined as the temperature at which 50% 
residual infectivity was observed. Average values are shown of at least two independent 
experiments performed in duplicate.
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Abstract
The trimeric HIV-1 envelope glycoprotein spike (Env) mediates viral entry into cells by 
using a spring-loaded mechanism that allows for the controlled insertion of the Env fusion 
peptide into the target membrane, followed by membrane fusion. Env is the focus of 
vaccine research aimed at inducing protective immunity by antibodies as well as efforts to 
develop drugs that inhibit the viral entry process. The molecular factors contributing to Env 
stability and decay need to be understood better in order to optimally design vaccines and 
therapeutics. We generated viruses with resistance to VIR165, a peptidic inhibitor that binds 
the fusion peptide of the gp41 subunit and prevents its insertion into the target membrane. 
Interestingly, a number of escape viruses acquired substitutions in the C1 domain of the 
gp120 subunit (A60E, E64K, and H66R) that rendered these viruses dependent on the 
inhibitor. These viruses could infect target cells only when VIR165 was present after CD4 
binding. Furthermore, the VIR165-dependent viruses were resistant to soluble CD4-induced 
Env destabilization and decay. These data suggest that VIR165-dependent Env proteins are 
kinetically trapped in the unliganded state and require the drug to negotiate CD4-induced 
conformational changes. These studies provide mechanistic insight into the action of the 
gp41 fusion peptide and its inhibitors and provide new ways to stabilize Env trimer vaccines.
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Introduction
With over 35 million people currently infected, HIV-1 remains a major health problem. 
Although progress has been made in the development of antiviral drugs, the potential of 
the virus to acquire resistance remains an issue. Neither a cure nor an effective vaccine is 
available. HIV-1 enters target cells by using its envelope glycoprotein (Env) spikes on the 
virus surface. Env is the target for drugs that inhibit the viral entry process and for broadly 
neutralizing antibodies (bNAbs) that researchers aim to induce with Env-based vaccines.
 Env is a trimeric complex consisting of three gp41 transmembrane subunits and 
three noncovalently attached gp120 subunits. The entry process is initiated by binding 
of gp120 to the CD4 receptor. This interaction induces conformational changes in Env, 
revealing the binding site for a chemokine coreceptor, generally CXCR4 or CCR5. Additional 
conformational changes in gp41 involve two heptad repeat regions (HR1 and HR2) in gp41 
and the fusion peptide (FP) [1]. The FP might be partially exposed in the prefusion, native 
state of Env. In a complex of the Env trimer with the FP-targeting bNAb VRC34, residues 
512 to 519 are in contact with the bNAb, suggesting that they might be solvent exposed. In 
contrast, residues 520 to 527 are buried within the protein [2]. During the conformational 
changes that lead to membrane fusion, a trimeric coiled coil consisting of the three HR1 
domains is extended and the FP is inserted into the target cell membrane. Next, the three 
HR2 domains associate with the HR1 coiled coil, resulting in the formation of a stable six-
helix bundle which juxtaposes the viral and cellular membranes and provides free energy for 
membrane fusion [3–5]. The structure of an Env trimer was recently solved, providing the 
first detailed images of this intricate molecular machine [6–10].
 Despite the weak nature of the gp120-gp41 interactions, the presence of gp120 
is crucial for maintaining gp41 in its metastable, spring-loaded state before encountering a 
susceptible cell. gp120 is likely to orchestrate the sequential conformational changes in gp41 
that culminate in membrane fusion, and premature release or shedding of gp120 renders 
gp41 inactive [11–14]. A number of residues in the C1 and C5 domains of gp120 were shown 
to be important for the interaction with gp41 [12,13,15–18]. These domains are part of a 
7-stranded β-sandwich with three loops directed toward the target cell, thereby organizing 
the inner domain of gp120 in three structurally mobile layers [19–21]. Layer 1 and layer 
2 contribute to the noncovalent interactions between gp120 and gp41 and stabilize the 
binding of CD4, thereby linking receptor binding to the fusion machinery in gp41 [22]. Layer 
3 helps to expose the initial site of contact with CD4 and provides the interaction between 
the gp120 inner and outer domains [23].
 Env is the target of entry inhibitors, and two such inhibitors, namely, maraviroc, 
which prevents coreceptor binding, and enfuvirtide (Fuzeon), which prevents six-helix 
bundle formation, have been approved for clinical use. The VIRIP peptide and its derivatives 
(e.g., VIR165, VIR353, and VIR576) (Fig. 1A) [24] form another class of entry inhibitors, 
termed anchor inhibitors, that bind to the FP (the “anchor”) and prevent its insertion into 
the target membrane (24). Although mutations in the FP can provide resistance to the VIRIP 
derivative VIR165 (unpublished data) and limit the clinical benefit of the related inhibitor 
VIR576, escape studies with another anchor inhibitor, VIR353, selected for resistance 
mutations outside the binding site, in the C4 and C5 domains of gp120 and the HR1 and 
loop domains of gp41 [25,26].
 Here we describe virus escape studies with the VIRIP derivative VIR165. We 
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selected resistance mutations and describe the underlying molecular mechanisms. 
Interestingly, we identified several escape mutations in the C1 domain of the gp120 subunit 
of Env (A60E, E64K, and H66R) that rendered the virus dependent on the drug for CD4-
induced conformational changes and viral entry. The VIR165-dependent viruses were more 
thermostable and remarkably resistant to CD4-induced virus inactivation. These results 
have relevance for understanding HIV entry and the roles of CD4 binding and FP action, as 
well as for development of entry-targeting therapeutics and Env-based vaccine design.

Results

VIR165 escape occurs in C1 of gp120 and HR1 of gp41
To investigate whether HIV-1LAI is able to escape VIR165 inhibition (Fig. 1A), we maintained 
six independent cultures of wild-type (WT) HIV-1LAI that were passaged on SupT1 cells in the 
presence of increasing concentrations of VIR165. The initial VIR165 concentration was 3.8 
μg/ml (1.7 μM; corresponds to the IC50 against WT HIV-1LAI). Over the course of 2 1/2 months 
(20 passages) (Fig. 1B), the VIR165 concentration was gradually increased to 250 μg/ml (110 
μM), which is 64-fold higher than the IC50 for WT HIV-1LAI. The complete viral env gene of the 
proviral DNA was subsequently sequenced. Each culture contained one or two amino acid 
substitutions in Env (Table 1). We mapped these mutations on the Env trimer structure (Fig. 
1C and D) ([6–8,38]). Surprisingly, most acquired amino acid substitutions mapped to the C1 
domain of gp120, including the V42I, A58V, A60E, E64K, and H66R substitutions. Except for 
the V42I mutation, the mutated residues are located in layer 1 of the inner domain of gp120 
[19,20], within the disulfide-bonded loop between C54 and C74 [38,39]. It is worth noting 
that residue 42 is in close contact with residue 523 via extensive side chain interactions 
[9]. Residue 523 has been shown to be one of the contact residues of VIR165 [24]. We 
also observed substitutions in HR1 of gp41 (A558T and Q577R). We note that the Q577R 
mutation was previously linked to resistance against the 3rd-generation HR2-based fusion 
inhibitor T2635 [40]. All positions identified in these escape cultures are highly conserved 
in natural isolates, as follows: V42 is present in 99.1% of isolates and I42 in 0.17%, A58 in 
99.6% and V58 in 0.02%, A60 in 87.5% and E60 not found, E64 in 99.8% and K64 in 0.05% 
(found in two sequences, one of which contains multiple frameshifts and stop codons), H66 
in 99.9% and R66 in 0.048% (in two sequences from different subtypes), A558 in 99.9% and

Table 1. Mutations selected in VIR165 escape studies.

a Env numbering is according to the HXB2 sequence, and gp41 numbering is indicated in parentheses. 
* mixed sequences were detected.
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T558 in 0.048%, and Q577 in 99.3% and R577 in 0.36% (Los Alamos HIV Sequence Database 
[htt p://www.hiv.lanl.gov/content/index]). We observed substi tuti ons diff erent from 
those found in escape studies with VIR353, in which resistance mutati ons in the C4 and 
C5 domains of gp120 and the HR1 and loop domains of gp41 were selected [25,26]. No 
escape mutati ons were observed in FP, consistent with the lack of such mutati ons in escape 
studies using the VIRIP derivati ve VIR353 [24,26], probably because FP mutati ons pose a 
large penalty to fi tness [41].

Figure 1. Escape of HIV-1LAI form anchor inhibitor VIR165. (A) Sequence of the natural pepti de VIRIP and the more 
potent and stable derivati ves VIR165 and VIR353, both cyclized by a disulfi de bond, and the di-pepti de VIR576. The 
p in VIR353 indicates the introducti on of a D-proline. (B) Step-wise increase of the VIR165 concentrati on during 
passage experiments. Cultures were passaged twice a week for 2½ months with increasing concentrati ons of 
VIR165. (C) Linear representati on of HIVLAI gp160 showing positi ons of VIR165 escape mutati ons in C1 and HR1, as 
well as previously identi fi ed escape mutati ons to VIRIP analogue VIR353 (26). (D) The residues involved in VIR165-
resistance and -dependence were mapped on the structure of the BG505 SOSIP.664 trimer structure containing the 
complete gp41 interacti ve domain (PDB accession code 5CEZ (78)) using Pymol (DeLano Scienti fi c; htt p://pymol.
sourceforge.net). The residues are shown as spheres on a cartoon model of one of the protomers, with gp41 in 
sand and gp120 in green. A surface model of the two other protomers is shown in white and grey. Residues at 
positi on 42, 58, 558 and 577 which are involved in VIR165-resistance, are indicated in red. The control positi on 62 
is indicated in cyan, and residues 60, 64 and 66, which are involved in VIR165-dependence, are depicted in yellow. 
For comparison, residues involved in resistance to VIRIP analogue VIR353 are indicated in blue (26). The right 
panel shows a detail of the region that includes residues 58, 60, 64 and 66, all situated in layer 1 of gp120. Gp41 is 
depicted in orange, gp120 is in green, with layer 1 in magenta and layer 2 in blue.
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Substi tuti ons in gp41 HR1 confer VIR165 resistance
To confi rm the importance of the selected substi tuti ons in providing resistance against 
VIR165, we constructed molecular clones of HIVLAI with the HR1 substi tuti on A558T 
or Q577R. The T20-resistant V549A mutant was included as a control [28]. Single-cycle 
infecti on experiments were performed using the TZM-bl reporter cell line in the presence of 
serial diluti ons of VIR165 (Fig. 2A; Table 2). The HR1 A558T and Q577R mutants showed 10-
fold and >10-fold VIR165 resistance, respecti vely, compared to that of the WT. The control 
V549A virus did not show a signifi cant change in sensiti vity to VIR165. In the absence of 
drug, the A558T and Q577R substi tuti ons caused a drop in viral infecti vity in the single-cycle 
infecti on experiments with the TZM-bl reporter cell line (35% and 20% of the WT level, 
respecti vely), indicati ng that resistance comes with a signifi cant loss of Env protein functi on 
and viral fi tness (Fig. 2D), consistent with what was observed upon viral escape from the 
fusion inhibitor T2635 [40].

 

Figure 2. HIV-1LAI VIR165 escape variants can be resistant to or dependent on VIR165. Single cycle infecti on 
experiments were performed as described in the material and methods secti on. Inhibiti on of HIV-1LAI variants 
containing (A) VIR165-resistance mutati ons in gp41, (B) VIR165-resistance mutati ons in the C1 domain, (C) VIR165-
dependence mutati ons within C1. A D62N control virus, the T20-resistant variant V549A, and the T20-dependent 
virus V549A/N637K (46) were included as control viruses. (D) Infecti vity of VIR165-resistant and -dependent viruses 
in the absence of VIR165 in a single cycle infecti on assay relati ve to WT virus. The virus mutants indicated with an 
(*) were VIR165-dependent, i.e. they were not infecti ous in the absence of VIR165. (E) VIR165-dependent virus 
variants are inhibited at high VIR165 concentrati ons. Single cycle infecti on experiments were performed using 
concentrati ons of VIR165 up to 300 μg/ml revealing a bell-shaped dose-response curve. (F) Maximum infecti vity of 
VIR165-dependent mutants relati ve to WT in the presence of VIR165. The infecti vity of VIR165-dependent viruses 
was obtained in the presence of VIR165 (indicated with an *) at 10 μg/ml VIR165 (A60E and E64K), or 30 μg/ml 
(H66R). WT infecti vity was measured in the absence of VIR165 (WT) or in the presence of 10 μg/ml VIR165 (WT*). 

Substi tuti ons in gp120 C1 confer VIR165 resistance or dependence
We next evaluated the contributi ons of the selected C1 mutati ons V42I, A58V, A60E, E64K, 
and H66R to VIR165 resistance. A D62N mutant of C1 was generated to serve as a control. 
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The H66N substi tuti on, which was previously described for a cold-resistant HIV-1 variant 
and shown to aff ect the interacti on with CD4, was also included [42,43]. The V42I and A58V 
substi tuti ons caused 4-fold and 8-fold VIR165 resistance (Fig. 2B; Table 2), respecti vely, with 
litt le impact on viral fi tness (Fig. 2D). The eff ects of the A60E, E64K, and H66R substi tuti ons 
were more intriguing. Although these substi tuti ons were located very close to the A58V 
resistance mutati on, they yielded a strikingly diff erent phenotype. In the absence of VIR165, 
these variants were barely infecti ous or not infecti ous at all (Fig. 2D). However, they became 
infecti ous with increasing VIR165 concentrati ons (Fig. 2C). Thus, these mutants displayed a 
VIR165-dependent phenotype. Drug dependence is a relati vely rare phenomenon in HIV-1 
drug resistance. T20- or retrocyclin (RC101)-dependent viruses that involve a combinati on 
of substi tuti ons in the HR1 binding site of the inhibitors and in HR2 have been described 
[44,45]. The T20-dependent V549A/N637K virus did not show cross-resistance to or 
dependence on VIR165 (Fig. 2A; Table 2). The control D62N and H66N substi tuti ons did 
not confer VIR165 resistance or dependence and did not aff ect infecti vity (Fig. 2B, C; Table 
2). 

Table 2. Resistance to VIR165 in single-cycle infecti on assays.

a Values in bold represent resistances of ≥3-fold compared to that of the WT virus
b Value for a VIR165-dependent virus; the IC50 was esti mated based on the data in Fig. 2E.
c Esti mated value, as no complete sigmoidal dose-response curve was obtained.

To test whether VIR165-dependent variants could be inhibited by a high dose of VIR165, we 
repeated the dose inhibiti on experiments with VIR165 concentrati ons of up to 300 μg/ml 
(Fig. 2E). Clear drug inducti on was observed, with the variants reaching maximum infecti vity 
at approximately 10 (A60E and E64K mutants) and 30 (H66R mutant) μg/ml VIR165. 
However, all three VIR165-dependent variants were inhibited at higher concentrati ons. 
We determined IC50s of 60 μg/ml for the A60E and E64K mutants and 100 μg/ml for the 
H66R mutant, which translate to approximately 37-fold and 58-fold resistance, respecti vely, 
compared to that of the WT.
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 Using the optimal VIR165 concentration for stimulation of each VIR165-dependent 
virus variant, we reassessed the maximal infectivities of these viruses. We had already 
shown a nearly complete loss of infectivity of the A60E, E64K, and H66R variants in the 
absence of drug (Fig. 2C and D), and we next compared WT virus infectivity without VIR165 
with the maximum infectivities of the dependent viruses in the presence of VIR165 (10 μg/
ml for the A60E and E64K mutants and 30 μg/ml for the H66R mutant) (Fig. 2F). Infectivity 
of the WT virus was fully inhibited in the presence of 10 μg/ml VIR165. The E64K and H66R 
mutants exhibited only ~10% infectivity in the presence of VIR165, while the A60E mutant 
could be activated by VIR165 to achieve ~50% infectivity compared to that of the WT virus 
without VIR165. Thus, VIR165 dependence came with a considerable loss of viral fitness, in 
particular for the E64K and H66R variants.

Modeling of VIR165 occupancy explains the bell-shaped dose-response curves
The enhancement and inhibition of VIR165-dependent HIV-1 infection were modeled 
mathematically in order to assess whether enhancing or inhibitory effects could be 
explained by differential FP occupancy levels by VIR165 (1, 2, or 3 VIR165 peptides per Env 
trimer). Different mathematical VIR165 occupancy models were fitted to the experimentally 
obtained bell-shaped stimulation-inhibition data (Fig. 3). The model functions were derived 
from the binomial theorem as described previously [46]. They postulate incremental effects 
of trimer ligation by VIR165. No assumptions were made about total numbers of trimers or 
minimal thresholds of functional trimers required for infectivity. Discrepancies between the 
modeled curves and the experimental data can be attributed partly to this oversimplification 
[46,47].

Figure 3. Modeling of trimer 
occupancy by VIR165 explains the 
bell-shaped dose-response curves 
of VIR165-dependent viruses. The 
enhancement and inhibition of WT 
and VIR165-dependent viruses was 
modeled mathematically to assess 
whether enhancing or inhibitory 
effects of VIR165 could be 
associated with occupancy levels 
of 1, 2, or 3 VIR165 molecules per 
trimer. Different mathematical 
occupancy models were fitted to 
the experimentally obtained bell-
shaped stimulation-inhibition data 
of Fig. 2E. The best fit models are 
shown.

 The occupancy of VIR165 on a protomer was expressed by the formula p = (C/
Kd)/(1 + C/Kd), where C is the VIR165 concentration and Kd its dissociation constant, on 
the simplifying assumption that neither positive nor negative cooperativity between the 
three protomers of a trimer occurs upon VIR165 binding. For the WT virus, an inhibition 
model was applied that describes the infectivity, I, as being proportional to the fraction of 
completely unoccupied trimers, i.e., I = A(1 − 3p + 3p2 − p3), where A is a constant reflecting 
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the maximum amplitude, i.e., the maximum infectivity. An alternative model, I = Ap3, which 
assumes that inhibition occurs only when three VIR165 molecules are bound per trimer, was 
also fitted to the data for comparison.
 For the VIR165-dependent viruses, the experimental data were fitted to three 
models. The first model posits that VIR165 occupancy of one or two protomers per trimer 
allows infection, whereas occupancy of all three or none does not, i.e., I = A(3p − 3p2). 
The second model assumes the induction of infection by exactly one VIR165 molecule per 
trimer, i.e., I = A(3p − 6p2 + 3p3), and the third postulates that infectivity requires exactly two 
VIR165 molecules per trimer, i.e., I = A(3p2 − 3p3). The models were fitted to the inhibition 
data by nonlinear regression.
 The models postulating complete inhibition of WT Env function by a single VIR165 
peptide or by three peptides per trimer both fit the experimental data well (R2 = 0.964 and 
R2 = 0.961, respectively). The model for induction of infectivity of the VIR165-dependent 
mutants by one VIR165 peptide per trimer fit the experimental data better than the other 
two models did (R2 = 0.937 to 0.993 for enhancement by one VIR165 peptide per trimer, R2 
= 0.934 to 0.953 for enhancement by one or two VIR165 peptides per trimer, and R2 = 0.887 
to 0.984 for enhancement by two VIR165 peptides per trimer). The models that best fit the 
experimental data are shown in Fig. 3.
 In conclusion, mathematical modeling strongly supports a mechanistic scenario 
in which partial occupancy of VIR165-dependent Env trimers by VIR165 enables infection, 
whereas occupancy of all three binding sites, which is reached at high VIR165 concentrations, 
blocks infection.

VIR165-resistant and -dependent viruses are more sensitive to T20
Since all selected escape mutations are located outside the putative VIR165 binding site, it 
is possible that the kinetics of one or more steps of the entry process are affected, thereby 
limiting the window of opportunity for the drug to act [48–52]. To probe whether and how 
the entry process was affected by the VIR165 resistance and dependence substitutions, 
we analyzed the sensitivity to reagents that interfere with well-defined entry steps. As the 
A60E, E64K, and H66R mutants were not infectious in the absence of drug, VIR165 (10 μg/
ml) was always present when these mutants were evaluated. First, we tested for sensitivity 
to polyclonal Ig from HIV-positive individuals (HIVIg). Neither VIR165-resistant nor VIR165-
dependent viruses showed altered sensitivity to HIVIg compared to the WT virus, indicating 
that these viruses did not have a generally altered sensitivity to antibodies. Furthermore, 
the presence of VIR165 during infection of the dependent variants did not alter the overall 
neutralization sensitivity (Table 3).
 The windows of opportunity for VIR165 and HR2-based inhibitors overlap, and 
some mutations that confer resistance to HR2-based inhibitors, e.g., the Q577R mutation, 
confer cross-resistance to VIR165. To investigate whether the reverse was also true, we 
tested all VIR165-resistant viruses (V42I, A58V, A558T, and Q577R) and two VIR165-
dependent viruses (E64K and H66R) for T20 sensitivity. We did not observe cross-resistance 
to T20. On the contrary, all VIR165-resistant and -dependent variants were more susceptible 
to the fusion inhibitor T20 (3-fold to 8-fold), except for the Q577R mutant (Table 3), which 
was not unexpected because this mutant was also selected in fusion inhibitor resistance 
studies [40]. The control T20 resistance mutation V549A in HR1 [53] gave 54-fold resistance 
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to T20, and the D62N change did not aff ect T20 sensiti vity. Interesti ngly, similar observati ons 
were made in a previous study, in which a combinati on of VIR353 resistance mutati ons also 
resulted in enhanced sensiti vity to T20 [26]. These data suggest that the T20-sensiti ve step 
in entry (transiti on from a prehairpin intermediate to a six-helix bundle) is probably slower 
in VIR165-resistant and -dependent virus variants, resulti ng in an increased window of 
opportunity for HR1-targeti ng fusion inhibitors. These data confi rm that VIR165 and T20 
inhibit nonidenti cal viral entry steps.

Table 1. Sensiti viti es of VIR165-resistant and -dependent mutants to a series of anti bodies and entry and fusion 
inhibitorsc

a Because VIR165-dependent mutants are not infecti ous in the absence of VIR165, 10 μg/ml VIR165 was present for the A60E, E64K, 
and H66R mutants.
b Compared to that of the WT. Values in bold represent ≥3-fold more resistance than that of the WT; values in bold italics represent     
≥3-fold more sensiti vity than that of the WT.
c ND, not done.

VIR165-dependent viruses are resistant to inhibiti on by soluble CD4 but more sensiti ve to 
inhibiti on by AMD3100. 
 Soluble CD4 (sCD4) induces an acti vated Env state that is able to mediate virus entry 
for a limited ti me, aft er which Env rapidly decays into a functi onally inacti ve form [12,54,55]. 
Alterati ons in layer 1 of the C1 domain (e.g., H66A and W69L) have been shown to aff ect 
this decay process and are thought to stabilize the sCD4-acti vated Env intermediate, slowing 
its transiti on to a functi onally inacti ve Env form [42,43,55,56]. We wondered whether 
VIR165 resistance and dependence mutati ons aff ected the interacti on of Env with sCD4. 
We therefore fi rst performed neutralizati on studies with sCD4 as well as the CD4 mimeti c 
CD4-IgG2. Both sCD4 and CD4-IgG2 can eff ecti vely neutralize WT HIV-1 infecti on (Table 3). 
Most VIR165-resistant viruses showed sensiti viti es to sCD4 and CD4-IgG2 similar to those of 
the WT and the D62N variant. The V42I virus was slightly less sensiti ve to CD4-IgG2 (3-fold) 
but not to sCD4, while the A558T virus was slightly more sensiti ve to sCD4 but not to CD4-
IgG2. Interesti ngly, the VIR165-dependent E64K and H66R mutants were both less sensiti ve 
to neutralizati on by sCD4 (4-fold and 13-fold, respecti vely) and CD4-IgG2 (3-fold and 6-fold, 
respecti vely).
 The eff ect of mutati ons in either C1 or HR1 on the conformati onal changes 
associated with CD4 binding may also have an eff ect on the affi  nity for the coreceptor. We 
therefore tested the sensiti vity of the WT virus and its variants to inhibiti on by the CXCR4 
antagonist AMD3100 (Table 3). Whereas VIR165 resistance mutati ons in C1 had no eff ect on 
sensiti vity to AMD3100 inhibiti on, resistance mutati ons within gp41 caused a small increase 
in AMD3100 sensiti vity. The VIRIP dependency mutati ons E64K and H66R rendered the virus 
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3- to 5-fold more sensiti ve to AMD3100, suggesti ng an enhanced dependence on CXCR4 for 
proceeding with conformati onal changes toward fusion.

VIR165-dependent viruses are less prone to CD4-induced decay
We hypothesized that VIR165-dependent viruses might have an altered Env stability and 
require VIR165 to trigger conformati onal changes following CD4 binding. Soluble CD4 
induces an acti vated Env state that is short-lived in the absence of a coreceptor and target 
membrane [55,56]. Substi tuti ons at positi on 66 have been reported to decrease this CD4-
induced decay [42,43,56]. We therefore tested the decay rates of WT, VIR165-resistant, 
and VIR165-dependent viruses by incubati ng them at physiological temperature (37°C) for 
diff erent intervals, followed by assessment of their remaining infecti vity on TZM-bl cells. For 
the VIR165-dependent viruses, VIR165 was added before the transfer to TZM-bl cells (Fig. 
4A and B; Table 4). WT HIV-1LAI decayed with a half-life (t1/2) of 11.3 h, which is in the range 
of values measured for JR-CSF (t1/2 = 18.9 h) and ADA (t1/2 = 9.0 h) [57]. The VIR165-resistant 
virus was less stable (A58V t1/2 = 8.2 h), and so were the VIR165-dependent viruses (A60E t1/2 
= 9.4 h, E64K t1/2 = 9.5 h, and H66R t1/2 = 8.2 h).
 We next tested viral decay in the presence of sCD4. To avoid interference with the 
subsequent infecti on, a subneutralizing concentrati on of sCD4 was used. Again, VIR165 was 
added to the VIR165-dependent viruses before transfer of the viruses to TZM-bl cells. In the 
presence of sCD4, the WT virus decayed twice as quickly (1.9-fold; Δt1/2 = −5.2 h), which is 
indicati ve of CD4-induced deacti vati on (Fig. 4A and C; Table 4). The VIR165-resistant virus 
(A58V), which was among the least stable viruses in the absence of sCD4, also decayed more 
rapidly in the presence of sCD4 (1.5-fold; Δt1/2 = −2.6 h). In contrast, the VIR165-dependent 
variants, in parti cular the H66R variant, remained relati vely stable in the presence of sCD4 
(1.2-fold change for the E64K variant [Δt1/2 = −1.5 h], 1.1-fold change for the H66R variant 
[Δt1/2 = −0.3 h], and 1.3-fold change for the A60E variant [Δt1/2 = −2.4 h]). Because an H66N

Figure 4. VIR165-dependent viruses are less prone to CD4-induced decay. (A) Representati ve experiment of at 
least three independent experiments in which VIR165-resistant and VIR165-dependent viruses were incubated 
at physiological temperature (37˚C) in the absence or presence of sCD4, for diff erent ti me intervals, followed by 
assessing the remaining infecti vity on TZM-bl cells in the absence of VIR165 for WT virus or in the presence of 10 or 
30 μg/ml VIR165 for the dependent variants. (B) Half life (t1/2) for WT and VIR165 resistant and dependent mutants, 
measured in at least three independent experiments performed in duplo. (C) The diff erence in t1/2 when incubated 
in the absence or presence of sCD4 during incubati on at 37˚C. Stati sti cal signifi cance is indicated with asterisks: * 
P < 0.05; ** P < 0.005.
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mutant was reported to be resistant to virus inacti vati on by cold (42, 43), we repeated 
these experiments at 0°C. None of the VIR165-dependent viruses were resistant to cold 
inacti vati on, but the VIR165-dependent viruses were more resistant to sCD4-induced decay 
at 0°C (data not shown), similar to what we observed at 37°C. We therefore concluded that 
VIR165-dependent Env variants are less prone to CD4-induced decay.

Table 4. Stability of VIR165-resistant and -dependent mutants in the absence or presence of sCD4a

a Average values are shown for at least three independent experiments, each performed in duplicate, with standard errors of the 
means (SEM) shown in parentheses.

VIR165-dependent viruses have increased thermostability in the presence of sCD4
We also tested the thermostability of WT, VIR165-resistant, and VIR165-dependent viruses 
by incubati ng them for 1 h each at escalati ng temperatures, followed by testi ng their 
residual infecti vity on TZM-bl reporter cells (in the presence of VIR165 for the dependent 
variants). The WT virus had a midpoint of thermal denaturati on (Tm) of 44.6°C (Fig. 5A and 
B; Table 4), which is in the same range as those reported for HIV-1ADA (Tm = 40.5°C), HIV-
1JR-CSF (Tm = 44.6°C), and HIV-1LAI (Tm = 42.0°C) ([57,58]; D. Leaman and M. Zwick, personal 
communicati on). The VIR165-resistant virus had a Tm similar to that of the WT virus (A58V 
Tm = 44.8°C), as did the VIR165-dependent viruses (A60E Tm = 44.7°C, E64K Tm = 44.6°C, and 
H66R Tm = 44.7°C) (Fig. 5A and B; Table 4). Thus, we did not observe major diff erences in the 
thermostability of the test viruses.
 To study whether the additi on of sCD4 would aff ect thermostability, we also 
performed these experiments in the presence of (subneutralizing concentrati ons of) sCD4. 
The additi on of sCD4 destabilized WT HIV-1LAI and the VIR165-resistant virus considerably 
(WT ΔTm = −2.7°C and A58V ΔTm = −2.7°C) (Fig. 5A and C; Table 4). In contrast, the VIR165-
dependent viruses were less aff ected by the additi on of sCD4 (A60E ΔTm = −1.4°C, E64K ΔTm 
= −0.9°C, and H66R ΔTm = −0.5°C) (Fig. 5C; Table 4). We concluded that VIR165-dependent 
viruses, in parti cular the H66R variant, are more thermostable and less prone to undergo 
CD4-induced conformati onal changes that destabilize the Env spike.

Discussion
VIRIP and VIRIP derivati ves are members of a class of pepti de fusion inhibitors termed anchor 
inhibitors and are thought to inhibit the HIV-1 entry process by binding to the hydrophobic 
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Figure 5. VIR165-dependent viruses show increased thermostability in the presence of sCD4. (A) The 
thermostability of WT, VIR165-resistant and VIR165-dependent viruses was tested by incubati ng them for 1 h at 
escalati ng temperatures, followed by testi ng the remaining infecti vity on TZM-bl reporter cells in the absence of 
VIR165 (WT) or the presence of 10 or 30 μg/ml VIR165 (dependent variants). A representati ve experiment is show 
of at least three independent experiments.  (B) The midpoints of thermal denaturati on (Tm ) of WT and mutant 
viruses measured in at least three independent experiments performed in duplo. (C) Changes in Tm in the presence 
of sCD4. Stati sti cal signifi cance is indicated with asterisks: ** P < 0.005; *** P < 0.0005.

fusion pepti de of gp41 (Fig. 6A and B). A previous study used the VIRIP analogue VIR353 
to select resistance mutati ons in the HR1 and loop domains of the gp41 subunit and 
substi tuti ons in the C4 and C5 domains of the gp120 subunit [26]. In the present study, 
we performed in vitro HIV-1 evoluti on experiments to select resistance against the VIRIP 
analogue VIR165, one of the most potent VIRIP derivati ves. Again, escape mutati ons were 
not selected in the putati ve FP binding site of the pepti de but rather in the HR1 domain of 
gp41 and the C1 domain of gp120. Moreover, we found that some C1 mutati ons conferred 
drug dependence.
 How can we mechanisti cally explain these escape mutati ons that occur outside 
the putati ve binding site of VIR165? An escape mechanism alternati ve to “decreased drug 
affi  nity” is “decreased drug opportunity” [44,48,59]. In this scenario, the drug-target affi  nity 
per se is unaltered, but the opportunity for the drug to access the target site is restricted, 
for example, because the target site is exposed for a shorter ti me. This mechanism has 
been described for HIV-1 fusion inhibitors [48,60]. We think that such a window mechanism 
can also account for the VIR165 resistance mutati ons. Part of the binding site for VIR165 
(residues 513 to 518) might be parti ally exposed in the prefusion state. It is likely that CD4- 
and possibly coreceptor-induced conformati onal changes allow additi onal contact residues 
520 to 523 and 525 to 531 to become available for VIR165 binding [2,9,24]. We propose 
that the C1 and HR1 substi tuti ons change the kineti cs of Env conformati onal changes, 
thereby decreasing the ti me that the FP is accessible. The observati on that a resistance 
mutati on against the third-generati on HR2-based fusion inhibitor T2635 that did not occur 
in the drug binding site (Q577R) provided cross-resistance to VIR165 is consistent with this 
hypothesis [40]. In fact, the Q577R substi tuti on was selected in both T2635 [40] and VIR165 
escape studies (Table 2). Since VIR165 and HR2-based inhibitors target overlapping, but not 
identi cal, intermediate Env states, it makes sense that some mutati ons can provide cross-
resistance by changing the kineti cs of this entry step. We have not studied the C1 resistance 
mutati ons V42I and A58V in much detail, but the A58V mutant was less stable and more 
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prone to CD4-induced decay, suggesti ng that it is more metastable than the WT Env spike. 
This might be consistent with enhanced fusion kineti cs and shortened FP exposure. Residue 
42 is in close contact with residue 523, which is one of the residues of Env contact with 
VIR165. Alterati ons of the side chain interacti ons between residues 42 and 523 might aff ect 
the exposure of the criti cal VIR165 contact residue 523. The selecti on of VIR353 resistance 
mutati ons in the C4 and C5 domains of gp120 and the HR1 and loop domains of gp41, i.e., 
outside the inhibitor binding region, might be explained by a similar mechanism, parti cularly 
as these substi tuti ons also resulted in enhanced sensiti vity to the fusion inhibitor T20 
[25,26].

Figure 6. Hypotheti cal model of the inhibiti ng and enhancing modes of acti on of VIRIP-derived pepti des of WT 
and VIR165-dependent viruses.
(A) The FP becomes fully exposed upon binding of the CD4 receptor and co-receptor and is inserted into the target 
membrane, followed by subsequent fusion of the two membranes. (B) VIR165 binds to the FP in the short-lived 
intermediate state that is induced by CD4-binding, thereby inhibiti ng inserti on of the FP into the target membrane. 
(C) In VIR165-dependent viruses a hyperstable gp120-gp41 interacti on cannot be suffi  ciently weakened by CD4-
binding and CD4-induced conformati onal changes in the gp120-gp41 complex and subsequent entry steps are 
blocked. (D) VIR165 in sub-saturati ng amounts acts as a “wedge” between gp120 and gp41, destabilizing the 
gp120-gp41 interacti on and facilitati ng CD4-induced conformati onal changes that allow subsequent entry steps. 
We do not know whether in this scenario VIR165 remains associated with the one or two FP(s) that is occupies 
and only the free FP(s) insert into the cell membrane, or whether it dissociates to allow all three FPs to insert. (E) 
High concentrati ons of VIR165 result in occupancy of all three FPs of the Env trimer, eff ecti vely inhibiti ng infecti on.
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 The substitutions that confer VIR165 dependence might be explained by a 
mechanism of “decreased drug opportunity.” Drug dependence can be classified as a special 
form of resistance, since the virus is able to replicate in the presence of the drug but the 
resistance mutations cause a severe replication defect in the absence of drug, which can only 
be overcome by addition of the drug. This phenomenon has been described for only a limited 
number of cases, although drug stimulatory effects and drug dependence were reported 
for several HIV-1 inhibitors targeting the Gag, protease, and Env proteins [44,45,61–63]. 
For Env, enhanced fusion kinetics can render HIV-1 resistant to fusion inhibitors (decreased 
opportunity), but “hyperfusogenic” Env variants can become dependent on the drug to 
avoid a premature HR1-HR2 collapse in the absence of a target membrane [44,45,59]. In 
such cases, the drug acts as a safety pin to prevent premature conformational changes, 
but drug dissociation is eventually needed to allow such conformational changes to occur 
in the presence of a target cell, leading to membrane fusion and virus entry [44]. VIR165 
dependence is mechanistically distinct from T20 dependence. The presence of VIR165 is 
required not during virus production but during an intermediate step in viral entry.  
 We speculate that VIRIP-dependent viruses have a hyperstable gp41-C1 interaction 
that cannot be weakened sufficiently by CD4 binding, and as a consequence, CD4-induced 
conformational changes in the gp120-gp41 complex are blocked (Fig. 6C). Since the FP 
is located at the interface of gp120 and gp41, it is conceivable that binding of a peptide 
to the FP affects the gp120-gp41 interactions. We propose that the dependent viruses 
require VIR165 to act as a “wedge” between gp120 and gp41 to facilitate the CD4-induced 
conformational changes that allow the formation of the complete HR1 (Fig. 6D) [1], followed 
by coreceptor binding and, ultimately, gp41-C1 dissociation and membrane fusion. In this 
scenario, VIR165 might bind to the exposed contact residues in the N-terminal part of the 
FP and “pull out” the rest of the fusion peptide, thereby forcing the required conformational 
changes that allow continuation of the entry process. In agreement with this, the VIR165-
dependent viruses are more stable and resistant to sCD4-induced decay. Recently, we used 
the E64K and H66R substitutions to stabilize recombinant soluble (SOSIP) trimers in the 
closed prefusion state. These substitutions facilitated the stabilization of SOSIP trimers 
from 4 different isolates: BG505 (clade A), B41 (clade B), AMC008 (clade B), and ZM197M 
(clade C). Hydrogen-deuterium exchange (HD-X) and other studies demonstrated that these 
substitutions stabilize SOSIP trimers by blocking CD4-induced conformational changes, 
consistent with the virological observations described here [64]. Whereas T20 dependence 
involves enhanced fusion kinetics that need to be tempered by T20 from the moment Env 
appears at the cell/virus surface [48,51,59], VIR165 dependence involves reduced fusion 
kinetics, necessitating the presence of VIR165 as a catalyst for Env conformational changes 
following CD4 binding.
 If one assumes that this resistance phenotype involves a decreased window of 
opportunity, then this might represent a paradox for delayed fusion kinetics. How can 
reduced fusion kinetics decrease the window of opportunity for VIR165 to inhibit? The fact 
that a VIR165-dependent virus is more sensitive to HR2-based fusion inhibitors that target 
a similar stage during entry also appears to be paradoxical. This can be explained only if 
the steps in which VIR165 and HR2-based inhibitors act are separated in time. CD4 binding 
induces a short-lived activated state that probably also exposes the FP. The FP is probably 
fully exposed only very shortly, after CD4 binding and until the FP is inserted into the target 
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membrane. VIR165 exclusively targets this step, whereas HR2-based fusion inhibitors that 
may also act during this stage will remain active when the FP is inserted into the target cell 
membrane, up to the time that the six-helix bundle is formed. The windows of opportunity 
for VIR165 and HR2-based inhibitors are therefore overlapping but not identical.
Inhibition of VIR165-dependent viruses requires a high dose of inhibitor. The bell-shaped 
activation-inhibition curves can be explained mathematically by a model in which VIR165 
occupancy of one or two FPs per Env trimer allows for entry, while occupation of all three 
FPs results in inhibition (Fig. 6E). It has indeed been proposed that not all three FPs are 
required for fusion ([65]; M. J. Root, personal communication). This is consistent with a 
model in which VIR165-dependent Env is activated when one or two VIR165 molecules 
separate gp120 from gp41, while the remaining unbound FP(s) can insert into the target 
membrane and mediate membrane fusion.
 There is an interest in generating stable soluble mimics of the native Env trimer 
for vaccine and structural studies. Efforts to generate such mimics have been hampered by 
the metastable nature of the native Env spike. We have reported a number of stabilization 
tricks resulting in the stable trimer mimic BG505 SOSIP.664 gp140 [18,66–71]. Additional 
modifications that kinetically trap BG505 SOSIP.664 trimers in the unliganded state were 
recently described [9,72,73]. We have shown that the VIR165 dependence mutations are 
useful for further stabilization of different recombinant Env trimers to lock them in the 
unliganded ground state and improve their properties as immunogens [64].

Materials and methods

Reagents
Reagents were obtained as gifts or purchased from the following sources. William Olson 
(Progenics Pharmaceuticals) provided soluble CD4 (sCD4) and CD4-IgG2. AMD3100 
was a generous gift from D. Schols (Rega Institute, Leuven University). Peptides VIR165 
(LEAIPCSIPPCFAFNKPFVF) and T20 (YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF) were 
synthesized as described previously [27,28].

Selection of VIRIP-resistant HIV-1 variants
For the selection of VIR165-resistant viruses, 1 × 106 SupT1 cells were infected with wild-
type (WT) HIV-1LAI (the equivalent of 1.5 ng CA-p24). Six independent cultures were started 
to initiate evolution with 3.8 μg/ml VIR165, which corresponds to the 50% inhibitory 
concentration (IC50) for WT HIV-1LAI. Cultures were split twice weekly, and when HIV-induced 
cytopathic effects and/or increased CA-p24 production were apparent, virus replication was 
maintained by passage of cell-free culture supernatant onto uninfected SupT1 cells with 
a 2-fold increased VIR165 concentration. Initially, we started with passaging of 100 μl of 
cell-free supernatant onto fresh cells. We gradually decreased the volume of supernatant 
in subsequent passages, from 100 μl in the second passage to a minimum of 10 μl. Cell and 
supernatant samples were taken at regular time points and stored at −80°C. Cell culture, 
transfections, and CA-p24 determinations were performed as previously reported [29]. After 
2 1/2 months of culture, DNA was extracted from infected cells by use of a QIAamp DNA minikit 
(Qiagen, Valencia, CA), and the complete proviral env gene was PCR amplified using primers 
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1 (5′-ATAAGCTTAGCAGAAGACAGTGGCAATG-3′) and 2 (5′-GCAAAATCCTTTCCAAGCCC-3′) and 
then sequenced. Amino acid numbering is based on the HXB2 isolate.

Construction of HIV-1LAI molecular clones
The full-length molecular clone of HIV-1LAI (pLAI) [30] was used to produce WT and mutant 
viruses. The plasmid pRS1 was used to introduce mutations as described previously 
[27,31], and the entire env gene was verified by DNA sequencing. Mutant env genes in 
pRS1 were cloned back into pLAI as SalI-BamHI fragments. Each virus variant was transiently 
transfected into C33A cells by calcium phosphate precipitation as previously described [32] 
or by transfection into HEK293T cells by use of Lipofectamine 2000 (Invitrogen) according to 
the manufacturer's instructions. The virus-containing supernatant was harvested at 3 days 
posttransfection and stored at −80°C, and the virus concentration was quantitated by a CA-
p24 enzyme-linked immunosorbent assay (ELISA) as described previously [29].

Infectivity and IC50 determination
The TZM-bl reporter cell line [33,34] stably expresses high levels of CD4 and the HIV-
1 coreceptors CCR5 and CXCR4 and contains luciferase and β-galactosidase genes under 
the control of the HIV-1 long terminal repeat promoter. The TZM-bl cell line was obtained 
through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, 
NIH (via John C. Kappes, Xiaoyun Wu, and Tranzyme Inc. [Durham, NC]). One day prior 
to infection, 17 × 103 TZM-bl cells per well were plated in a 96-well plate in Dulbecco's 
modified Eagle's medium containing 10% fetal bovine serum and penicillin-streptomycin 
(both at 100 U/ml) and then incubated at 37°C with 5% CO2. Virus (5.0 ng CA-p24) was 
preincubated for 30 min at room temperature with serial dilutions of an antiserum or entry 
inhibitor (polyclonal Ig from HIV-positive individuals [HIVIg], sCD4, CD4-IgG2, AMD3100, 
T20, or VIR165). This mixture was added to the cells in the presence of 400 nM saquinavir 
(Roche, Mannheim, Germany) to block secondary rounds of infection and of 40 μg/ml 
DEAE in a total volume of 200 μl. DEAE was added to enhance HIV-1 infection of TZM-bl 
reporter cells. This did not affect the sensitivity to the inhibitors tested ([35–37]; data not 
shown). At 2 days postinfection, the medium was removed and cells were washed once with 
phosphate-buffered saline (PBS; 50 mM sodium phosphate, pH 7.0, 150 mM NaCl) and lysed 
in reporter lysis buffer (Promega, Madison, WI). Luciferase activity was measured using a 
luciferase assay kit (Promega, Madison, WI) and a Glomax luminometer (Turner BioSystems, 
Sunnyvale, CA) according to the manufacturers' instructions. All infections were performed 
in duplicate in at least two independent experiments. Uninfected cells were used to correct 
for background luciferase activity. The infectivity of each mutant without an inhibitor was 
set at 100%. Nonlinear regression curves were determined using sigmoidal dose-response 
curves (variable slope; bottom constraint = 0), and 50% inhibitory concentrations (IC50s) 
were calculated using Prism software, version 5.0. When full inhibition was not yet reached 
at the highest concentration, sigmoidal curves were modeled using extrapolation. Fold 
differences compared to the WT were calculated, and viruses were considered resistant 
when the calculated IC50 was >3-fold higher than that for the WT [35,36]. The infectivities of 
mutant viruses were calculated relative to the infectivity of HIV-1LAI (set at 100%). Infections 
were performed in quadruplicate, and luciferase activity in the absence of an inhibitor was 
measured and corrected for background luciferase activity.
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Virus thermostability experiments
WT and mutant viruses were incubated for 1 h in the presence or absence of 0.5 μg/ml 
sCD4 over the temperature range of 37°C to 50°C by use of a thermocycler before testing 
of their residual infectivity on TZM-bl reporter cells as described above. Because the A60E, 
E64K, and H66R mutants were not infectious in the absence of drug, VIR165 (10 or 30 μg/
ml) was added after incubation in the presence or absence of sCD4 and was present during 
infection of TZM-bl reporter cells. The midpoint of thermal denaturation (Tm) was defined as 
the temperature at which 50% residual infectivity was observed.

Virus decay experiments
WT and mutant viruses were incubated at 37°C in the presence or absence of 1.0 μg/ml 
sCD4 (final concentration during infection, 0.5 μg/ml) for 0, 2, 4, 8, 16, 24, 32, and 96 h 
before testing of their infectivity on TZM-bl reporter cells as described above. Because the 
A60E, E64K, and H66R mutants were not infectious in the absence of drug, VIR165 (10 or 
30 μg/ml) was added during infection of TZM-bl reporter cells. Nonlinear regression curves 
were determined and half-lives (t1/2) calculated using Prism software, version 5.0.

Statistical analysis
All statistical comparisons were performed by the unpaired t test (two-tailed), using Prism 
software, version 5.0, and statistical significance is indicated by asterisks in the figures, as 
described in the figure legends.
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Abstract
The envelope glycoprotein trimer mediates HIV-1 entry into cells. The trimer is fl exible, 
fl uctuati ng between closed and more open conformati ons and someti mes sampling the 
fully open, CD4-bound form. We hypothesized that conformati onal fl exibility could hinder 
the inducti on of broadly neutralizing anti bodies (bNAbs). We therefore modifi ed soluble Env 
trimers to stabilize their closed, ground states. The trimer variants were indeed stabilized in 
the closed conformati on, with a reduced ability to undergo receptor-induced conformati onal 
changes and a decreased exposure of non-neutralizing V3-directed anti body epitopes. In 
rabbits, the stabilized trimers induced similar autologous Tier-1B or Tier-2 NAb ti ters to 
those elicited by the corresponding wild-type trimers, but lower levels of V3-directed Tier-
1A NAbs. Stabilized, closed trimers might therefore be useful components of vaccines aimed 
at inducing bNAbs.

Graphical Abstract
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Introduction
The mature, proteolytically cleaved envelope glycoprotein trimer (Env) mediates HIV-1 
entry into target cells by undergoing a complex series of conformational changes initiated by 
binding to the CD4 receptor and the CCR5 or CXCR4 co-receptor. Defining how Env functions 
during cell entry has major implications for the rational, structure-guided design of trimer-
based vaccines aimed at inducing broadly neutralizing antibodies (bNAbs) against highly 
divergent primary HIV-1 strains. One promising approach is to use recombinant, soluble 
trimers [1,2] as tools to increase our understanding of these coordinated conformational 
changes, via X-ray and cryo-EM structures and biophysical analyses [3–8].
 Creating a soluble, native-like trimer is complicated by the instability of the 
association between the gp120 and gp41 subunits, and between the individual gp120-gp41 
protomers. The native trimer is inherently metastable because it must undergo profound 
conformational rearrangements during virus entry [9]). One successful stabilization strategy 
involves introduction of an intermolecular disulfide bond (SOS) to link gp120 and gp41, 
a point substitution (I559P, i.e. IP) to maintain the gp41 subunits in their prefusion form, 
and truncation at residue 664 to improve trimer solubility [1,10–13]. The resulting trimers 
are termed SOSIP.664. Soluble SOSIP trimers based on the clade A BG505 env gene have 
been used to generate high resolution X-ray and cryo-EM structures [4,5,7,14], to isolate 
new bNAbs that recognize quaternary structure-dependent epitopes, and to characterize 
known bNAbs [1,15–20]. In addition to BG505, native-like SOSIP.664 trimers have also 
been produced from the B41, ZM197M and DU422 clade B or C env genes, as well as other 
sequences [21–25]. As immunogens, the BG505 and B41 SOSIP.664 trimers induce NAbs to 
the neutralization-resistant (Tier-2) autologous virus in rabbits and/or macaques [2].
While the induction of consistent NAb responses against the autologous Tier-2 viruses by 
the BG505 and B41 SOSIP.664 trimers is an unprecedented achievement, it is the first among 
several steps towards the induction of bNAbs. It is highly unlikely that any single Env antigen 
will induce bNAbs. Instead it is probably necessary to devise more sophisticated vaccination 
regimens that include germline targeting, evolutionary lineages, multivalent immunogens, 
alone or more likely in combination [16,26–31].
 Limiting the exposure of non-NAb epitopes is also likely to be be necessary for 
optimal immunogenicity. On BG505 SOSIP.664, non-NAb epitopes in V3 are particularly 
immunogenic [2]. Non-NAbs and narrow specificity NAbs have been proposed to interfere 
with the induction of bNAbs against many pathogens, including influenza, malaria, HIV-
1, and others [30,32–37]. One mechanistic explanation for this phenomenon is that high 
affinity non-NAbs may enter germinal centers and block antigen binding to lower affinity 
B cell receptors with specificity for bNAb epitopes [30,38]. In an in vitro study, McGuire et 
al. showed that when HIV-1 Env antigens were added to a mixture of B cells bearing the 
germline precursors of bNAbs and non-NAbs, including those for V3 non-NAbs, the latter 
were preferentially activated. However, modification of the Env antigen to reduce non-
NAb epitope presentation (including deletion of the V3 region) facilitated the activation of 
lower affinity bNAb precursors [30]. Refocusing Ab responses away from V3 towards other 
epitopes has also been reported [34]. Moreover, Eggink et al. showed that inhibiting the 
immunogenicity of the influenza hemagglutinin head domain enhanced responses to the 
normally subdominant stalk domain, such that more broadly reactive NAbs were elicited 
[33]. Overall, it is highly plausible that limiting the exposure of non-NAb epitopes on native-
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like Env trimers will improve their use as a platform for inducing bNAbs.
 The native Env trimer and its SOSIP.664 mimics are conformationally flexible; 
they can “breathe” such that they fluctuate between closed and more open forms in a 
dynamic equilibrium [3,6,14,22,39]. While unliganded BG505 SOSIP.664 trimers have a high 
propensity to remain in the closed, ground state conformation, the equilibrium for their B41, 
DU422 and ZM197M counterparts is shifted. Thus, a greater proportion of partially open, 
but still fully native-like, trimers can be visualized by negative stain electron microscopy (NS-
EM) [22,23]. Another manifestation of this conformational isomerism is the binding of some 
non-NAbs to a small fraction (presumably the partially open forms) of the SOSIP.664 trimer 
population; these non-NAbs recognize V3, CD4-induced (CD4i) and a subset of CD4-binding 
site (CD4bs) epitopes, which are all normally only accessible on neutralization-sensitive (Tier 
1) viruses [1]. How conformational flexibility influences the immunogenicity of Env trimers 
is not yet known. However, we hypothesize that a trimer stabilized in the closed, unliganded 
state would allow the antibody response to be focused on the desired NAb epitopes with 
minimal induction of unwanted, and perhaps even interfering or distractive, non-NAbs, such 
as those directed against V3.
 Here, we describe the modification of SOSIP.664 trimers to reduce the rate or 
extent of “breathing” and impede conformational changes involved in the transition to 
more open conformations that expose non-NAb epitopes.

Results

AMC008 SOSIP.664 trimers as a basis for studying stabilization strategies
For initial studies of how to improve the frequency of closed SOSIP.664 trimers at the 
expense of partially open or non-native forms, we selected the AMC008 clade B env gene, 
an early sequence from an elite neutralizer enrolled in the Amsterdam Cohort Studies on 
HIV/AIDS, as the test case. The parental AMC008 virus was categorized as a Tier-1B virus by 
the Duke Central Laboratory, suggesting that the native trimer on the virus is relatively open 
and could expose V3- and/or CD4i-epitopes (not shown). When the AMC008 SOSIP.664 Env 
proteins were expressed, ~50% migrated as trimers on a BN-PAGE gel (Fig. S1A), but only 
~35% of the 2G12/SEC-purified AMC008 trimers were visibly native-like in NS-EM images 
(Fig. S2C). We have previously described how unliganded native-like SOSIP.664 trimers 
can exist in two conformations that are distinguishable by NS-EM: a compact “closed” 
conformation and partially open conformation [22]. While the partially open trimers that 
we have described have a higher degree of loop and/or domain mobility, no major decrease 
in density at the center of the trimer could be observed, suggesting that the protomers 
do not become separated at the interface between them. Additionally, the transition 
from the closed to the partially open conformation is at least partially reversible, and in a 
thermodynamic equilibrium [6]. These rapidly interchanging configurations differ from the 
open conformation described by Scharf et al., which is more analogous to the CD4-induced 
fully open state that arises when the trimer undergoes a major reorganization and that is 
likely to be irreversible [14,39].
 We found that ~25% of the AMC008 SOSIP.664 trimers were in the closed, native-
like form, with ~10% partially open, but the remaining ~65% adopted heterogeneous, 
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splayed out shapes that resemble uncleaved, non-native gp140 proteins [40,41]. The 
midpoint of thermal denaturation (Tm), determined by differential scanning calorimetry 
(DSC), for AMC008 SOSIP.664 trimers was 59.6°C, which is much lower than for their BG505 
counterparts (67.3°C; Table 1). Finally, the antigenicity profile of the AMC008 SOSIP.664 
trimers showed that they bound quaternary structure-dependent bNAbs very poorly, but 
several non-NAbs efficiently (Data S1A). As such defects are fairly typical of what we have 
seen with many Env sequences, the AMC008 SOSIP.664 trimers seemed suitable for testing 
structure-guided stabilization strategies. To assess their general applicability, we also tested 
the same strategies on the prototype BG505, B41 and ZM197M trimers.

Positive selection of native-like trimers by PGT145 purification
We first investigated whether we could isolate native-like AMC008 SOSIP.664 trimers by 
affinity chromatography using the quaternary structure-dependent bNAb PGT145, which 
does not recognize non-native Env proteins [22,24]. Even without a subsequent SEC step, 
PGT145-purification yielded homogeneous, fully cleaved trimers (Fig. S2A&B) that were 
~100% native-like when visualized by NS-EM (Fig. S2C). Oligomannose glycoforms dominated 
(~67%) the glycan profile. The high Man8GlcNAc2 and Man9GlcNAc2 content (~14% and ~34%, 
respectively) is a hallmark of native trimers (Table 1; Fig. S3D) [41–43]. However, NS-EM 
imaging also showed that most (~85%) of the PGT145-purified trimers were in a partly open 
conformation (Table 1, Fig. S2C), and their thermal stability was not substantially improved 
(Tm = 60.2°C; Table 1).
 PGT145 purification also yielded a homogeneous population of fully native-like 
BG505 SOSIP.664 trimers (Fig. S3A). The proportion of trimers in the closed conformation 
however was reduced to ~35%, compared to >95% after 2G12/SEC purification. Thus, 
binding to and/or elution from PGT145 causes the BG505 trimers to partially open up, 
which may be attributable to the known, albeit quite subtle, allosteric effects of PGT145 
on the trimer structure [44]. The stability of these PGT145-purified BG505 trimers (Tm = 
66.7°C) was also subtly reduced compared to 2G12/SEC (Tm = 67.3°C; Table 1), but their 
glycan content (Table 1) [41] and antigenicity profiles were both unaltered, compared to 
2G12/SEC-purified trimers [44]. B41 SOSIP.664 trimers, on the other hand, were similar after 
purification by PGT145 or 2G12/SEC, in that they were partly open (45-60%) in both cases 
[22]. For ZM197M, the closed trimer content was reduced from 80% (2G12/SEC) to ~15% 
(PGT145) (Table 1, Fig. S2A-C) [23].

Mutation of gp41 residues 535 and 543: SOSIP.v3 trimers
A previous comparison of JR-FL, a clade B Env that forms SOSIP trimers inefficiently, with 
KNH1144, a clade A Env that does so more efficiently, showed that a methionine at position 
535 (M535) and glutamine at 543 (Q543) in HR1 of gp41 benefit trimer formation (Fig. 1E, 
Table S2) [45]. Similar findings were made when HIV-1 was cultured under harsh conditions 
[46]. We noted that the BG505 sequence contains M535 and N543. Based on the high quality 
of BG505 trimers, we considered that N543 might have the same stabilizing effect as Q543 
on the gp41 prefusion structure. In contrast, the AMC008 sequence contains neither M535 
nor N/Q543, but instead the unfavorable I535 and L543 (Fig. 1E, Table S2). We therefore 
constructed AMC008 SOSIP.664 trimer mutants containing one or more of the I535M, L543N 
and L543Q substitutions (Fig. S1A). All three individual changes improved trimer formation, 

20161230 Steven proefschrift.indd   153 08/02/17   14:55



Chapter 7

154

Figure 1. Design of amino-acid substi tuti ons to stabilize SOSIP.664 trimers. (A) Crystal structure of BG505 
SOSIP.664 trimer [6], showing the locati ons of amino-acid substi tuti ons relevant to this study. One protomer is 
colored according to sub-regions: gp41 in red; V1V2 in cyan; V3 in purple; gp120 inner domain layer 1 in blue; 
layer 2 in yellow; layer 3 in orange; outer domain and N- and C- termini of gp120 in green. (B) Detailed view of 
V3 and surrounding regions showing the A316W substi tuti on. (C) Detailed view of layers 1 and 2 of the gp120 
inner domain, showing how E64 and H66 face the unstructured region of gp41 (residues 548-568) between α6 
and α7. (D) Detailed view of a CD4-liganded gp120 monomer structure [50] highlighti ng the same region as in 
(C) and showing how the E64 and H66 side chains face gp120 layer 2. (E) Depicti on of how the α6-α9 helices of 
gp41 encircle the N- and C-termini of gp120, with M535 and N543 located in the middle and at the C-terminus of 
α6, respecti vely. (F) Infecti on of TZM-bl cells by BG505.T332N Env-pseudoviruses with an A316W, E64K or H66R 
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substitution. (G) V3 Fab 19b binding to AMC008, BG505 and B41 SOSIP.664 and SOSIP.v4 trimers was assessed by 
ITC. The enthalpy changes (ΔH), dissociation constants (KD) and stoichiometries of binding (molar ratio; N) are listed 
in panel (H). (I) Biolayer interferometry analysis of CD4 binding to AviB-tagged mutant wild-type BG505 SOSIP.664 
trimers. (J) SPR analysis of ligand binding to BG505 SOSIP.664-His trimers and both versions of SOSIP.v4-His trimers. 
Top row: CD4-IgG2 (left panel), 17b (middle panel), CD4-IgG2 followed by 17b (right panel); bottom row, PG16, 
PGT145, PGT151 and 35O22. Antibodies and CD4-IgG2 were injected at 500 nM. See also figure S1, table S2 and S3.

which was also the case for the I535M+L543N combination (Fig. S1A). When this double 
mutant was PGT145-purified, NS-EM analysis showed the percentage of closed vs. open 
trimers was unchanged (~15% closed; Table 1), but its thermostability was slightly increased 
from 60.2°C (wild-type) to 61.6°C (Table 1). The I535M+L543N substitutions also modestly 
improved binding of bNAbs PGT145, 35O22 and PGT151, but otherwise did not affect trimer 
antigenicity (Table 2, Fig. Data S1A&E).

The B41 and ZM197M sequences also both lack one of the beneficial amino acids 
at positions 535 and 543, so we introduced the L543N substitution into B41 and V535M 
into ZM197M. The L543N substitution improved PGT145 binding to B41 SOSIP.664 trimers 
in ELISA (Data S1C). From here on, we refer to SOSIP.664 proteins containing the optimal 
amino acids at position 535 (i.e. methionine) and 543 (i.e. asparagine or glutamine) as 
SOSIP version 3 (SOSIP.v3). Specifically, SOSIP.v3.1 contains the 543Q change, and SOSIP.v3.2 
contains 543N. For more details on nomenclature, see Table S3.

Reducing V3 exposure by enhancing hydrophobic packing
Stabilizing the closed conformation of SOSIP.664 trimers requires the V3 region to be 
sequestered and the exposure of non-NAb epitopes (for Tier-2 viruses), including CD4i 
epitopes, to be reduced. Although the V3 region is tucked beneath the V1V2 domain in the 
BG505 SOSIP.664 structure, it can become transiently exposed on some or all trimers as 
they breathe in vitro [1]. V3 is also immunogenic in vivo [2]. One way to gauge V3 exposure 
is MAb reactivity with D7324-tagged SOSIP.664 trimers under ELISA conditions in which V3 
epitopes become readily accessible [1].

We designed an A316W substitution to strengthen hydrophobic interactions at the 
apex, thereby decreasing the propensity for V3 to flip out of its ground-state location (Fig. 
1A&B). For AMC008 and BG505 SOSIP.664 proteins, the A316W change improved trimer 
formation and also increased the thermostability of the BG505 trimers as assessed by an 
assay that can be used with unpurified Env proteins (Fig. S1D-G). The V3 non-NAbs 447-
52D, 39F, 14e and 19b bound less well to all the A316W variant trimers compared to wild-
type (Data S1E-H). For example, 14e and 19b binding to PGT145-purified BG505 SOSIP.664 
A316W trimers was reduced by ~80% and ~50%, respectively; similarly, binding of the CD4i 
non-NAbs 17b and 412d was ~50% lower (Table 2, Data S1F). As the A316W substitution did 
not affect binding of the same non-NAbs to isolated V3 peptides, we conclude that it works 
indirectly on the trimer by impeding exposure of V3 epitopes (Fig. S1H). In contrast, the 
A316W substitution had no adverse effect on the binding of multiple bNAbs to the AMC008, 
BG505, B41 and ZM197M SOSIP.664 trimers (Data S1E-H). Other bulky hydrophobic amino 
acids (Tyr/Phe/Val/Ile) also decreased V3 exposure (>3-fold), but other substitutions had 
little effect (Fig. S1I).

When BG505 SOSIP.664 A316W trimers were purified on PGT145 columns and 
viewed by NS-EM, ~80% were in the closed conformation, an increase compared to the 
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~35% value for the wild-type BG505 trimers. Their thermostability was also greater (Tm = 
69.0°C vs. 66.7°C; Table 1). When introduced into the BG505 Env-pseudovirus, the A316W 
substitution reduced infectivity by ~98%, implying either that conformational flexibility is 
important during entry or that residue A316 plays a direct role in co-receptor binding (Fig. 
1F).

Reducing spontaneous sampling of the CD4-bound conformation
We next evaluated two substitutions (E64K and H66R) in layer 1 of the gp120 inner domain 
that were identified in a study of how HIV-1 becomes resistant to, and eventually dependent 
on, the entry inhibitor VIR165 (Fig. 1A, C, D) (D.E., S.W.dT., I.B., P.J.K., B.B., R.W.S., unpublished 
data). In brief, the resistance changes appear to impede native trimers from assuming 
the CD4-bound conformation, but when VIR165 is present the trimers can undergo CD4-
induced conformational changes. In the unliganded BG505 SOSIP.664 trimer, the side chains 
of residues 64 and 66 are positioned to interact with HR1 of gp41 [7,8,47], but the high 
crystallographic B-values around residues 64 and 66 imply some local flexibility (Fig. 1C) 
[7]. Hydrogen-deuterium exchange (HDX) studies confirmed that this region does not adopt 
a stable secondary structure, but becomes ordered after CD4-binding [3]. Indeed, in the 
structure of a CD4-liganded gp120 core protein, the side chains of residues 64 and 66 have 
reoriented to interact with gp120 layer 2 (Fig. 1D) [48]. Thus, these residues may be part of 
a switch that transduces CD4-induced conformational changes from the CD4bs and layers 
3 and 2 of gp120 to gp41 via layer 1. We hypothesize that the E64K and H66R substitutions 
impede this allosteric process.

Exploratory studies on unpurified culture supernatants indicated that the E64K 
and H66R changes each substantially reduced, or even eliminated, the binding of the CD4i 
non-NAbs to AMC008, BG505, B41 and ZM197M Env proteins (Fig. S1J&K, Data S1A-D). 
When mutant BG505 SOSIP.664 trimers were PGT145-purified and visualized by NS-EM, 
the percentage of closed trimers was substantially increased for the E64K mutant (~85% 
closed vs. 35% for wild-type), but not H66R (~30% closed; Table 1). Each substitution had 
only a minor effect on thermostability (Tm = 67.9°C for E64K, 67.5°C for H66R vs. 66.7°C for 
wild-type). In an ELISA, bNAb binding was unaltered or sometimes enhanced (e.g., for the 
quaternary structure-dependent bNAbs PG16 and PGT145), whereas the 17b and 412d non-
NAbs no longer bound (Table 2, Data S1F).

Combining A316W with E64K or H66R substitutions: SOSIP.v4 trimers
The E64K or H66R substitutions were combined with A316W to make double mutant 
AMC008, BG505, B41 and ZM197M variants based on the SOSIP.v3 design (Table S3). In 
each case, pilot studies on unpurified Env proteins (culture supernatants) indicated that 
the E64K+A316W and H66R+A316W double mutants from all four genotypes had acquired 
the beneficial properties associated with each individual change. Each double mutant was 
expressed efficiently, formed fully cleaved trimers and was slightly more thermostable than 
wild-type (Fig. S1A-G). Moreover, in all four cases, the binding of non-NAbs to CD4i-epitopes 
and V3 epitopes was diminished compared to wild type, or even abolished, while bNAb 
epitopes were mostly unaffected (Data S1A-D).

For simplicity, we here introduce the following nomenclature: SOSIP.v4 trimers 
contain the optimal amino acids at position 535 and 543 (SOSIP.v3; see above) and, in 
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additi on, the A316W change and either the E64K (designated SOSIP.v4.1) or the H66R 
(SOSIP.v4.2) substi tuti on (Table S3).

Table 1. Biophysical properti es of stabilized AMC008, BG505, B41 and ZM197M SOSIP.664 trimers.
The biophysical properti es of 293F cell-expressed, PGT145-purifi ed SOSIP.664-D7324 trimers were assessed using 
NS-EM to determine nati ve-like trimer formati on, DSC to quanti fy thermostability (Tm), and glycan profi ling to 
measure glycan content. For comparison, previously reported Tm values and glycan profi les for 2G12-SEC purifi ed 
SOSIP.664 trimers are included [1–4]. The unprocessed EM, DSC and glycan profi ling data are shown in Fig. S2 and 
S3. The DSC data were fi tt ed using both two state and non-two state models (Fig. S3B). The Tm values based on two-
state model fi tti  ng are listed here, while values based on the alternati ve model fi tti  ng are in Table S1. 

a  Values for AMC008 SOSIP.664 expressed in 293S cells 
b   Values derived from previous studies [1, 22, 23]
c  Tm for 2G12/SEC purifi ed BG505 SOSIP.664-D7324 expressed in 293F cells. Previously, a Tm of  68.1°C was reported for BG505 
SOSIP.664 expressed in 293S cells [1].
d  Glycan profi le of BG505 SOSIP.664 expressed in 293T cells [41]
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Table 2. Anti genicity of stabilized AMC008, BG505, B41 and ZM197M SOSIP trimers.

Binding of bNAbs and non-NAbs to PGT145-purifi ed SOSIP.v4 and SOSIP.664 trimers was assessed by D7324-capture 
ELISA (Data S1E-H). Half maximal binding concentrati ons (EC50, in μg/ml) or area under the curve (AUC) values are 
shown. AUC values were used for some bNAbs and non-Nab 17b because plateau values diff ered substanti ally 
(>20%) between trimer variants or binding curves did not reach plateau levels (17b). Values determined with 
AUC values are underlined. Ab binding to each SOSIP.v4 trimer is expressed as a percentage of binding to the 
corresponding SOSIP.664 trimer (= 100%). Whenever possible, the comparison was based on EC50 values. OD glycan 
is a reference to outer domain glycans. The experimental error is within ± 20% of the recorded value.

Biophysical properti es of stabilized SOSIP.v4 trimers
The various PGT145-purifi ed SOSIP.v4 trimers were fully cleaved and highly homogeneous, 
as assessed by reducing and non-reducing SDS-PAGE and BN-PAGE analysis (Fig. S2A&B). 
The proporti on of closed trimers was increased in each case compared to wild-type, 
most notably for AMC008 SOSIP.v4.2 (~85% closed vs. ~15%; Table 1, Fig. S2C). Except for 
ZM197M SOSIP.v4 (no change), the SOSIP.v4 trimers were also more thermostable by 2-4°C, 
compared to wild-type (Table 1, Fig. S3B). The glycosylati on profi les diff ered litt le from their 
wild-type counterparts, with oligomannose glycans again predominati ng (Table 1, Fig. S3D). 
Dynamic light scatt ering (DLS) experiments showed that, like the BG505 wild-type trimers, 
both SOSIP.v4 variants were monodisperse and had the same hydrodynamic radius (Rh) of 
~69 Å (Fig. S3C). Furthermore, in small angle x-ray scatt ering (SAXS) studies, these trimers 
were all well folded, with a radius of gyrati on (Rg) of ~53 Å (Fig. S3C).

Anti genicity of stabilized SOSIP.v4 trimers
D7324-tagged versions of wild-type (i.e., SOSIP.664) and stabilized trimer variants were 
PGT145 affi  nity-purifi ed and studied by ELISA. The AMC008, BG505, B41, ZM197M SOSIP.
v4 trimers all retained the ability to bind bNAbs (2G12, PGT135, PGT121, PGT126, PGT145, 
35O22, VRC01 and CH103) (Table 2, Data S1E-H). This outcome was confi rmed by surface 
plasmon resonance (SPR) for BG505 SOSIP.v4 and the quaternary structure-dependent 
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bNAbs PG16, PGT145, 35O22 and PGT151 (Fig. 1J). However, in ELISA, there was a marked 
reduction in binding of the V3 non-NAbs 14e and 19b and the CD4bs non-NAb b6, while 
the CD4i non-NAbs 17b and 412d bound to a negligible extent (Table 2, Data S1E-H). 
Furthermore, although the SOSIP.v4 trimers still bound CD4-IgG2, they did not undergo 
CD4-induced conformational changes efficiently, as judged by the lack of induction of the 
17b and 412d CD4i epitopes (Table 2, Data S1E-H).
 In previous isothermal titration calorimetry (ITC) studies, the V3 non-NAb 19b IgG 
bound minimally to the BG505 SOSIP.664 trimers, with a stoichiometry of 0.2 (i.e., on average 
one IgG per 5 trimers), which suggest that a subpopulation of the trimers exposes V3, or 
that all trimers expose V3 transiently [1,22]. In contrast, 19b binding to the BG505 SOSIP.
v4.1 mutant was abolished (Fig. 1G&H). Reactivity of 19b was also decreased for AMC008 
SOSIP.v4 compared to wild-type; the stoichiometry of the 19b-trimer complex was 0.3 for 
wild-type (i.e., ~1 IgG per 3 trimers), but 0 (i.e., no complexes were detected) for SOSIP.v4.1 
and negligible (~0.03; i.e., ~1 IgG per 30 trimers) for SOSIP.v4.2 (Fig. 1G&H). 19b binding to 
B41 SOSIP.v4 was also abolished (no detectable binding, compared to a stoichiometry of 0.2 
for B41 SOSIP.664; Fig. 1G&H). Hence, the V3 region is effectively sequestered on SOSIP.v4 
trimers.
 To confirm their overall native-like structure and bNAb epitope presentation, we 
prepared complexes of the AMC008 SOSIP.v4.2 trimers with bNAbs PGV04 and 35O22 (added 
as Fabs), and visualized them by NS-EM. The stabilized trimers were all compact entities that 
were indistinguishable from previously published low-resolution reconstructions of BG505 
and B41 SOSIP.664 trimers [1,22] (Fig. 3, Fig. S5).

CD4 binding and CD4A-induced conformational changes
In ELISA, CD4-IgG2 binding to AMC008, B41 and ZM197 SOSIP.v4 trimers was slightly 
reduced compared to SOSIP.664, and more markedly so for the BG505 trimers, while there 
was no significant change in binding of CD4bs bNAbs CH103 and VRC01. An SPR analysis 
showed that CD4-IgG2 reached lower plateaus earlier for the SOSIP.v4 trimers than for the 
wild-type trimers, and the ligand dissociated markedly faster from the SOSIP.v4 trimers (Fig. 
1J). This finding is consistent with a report that the introduction of the H66N substitution 
into a gp120 core protein leads to a faster rate of sCD4 dissociation but no change in the 
association kinetics [49]. Biolayer interferometry data confirmed that the affinity of sCD4 for 
various stabilized, BG505 SOSIP.664 trimers was similar or slightly lower, with the greatest 
reduction (2.4-fold) seen with the A316W single mutant and the SOSIP.v4.2 double mutant 
(Fig. 1I).

The ELISA studies also showed that the sCD4-induction of the 17b and 412d CD4i 
epitopes was negligible for the AMC008, B41, ZM197M and BG505 SOSIP.v4 trimers (5-
11% compared to 100% for their SOSIP.664 counterparts; Table 2, Data S1E-H). When 17b 
was added to CD4-IgG2-trimer complexes in an SPR study, it did not bind detectably to the 
BG505 SOSIP.v4 trimers, in marked contrast to its strong binding to the wild-type BG505 
SOSIP.664 trimers under the same conditions (Fig. 1J). Thus, the stabilizing substitutions in 
the SOSIP.v4 trimers impede CD4-induced conformational changes.

Conformational flexibility assessed by hydrogen-deuterium exchange
We used hydrogen-deuterium exchange coupled with mass spectrometry (HDX-MS) to study 
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PGT145-purifi ed BG505 SOSIP.664 and SOSIP.v4 trimers. The profi les for all three trimers 

Figure 2. HDX-MS analysis of BG505 SOSIP.664 and SOSIP.v4 trimers. Butt erfl y plots of PGT145-purifi ed BG505 (A) 
SOSIP.664, (B) SOSIP.v4.1, (C) SOSIP.v4.2 trimers, comparing deuterium exchange levels in the presence and absence 
of sCD4. The percent exchange at each ti me point for each pepti de is shown at its positi on along the primary 
sequence of the protein. Regions that are less (red) or more (blue) protected upon CD4-binding are mapped on 
the BG505 SOSIP.664 crystal structure [6], to depict CD4-induced conformati onal changes. The diff erences in CD4-
inducti on between the SOSIP.664 and SOSIP.v4.1 or SOSIP.v4.2 trimers were also plott ed on the crystal structure 
(rightmost panels of B and C). The exchange kineti cs of individual pepti des are shown in Fig. S4 and Data S1.

PGT145-purifi ed BG505 SOSIP.664 and SOSIP.v4 trimers. The profi les for all three trimers 
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Figure 3. EM reconstructi on of AMC008 SOSIP.v4.2 trimers in complex with PGV04 and 35O22 Fabs. Top and side 
view of AMC008.v4.2 trimers (blue) in complex with PGV04 (yellow) and 35O22 (red) Fabs. The reconstructi on 
shows that AMC008.v4.2 trimers are compact and nati ve-like. At the resoluti on obtained here, there is a very high 
degree of structural similarity with BG505 SOSIP.664 trimers in complex with 35O22 [EMDB-2672].  See also fi gure 
S5.

were very similar to those obtained previously for 2G12/SEC-purifi ed BG505 SOSIP.664 
trimers with only minor changes in exchange patt erns proximal to the stabilizing mutati ons 
(Fig. 2, Fig. S4A&B) [3]. Hence, the E64K+A316W and H66R+A316W substi tuti ons did not 
alter the overall structure and conformati onal dynamics of the trimers.
When sCD4 was added in molar excess, the deuterium-exchange patt erns now diff ered 
markedly for SOSIP.v4 trimers compared to wild-type SOSIP.664 (Fig. 2, Data S1I). sCD4-
binding to wild-type trimers resulted in greater protecti on of the CD4bs, but also of layers 
1-3 in the gp120 inner domain and HR1 of gp41 (Fig. 2A). Thus, sCD4-binding orders and/or 
buries these regions, as reported previously [3]. Conversely, sCD4-binding led to decreased 
protecti on of the V2 and V3 loops as well as in several gp41 regions, which is consistent with 
a sCD4-induced opening of the trimer apex that eventually propagates and increases the 
accessibility of the gp41 fusion machinery (Fig. 2A). Regions of the trimer that are less (red) 
or more (blue) protected upon sCD4 binding are mapped onto the BG505 SOSIP.664 crystal 
structure (Fig. 2A-C).
 In contrast, the above sCD4-induced changes were greatly att enuated or enti rely 
abrogated when the SOSIP.v4 trimers were studied. The stabilizing substi tuti ons appear, 
therefore, to block the ability of sCD4 to induce ordering of residues 370-382 (CD4bs), 245-
256 and 476-483 (layer 3), 206-226 (layer 2), 53-92 (layer 1) and 566-592 (HR2; α7) (Fig. 
2B&C, Data S1I). Furthermore, the substi tuti ons reduced the sCD4-induced disorder of 
residues 165-181 (V2), 286-320 (V3), 520-537 (α6) and 593-628 (gp41 disulfi de loop). Thus, 
the E64K+A316W and H66R+A316W substi tuti ons restrain the sCD4-induced opening of the 
trimer apex, as well as the conformati onal cascade that spreads from the CD4bs via layer 3, 
layer 2 and layer 1 to gp41 HR1 (Fig. 2B&C), described as the allosteric “priming” network 
[3].
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Reduced V3 antibody and Tier-1A neutralizing antibody responses to SOSIP.v4 trimers in 
mice and rabbits
Our principal goal was to reduce the exposure, and by inference the immunogenicity, of non-
NAb epitopes such as V3. Accordingly, we immunized mice with BG505 SOSIP.664 or SOSIP.
v4.1 trimers and analyzed the trimer- and V3-specific Ab binding titers two weeks after the 
third immunization (week 18; Fig. 4A). While trimer binding titers were similar (Fig. S6A), V3 
binding Ab responses, as measured by a direct V3-peptide ELISA, were approximately 100-
fold lower in SOSIP.v4.1-immunized mice compared to the SOSIP.664 recipients (p=0.039, 
Fig. 4B).
 We also immunized rabbits with AMC008, BG505 and B41 SOSIP.664 trimers and 
their SOSIP.v4 counterparts, and quantified the Ab responses by ELISA two weeks after the 
third immunization (week 22; Fig. 4A). All the rabbit sera contained high titers of binding 
Abs against the corresponding SOSIP.664 and SOSIP.v4 trimers (Fig. S6B-D). When we used 
the direct V3 peptide ELISA we found that the V3 Ab responses were significantly reduced 
in the SOSIP.v4-immunized rabbits compared to SOSIP.664 (p=0.0015 for the comparison 
of all SOSIP.664 vs. SOSIP.v4; Fig. 4C&D). Similar results were obtained with a V3 peptide-
competition ELISA (Fig. S6E).
 Since Tier-1A NAb responses to BG505 SOSIP.664 trimers are dominated by V3-
specificities [2], we expected that SOSIP.v4 trimers would induce lower, or less V3-dependent, 
titers of such NAbs. That was indeed the case; the titers of NAbs against the Tier-1A virus 
SF162 were significantly lower in SOSIP.v4 immunized rabbits compared to SOSIP.664 (by 
14-, 8- and 10-fold for BG505, AMC008 and B41, respectively; p=0.0001 for the combined 
datasets; Fig. 4E&F; Tables S4 and S5). In contrast, there was no such reduction in the 
autologous NAb titers. Overall, strong autologous neutralization (ID50 > 500) was observed 
in 9 of 10 BG505 SOSIP.v4-immunized rabbits, with a weaker response in the 10th, and in 3 
of 5 BG505 SOSIP.664 recipients (Fig. 4G&H; Table S5). Autologous NAb titers were observed 
in 4 out of 5 rabbits from each of the B41 SOSIP.664 and SOSIP.v4.1 immunized groups (Fig. 
4G&H; Table S5). An autologous NAb response was also seen in the majority of the AMC008 
trimer recipients. However, the AMC008 NAb titers were lower than the corresponding 
autologous responses to the BG505 and B41 trimers, despite AMC008 being the more 
sensitive virus (i.e., Tier-1B vs. Tier-2) (Fig. 4G&H; Table S5). Autologous neutralization 
strongly correlated with BG505 and AMC008 SOSIP.v4 trimer binding titers (Fig. S6F-I). For 
each of the trimer genotypes, the ratio of the SF162 (Tier-1A) and autologous NAb titers 
show that the Ab responses in the SOSIP.v4 immunized rabbits were directed away from 
the V3 region, compared to the responses elicited by the SOSIP.664 trimers (Fig. 4I&J; Table 
S4 &5). We also tested all the rabbit sera against a large panel of heterologous viruses and 
found that cross-neutralization of Tier-2 viruses was weak and sporadic, which is consistent 
with our findings using BG505 SOSIP.664 trimers [2].

Discussion
We re-designed native-like SOSIP.664 trimers to reduce their intrinsic “breathing”. The E64K/
H66R and A316W substitutions stabilized the trimers in the closed, pre-fusion ground state, 
impeding or even preventing their spontaneous sampling of the CD4-induced conformation, 
and reducing the accessibility of V3. Two gp41 substitutions, I/V535M and L543N/Q, 
increased trimer formation. Together, these four substitutions improve the
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Figure 4. Immunogenicity of AMC008, BG505 and B41 SOSIP.v4 trimers. (A) Immunizati on schedules. Mice were 
immunized at weeks 0, 4 and 16 (black arrows) and the Ab responses were analyzed at week 18 (red arrow). Rabbits were 
immunized at weeks 0, 4 and 20 (black arrows) and the Ab responses were analyzed at week 22 (red arrow). Blue symbols 
represent BG505 trimer-immunized animals, red symbols AMC008 and green symbols B41. The SOSIP.664 recipients are 
shown by closed circles, SOSIP.v4 by squares. Stati sti cal comparisons between groups were performed using a two-tailed 
Mann-Whitney U test (*p>0.05, **p>0.01, ***p>0.001). (B) V3 pepti de ELISA endpoint binding Ab ti ters in mouse sera are 
plott ed. (C, D) V3 pepti de binding responses were determined by ELISA. The midpoint binding Ab ti ters in rabbit sera are 
plott ed in (C), and the normalized values of all SOSIP.664 and SOSIP.v4 values, compared to the mean of the corresponding 
SOSIP.664 group, are shown in (D). The midpoint (E, F) SF162 (Tier-1A), and (G, H) autologous Tier-2 (BG505 and B41) or 
Tier-1B (AMC008) neutralizati on ti ters were determined using the TZM-bl assay (Tables S4 and S5). Specifi cally, the serum 
diluti ons at which HIV-1 infecti vity is inhibited by 50% (ID50) are plott ed in (E) and (G), and the normalized values of all 
SOSIP.664 and SOSIP.v4 values, compared to the mean of the corresponding SOSIP.664 group, are shown in (F) and (H).  (I) 
The rati os of autologous/SF162 NAb ti ters are shown for sera from the various SOSIP.664 and SOSIP.v4 immunized rabbits. 
(J) The normalized values derived from the data in (I) are plott ed. See also fi gure S6 and table S4 and S5.
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current SOSIP.664 design [1] and the probability of generating stable, native-like closed 
trimers for a range of Env sequences. These trimer improvement strategies allowed us 
to generated native-like trimers from a new Env sequence derived from a patient that 
developed a bNAb response. The AMC008 SOSIP.v4 trimers might be suitable starting points 
for lineage vaccines designed to mimic the development of neutralization in the patient.
 Other mutation strategies, such as an I201C-A433C intra-gp120 disulfide bond and a 
A433P point substitution, also reduce non-NAb binding to BG505 SOSIP.664 trimers, increase 
their thermostability and constrain their conformational flexibility [8]. The immunogenicity 
of these modified trimers has not yet been reported. It is also not yet known whether these 
strategies are effective for trimers from other genotypes, or whether they can improve 
intrinsically lower quality trimers such as AMC008 SOSIP.664.
 Our results provide insights into the functions of the Env trimer. The A316W, E64K 
and H66R changes do not affect the folding or overall structure of soluble, SOSIP.664 trimers 
as the resulting structures are very similar to wild-type, but they do ablate infectivity when 
introduced into viral Env. The likely explanation is that residues E64 and H66 are critical for 
facilitating CD4-induced conformational changes and the formation of the CD4i epitopes 
associated with the co-receptor binding site that are essential for virus-cell entry but not 
important in the soluble trimer context. Other substitutions at position 66 (H66N and H66A) 
are known to increase the resistance of HIV-1 to low-temperature inactivation by decreasing 
spontaneous sampling of the CD4-induced conformation, which was previously described as 
“intrinsic Env reactivity” [49–51].
 In the context of an infectious virus, V3 needs to be accessible and dissociate from 
the V1V2 domain, perhaps as an integral part of the entry process. Native-like SOSIP.664 
trimers appear to retain this natural plasticity, such that their V3 regions become exposed 
under certain conditions [1,2]. The same flexibility in the orientation of the V1, V2 and V3 
loops at the trimer apex may underpin the transitions between fully closed and partially 
open versions of some native-like SOSIP.664 trimers (e.g., B41) that we have described 
elsewhere [22]. We now show that these spontaneous conformational transitions in soluble 
trimers can be impeded by the introduction of stabilizing changes.
 In conclusion, by preventing the conformational changes normally required for 
Env function, we have further stabilized recombinant, native-like trimers now designated 
SOSIP.v4. The principal rationale for the stabilization strategy was that it might be beneficial 
for generating protective humoral immune responses. Antigenicity studies showed that 
bNAb epitopes, in particular those that are dependent on quaternary structure, were better 
presented on the SOSIP.v4 trimers while non-NAb epitopes such as V3, which might serve 
as immunological decoys, were occluded. The reduced antigenicity of the V3 region had 
an immunological correlate, in that the SOSIP.v4 trimers induced weaker anti-V3 responses 
in rabbits and, as a result, lower titers of V3-dependent NAbs against the Tier-1A virus 
SF162. This outcome was achieved without compromising the autologous NAb response. 
As noted earlier, a single native-like trimer of any genotype will probably not be sufficient to 
induce bNAbs. However, vaccination regimens that include germline targeting, evolutionary 
lineages, and/or multivalent trimers are strategies towards bNAb generation that merit 
pursuing [16,26–30,52]. In all of these vaccination scenarios, it is likely that reducing the 
immunogenicity of immunodominant non-NAb epitopes in favor of the subdominant bNAb 
epitopes, such as through the generalizable trimer-stabilizing mutations we describe here, 
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will be beneficial.
 The improved stability of SOSIP.v4 trimers might also improve their in vivo halfclife 
or how they are affected by certain adjuvants, thereby maximizing the opportunity for 
naïve B cells to encounter bNAb epitopes. The added resistance to CD4-induced opening, 
which may occur in vivo when macaques or humans (but not rabbits) are immunized, would 
further help maintain the closed, immunologically relevant conformation of the stabilized 
trimer. Overall, we propose that the stabilized SOSIP.v4 trimers are promising Env vaccine 
candidates for evaluation in various strategies intended to induce heterologous Tier-2 NAb 
responses.

Methods and Experimental Procedures

Trimer design, expression and purification
The AMC008 env gene is derived from a subtype B Tier-1B virus, isolated 8 months post-
seroconversion from an elite neutralizer in the Amsterdam Cohort Studies on HIV/AIDS 
(patient H18818 in reference [53]). The design of AMC008 SOSIP.664 trimers is identical to 
the BG505, B41 and ZM197M SOSIP.664 constructs described elsewhere [1,22,23]. For more 
details see SI Methods

Antigenicity assays
Antigenicity was determined using tagged SOSIP.664 trimers for SPR or D7324-capture 
ELISA, as described elsewhere [1,44,54]. In ELISA, the D7324 antibody was attached to the 
solid phase and used to capture the epitope-tagged trimers, which were then recognized by 
various solution-phase MAbs. ITC was used to generate data on MAb-trimer interactions in 
solution [18,55].

Thermostability assays
As a screening assay, we used a PCR machine-based system to expose unpurified 
SOSIP.664-D7324 trimers to a range of temperatures, before using D7324-capture ELISA to 
assess when the 2G12 epitope had been lost. A conventional DSC assay was used to quantify 
the melting of purified trimers, as described previously [22]. The two methods yielded data 
on multiple trimers that correlated well.

Biophysical techniques
Multiple biophysical assays were used to analyze the properties of various SOSIP.664 
trimers, including DLS, SAXS and HDX-MS as described elsewhere [3,56]. Images of purified 
SOSIP.664 trimers, either alone or as Fab complexes, were generated by NS-EM following 
previously described procedures [1]. A more detailed description of the EM process can be 
found in SI Methods.

Mouse and rabbit immunizations
Mice and rabbits were immunized with 10 or 22 μg of trimer, respectively, formulated 
with ISCOMATRIX™, at weeks 0, 4 and 16 (mice) or 0, 4, and 20 (rabbits). For details see SI 
Methods
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Supplemental fi gure legends

Figure S1. Screening of stabilizing mutati ons using unpurifi ed AMC008, BG505, B41 and ZM197M SOSIP.664 proteins, related 
to fi gure 1. BN-PAGE analysis of unpurifi ed (A) AMC008, (B) BG505, (C) B41 SOSIP.664 variants, followed by Western blotti  ng 
with 2G12. In the AMC008 SOSIP.664 context, the A316W, I535M and L543N substi tuti ons make a substanti al contributi on to 
trimer formati on, both individually and collecti vely. We note that introducing the reverse N543L substi tuti on into BG505 SOSIP.664 
reduced trimer formati on (data not shown). (D) Use of a novel thermostability assay to screen unpurifi ed BG505 SOSIP.664-D7324 
variants. Culture supernatants from 293T cells were incubated for 30 min at temperatures ranging from 39–77°C, then analyzed by 
D7324-capture ELISA with 2G12 detecti on. The binding of 2G12 is plott ed as a functi on of temperature, with the OD450 value at 39°C 
set at 100%. The A316W substi tuti on increases thermostability. (E) The unfolding patt ern of the variant proteins was visualized by 
plotti  ng the fi rst derivati ve of the graph in (D) using GraphPad prism 5. (F) The Tm values were derived from the peaks in the fi rst 
derivati ve curves shown in (D). The Tm values obtained in this assay are highly reproducible (standard deviati on of ± 0.3°C for BG505 
SOSIP.664-D7324). (G) Correlati on plot between Tm values obtained using unpurifi ed BG505 SOSIP.664-D7324 proteins in the above 
thermostability assay and Tm values obtained using PGT145-purifi ed BG505 SOSIP.664-D7324 trimers in a DSC assay (Table 1; Fig. 
S2E). (H) Competi ti on ELISA using wild-type and A316W-substi tuted BG505-V3 pepti des. Increasing concentrati ons of wild-type 
(light green) or A316W-substi tuted (dark green) pepti des were incubated with the V3 non-NAb 39F (1.0 µg/ml) prior to additi on 
to immobilized, PGT145-purifi ed BG505 SOSIP.664-D7324 trimers. As the two pepti des were equally eff ecti ve at binding 39F and 
impeding its binding to the trimers, the A316W substi tuti on does not directly aff ect the 39F epitope. Similar results were obtained 
with two other V3 non-NAbs, 19b and 14e (data not shown). (I) High-throughput mutagenesis screen at positi on 316 of BG505 
SOSIP.664-D7324, with a capture ELISA endpoint. Wild-type or positi on 316-mutated variant Env proteins in culture supernatants 
from transiently transfected 293T cells were captured via D7324. The bound proteins were detected using either PGT145 (0.11 µg/
ml; to detect nati ve trimers) or 14e (0.5 µg/ml; to detect V3 exposure), and the rati os of the OD450 signals were plott ed. The wild-
type residue (alanine) is shown in grey, the designed mutant (tryptophan) in red and other substi tuted amino acids in black. Only 
bulky hydrophobic amino acids reduce V3 non-NAb binding. (J, K) Spontaneous sampling of the CD4i conformati on was assessed 
using a D7324-capture ELISA. CD4i epitope exposure was assessed by measuring the binding of high concentrati ons (10 µg/ml) of 
non-NAbs (J) 17b and (K) 412d. The OD450 values obtained using the wild-type BG505 SOSIP.664-D7324 protein were set at 100% 
and used to normalize the values for the E64K and H66R mutants. Mock indicates blank transfecti on supernatant.
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Figure S2. The eff ect of stabilizing mutati ons on the biochemical and biophysical properti es of AMC008, BG505, B41 and ZM197M 
SOSIP.664 proteins, related to table 1. (A) The PGT145-purifi ed SOSIP.664 proteins were analyzed by BN-PAGE analysis and found 
to be exclusively trimeric. (B) Reducing (+DTT) and non-reducing (-DTT) SDS-PAGE analysis of the same proteins. The complete 
conversion of gp140 bands into gp120 when DTT is present indicates gp120-gp41 cleavage is effi  cient; there are also no indicati ons 
that the purifi ed trimers form higher m.wt. disulfi de-linked oligomers. (C) Negati ve-stain EM analyses of 2G12/SEC-purifi ed (top left  
panel) or PGT145-purifi ed (all other panels) AMC008, BG505, B41 and ZM197M SOSIP.664 trimer variants. The 2D class averages 
are shown. Based on loop-movement, compactness and angles between individual protomers, the trimers are classifi ed as closed 
nati ve-like, parti ally open nati ve-like or non-nati ve [1]. Nati ve-like trimers are regularly shaped and have the highest concentrati on 
of electron density at the parti cle center (usually shaped like a triangle because Env is trimeric).  The absence or presence of 
additi onal density around this center of mass determines whether trimers are classifi ed as closed nati ve-like or parti ally open 
nati ve-like, respecti vely. Non-nati ve forms are oft en elongated and no triangular center of density is visible. The classifi cati ons are 
quanti fi ed below each panel. The percentages of closed and parti ally open nati ve-like trimers are in green, and of non-nati ve forms 
in red. The total number of parti cles classifi ed is defi ned as 100%. We observe +/-5% variati on between experiments. 
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Figure S3. The eff ect of stabilizing mutati ons on the biochemical and biophysical properti es of AMC008, BG505, B41 and ZM197M 
SOSIP.664 proteins, related to table 1. (A) SEC profi les of 2G12- or PGT145-purifi ed BG505 SOSIP.664 and SOSIP.v4.1 trimers. (B) 
DSC analysis of PGT145-purifi ed AMC008, BG505, B41 and ZM197M SOSIP.664 trimer variants. The unfolding patt erns were fi tt ed 
using a non-two state model, revealing three individual unfolding peaks. The Tm values of the individual peaks are listed in Table S1. 
For simplifi cati on, the data were also fi tt ed to a two-state model and the Tm values of those analyses are provided in Table 1. (C) 
SAXS analysis of PGT145-purifi ed BG505 SOSIP.664 and SOSIP.v4 trimers. The merged SAXS data are shown for the BG505 trimers 
(upper panel). Lower panel: summary of SAXS and DLS derived structural parameters. The radii of gyrati on (Rg) were derived from 
SAXS experiments using both Guinier analysis with a q*Rg range of 1 - 1.3, and from the parti cle distance distributi on plots obtained 
from indirect transformati on using GNOM [19]. The standard deviati ons of the R

h
 and R

g
 values were small, and similar between 

the diff erent constructs (+/- 0.2-0.5 Å). (D) Glycan profi les of PGT145-purifi ed SOSIP.664 variants as determined by HILIC-UPLC. The 
percentages of Man5-9GlcNAc2 glycans (M5-M9), as a proporti on of the total glycan populati on, are listed in Table 1 
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Figure S4. The eff ect of stabilizing mutati ons on HDX profi les of BG505 SOSIP.664 trimers, related to fi gure 2. (A, B) Left  panels: 
Butt erfl y plots of HDX profi les in the absence of CD4. (A) PGT145-purifi ed BG505 SOSIP.664 vs. SOSIP.v4.1 trimers; (B) PGT145-
purifi ed BG505 SOSIP.664 vs. SOSIP.v4.2 trimers. Right panels: The diff erences in exchange patt erns are mapped onto the higher 
resoluti on BG505 SOSIP.664 structure (Pancera et al., 2014). Regions that are less or more protected from deuterium exchange are 
colored red and blue, respecti vely. The positi ons of the stabilizing mutati ons are indicated in green. (C) BN-PAGE gel-shift  analysis 
of BG505 SOSIP.664 wild-type and double mutant trimers in the presence of sCD4 (0.55 mg/ml; i.e., in 9-molar excess per trimer. 
For all three trimers, there is a complete band-shift  in the presence of sCD4, which shows that saturati ng binding of CD4 occurs 
in each case. However, note that the wild-type trimers dimerize when CD4 binds, but the two double mutants do not. The large 
conformati onal changes upon CD4 binding in the wild-type protein might result in dimerizati on via the fl exible variable loops, which 
is not the case for the mutants, as conformati onal changes are largely prevented upon CD4 binding. 
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Figure S5. Negati ve-Stain EM of PGV04 and 35O22 Fabs bound to AMC008 SOSIP.v4.2, related to fi gure 3. (A) 2D class averages 
and (B) 2D projecti ons of the 3D model. (C) Fourier shell correlati on (FSC) curve of the refi ned map. The resoluti on of the fi nal map 
calculated from the FSC functi on at 0.5 is 15 Å.
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Figure S6: Ab responses in SOSIP.664 or SOSIPv4.1 immunized mice and rabbits, related to fi gure 4. (A) Ab responses to BG505 
SOSIP.664 trimers were quanti fi ed in mouse sera drawn at week-18 by D7324-capture ELISA, using BG505 SOSIP.664-D7324. The 
mice were immunized with PGT145-purifi ed BG505 SOSIPv4.1 or BG505 SOSIP.664 trimers at weeks 0, 4, and 16. Midpoint binding 
Ab ti ters in rabbit sera were also measured by D7324-capture ELISA, using (B) SOSIP.664-D7324 or (C) SOSIP.v4-D7324 trimers as the 
test anti gen. Rabbits were immunized at week 0, 4 and 20 and the Ab responses were analyzed at week 22. Blue symbols represent 
BG505 trimer-immunized animals, red symbols AMC008. The SOSIP.664 recipients are shown by closed circles, SOSIP.v4 by squares. 
(D) The rati os of the SOSIP.664/SOSIP.v4 midpoint ti ters are plott ed. (E) As an alternati ve to direct V3-pepti de ELISA, the V3 Ab 
response was also determined by pre-incubati ng the sera with a cyclized V3 pepti de before determining the residual anti -trimer 
binding ti ters by ELISA (see methods). The relati ve V3 Ab responses (as a % of the total anti -trimer Ab responses) were calculated 
by comparing the midpoint ti ters in the absence and presence of the V3 pepti de. Correlati on plots between autologous BG505 NAb 
ti ters and either (F) BG505 SOSIP.664 binding Ab ti ters, or (G) BG505 SOSIP.v4 binding Ab ti ters. The correlati on was slightly stronger 
when the NAb ti ter comparison was with SOSIP.v4-D7324 binding Ab ti ters. Correlati on plots between autologous AMC008 NAb 
ti ters and either (H) AMC008 SOSIP.664 binding Ab ti ters, or (I) AMC008 SOSIP.v4 binding Ab ti ters. The strong correlati on with the 
binding Ab ti ters to the AMC008 SOSIP.v4-D7324 trimers implies that AMC008 SOSIP.v4 trimers present neutralizati on-relevant 
epitopes in vivo more effi  ciently than their SOSIP.664 counterparts. The r and p values for non-parametric Spearman correlati ons 
are shown. Stati sti cal comparisons between groups were performed using a two-tailed Mann-Whitney U test (*p>0.05, **p>0.01, 
***p>0.001).
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Supplementary Tables

Table S1: Detailed DSC analysis of PGT145-purifi ed SOSIP trimer variants, related to table 1. In additi on to the simplifi ed two-state 
model analysis, the unfolding patt erns were fi tt ed using a non-two state model (see Fig. S3B), revealing three individual unfolding 
peaks. The Tm values of the individual peaks are given in °C.
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Table S2. Amino acids present at positi ons 535 and 543 of the α6 helix in gp41, related to fi gure 1. The amino acids present in the 
wild-type sequences of clones JR-FL, KNH1144, BG505, B41, ZM197M and AMC008 at positi ons 535 and 543, as well as the amino 
acids opti mal for Env stability (in green; [33,34]) are shown. The right-most column specifi es the amino acid changes that have now 
been incorporated into the various SOSIP.664 constructs to opti mize trimer formati on (resulti ng in the SOSIP.v3 trimers).

Table S3. Nomenclature for new stabilized SOSIP.664 trimers, related to fi gure 1. An overview of the modifi cati ons made to the 
stabilized SOSIP.664 trimer variants. Green, present; red, not present. SOSIP.681 and SOSIP.664 were renamed to SOSIP.v1 and 
SOSIP.v2 respecti vely. R6 refers to an improved hexa-arginine furin cleavage site [7].
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Table S4. Midpoint neutralizati on ti ters for sera from rabbits immunized with SOSIP.664 or SOSIP.v4 trimers tested against a 
panel of Env-pseudotyped viruses, related to fi gure 4. The TZM-bl cell assay was performed at AMC. ID50 values, i.e., the week-22 
serum diluti on at which infecti vity was inhibited by 50%, are recorded, with the boxes colored according to their magnitude. White, 
no neutralizati on, ID50 <40; yellow, weak neutralizati on, ID50 40-100; orange, moderate neutralizati on, ID50 100-1000; red, strong 
neutralizati on, ID50 >1000. Values in columns labeled with “V3 pep” were obtained in the presence of V3 pepti de as competi tor [27].
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Table S5. Midpoint neutralizati on ti ters for sera from immunized rabbits with SOSIP.664 or SOSIP.v4 trimers and tested against a 
panel of Env-pseudotyped viruses, related to fi gure 4. The TZM-bl cell assay was performed at DUMC. ID50 values, i.e., the week-22 
serum diluti on at which infecti vity was inhibited by 50%, are recorded, with the boxes colored according to their magnitude. White, 
no neutralizati on, ID50 <40; yellow, weak neutralizati on, ID50 40-100; orange, moderate neutralizati on, ID50 100-1000; red, strong 
neutralizati on, ID50 >1000.
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SI Experimental Procedures

Construct design
The BG505, B41, and ZM197M SOSIP.664 constructs have been described elsewhere [1–3]. The AMC008 env gene 
is derived from a subtype B virus, isolated 8 months post-seroconversion from an individual in the Amsterdam 
Cohort Studies on HIV/AIDS who eventually developed broadly neutralizing antibodies (patient H18818 in [4]). 
The AMC008 SOSIP.664 gp140 construct was designed as previously described [1–3], by introducing the following 
sequence changes: A501C and T605C (gp120-gp41ECTO disulfide bond; [5]); I559P in gp41ECTO (trimer-stabilizing; 
[6]); REKR to RRRRRR in gp120 (cleavage enhancement; [7]); a stop codon at gp41ECTO residue 664 (improvement 
of homogeneity and solubility; [8]). SOSIP.664-D7324 trimers contain a D7324 epitope-tag sequence at the 
C-terminus of gp41ECTO and were made by adding the amino-acid sequence GSAPTKAKRRVVQREKR after residue 664 
in gp41ECTO [2]. Similarly, biotinylated SOSIP.664-aviB trimers were generated by adding the avidin (avi) sequence 
GLNDIFEAQKIEWHE after residue 664, followed by biotinylation (aviB) as described [9]. Point mutants were made 
by Quikchange site directed mutagenesis (Agilent, Stratagene), and verified by sequencing.  All experiments used 
D7324-tagged trimers, except for DLS, SAXS, HDX-MS and ITC studies (untagged trimers), SPR (His-tagged trimers) 
and Octet assays (aviB-tagged trimers). 

Construction of an AMC008-LAI chimeric molecular clone
The molecular clone of LAI was used as the backbone to construct a chimeric virus [10]. This LAI clone contains 
a unique Sal1 restriction site 434 nucleotides upstream of the env start codon and a unique BamH1 site at the 
codons specifying amino acids G751 and S752 in LAI gp160 (HXB2 numbering). A DNA fragment was synthesized 
that contained the LAI sequences between the Sal1 site and the env start codon, followed by the AMC008 env 
sequence up to the BamH1 site (Genscript). The fragment was then cloned into the LAI molecular clone backbone 
using Sal1 and BamH1 as digestion enzymes. The resulting molecular clone encodes the complete AMC008 
gp160 sequence, except for the C-terminal 106 amino acids of the cytoplasmic tail, which are derived from LAI 
gp160. The authenticity of the clone was verified by sequencing. Infectious virus was produced from the clone by 
transfection and used in virus infectivity and neutralization assays based on TZM-bl cells as described below. When 
the neutralization-sensitivity of the AMC008 –LAI chimeric virus was assessed using a panel of human sera and 
MAbs and a panel of test viruses at the Duke University Medical Center, it was classified as being in Tier-1B (not 
shown). Note that the various AMC008 SOSIP.664 constructs are based on the same env sequence that is present 
in the AMC008 chimeric molecular clone.

Env protein expression
Proteins encoded by the various env genes described above were expressed in adherent 293T cells, or in 293F 
or 293S (GnTI-/-) variants adapted for suspension cultures, essentially as described [2,11]. All experiments with 
purified trimers used 293F cell-expressed proteins, except for ITC assays when the producer cell was, in most cases, 
293S. The 293T or 293S cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 
10% fetal calf serum (FCS), penicillin (100 U/ml) and streptomycin (100 µg/ml). For trimer expression on a small-
scale, 293T cells were seeded at a density of 5.5×104/ml in a 6-well plate. The next day, when the cells had reached 
a density of 1.0×106/ml, they were transfected using polyethyleneimine (PEI), as previously described [12]. Briefly, 
PEI-MAX (1.0 mg/ml) in water was mixed with expression plasmids for Env and Furin [5] in OPTI-MEM (Gibco). For 
one well, 3.75 µg of Env plasmid, 1.25 µg of Furin plasmid and 12.5 µl PEI-MAX (1mg/ml) were added in 3 ml of 
growth media (DMEM + 10% FCS + penicillin and streptomycin). Culture supernatants were harvested 72 h after 
transfection. 
For larger-scale production, Env proteins were produced in 293F cells using a protocol similar to that described 
previously [2,11]. Briefly, PEI-MAX (1.0 mg/ml) in water was mixed with expression plasmids for Env and Furin in 
OPTI-MEM. For cultures in a 2L disposable Nalgene flask (VWR), 250 µg of Env plasmid, 62.5 µg of Furin plasmid 
and 0.94 mg of PEI-MAX were added to 1L of pre-warmed Free-style 293 expression medium (Life Technologies). 
293F cells were cultured for 6-7 days at 37°C, in an atmosphere containing 8% CO2 and at a rotation speed of 125 
rpm. 

Trimer purification
Env proteins were purified from transfection supernatants by affinity chromatography using a PGT145- or a 
2G12-column, essentially as described [1,2,11]. The columns were made by coupling PGT145 or 2G12 to CNBr-
activated Sepharose 4B beads (GE Healthcare). Briefly, supernatants were vacuum filtered through 0.2-µm filters 
and passed (0.5–1 ml/min flow rate) through the column, which was then washed with 2 column volumes of 
buffer (0.5 M NaCl, 20 mM Tris, pH 8.0). Bound Env proteins were eluted using 1 column volume of 3 M MgCl2 and 
then immediately buffer-exchanged into 75 mM NaCl, 10 mM Tris, pH 8.0, using Vivaspin-20 tubes. The proteins 
were concentrated using Vivaspin columns with a 30-kDa cut off (GE Healthcare). 2G12-purified Env proteins were 
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further fractionated by size exclusion chromatography (SEC) to obtain pure trimers, whereas the PGT145 column 
yielded pure trimers without the need for SEC. Protein concentrations were determined using UV280 absorbance 
and theoretical extinction coefficients via Expasy (ProtParam tool). All experiments were performed with PGT145-
purified trimers except for ITC and Octet studies, which used 2G12/SEC-purified trimers.

Neutralization assays
 The TZM-bl reporter cell line, which stably expresses high levels of CD4 and the co-receptors CCR5 and CXCR4 and 
contains the luciferase and β-galactosidase genes under the control of the HIV-1 long-terminal-repeat promoter, 
was obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH (John 
C. Kappes, Xiaoyun Wu, and Tranzyme Inc., Durham, NC). 
 TZM-bl cell neutralization assays using Env-pseudotyped or chimeric molecular clone viruses were 
performed at two different sites: DUMC, Duke University Medical Center, Durham, NC (for methodology see [13]); 
AMC, Academic Medical Center, Amsterdam (for methodology see [2]). The assays at DUMC were performed 
essentially as described in protocols at: http://www.hiv.lanl.gov/content/nab-reference-strains/html/home.htm. 
Assays performed at AMC had the following modifications. For use in virus production, 293T cells (2×105) were 
seeded in a 6-well tissue culture plate (Corning) in 3 ml of DMEM (Gibco) containing 10% FCS, penicillin (Sigma) 
and streptomycin sulphate (Gibco) (both at 100 U/ml) per well. The culture was refreshed after 1 d by adding 3 ml 
of culture medium when the cells had reached a confluence of 90–95% and were ready for transfection. To make 
Env-pseudotyped viruses, the following expression plasmids were added to 240 µl of OPTI-MEM (Gibco) and 10 µl 
of lipofectamine 2000 (Invitrogen) per well: 1.6 µg of BG505.T332N Env plasmid and 2.4 µg of pSG3ΔEnv plasmid 
(obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH (John C. 
Kappes, Xiaoyun Wu, and Tranzyme Inc. Durham, NC)). To make infectious chimeric viruses by transfection the 
same procedure was used except that 4 μg of a molecular clone plasmid was added per well. After incubation 
for 20 min at room temperature, the transfection mixture was added to the cells, and the culture supernatants 
were harvested 48 h later as the source of Env-pseudotyped or infectious chimeric viruses for infection and/or 
neutralization experiments.

One day prior to virus infection, 1.7×104 TZM-bl cells per well were seeded in a 96-well plate in DMEM 
containing 10% FCS, 1× MEM nonessential amino acids, penicillin and streptomycin (both at 100 U/ml), and 
incubated at 37°C for 24h in an atmosphere containing 5% CO2. To determine neutralization activity of rabbit sera, 
a fixed amount of virus (500 pg of p24-antigen equivalent) was incubated for 1 h at room temperature with heat-
inactivated sera (3-fold serial dilutions starting at 1:20). The mix was then added to the cells in the presence of 40 
µg/ml DEAE-Dextran (Sigma) and Saquinavir, in a total volume of 200 µl. Three days later, the medium was removed 
and the cells were washed once with PBS (150 mM NaCl, 50 mM sodium phosphate, pH 7.0) and lysed in Reporter 
Lysis Buffer (Promega). Luciferase activity was measured using a Luciferase Assay kit (Promega) and a Glomax 
Luminometer according to the manufacturer's instructions (Turner BioSystems). All infections were performed in 
duplicate. Uninfected cells were used to correct for background luciferase activity. To determine the V3 specificity 
of the NAb responses, sera were first incubated for 1 h at room temperature with 1mg/ml of a V3 peptide (BG505: 
TRPNNNTRKSIRIGPQAFYATGDIIGDIRQAH or AMC008: TRPNNNTRKSINIGPGRAFYTTGEIIGDIRQAH). The residual 
NAb titers were then quantified as described above. The infectivity of each virus in the absence of serum was set at 
100%. Nonlinear regression curves were determined and the 50% inhibitory serum dose (ID50) was calculated using 
a sigmoid function in Prism software version 5.0.

SDS-PAGE 
Env proteins were analyzed using SDS-PAGE followed by western blotting or Coomassie blue dye staining [6,14]. 
The input material was mixed with loading dye (25 mM Tris, 192 mM Glycine, 20% v/v glycerol, 4% m/v SDS, 0.1% 
v/v bromophenol blue in milli-Q water) and incubated at 95°C for 5 min prior to loading on a 4-12% or 8% Tris-
Glycine gel (Invitrogen). For reducing SDS-PAGE, dithiothreitol (DTT; 100 mM) was included in the loading dye. The 
gels were run for 2h at 125 V (0.07 A) using 50 mM MOPS, 50 mM Tris, pH 7.7 as the running buffer (Invitrogen). 
Western blot analysis of SDS-PAGE gels using mouse MAb ARP3119 (1:2,000 dilution, i.e. 0.2 μg/ml), followed by 
HRP-labeled goat anti-mouse IgG (1:5000; Jackson Immunoresearch) was performed as previously described [6]. 
The Western Lightning ECL system (PerkinElmer Life Sciences) was used for luminometric detection. Coomassie 
blue staining of SDS-PAGE gels was performed using the PageBlue Protein Staining Solution (Thermo Scientific).

Blue Native-PAGE
For BN-PAGE [6,14], the input Env proteins were mixed with loading dye (500μl 20x MOPS Running Buffer (1M 
MOPS + 1M Tris, pH 7.7)+ 1000μl 100% Ultrapure Glycerol (Invitrogen cat#15514-011) + 50μl 5% Coomassie 
Brilliant Blue G-250 + 600μl milli-Q water) and directly loaded onto a 4–12% Bis-Tris NuPAGE gel. The gels were 
run for 1.5 h at 200 V (0.07 A) using Anode-Buffer (20x NativePAGE Running Buffer (Invitrogen) in milli-Q water) 
and Cathode-Buffer (1% NativePAGE Cathode-Buffer Additive in Anode-Buffer; both from Invitrogen). Western blot 
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analysis of BN-PAGE gels was carried out using human MAb 2G12 (0.1 μg/ml), followed by HRP-labeled goat anti-
human IgG (1:5,000 dilution, Jackson Immunoresearch and the Western Lightning ECL system (PerkinElmer Life 
Sciences), essentially as described previously [6]. BN-PAGE gels were stained using the Colloidal Blue Staining Kit 
(Life Technologies).

Surface plasmon resonance (SPR)
SPR was performed on a Biacore 3000 instrument at 25°C, using HBS-EP (10 mM HEPES [pH 7.4], 150 mM NaCl, 3 
mM EDTA, 0.002% P20 surfactant) as the running buffer (GE Healthcare). The D7324 antibody (Aalto BioReagents) 
was coupled to the chip as previously described [15], to an immobilization level of 9,000 resonance units (RU). 
The flow rate was adjusted to 10 µl/min. The ligands, i.e., D7324-tagged BG505 SOSIP.664, v4.1 and v4.2 trimers, 
diluted in running buffer to 20 μg/ml, were then captured, giving immobilization levels (RL values) of 300 RU. A 
control channel into which no trimers were injected was used for background subtraction. In the simple binding 
assessment, the analytes, i.e., the test MAb or CD4-IgG2 (500 nM, diluted in HBS-EP), were allowed to associate 
with the trimers for 5 min before dissociation was recorded for 10 min. The flow rate was 50 μl/min throughout 
each run. After each cycle, the surface was regenerated by a 60 s injection of 10mM Glycine [pH 2.0], at a flow rate 
of 30 μl/min. Induction of conformational changes by CD4 was studied in the SPR format by injecting two analytes 
in a single cycle. The first analyte (CD4-IgG2; 500 nM) was injected for 200 s followed by the second (17b; 500 nM) 
for a further 200 s, both at a flow rate of 30 ml/min. After each cycle, the surface was regenerated as described 
above, before fresh trimer was captured for the next run. 

D7324-capture ELISA
This method has been described elsewhere [2,16]. Microlon-600 96-well, half-area plates (Greiner Bio-One) were 
coated overnight with Ab D7324 at 10 μg/ml in 0.1 M NaHCO3, pH 8.6 (50 µl/well). After washing and blocking 
steps, purified BG505 SOSIP.664-D7324 trimers were added at 2 µg/ml in TBS for 2 h. Unbound trimers were 
removed by 2 wash steps with TBS before various concentrations of test Abs were added for 2 h. After 3 washes 
with TBS, HRP-labeled goat anti-human IgG (Jackson Immunoresearch) was added at a 1:3000 dilution in TBS/2% 
skimmed milk for 1 h, followed by 5 washes with TBS/0.05% Tween-20. Colorimetric detection was performed 
using a solution containing 1% 3,3′,5,5′-tetramethylbenzidine (Sigma-Aldrich), 0.01% H2O2, 100 mM sodium acetate 
and 100 mM citric acid. Color development (absorption at 450 nm) was stopped using 0.8 M H2SO4 (25 µl) when 
a plateau value was reached in the two wells containing the highest Ab concentration. In some experiments (Fig. 
S1, Data S1), MAbs 17b or 412d were added to the immobilized Env proteins in the presence of two-domain sCD4 
(1.0 μg/ml). In other experiments (Fig. S1H), a fixed concentration of 14e (0.1 μg/ml), 19b (0.6 μg/ml) or 39F 
(1.0 μg/ml) was incubated in solution with escalating concentrations of V3 peptides (Genscript) before adding 
the mixture to the ELISA plate. The V3 peptides (wild-type: CTRPNNNTRKSIRIGPQAFYATGDIIGDIRQAHC; A316W: 
CTRPNNNTRKSIRIGPGQWFYATGDIIGDIRQAHC) were cyclized by a disulfide bond between residues 1 and 35. To 
quantify antibody responses in immunized rabbits, sera (from week-22) were serially diluted in 3-fold steps from a 
1:100 start point, using 40% sheep serum (Biotrading) and 2% milk powder in TBS as the buffer. When V3-directed 
Ab responses were analyzed, the sera were incubated in solution with a V3 peptide (1 µg/ml) for 1 h prior to 
adding the mixture to the test wells. The peptide sequences were identical to the V3 region of the immunogen. 
As with the BG505 V3 peptides described above, the peptides were cyclized by a disulfide bond between residues 
1 and 35. The sequences of the AMC008 peptides were (wild-type: CTRPNNNTRKSINIGPGRAFYTTGEIIGDIRQAHC; 
A316W:  CTRPNNNTRKSINIGPGRWFYTTGEIIGDIRQAHC. The secondary antibody was goat anti-rabbit IgG (Jackson 
Immunoresearch), and the color development procedures were as described above. 

V3 peptide ELISA
To determine V3 Ab responses in BG505-immunized mice and rabbits, 96-well MaxiSorp plates were coated with 
2 µg/ml of a cyclized V3-peptide in PBS, by incubation overnight at 4°C. The V3 peptide was based on the BG505, 
AMC008 or B41 sequence, as appropriate, either unmodified or including the A316W change present in SOSIP.v4 
trimers. The plates were then washed with PBS + 0.1% Tween-20 and blocked with PBS + 0.05% Tween-20 + 3.3% 
FBS + 2% BSA (PBS-TFB), for 1.5 h at room temperature. After washing, mouse or rabbit serum dilutions were added 
in PBS-TFB. The subsequent steps in the assay were as described for the D7324 capture ELISA for determining 
anti-trimer Ab titers, using either an HRP-labeled goat anti-mouse or an HRP-labeled goat anti-rabbit secondary 
antibody, as appropriate. 

ELISA-based thermostability assay
As a screening assay for trimer stability, we devised a new thermal melting assay suitable for use on culture 
supernatants containing unpurified BG505 SOSIP.664-D7324 trimers (SI Fig. 1D-G). Supernatants (typically 60 µl 
containing ~15 µg/ml of total Env protein) were incubated for 30 min in a temperature gradient ranging from 
39-77°C using a G-storm PCR machine (GRI Lab Care). The supernatants were then transferred to a 96-well plate 
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and a D7324-capture ELISA was performed as described above. The 2G12 detection MAb was used at 0.1 µg/ml, 
a concentration that gives ~75% of the maximal signal in this ELISA format and, hence, allows any temperature-
dependent loss of 2G12 reactivity to be quantified. When multiple, unpurified BG505 SOSIP.664-D7324 trimer 
variants were tested, the results from this screening assay correlated well with the outcome of DSC experiments 
using the same (but purified) trimers (Fig. S1G). However, the midpoints of thermal denaturation (Tm) in the 
present assay were consistently 3-5°C lower than obtained via DSC, probably because the 2G12 epitope unfolds or 
is perturbed at a lower temperature than the bulk of the trimer.

Biolayer interferometry (BLI)
BLI assays were performed using the Octet Red96 instrument (Pall FortéBio). C-terminally His-tagged two-domain 
sCD4 (domains 1 and 2, expressed in 293F cells and purified via Ni-NTA affinity chromatography and SEC) was 
immobilized onto Dip and Read Ni-NTA-coated biosensors for 120 s followed by a 60 s baseline measurement in 
Kinetics Buffer (phosphate-buffered saline [PBS] pH 7.2 supplemented with 0.01% w/v bovine serum albumin and 
0.002% v/v Tween 20). The probes were then dipped for 300 s into wells containing 200 nM of BG505 SOSIP.664-
aviB wild-type or BG505 SOSIP.664-AviB containing single or double stabilizing mutations (E64K, H66R, A316W, 
version 4.1, or 4.2), in the same buffer. After the association step, the probes were placed into wells containing only 
the buffer for 600 s to measure dissociation. An inter-step correction was applied to align the end of the association 
curve to the beginning of the dissociation curve, and a single binding site model was used to determine on- and 
off-rates from the aligned curves. 

Differential scanning calorimetry (DSC)
Thermal denaturation was studied using a nano-DSC calorimeter (TA instruments). All Env protein samples were 
first extensively dialyzed against PBS, and the protein concentration then adjusted to 0.1–0.3 mg/ml. After loading 
the sample into the cell, thermal denaturation was probed at a scan rate of 60°C/h. Buffer correction, normalization 
and baseline subtraction procedures were applied before the data were analyzed using NanoAnalyze Software 
v.3.3.0 (TA Instruments). The data were fitted using both two-state and non-two-state models, as the asymmetry 
of some of the peaks suggested that unfolding intermediates were present. We report the Tm values derived from 
the two-state model in the main text, while the multiple Tm values based on the non-two-state models are in the 
SI section. The DSC experiments were all performed with SOSIP.664-D7324 trimers, but we determined that the 
presence of the D7324-tag does not alter the Tm values compared to the corresponding non-tagged trimers (data 
not shown).  By running multiple DSC runs with the same protein (BG505 SOSIP.664-D7324), we determined that 
the standard deviation of the nano-DSC melting temperatures is +/- 0.3°C.

Dynamic light scattering (DLS)
DLS measurements were performed at 20°C using a Dynapro Nanostar instrument (Wyatt Technologies), with 
40 acquisitions of 5 s each. Each sample was spun at 10,000 x g for 10 min prior to the DLS measurement to 
remove any trace aggregates or dust from the sample. The hydrodynamic radius (Rh) and the molecular weight 
(MW) were calculated using the Dynamics Analysis software (Wyatt Technologies), assuming a spherical model. To 
determine the Rh of stabilized SOSIP.664 trimers more precisely, we opted for DLS instead of the SEC/quasi-elastic 
light scattering (QELS) method used previously [11]. The reason is that the use of flow mode SEC coupled to static 
and QELS detectors is limited by fitting using a mono-modal model. Calculated Rh values derived from this method 
thus represent the mean and distribution of diffusion constants. For a protein sample containing a small amount 
of polydispersity that is attributable to the presence of larger species, the resulting Rh value can be artificially 
elevated. As some preparations of BG505 SOSIP.664 trimers can contain up to ~5% of higher-order aggregates that 
are not completely separated from the trimer by SEC, their presence may account for the higher Rh values (i.e. 8.1 
nm for the BG505 SOSIP.664 trimer [11]) than are presented here. Overall, because DLS measurements allow for 
multi-modal fitting models, we considered them to be a better way to measure Rh values for the wild-type and 
stabilized SOSIP.664 trimers.

Small angle X-ray scattering (SAXS)
SAXS measurements were conducted on Beam Line 4-2 at the Stanford Synchrotron Radiation Laboratory [17]. The 
focused 11 keV X-ray beam irradiated a thin-wall quartz capillary cell, placed 2.5 m upstream of the Rayonix MX 
225HE detector (Evanston, IL). A 50 µl sample of various PGT145-purified BG505 SOSIP.664 trimer variants (1 – 2 
mg/ml) were injected onto a high resolution Sepharose-200 column (GE Healthcare) with a flow rate of 50 µl/
min in 20 mM Na3PO4 pH 7.4, 150 mM NaCl, 0.02 % NaN3, 1 mM EDTA. The column eluate passed through a UV 
detector cell and into the quartz capillary cell. X-ray exposures were collected for 1 s every 5 s throughout the run, 
during which a circulating water bath maintained the capillary cell temperature at 8°C. The detector pixel numbers 
were converted to the momentum transfer using the formula: q = 4p*sinq/l, where l is the X-ray wavelength of 
1.127 Å and 2*q is the scattering angle calibrated using a silver behenate powder standard placed at the capillary 
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position. A background scattering curve was obtained from the first 100 exposures (before the void volume), 
and was subtracted from all subsequent exposures during generation of the sample elution profile. The radius of 
gyration values (Rg) and I(0) for each frame were batch-analyzed using AutoRg, and frames with stable Rg values 
were merged using Primus [18] for the final scattering curve. The real space distance distribution functions were 
calculated from the merged data sets by indirect transformation using the program GNOM [19].

Hydrogen-deuterium exchange coupled with mass spectrometry (HDX-MS)
Two domain soluble CD4 (sCD4) [20] was obtained from the NIH AIDS Reagents Repository. Immediately before 
HDX-MS analysis, all proteins were SEC-purified using a Superdex S200 column (GE Healthcare) and a PBS-based 
elution buffer (20 mM sodium phosphate pH 7.4, 150 mM NaCl with 1 mM EDTA and 0.02 % sodium azide). 
Complexes were formed by overnight incubation at 4°C with a 9-fold molar excess of sCD4 (relative to one trimer). 
Native gels were run for each sample to assess complex formation (SI Fig. 4C). Various PGT145-purified BG505 
SOSIP.664 trimers (15 µg) were diluted 10-fold into deuterated PBS buffer and incubated at room temperature. The 
deuterium exchange reactions were quenched after 3 s, 1 min, 30 min and 20 h by mixing with an equal volume of 
cold 200 mM Tris-(2-Carboxyethyl)phosphine hydrochloride (TCEP), 0.2 % formic acid (final pH 2.5). The samples 
were subsequently digested with pepsin (0.15 mg/ml) for 5 min on ice, flash frozen in liquid nitrogen, stored at 
-80°C and analyzed by LC-MS as described previously [21]. Differences in exchange profiles that exceeded the 
error, based on the standard deviation from duplicate measurements, were visualized on the trimer structure using 
custom macros in PyMOL [22]. 

Negative-stain electron microscopy (EM)
Purified BG505, B41, ZM197M and AMC008 SOSIP.664 trimers, either alone or as Fab complexes (with PGV04 and 
35O22), were analyzed by negative-stain EM. To form complexes, a 6-10 molar excess of each Fab was incubated 
with trimers overnight at room temperature. A 3 µl aliquot containing ~0.03 mg/ml of a trimer or Fab-trimer 
complex was applied for 5 s onto a carbon-coated 400 Cu mesh grid that had been glow discharged at 20 mA for 
30 s, then negatively stained with 2% (w/v) uranyl formate for 60 s. Data were collected on either an FEI Tecnai 
T12 electron microscope operating at 120 keV, with an electron dose of ~25 e-/Å2 and a magnification of 52,000x 
that resulted in a pixel size of 2.05Å at the specimen plane, or an FEI Talos electron microscope operating at 200 
keV, with an electron dose of ~25 e-/Å2 and a magnification of 92,000x that resulted in a pixel size of 1.57 Å at the 
specimen plane. Images were acquired with a Tietz TemCam-F416 CMOS camera (FEI Tecnai T12) or FEI Ceta 16M 
camera (FEI Talos) using a nominal defocus range of 1000-1500 nm.

Image processing and 3D reconstruction
Data processing methods are described in detail elsewhere, including the closed, partially open, and non-native 
trimer classification system [1,16]. Briefly, a total of 24,522 particles were included in the final reconstruction for 
the 3D average of AMC008 SOSIP.v4.2 in complex with PGV04 and 35O22 Fabs. An initial common-lines model was 
generated using 2D class averages in EMAN2 [23] followed by refinement against all particles in Sparx [24]. The 
resolution of the final reconstruction is ~15 Å based on a Fourier shell correlation of 0.5 (Fig. S4A-C).

Isothermal titration calorimetry (ITC)
ITC was performed using an Auto-iTC 200 instrument (GE Healthcare) using a protocol similar to one described 
previously [2,11]. Briefly, prior to conducting the titrations, proteins were dialyzed against Tris-saline buffer 
(150 mM NaCl, 20 mM Tris, pH 8.0). Absorbance at 280 nm using calculated extinction coefficients was used to 
determine and adjust protein concentrations. The ligand present in the syringe was 19b IgG at a concentration of 
10-20 µM, while BG505, B41 or AMC008 SOSIP.664 trimers were present in the cell at a concentration of 4-6 µM. 
In each binding experiment, a 5 µcal reference power determination preceded the first injection of 0.5 µl, which 
was followed by 15 injections of 2.5 µl each at intervals of 180 s. Origin 7.0 software was used to derive the affinity 
constants (KD), the molar reaction enthalpy (ΔH), and the stoichiometry of binding (N), by fitting the integrated 
titration peaks via a single-site model or a two-site model, as appropriate. 

Glycan profiling
Env trimers (10 µg) were resolved by SDS-PAGE under non-reducing conditions, followed by staining with Coomassie 
Blue. Bands corresponding to gp140 were excised from the gels and washed alternately with acetonitrile and water, 
five times. N-linked glycans were then released by addition of protein N-glycosidase F (PNGase F) at 5000 U/ml 
and incubation at 37°C for 16 h, according to the manufacturer’s instructions (New England Biolabs). The released 
glycans were subsequently eluted from gel bands by extensive washing with water, and then dried using a SpeedVac 
concentrator. Released glycans were labelled with 2-aminobenzoic acid (2-AA) as previously described [25]. Briefly, 
glycans were resuspended in 30 µl of water followed by addition of 80 µl of labelling mixture (comprising 30 mg/
ml 2-AA and 45 mg/ml sodium cyanoborohydride in a solution of sodium acetate trihydrate [4% w/v] and boric 
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acid [2% w/v] in methanol). Samples were then incubated at 80°C for 1 h. Excess label was removed using Spe-
ed Amide-2 cartridges, as previously described [25]. Fluorescently labelled glycans were resolved by hydrophilic 
interaction liquid chromatography-ultra performance liquid chromatography (HILIC-UPLC) using a 2.1 mm × 10 mm 
Acquity BEH Amide Column (1.7 μm particle size) (Waters). The following gradient was run: time = 0 min (t = 0): 
22.0% A, 78.0% B (flow rate of 0.5 ml/min); t = 38.5: 44.1% A, 55.9% B (0.5 ml/min); t = 39.5: 100% A, 0% B (0.25 ml/
min); t = 44.5: 100% A, 0% B (0.25 ml/min); t = 46.5: 22.0% A, 78.0% B (0.5 ml/min), t = 48: 22.0% A, 78.0% B (0.5 
ml/min), where solvent A was 50 mM ammonium formate, pH 4.4, and solvent B was acetonitrile. Fluorescence 
was measured using an excitation wavelength of 250 nm and a detection wavelength of 428 nm. Data processing 
was performed using Empower 3 software. 
 The percentage abundance of oligomannose-type glycans was calculated by integration of the relevant 
peak areas before and after Endoglycosidase H digestion, following normalization. Digestions were performed on 
free glycans at 37°C for 16 h. The digested glycans were purified using a polyvinylidene fluoride (PVDF) protein-
binding membrane plate (Millipore) prior to HILIC-UPLC analysis.

Immunizations
Groups of 6-week old Balb/cJ or 129S1/SvlmJ mice were immunized as described [26] with 10 µg of BG505 SOSIP.664 
or SOSIP.v4.1 trimers in 0.2-0.4 µg ISCOMATRIX™ adjuvant (CSL Ltd) via footpad injections. The first immunization 
(week 0) was followed by booster immunizations at weeks 4 and 16. For the final immunization (week 16), the mice 
were given 20 µg of trimer in ISCOMATRIX™, and they were then bled at week 18. 
Rabbits (5 per group) were immunized as described with 22 μg of PGT145-purified trimers at week 0, 4 and 20, 
and NAb responses were assessed at week 22 [27]. The rabbit sera were assayed for autologous and cross-reactive 
NAbs using Env-pseudoviruses in the TZM-bl cell assay [13], and for trimer-binding antibodies by D7324-capture 
ELISA [2].  The Env-pseudotyped viruses and their Tier classifications have been described elsewhere [28–32]. 
When the neutralization-sensitivity of the parental AMC008 virus was assessed using a panel of human sera and 
MAbs and a panel of test viruses at the Duke University Medical Center, it was classified as being in Tier-1B (not 
shown), while the BG505.T332N virus has a Tier-2 phenotype [27]. Note that the autologous AMC008 and BG505.
T332N viruses do not contain the stabilizing mutations described in this manuscript. 
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Abstract
To provide protective immunity against circulating primary HIV-1 strains, a vaccine most likely 
has to induce broadly neutralizing antibodies (bNAbs) to the HIV-1 envelope glycoprotein 
spike (Env). HIV-1 Env trimers that closely mimic the native Env spike, of which BG505 
SOSIP.664 is the prototype, can induce autologous neutralizing antibodies (NAbs) against 
relatively resistant (Tier-2) primary viruses, but not bNAbs. Ideally Env immunogens should 
present bNAb epitopes but limit the presentation of immunodominant non-NAb epitopes 
that might induce off-target and potentially interfering responses. The V3 loop harbors 
such immunodominant non-NAb epitopes. Probably as a consequence of conformational 
flexibility the V3 becomes exposed during vaccination with BG505 SOSIP.664 trimers and 
is a dominant target for non-NAbs. In an effort to reduce the immunodominance of the V3 
loop, we introduced two leucines at positions 306 and 308 in next-generation BG505 SOSIP.
v4.1 and SOSIP.v5.2 trimers. The hydrophobic interactions within the V3 loop between 306L, 
308L and 316W, and with other nearby residues in the V1V2 domain, sequestered the V3 
loop in the prefusion state and stabilized the trimers. These V3 stabilized trimers induced 
dramatically reduced V3-non-NAbs when compared with the parental SOSIP.v4.1 and SOSIP.
v5.2 Env trimers, without impairing the autologous NAb response. Immunization strategies 
that aim for the induction of bNAbs might benefit from the use of next generation HIV-1 Env 
trimers on which the exposure of the immunodominant V3 non-NAb epitopes is prevented.
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Introduction
An HIV-1 vaccine that provides protective immunity against the majority of diverse 
circulating HIV-1 strains will probably be the most effective way to bring the HIV-1 epidemic 
to a halt [1]. Since neutralizing antibodies (NAbs) are the correlate of protection for most 
licensed vaccines, inducing such NAbs is an obvious goal for HIV-1 vaccine research [2]. 
The identification of multiple broadly neutralizing antibodies (bNAbs) from HIV-1-infected 
individuals, including ones that can neutralize up to 90% of circulating HIV-1 viruses 
strengthened the support for the search of an HIV-1 vaccine that could elicit bNAbs targeting 
the HIV-1 envelope glycoprotein (Env) [2–4]. 
 The Env protein complex facilitates HIV-1 infection of immune cells, predominately 
T-cells, via binding to the CD4 receptor and subsequently one of the chemokine receptors 
CCR5 or CXCR4 [5]. Env is produced as a gp160 polyprotein precursor and cleaved into two 
non-covalently linked subunits, gp41 and gp120, by proteases of the furin family [6]. Three 
gp41 subunits and three gp120 subunits then form a trimer of three heterodimers by non-
covalent interactions [7]. The gp120 subunits, which are composed of five conserved (C1-
C5) and five variable domains (V1-V5), initiate HIV-1 infection via binding to the receptor 
and coreceptor, while the transmembrane gp41 subunits harbor the fusion machinery 
to accomplish fusion of the virus and host membranes [5,8]. The trimeric Env spike is 
decorated by a dense shield of N-linked glycans that are attached to 20-35 potential N-linked 
glycosylation sites (PNGS) on gp120 and 3-5 PNGS on each gp41 subunit, the exact number 
of PNGS depending on the viral isolate [9,10].
 To prevent the induction of NAbs, limit the recognition by NAbs, and facilitate 
escape from NAbs, the HIV-1 Env trimer has acquired several elegant mechanisms that allow 
evasion from humoral immunity. The conserved protein domains on the Env trimer are 
masked by the dense glycan shield as well as the flexible variable loops that show extreme 
sequence diversity [10–12]. Furthermore, during HIV-1 infection, non-functional, misfolded, 
degraded or unprocessed Env products serve as a decoy for the humoral immune system 
because these Env forms present epitopes that are not available on the functional native 
trimeric Env spike, while many bNAb epitopes are absent from them [13–20]. Moreover, the 
functional Env trimer itself is instable, disintegrating in to the separate subunit rapidly, and 
conformationally flexible, sampling closed and more open conformations [21–23]. 
As a consequence of the defense mechanisms described above, most Abs raised during 
the early phase of HIV-1 infection are directed against neutralization-irrelevant epitopes 
in gp41 and against the V3 domain on gp120. Thus, the V3 domain is considered to be an 
immunodominant epitope on the Env trimer [3,24,25]. Although V3 Abs can neutralize a 
subset of highly sensitive (termed Tier-1) virus isolates, they are non-neutralizing for the 
majority of more neutralization-resistant (Tier-2) primary viruses [26]. As a result V3 Abs do 
not drive the selection of HIV-1 escape mutants [27,28]. 
 Despite these immune evasion strategies, 20-30% of HIV-1 infected individuals 
develop a bNAb response over time, usually between 1 and 3 years post-seroconversion 
[29–31]. To overcome the obstacles posed by the evasion mechanisms of Env, bNAbs 
usually have extraordinary characteristics. They often demonstrate a very high percentage 
of somatic hypermutation (SHM), have an extraordinary long CDRH3 loop to penetrate the 
glycan shield, originate from rare germline precursor genes, and/or develop polyreactivity 
[4,32]. The isolation of hundreds of bNAbs from HIV-1 infected individuals in the last decade 

20161230 Steven proefschrift.indd   191 08/02/17   14:55



Chapter 8

192

enabled the identification of several sites of vulnerability on the Env trimer. Initially, bNAbs 
were divided into five distinct groups based on their epitope on the HIV-1 Env trimer: the 
V2-apex, the oligomannose patch, the gp120-gp41 interface, the CD4 binding site (CD4bs) 
and the membrane proximal extended region (MPER) [32–34]. However, after mapping and 
comparing the epitopes of many bNAbs isolated in recent years, it became evident that 
almost the complete surface of the Env trimer can be targeted by bNAbs [33,35].
 The challenge in the development of an HIV-1 vaccine lies in the design of an Env 
immunogen that can elicit a bNAb response, rather than a non-neutralizing antibody (non-
NAb) response, or a strain-specific NAb response. In the last decades many HIV-1 envelope 
immunogens were tested in animals and humans. These include gp120 monomers, 
uncleaved gp140 “pseudotrimers” and, more recently, native-like trimers [18,35–45]. When 
tested in diverse animal species and humans, gp120 monomers and gp140 pseudotrimers 
raised potent NAbs against highly neutralization sensitive (Tier-1A) viruses, but were unable 
to elicit Tier-2 NAbs, not even to the autologous sequence-matched viruses [36–42]. Since 
gp120 monomers and uncleaved gp140 Env trimers do not recapitulate the native-like HIV-1 
Env spike [20,46–48], the Ab response in immunized animals is dominated by V3 non-NAbs, 
resulting in Tier-1 neutralization but not Tier-2 neutralization [41,49,50]. 
 These early generation Env immunogens have recently be superseded by 
immunogens that more closely mimic the structure of the native-like trimer on the viral 
membrane, the prototype of which is BG505 SOSIP.664 gp140 [17,43,44,51–56]. Unlike 
gp120 monomers and gp140 pseudotrimers, they present the epitopes for bNAbs that 
require native-like quaternary structure such as those at the trimer apex and the gp120-
gp41 interface [17,20,43,48,57–62]. Furthermore, non-NAb epitopes are largely occluded by 
native-like intersubunit interactions. The atomic resolution structures of BG505 SOSIP.664 
and other trimers in complex with several bNAbs were solved, facilitating structure-based 
vaccine design [7,10,23,63–66]. Importantly, BG505 and B41 SOSIP.664 were the first 
immunogens to raise potent autologous Tier-2 NAbs in rabbits and macaques, which is 
considered an important step on the way to bNAb induction [18,43,67]. However, despite 
the induction of autologous Tier-2 NAbs, no bNAbs were induced and the Ab response 
remained dominated by V3 non-NAbs [18,68]. 
 The V3 region is a highly flexible region on the Env trimer and is part of the co-
receptor binding site. In the prefusion state of the native trimer the V3 region is tucked 
away in a hydrophobic pocket underneath the variable domains 1 and 2 at the trimer 
apex [7,63,64]. The conformational changes upon CD4 binding break the interactions of 
the variable domains (V1-V3) at the trimer apex, opening up the trimer and driving the 
V3 domain to pop out of its springloaded position to engage the co-receptor [21]. HIV-
1 Env trimer immunogens undergo similar conformational changes upon CD4 binding 
but also show spontaneous sampling of more open conformations, a process referred to 
as ‘breathing’ of the Env trimer [17,21,22,69]. The spontaneous sampling of more open 
conformations in BG505 SOSIP.664 trimers is thought to expose the immunodominant V3 
region, resulting in a strong V3 directed Ab response in animals [17,21,70]. 
 To reduce exposure of the V3 domain on the Env trimer and reduce the exposure of 
V3 non-NAb epitopes and V3 immunogenicity in vivo, we and others have found strategies to 
stabilize the closed prefusion conformation [43,44,53,54,71–73]. We identified a stabilizing 
mutation within the V3 region, A316W, that increases hydrophobic packing of the V3 loop, 
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effectively sequestering the V3 loop in its prefusion conformation in the hydrophobic 
pocket underneath the V1V2 domains [43]. The A316W substitution is included in the 
next-generation SOSIP.v4 design that we now routinely apply to new Env trimers. When 
comparing the clade A BG505 SOSIP.v4 and the clade B AMC008 and B41 SOSIP.v4 trimers 
with their parental SOSIP.664 trimers the stabilized SOSIP.v4 immunogens elicited similar 
levels autologous NAbs, but substantially reduced levels of V3 dominated Tier-1A NAbs, 
showing that we achieved a reduction of V3 immunodominance [43]. However, the effect 
was not absolute and V3-specificites remained abundant. 
 We hypothesized that HIV-1 vaccine programs aimed at inducing bNAbs by using 
SOSIP trimers could be assisted by further limiting V3 directed non-NAb responses. To further 
increase hydrophobic packing of the V3 region and thereby reducing V3 immunogenicity we 
designed additional hydrophobic mutations in the V3 region. We identified two hydrophobic 
mutations in the V3 loop of BG505 SOSIP trimers, S306L and R308L, that increased the 
stability of BG505 SOSIP immunogens, further reduced binding of V3 non-NAbs to the 
trimers, and severely impaired V3 directed Tier-1A NAb responses in vaccinated rabbits. 
These new V3 stabilized HIV-1 Env immunogens are useful as platforms for immunogen 
design aimed at inducing bNAbs. 

Results

Design of hydrophobic residues in V3 to prevent V3 exposure
We previously found that the introduction of an A316W mutation in the V3 domain, part 
of the SOSIP.v4 design, reduced the exposure of the V3 domain and thereby induced 
significantly less V3 targeting non-NAbs in mice and rabbits. We set out to further decrease 
the non-NAb V3 response and designed new hydrophobic mutations in the V3 region in the 
background of the stabilized BG505 SOSIP.v4.1 and BG505 SOSIP.v5.2 trimers that already 
contained the A316W substitution (Fig.1A; [43, de la Peña et al. manuscript in preparation]). 
In the prefusion state, the V3 loop is buried in a pocket formed by the V1V2 loop and V1V2 
stem of the same protomer and the V1V2 loop of another protomer [7,64,65,74]. The V3 
crown predominantly participates in intraprotomer hydrophobic interactions with the V1V2 
loop and the N-terminal V1V2 stem in gp120 of the same protomer [74]. Disruption of 
these hydrophobic interactions with adjacent domains changes the packing fo the V3 loop, 
destabilizes the position of the V3 loop in the pocket and triggers alternative energetically 
favorable exposed conformations of the V3 loop [74]. To strengthen the hydrophobic 
interactions of the V3 loop with adjacent gp120 domains and retain the conformation 
in which the V3 loop is buried in the pocket formed by the adjacent V1V2 elements, we 
introduced leucines at position 306 and 308 (Fig. 1A-D). Both residues, a serine at position 
306 and an arginine at position 308 in the original sequence, are located upstream of the 
V3 tip and face the inner-domain of gp120 in a similar way as residue 316 does, which is 
positioned on the other side of the V3 tip (Fig. 1C). When modeling different hydrophobic 
mutations at position 306 and 308 in silico, the introduction of a leucine was favored. 
Thus, leucines introduced a substantial amount of hydrophobic mass without clashing with 
neighboring residues, as, for example the introduction of aromatic residues would do (Fig. 
1D). In silico modeling showed that all three hydrophobic residues, S306L R308L and A316W 
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are in close contact (<5 Å) to each other and to other hydrophobic residues with (V120, 
I307, I309, F317, Y318), supporti ng the propositi on that these mutati ons strengthen the 
hydrophobic interacti ons in the V3 domain (Fig. 1D, Table 1).
 We fi rst introduced the S306L, R308L and A316W substi tuti ons in a D7324-tagged 
version of the BG505 SOSIP.664 trimer alone and in combinati on and transiently expressed 
them in 293T cells. We then compared trimer formati on and anti genicity of the mutants 
with that of unmodifi ed BG505 SOSIP.664. All V3 mutants formed trimers effi  ciently, but 
the expression of the two double mutants S306L A316W and S306L R308L and the triple 
mutant S306L R308L A316W was somewhat reduced compared to that of unmodifi ed 
BG505 SOSIP.664 (Fig. 1E). 

To determine the eff ect of the mutati ons on the exposure of the V3 loop of BG505 
SOSIP.664 we tested binding of three V3 directed non-NAbs (19b, 14e and 39f) and one bNAb 
recognizing the oligomannose patch (2G12) in a D7324 capture ELISA. Individually, the S306L 
and R308L did not show a marked eff ect on the binding of V3 non-Abs to BG505 SOSIP.664 
(Fig. 1F). However, together (S306L R308L) and parti cularly in combinati on with the A316W 
mutati on (S306L R308L A316W), the binding of V3 Abs 14e, 39f and 19b was greatly reduced 
or completely abrogated (Fig. 1F). These data suggest that hydrophobic residues at positi ons 
306, 308 and 316 help maintain a sequestered V3 conformati on preventi ng V3 non-NAbs 
from binding. An alternati ve explanati on is ofcourse that the epitopes of these Abs are 
directly aff ected by the substi tuti ons. This will be addressed below. Binding of 2G12 to the 
hydrophobic V3 mutants and unmodifed BG505 SOSIP.664 was similar (Fig. 1F). 

Table 1: Contact residues of residues 306, 308 and 316 in BG505 SOSIP.664

We determined the contact residues of the three V3 residues both in the unmodifi ed situati on (S306, R308 and 
A316), and aft er in silico modeling of the hydrophobic mutati ons (S306L, R308L and A316W). The modeling and 
analysis of contacts was performed with the crystal structure of BG505 SOSIP.664 (PDB: 5CEZ ; [66]) using Pymol 
[120]. Residues 306, 308 and 316 are listed in bold text.

Introducti on of hydrophobic residues in V3 reduces Env functi on
To determine the eff ect of the S306L and R308L substi tuti ons on Env functi on and viral 
infecti vity, we introduced them in the background of BG505 pseudovirus and assessed the 
infecti vity of TZMbl cells. The substi tuti ons S306L and R308L decreased infecti vity of the 
BG505 pseudovirus by 2- and 5-fold, respecti vely (Fig. 1G). The combinati on of substi tuti ons 
S306L and R308L further decreased infecti vity (by 10-fold), to an infecti vity level that was
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Figure 1: Design and preliminary characterizati on of hydrophobic substi tuti ons in the V3 domain 
(A) Linear representati on of V3 stabilized BG505 SOSIP variants. The SOSIP.664 mutati ons are indicated in red, the 
SOSIP.v4.1 mutati ons (E64K and A316W) in blue, the SOSIP.v5.2 mutati ons (A73C-A561C) in purple and the new 
hydrophobic V3 mutati ons in light brown [17,43, de la Peña et al. manuscript in preparati on]. The assignment of 
glycans was based on Behrens et al [11]. (B) Side view of the crystal structure of BG505 SOSIP.664 [66] in which two 
protomers are shown in surface rendering, one in white and one in grey, while the third protomer is represented 
as cartoon. In this third protomer various subdomains are colored diff erently: gp41 in dark-yellow, gp120 in green 
and the V3-loop in red. The hydrophobic V3 mutati ons, S306L, R308L and A316W were introduced in the crystal 
structure by in silico mutagenesis using Pymol and are depicted in blue. (C) A detailed view of the V3-loop of the 
BG505 SOSIP.664 trimer, with residues S306, R308 and A316 illustrated as sti cks. (D) A detailed view of the V3-
loop of the BG505 SOSIP.664 crystal structure, in which mutati ons S306L, R308L and A316W were introduced by 
in silico mutagenesis (shown in blue). (E) BN-PAGE analysis of unpurifi ed V3-modifi ed BG505 SOSIP.664-D7324 
variants, followed by westernblotti  ng with 2G12. (F) D7324 capture ELISA with unpurifi ed V3-modifi ed BG505 
trimer variants. (G) Infecti on of TZM-bl cells by BG505.T332N Env-pseudovirus variants with S306L, R308L and/or 
A316W substi tuti ons.

similar as that of the A316W single mutant ([43], Fig. 1G). Thus, the introducti on of 
hydrophobic residues at positi ons 306 and 308 in the V3 region severely reduced the 
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Figure 2: Biochemical characterizati on of BG505 trimers with hydrophobic substi tuti ons in the V3 domain
BG505 SOSIP.v4.1 and SOSIP.v5.2 trimers variants were purifi ed using PGT145-affi  nity chromatography and subjected 
to analysis by BN-PAGE, SDS-PAGE, NS-EM, DSC and ELISA. To improve the readability of the panels we numbered 
BG505 trimer variantsas follows: 1: BG505 SOSIP.664, 2: BG505 SOSIP.v4.1, 3: BG505 SOSIP.v4.1 S306L R308L, 4: 
BG505 SOSIP.v5.2, 5: BG505 SOSIP.v5.2 S306L R308L. (A-C) Coomassie staining of BG505 trimers (1-5) subjected to 
BN-PAGE analysis (A), and reducing (left  3 lanes) and non-reducing (right 3 lanes) SDS-PAGE analysis (B,C). SDS-PAGE 
results for the S306L R308L mutant in the background of the BG505 SOSIP.v4.1 and BG505 SOSIP.v5.2 trimer are 
displayed in panels B and C, respecti vely. (D) 2D class averages of NS-EM analyses of BG505 SOSIP.v4.1 S306L R308L 
and SOSIP.v5.2 S306L R308L trimers. (E) Fit of the thermal melti ng curves of BG505 SOSIP.v4.1 S306L R308L and 
SOSIP.v5.2 S306L R308L trimers in comparison with those of SOSIP.664, SOSIP.v4.2 and SOSIP.v5.2, analysed using a 
two-state model. The data of the latt er was adopted from [43, de la Peña et al. manuscript in preparati on]. The raw 
melti ng curves can be found in Fig. S1. (F) MAb binding to the PGT145-purifi ed BG505 SOSIP.v4.1 S306L R308L and 
SOSIP.v5.2 S306L R308L trimers and comparator proteins as probed using a D7324 sandwich ELISA.
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infecti vity of the BG505 pseudovirus, either by interfering with conformati onal changes 
required for Env trimer functi on or by aff ecti ng the interacti on of the V3 domain with the 
co-receptor directly. Both the V3 crown and V3 stem domain parti cipate in the interacti on 
with the CCR5 co-receptor. The V3 crown binds the second extracellular loop (ECL2) of CCR5, 
while the V3 stem interacts with the amino-terminal domain of CCR5 [75–78]. 

Introducti on of hydrophobic residues in V3 increases Env trimer stability
To further study the two hydrophobic V3 mutati ons S306L and R308L, we introduced the 
two substi tuti ons in the background of the well described BG505 SOSIP.v4.1 as well as the 
further stabilized BG505 SOSIP.v5.2, that both already contain the A316W substi tuti on in V3 
[43, de la Peña et al. manuscript in preparati on]. The SOSIP.v4.1 S306L R308L and SOSIP.v5.2 
S306L R308L proteins as well as their respecti ve parental proteins were expressed in 293F 
cells. Protein purifi cati on via PGT145 affi  nity chromatography yielded cleaved Env trimers 
for both constructs as assessed by BN-PAGE and SDS-PAGE (Fig. 2A-C). The combinati on of 
the S306L and R308L substi tuti ons did reduce trimer yields aft er PGT145 purifi cati on. The 
yields were ~1.0 mg/l for BG505 SOSIP.v4.1 and ~0.5 mg/l for BG505 SOSIP.v5.2 compared 
to ~2.0 mg/l for both the parental SOSIP.v4.1 and SOSIP.v5.2 proteins (Table 2). These 
results were consistent with the reduced expression observed in the BN-PAGE analysis of 
unpurifi ed material from 293T cells (Fig. 1E). Negati ve stain electron microscopy (NS-EM) 
analyses revealed that all trimers were >95% nati ve-like, indicati ng that S306L and R308L 
mutati ons did not adversely aff ect the conformati on of the trimers (Table 2; Fig. 2D). 

a Values derived from previous studies [43, de la Peña et al. manuscript in preparati on] 
b Reported values are for a His-tagged construct [de la Peña et al. manuscript in preparati on]

Table 2: Biochemical data on V3 hydrophobic mutants of BG505 SOSIP trimers.
The biophysical properti es of 293F cell-expressed, PGT145-purifi ed SOSIP.664-D7324 trimers were assessed using 
NS-EM to determine nati ve-like trimer formati on, and DSC to quanti fy thermostability (Tm: midpoint of thermal 
denaturati on). The original EM and DSC data are shown in Fig. 2D, 2E and Fig. S1. The DSC data were fi tt ed using 
a two state model (Fig. 2E). The Tm values and NS-EM data for SOSIP.664, SOSIP.v4.1 and SOSIP.v5.2 have been 
reported previously and are listed here for comparison [43, de la Peña et al. manuscript in preparati on]. Note that 
all constructs contain a D7324 tag, except for BG505 SOSIP.v5.2, which was produced with a His-tag (de la Peña et 
al. manuscript in preparati on). NL trimers: nati ve-like trimers.
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Table 3: Interacti on of anti -V3 Abs with 
residues 306, 308 and 316 
The dependencies of V3 MAbs on residues 
306, 308 and 316 as determined in published 
reports are listed [78,79,82]. These studies 
reported that the respecti ve V3 MAbs were 
dependent (recorded here with +) or not 
dependent (-) on residues 306, 308 and 316. 
ND, not determined.

Since the introducti on of hydrophobic residues in V3 can increase the overall thermostability 
of SOSIP trimers [43], we assessed the thermostability of the SOSIP.v4.1 S306L R308L and 
SOSIP.v5.2 S306L R308L proteins in comparison with their parental proteins by diff erenti al 
scanning calorimetry (DSC). The SOSIP.v4.1 S306L R308L trimer had a midpoint of thermal 
denaturati on (Tm) of 72.6°C compared to 69.5°C for SOSIP.v4.1. The SOSIP.v5.2 S306L R308L 
trimer had a Tm of 78.1°C compared to 74.2°C for SOSIP.v5.2. Thus, the introducti on of the 
S306L and R308L mutati ons increased thermostability of the SOSIP.v4.1 and SOSIP.v5.2 
trimers by 3.2°C and 3.9°C, respecti vely, suggesti ng that the two leucines enhanced the 
hydrophobic packing of the V3 thereby keeping the V3 region in the hydrophobic pocket 
underneath the V1V2 domain (Table 1; Fig. 2E). To conclude, the introducti on of two 
hydrophobic residues in the V3 region, S306L and R308L, increased the thermostability of 
BG505 SOSIP.v4.1 and SOSIP.v5.2 trimers, however at the expense of lower trimer yields.

Introducti on of hydrophobic residues in V3 decreases binding of V3 non-NAbs to Env 
trimers  
To determine if we successfully decreased presentati on of V3 non-NAb epitopes, we 
compared binding of V3-directed non-NAbs 39f, 4F5, 447-52D and 19b to the BG505 SOSIP.
v4.1 and SOSIP.v5.2 trimers harboring the S306L and R308L mutati ons with binding to the 
parental SOSIP.v4.1 and SOSIP.v5.2 trimers as well as the original SOSIP.664 trimer. All 4 
MAbs bound effi  ciently to the SOSIP.664 trimers, consistent with previous results showing 
that under ELISA conditi ons, but not SPR, ITC, or NS-EM conditi ons, the epitopes for V3 non-
NAbs become exposed (Fig. 2F; [17,43]). The 4 MAbs bound 2-10 fold less effi  ciently to the 
SOSIP.v4.1 protein and binding of 39F and 447-52d to the SOSIP.v5.2 trimer was undetectable 
(Fig. 2F). These results are in line with previous results showing that the SOSIP.v4.1 and 
SOSIP.v5.2 designs reduce V3 exposure [43, de la Peña et al. manuscript in preparati on]. 
When we tested binding of the 4 V3 MAbs to the BG505 SOSIP.v4.1 and SOSIP.v5.2 in which 
the S306L and R308L substi tuti ons were present, we could not detect any binding of 39f, 4F5 
and 447-52D (Fig. 2F) and 19b binding was further reduced. 

Obviously, these two substi tuti ons might aff ect binding of V3-specifi c MAbs by 
two mechanisms, fi rst by reducing V3 exposure via enhanced hydrophobic packing, thus 
indirectly aff ecti ng binding, and second by directly aff ecti ng the epitope of the V3 MAbs. 
These experiments do not disti nguish between these two possibiliti es, and probably both 
mechanisms play a role (see below). Interesti ngly, in the presence of soluble CD4 the binding 
of MAb 17b, which interacts with an epitope that becomes exposed upon CD4 binding and 
requires CD4-induced conformati onal changes, was substanti ally reduced when the S306L 
and R308L substi tuti ons were present, suggesti ng that the enhanced hydrophobic packing 
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of the V3 region interferes with CD4 induced conformati onal changes in the Env trimer 
(Fig. 2F). bNAbs targeti ng other epitopes on the trimer (2G12, VRC01, PGT145, PGT151 and 
PGT126), including ones dependent on nati ve-like quaternary trimer structure interacted 
equally well to the S306L R308L double mutant proteins and their unmodifi ed counterparts, 
indicati ng that the overall conformati on of the trimer was not aff ected by these changes 
(Fig. 2F). 

Introducti on of hydrophobic residues in V3 reduces V3 immunogenicity in rabbits
To determine whether the greatly reduced V3 non-NAb binding to the BG505 SOSIP.v5.2 
S306L R308L protein translated into a reduced V3 Ab responses in vivo, we immunized 
rabbits with BG505 SOSIP.v5.2 or SOSIP.v5.2 S306L R308L at week 0, 4 and 20, and analyzed 
Ab binding ti ters as well as neutralizati on capacity of the sera at week 22, two weeks aft er 
the third immunizati on (Fig. 3A). 
 We fi rst measured Ab binding ti ters to the modifi ed BG505 SOSIP.v5.2 S306L R308L 
trimer and the unmodifi ed BG505 SOSIP.664 trimer. SOSIP.v5.2 S306L R308L immunized 
rabbits induced similar trimer binding ti ters compared to the modifi ed and unmodifi ed 
trimers, indicati ng that the Abs elicited by the SOSIP.v5.2 S306L R308L immunogen 
predominantly recognized shared epitopes on the SOSIP.v5.2 S306L R308L trimer and the 
unmodifi ed BG505 SOSIP.664 trimer (Fig. 3B). Similar results were obtained with the sera 
from the BG505 SOSIP.v5.2 control group (Fig. 3B). 
 To assess whether Abs that specifi cally target the hydrophobic residues in the V3 
were induced, we measured Ab ti ters to the unmodifi ed BG505 V3 pepti de as well as to the 
triple mutant V3 pepti de (S306L R308L A316W) by ELISA. The sera from the BG505 SOSIP.
v5.2 immunized control animals reacted strongly with the WT V3 pepti de, but less effi  ciently 
(6-fold diff erence of the median ti ter) with the V3 triple mutant pepti de, indicati ng that 
residues S306, R308 and A316 contributed to V3 targeti ng Abs that were present in the 
SOSIP.v5.2 recipient sera (Fig. 3C). 

Table 4. Midpoint neutralizati on ti ters for sera from rabbits immunized with BG505 SOSIP.v5.2 or SOSIP.v5.2 
S306L R308L trimers, tested against a panel of Env-pseudotyped viruses. 
The TZM-bl cell assay was performed at AMC, except for MW.965 neutralizati on, which was performed at Duke. 
ID50 values, i.e., the week-22 serum diluti on at which infecti vity was inhibited by 50%, are recorded, with the boxes 
colored according to their magnitude. White, no neutralizati on, ID50 <40; yellow, weak neutralizati on, ID50 40-100; 
orange, moderate neutralizati on, ID50 100-1000; red, strong neutralizati on, ID50 >1000. 

20161230 Steven proefschrift.indd   199 08/02/17   14:55



Chapter 8

200

The sera from rabbits immunized with the SOSIP.v5.2 S306L R308L protein showed weaker 
binding to the WT V3 peptide in ELISA (2-fold reduction in median titer compared to the 
response induced by SOSIP.v5.2). Furthermore, binding to the V3 triple mutated peptide 
was equally weak, indicating that the V3 domain was generally less immunogenic and that 
the introduced hydrophobic residues in the V3 did not create highly immunogenic neo-
epitopes (Fig. 3C). 
 Next, we measured neutralization of the parental Tier-2 virus BG505 (containing 
a T332N substitution). In the analyses we included the sera from 14 animals that were 
previously immunized with either BG505 SOSIP.664 (9 animals) or SOSIP.v5.2 (5 animals) 
according to the same immunization schedule used here [43,70, de la Peña et al. manuscript 
in preparation]. Strong autologous neutralization of the parental BG505 pseudovirus was 
observed in the SOSIP.v5.2 immunized and SOSIP.v5.2 S306L R308L immunized rabbits, 
consistent with the strong autologous neutralization induced in BG505 SOSIP.664 immunized 
rabbits (Fig. 3D, Table 4) [43,67,70]. We conclude that the introduction of hydrophobic 
residues in V3 did not compromise the autologous NAb response. This is consistent with 
observations that the autologous NAb response induced by BG505 SOSIP trimers does 
not target the V3, but predominantly targets a hole in the glycan shield at position 241 
[43,67,68,70].
 Since virus isolates that are hypersensitive to neutralization (i.e. Tier-1A viruses) are 
usually mainly neutralized by V3 Abs, they function as a read out for the elicitation of V3 Abs 
that are non-neutralizing for primary isolates that have a Tier-2 phenotype such as BG505. 
BG505 SOSIP.664 trimers induce strong NAb responses against the clade B Tier-1A virus 
SF162 (median titer of 192; Fig. 3E), and we have previously shown that these responses 
were predominantly attributable to V3-specificities [43,70]. Neutralization of SF162 by sera 
from SOSIP.v5.2 immunized rabbits was lower (median ID50 of 102). In contrast, SF162 NAb 
activity was absent from 4 out of 5 animals that received the BG505 SOSIP.v5.2 S306L R308L 
protein and extremely weak for the fifth animal (ID50 of 27; Fig. 3E, Table 4). Overall there 
was a 10-fold reduction in median ID50 for the BG505 SOSIP.v5.2 S306L R308L compared 
to the BG505 SOSIP.664 recipient animals (p=0.001) and a >5-fold reduction compared to 
BG505 SOSIP.v5.2 recipient animals (p=0.02). Similar results were obtained with a clade C 
Tier-1A virus MW.965 (Fig. 3F, Table 4). Thus, while sera from BG505 SOSIP.664 recipients 
neutralized MW.965 with a median ID50 of 22110, the titer was decreased for BG505 SOSIP.
v5.2 recipients (ID50 of 289) and virtually abolished for the animals that received BG505 
SOSIP.v5.2 S306L R308L (ID50 of 27; p=0.02 for the comparison with BG505 SOSIP.664 and 
p=0.11 for the comparison with SOSIP.v5.2). 
 We also tested neutralization of heterologous Tier-2 viruses (Table 4). None of the 
animals induced strong and/or consistent neutralization of any of the Tier-2 viruses tested, 
except for animal 1834 which received BG505 SOSIP.v5.2 S306L R308L. The sera from this 
animal neutralized heterologous Tier-2 viruses REJO, WITO, and SHIVp3 with ID50 values of 
206, 531, and 416. As only one of the BG505 SOSIP.v5.2 S306L R308L recipients developed 
this cross-neutralizing response we cannot determine whether this was a spurious result or 
attributable to the introduction of the S306L and R308L substitutions.
In summary, the BG505 SOSIP.v5.2 S306L R308L immunized rabbits developed reduced levels 
of Tier-1A NAbs, which confirms the reduced exposure and immunogenicity of the V3 loop. 
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Figure 3: Immunogenicity of BG505 SOSIP.v5.2 S306L R308L trimers in rabbits. (A) Rabbit immunizati on schedule. 
Rabbits were immunized with 22 µg of the BG505 SOSIP.v5.2 S306L R308L and comparator proteins at week 0, 
4 and 20 and binding ti ters and neutralizati on ti ters were measured in the week 22 sera, i.e. two weeks aft er 
the third and last immunizati on. (B) Trimer binding responses. The midpoint binding ti ters against D7324-tagged 
BG505 SOSIP.664 and SOSIP.v5.2 S306L R308L are plott ed. (C) Midpoint binding ti ters against a cyclized WT BG505 
V3 pepti de and the triple mutant V3 pepti de (S306L, R308L and A316W). (D-F) NAb responses. The midpoint 
neutralizati on ti ters against the autologous Tier-2 virus BG505.T332N (D), and heterologous Tier-1A viruses  SF162 
and MW.965 (E,F), were determined using the TZM-bl assay. Additi onal control sera from previous rabbit studies 
were included for comparison. These included sera from 9 BG505 SOSIP.664 recipient animals (Rabbit IDs 1274-
1277 and 1569-1573; [18,43]) and from 5 BG505 SOSIP.v5.2 recipients (IDs 1589-1593; de la Peña et al. manuscript 
in preparati on). Mann-Whitney U tests were used to determine whether diff erences between groups were 
stati sti cally signifi cant (*, p<0.05; **, p<0.01; ***, p<0.001).

Discussion
The development of an HIV-1 vaccine probably requires the design of (an) Env-based 
immunogen(s) that elicit(s) bNAbs. To achieve that goal it is necessary to increase the 
immunogenicity of the otherwise subdominant conserved bNAb epitopes and at the same 
ti me prevent or reduce the immunogenicity of otherwise immunodominant non-NAb 
epitopes. The design of nati ve-like trimers that closely mimic the nati ve Env spike, including 
BG505 SOSIP.664 and next-generati on SOSIP trimers, represents one step into this directi on, 
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as on SOSIP trimer many non-NAb epitopes are occluded by trimer interactions while most 
bNAb epitopes are exposed. As a result, BG505 SOSIP.664 and further stabilized HIV-1 Env 
trimers induce autologous NAbs against the autologous Tier-2 virus in rabbits and macaques, 
something not achieved by earlier Env forms that exposed many non-NAb epitopes. 

Nevertheless, despite the induction of Tier-2 NAbs, the immune response induced 
by BG505 SOSIP.664 trimers was dominated by non-NAbs targeting the V3 domain, revealing 
that the V3 domain became exposed during vaccination with BG505 SOSIP.664 trimers 
and remained highly immunodominant. We previously showed that the V3-response can 
be decreased by an A316W substitution in V3. Here, we extended our previous efforts 
to decrease the exposure and immunogenicity of the immunodominant V3 domain by 
introducing two additional hydrophobic residues in the V3 domain, S306L and R308L. Rabbits 
that were immunized with the BG505 SOSIP.v5.2 S306L R308L trimer developed virtually no 
V3-targeting Tier-1A NAbs, whereas similar autologous Tier-2 NAbs were elicited compared 
to animals that received BG505 SOSIP.664 or SOSIP.v5.2 trimers. HIV-1 Env immunogens with 
limited presentation of otherwise immunodominant non-NAb V3 epitopes might facilitate 
various immunization strategies that aim for the development of bNAbs.
 In the prefusion structure of the Env trimer, the metastable V3 loop is sequestered 
in a hydrophobic pocket below the V1V2 domain. Our primary goal was to stabilize the V3 
region in that sequestered prefusion position, preventing or limiting its exposure to the 
humoral immune system. The findings that the S306L and R308L substitutions reduced 
binding of V3 MAbs, reduced CD4-induced conformational changes and enhanced the 
thermostability of BG505 SOSIP trimers, strongly suggest that we achieved that goal. 
Furthermore, our results illustrate that single amino acid substitutions had only minor 
effects on the exposure of the V3 domain and that a combination of three hydrophobic 
substitutions (S306L, R308L and A316W) was necessary to provide the optimal hydrophobic 
environment to retain the V3 loop in its prefusion conformation. In silico mutagenesis of 
S306L and R308L and A316W showing that all three introduced hydrophobic residues are 
in close contact (<5 Å), supports the idea that the hydrophobic interactions between these 
three residues and neighboring residues is the driving force for the stabilization of the V3 
region (Table 1, Fig. 1D). When designing such hydrophobic mutations in or around V3 it is 
crucial to limit clashes with neighbouring residues. For example, an L125F substitution in 
the V1V2 stem (L125F) resulted in the clash with an aromatic residue in the V3 loop (F317) 
and increased the exposure of the V3 domain [74]. We observed a similar increase in V3 
loop exposure when we introduced a tryptophan at position 125 (L125W) in the BG505 
SOSIP.664 trimer (data not shown).
 In addition to reducing the exposure of the V3 domain by stabilizing its 
hidden conformation, the two leucine mutations might also have a direct effect on the 
immunogenicity of the V3 region. Thus, the two introduced leucines might directly reduce 
the interaction of V3 Abs that were induced by a WT V3, and induce Abs that only recognize 
the mutant V3, but not the WT V3. V3 MAbs 447-52D and 2219 bind the tip of the V3-loop, 
the GPGR motif, but also interact with residues 306 and 308 [79–81]. Many other V3 non-
NAbs target charged residues in or near the GPGR motif at the V3 tip [82], illustrating that the 
S306L and R308L mutations are in a region that is frequently targeted by V3 non-NAbs (Table 
3). A study in which amino-acids in the V3 of a gp120 monomer were replaced by serine 
showed that V3 immunogenicity was largely reduced when the amino-acids upstream of the 
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V3-tip (i.e. residues 306-311) were replaced by serine [83]. Thus, it is likely that S306L and 
R308L will reduce the immunogenicity of the V3 loop directly, by changing the V3 non-NAb 
epitopes, and also indirectly, by reducing the exposure of these same non-NAb epitopes. 
The fine specificities of the epitope of V3 MAbs 447-52D and 19b illustrate that probably 
both mechanisms are involved. While 447-52D interacts with both residue 306 and 308, 19b 
is not dependent on these residues for the interaction with the V3 loop (Table 3). We did not 
find evidence that the newly introduced leucines created immunodominant neo-epitopes 
(Fig. 3C).
 The strategy to reduce V3 non-NAb epitope immunogenicity is based on the 
implicit assumption that reducing immunodominance of such epitopes alleviates the 
subdominance of (b)NAb epitopes. A central question is therefore whether “off-target” 
non-NAb responses actually interfere with the development of (b)NAbs or whether they 
are merely irrelevant. Although non-NAb interference has never been directly proven in 
HIV-1 Env immunization studies, several lines of evidence from other research areas and in 
vitro B-cell stimulation experiments support the idea that reducing the immunodominance 
of non-NAb epitopes should be beneficial. For example, non-NAbs have been proposed to 
interfere with the induction of bNAbs against a number of pathogens, such as influenza and 
malaria [84–89]. The other side of the coin is that bNAb epitopes are usually subdominant.  
The germline precursor of non-NAbs, i.e. the BCR on naive B-cells, occur frequently in the 
human repertoire, are easily activated by HIV-1 Env immunogens and need a relatively small 
number of SHM to acquire high affinity. Instead, the germline precursors of bNAbs are rare, 
difficult to activate by HIV-1 Env immunogens and require extensive SHM to acquire enough 
affinity to neutralize [90]. In vitro B-cell activation studies suggests that, because germline 
precursors of non-NAbs have a higher affinity for recombinant HIV-1 Env immunogens, they 
have a selection advantage in the germinal center over the germline precursors of bNAbs 
[91]. The selection of higher-affinity B cell clones in response to HIV-1 Env immunogens 
hinders the activation and affinity maturation of low-affinity germline bNAbs that compete 
for the same resources in the germinal center [90–92]. It seems likely that preventing the 
activation of high-affinity non-NAb precursors will open the way for the activation of bNAb 
precursors [90,92,93]. However, other strategies including bNAb germline targeting and 
maturation, as well as particulate immunogen presentation will probably be necessary to 
initiate and mature bNAb lineages [35,94–96]. 
 In summary, using structure based HIV-1 Env immunogen design we generated next 
generation BG505 SOSIP trimers with dramatically reduced immunogenicity of otherwise 
immunodominant non-NAbs epitopes in the V3 loop. Two new hydrophobic substitutions 
S306L and R308L, complemented with the previously described A316W substitution, 
stabilize the V3 domain in its hidden position underneath the V1V2 domain via hydrophobic 
interactions. These HIV-1 Env trimers provide improved scaffolds for vaccination strategies 
aimed at inducing bNAbs, and that might involve specific germline-targeting strategies 
[93,96–100], patient-based lineage strategies [101–106], and particulate immunogen 
strategies [94,107–110].
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Methods 

Construct design
The BG505 SOSIP.664 construct has been described elsewhere [18]. It was generated by 
introducing the following sequence changes: A501C and T605C (gp120-gp41ECTO disulfide 
bond; [51]); I559P in gp41ECTO (trimer-stabilizing; [111]); REKR to RRRRRR in gp120 (cleavage 
enhancement; [112]); a stop codon at gp41ECTO residue 664 (improvement of homogeneity 
and solubility; [113]). SOSIP.664-D7324 trimers contain a D7324 epitope-tag sequence 
at the C-terminus of gp41ECTO and were constructed by adding the amino-acid sequence 
GSAPTKAKRRVVQREKR after residue 664 in gp41ECTO [17]. Next-generation, further stabilized 
trimers have the following sequence changes: BG505 SOSIP.v4.1: E64K, A316W [43] and 
BG505 SOSIP.v5.2: E64K A316W A73C-A561C (de la Peña et al. manuscript in preparation). 
Point mutants were generated by Quikchange site directed mutagenesis (Agilent, Stratagene), 
and verified by sequencing. D7324-tagged trimers were used for all experiments, except for 
immunization experiments, in which untagged trimer variants were used.

Env protein expression
Proteins encoded by the various env genes described above were expressed in adherent (HEK) 
293T cells, or in (HEK) 293F cells adapted for suspension cultures, essentially as described 
[17,43]. All experiments with purified trimers used 293F cell-expressed proteins. The 293T 
cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 
10% fetal calf serum (FCS), penicillin (100 U/ml) and streptomycin (100 µg/ml). 
For small scale trimer expression, 293T cells were seeded at a density of 5.5×104/ml in a 
6-well plate. The next day, when the cells had reached a density of 1.0×106/ml, they were 
transfected using polyethyleneimine (PEI), as previously described [114]. Briefly, PEI-MAX 
(1.0 mg/ml) in water was mixed with expression plasmids for Env and Furin [51] in OPTI-
MEM (Gibco). For one well, 3.75 µg of Env plasmid, 1.25 µg of Furin plasmid and 12.5 µl 
PEI-MAX (1 mg/ml) were added in 3 ml of growth media (DMEM supplemented with FCS, 
penicillin and streptomycin). Culture supernatants were harvested 72 h after transfection. 
For larger-scale trimer production, Env proteins were produced in 293F cells using a protocol 
similar to that described previously [43]. Briefly, PEI-MAX (1.0 mg/ml) in water was mixed 
with the expression plasmids for Env and Furin in OPTI-MEM. For cultures in a 2 l disposable 
Nalgene flask (VWR), 250 µg of Env plasmid, 62.5 µg of Furin plasmid and 0.94 mg of PEI-
MAX were added to 1 l of pre-warmed Free-style 293 expression medium (Life Technologies). 
293F cells were cultured for 6-7 days at 37°C, in an atmosphere containing 8% CO2 and at a 
rotation speed of 125 rpm. 

Trimer purification
Env proteins were purified from transfection supernatants by affinity chromatography using 
a PGT145 column, essentially as described [17,43,55]. The columns were made by coupling 
PGT145 to CNBr-activated Sepharose 4B beads (GE Healthcare). Briefly, supernatants 
were vacuum filtered through 0.2-µm filters and passed (0.5–1 ml/min flow rate) through 
the column, which was then washed with 2 column volumes of buffer (0.5 M NaCl, 20 
mM Tris, pH 8.0). Bound Env proteins were eluted using 1 column volume of 3 M MgCl2 
and then immediately buffer-exchanged into 75 mM NaCl, 10 mM Tris, pH 8.0, using 
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Vivaspin-20 tubes. The proteins were concentrated using Vivaspin columns with a 30-kDa 
cut off (GE Healthcare).  Protein concentrations were determined using UV280 absorbance 
and theoretical extinction coefficients via Expasy (ProtParam tool). All experiments were 
performed with D7324 tagged PGT145-purified trimers.

SDS-PAGE
Env proteins were analyzed using SDS-PAGE followed by western blotting or Coomassie 
blue dye staining [111,115]. The input material was mixed with loading dye (25 mM Tris, 
192 mM Glycine, 20% v/v glycerol, 4% m/v SDS, 0.1% v/v bromophenol blue in milli-Q 
water) and incubated at 95°C for 5 min prior to loading on a 4-12% or 8% Tris-Glycine gel 
(Invitrogen). For reducing SDS-PAGE, dithiothreitol (DTT; 100 mM) was included in the 
loading dye. The gels were run for 2 h at 125 V (0.07 A) using 50 mM MOPS, 50 mM Tris, pH 
7.7 as the running buffer (Invitrogen). Western blot analysis of SDS-PAGE gels using mouse 
MAb ARP3119 (1:2000 dilution, i.e. 0.2 μg/ml), followed by HRP-labeled goat anti-mouse 
IgG (1:5000; Jackson Immunoresearch) was performed as previously described [111]. 
The Western Lightning ECL system (PerkinElmer Life Sciences) was used for luminometric 
detection. Coomassie blue staining of SDS-PAGE gels was performed using the PageBlue 
Protein Staining Solution (Thermo Scientific).

Blue Native (BN)-PAGE
For BN-PAGE [111,115], the input Env proteins were mixed in a 3:1 ratio with loading dye 
(500μl 20x MOPS Running Buffer (1 M MOPS + 1 M Tris, pH 7.7), 1000 μl 100% Ultrapure 
Glycerol (Invitrogen), 50μl 5% Coomassie Brilliant Blue G-250 solution, and 600 μl milli-Q 
water) and directly loaded onto a 4–12% Bis-Tris NuPAGE gel. The gels were run for 1.5 h 
at 200 V (0.07 A) using as the anode buffer 1x NativePAGE Running Buffer (Invitrogen) and 
as the cathode buffer the same buffer supplemented with 1% NativePAGE Cathode-Buffer 
Additive (Invitrogen). Western blot analysis of BN-PAGE gels was carried out using human 
MAb 2G12 (0.1 μg/ml), followed by HRP-labeled goat anti-human IgG (1:5,000 dilution, 
Jackson Immunoresearch and the Western Lightning ECL system (PerkinElmer Life Sciences), 
essentially as described previously [111]. For Coomassie staining BN-PAGE gels were stained 
using the Colloidal Blue Staining Kit (Life Technologies).

D7324-capture ELISA
The methods to perform sandwich ELISAs using D7324-tagged BG505 SOSIP.664 trimers 
has been described elsewhere [17,33]. Microlon-600 96-well, half-area plates (Greiner 
Bio-One) were coated overnight with Ab D7324 at 10 μg/ml in 0.1 M NaHCO3, pH 8.6 (50 
µl/well). After washing and blocking steps, purified BG505 SOSIP.664-D7324 trimers were 
added at 2 µg/ml in TBS for 2 h. Unbound trimers were removed by 2 wash steps with TBS 
before various concentrations of test Abs were added for 2 h. After 3 washes with TBS, HRP-
labeled goat anti-human IgG (Jackson Immunoresearch) was added at a 1:3000 dilution in 
TBS/2% skimmed milk for 1 h, followed by 5 washes with TBS/0.05% Tween-20. Colorimetric 
detection was performed using a solution containing 1% 3,3′,5,5′-tetramethylbenzidine 
(Sigma-Aldrich), 0.01% H2O2, 100 mM sodium acetate and 100 mM citric acid. Color 
development (absorption at 450 nm) was stopped using 0.8 M H2SO4 (25 µl) when a plateau 
value was reached in the two wells containing the highest Ab concentration. 
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V3 MAb 4F5 was isolated from a patient participating in the Amsterdam Cohort Studies 
on HIV/AIDS (patient H18877; [116]). The other MAbs used here have been described 
elsewhere ([57,58,117,118]).

V3 peptide ELISA
To determine V3 Ab responses in BG505-immunized rabbits, 96-well MaxiSorp plates 
were coated overnight at 4°C with 2 µg/ml of a cyclized V3-peptide in PBS. The V3 
peptide was based on the sequence of the BG505 SOSIP immunogen, either unmodified 
(CTRPNNNTRKSIRIGPQAFYATGDIIGDIRQAHC) or including the S306L, R308L and A316W 
changes (CTRPNNNTRKLILIGPQWFYATGDIIGDIRQAHC). The V3 peptides were cyclized by a 
disulfide bond between residues 1 (residue 296 in HXB2 gp160 numbering) and 35 (residue 
331). The plates were then washed with PBS supplemented with 0.1% Tween-20 and blocked 
with PBS supplemented with 0.05% Tween-20, 3.3% FBS, and 2% BSA (PBS-TFB), for 1.5 h 
at room temperature. After washing with PBS 0.1% Tween, mouse or rabbit serum dilutions 
were added in PBS-TFB. The subsequent steps in the assay were as described above for the 
D7324 trimer capture ELISA.

Negative-stain electron microscopy (EM)
Purified BG505 trimers were analyzed by negative-stain EM. A 3 µl aliquot containing purified 
trimer at a concentration of ∼0.03 mg/ml was applied for 5 s onto a carbon-coated 400 Cu 
mesh grid that had been glow discharged at 20 mA for 30 s, then negatively stained with 
2% (w/v) uranyl formate for 60 s. Data were collected on either an FEI Tecnai T12 electron 
microscope operating at 120 keV, with an electron dose of ~25 e-/Å2 and a magnification of 
52,000x that resulted in a pixel size of 2.05 Å at the specimen plane, or an FEI Talos electron 
microscope operating at 200 keV, with an electron dose of ~25 e-/Å2 and a magnification of 
92,000x that resulted in a pixel size of 1.57 Å at the specimen plane. Images were acquired 
with a Tietz TemCam-F416 CMOS camera (FEI Tecnai T12) or FEI Ceta 16M camera (FEI Talos) 
using a nominal defocus range of 1000-1500 nm. Data processing methods are described in 
detail elsewhere, including the closed, partially open, and non-native trimer classification 
system [33,55]. 

Differential scanning calorimetry
Thermal denaturation of purified Env proteins was studied using a MicroCal VP-Capillary 
DSC calorimeter (Malvern Instruments) or a nano-DSC calorimeter (TA instruments) as 
described previously [17,43]. All Env protein samples were first extensively dialyzed against 
PBS, and the protein concentration then adjusted to 0.1–0.3 mg/ml. After loading the 
sample into the cell, thermal denaturation was probed at a scan rate of 60°C/h. Buffer 
correction, normalization and baseline subtraction procedures were applied before the data 
were analyzed using NanoAnalyze Software v.3.3.0 (TA Instruments). The data were fitted 
using both two-state and non-two-state models, as the asymmetry of some of the peaks 
suggested that unfolding intermediates were present. We report the Tm values derived 
from the two-state model in table 2 and Fig. 2E, while the multiple Tm values based on 
the non-two-state models are in Fig. S1. The DSC experiments were all performed with 
SOSIP.664-D7324 trimers.
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Single-round infection assay and neutralization assay
The TZM-bl reporter cell line, which stably expresses high levels of CD4 and the co-receptors 
CCR5 and CXCR4 and contains the luciferase and β-galactosidase genes under the control 
of the HIV-1 long-terminal-repeat promoter, was obtained through the NIH AIDS Research 
and Reference Reagent Program, Division of AIDS, NIAID, NIH (John C. Kappes, Xiaoyun Wu, 
and Tranzyme Inc., Durham, NC). TZM-bl cell neutralization assays using Env-pseudotyped 
or chimeric molecular clone viruses were performed at two different sites: DUMC, Duke 
University Medical Center, Durham, NC (for methodology see [119]); AMC, Academic Medical 
Center, Amsterdam (for methodology see [18,43]). The assays at DUMC were performed 
essentially as described in protocols at: http://www.hiv.lanl.gov/content/nab-reference-
strains/html/home.htm. Assays performed at AMC had the following modifications. For use 
in virus production, 293T cells (2×105) were seeded in a 6-well tissue culture plate (Corning) 
in 3 ml of DMEM (Gibco) containing 10% FCS, penicillin (Sigma) and streptomycin sulphate 
(Gibco) (both at 100 U/ml) per well. The culture was refreshed after 1 d by adding 3 ml 
of culture medium when the cells had reached a confluence of 90–95% and were ready 
for transfection. To make Env-pseudotyped viruses, the following expression plasmids were 
added to 240 µl of OPTI-MEM (Gibco) and 10 µl of lipofectamine 2000 (Invitrogen) per well: 
1.6 µg of BG505.T332N Env plasmid and 2.4 µg of pSG3ΔEnv plasmid (obtained through 
the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH (John 
C. Kappes, Xiaoyun Wu, and Tranzyme Inc. Durham, NC)). To generate infectious chimeric 
viruses by transfection the same procedure was used except that 4 μg of a molecular 
clone plasmid was added per well. After incubation for 20 min at room temperature, the 
transfection mixture was added to the cells, and the culture supernatants were harvested 
48 h later as the source of Env-pseudotyped or infectious chimeric viruses for infection and/
or neutralization experiments.

One day prior to infection, TZM-bl cells (17 × 103 cells) were added to a 96-well 
plate in DMEM containing 10% FCS and penicillin and streptomycin (both at 100 units/ml) 
and incubated at 37 °C in an atmosphere containing 5% CO2. A fixed amount of virus (1 
ng of CA-p24) was added to the TZM-bl cells (70–80% confluency) in the presence of 400 
nM saquinavir (Roche Applied Science) and 40 μg/ml DEAE, in a total volume of 200 μl. To 
determine neutralization activity of rabbit sera, 1 ng of virus was first incubated for 1 h at 
room temperature with heat-inactivated sera (3-fold serial dilutions starting at 1:20). The 
mix was then added to the cells in the presence of 40 µg/ml DEAE-Dextran (Sigma) and 
Saquinavir, in a total volume of 200 µl. 72h later, the medium was removed and the cells 
were lysed in Lysis Buffer (For 1 l: 1% Triton X-100, 1.8 g anhydrous MgSO4, 1.88 g EGTA 
tetrasodium and 3.3 g Glycylglycine in MQ, pH=7.8). Luciferase activity was measured using 
a Bright-GloTM Luciferase Assay System (Promega) and a Glomax Luminometer according 
to the manufacturer's instructions (Turner BioSystems). All infections were performed in 
duplicate. Uninfected cells were used to correct for background luciferase activity. The 
residual NAb titers were then quantified as described above. The infectivity of each virus 
in the absence of serum was set at 100%. Nonlinear regression curves were determined 
and the 50% inhibitory serum dose (ID50) was calculated using a sigmoid function in Prism 
software version 6.0.
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Rabbit immunization
Rabbits were immunized under subcontract at Covance as described previously, using 22 
µg of PGT145-purified trimers formulated in ISCOMATRIXTM at week 0, 4 and 20, and Ab 
responses were assessed at week 22 [43]. The rabbit sera were assayed for autologous and 
cross-reactive NAbs using Env pseudoviruses in the TZM-bl cell assay [119].
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Supplemental fi gures

Figure S1: Thermostability of BG505 trimers with hydrophobic substi tuti ons in the V3 domain
DSC analysis of PGT145-purifi ed BG505 SOSIP.v4.1 S306L R308L and SOSIP.v5.2 S306L R308L. The unfolding patt erns 
were fi tt ed using a non-two state model, revealing three individual unfolding peaks. The data were also fi tt ed to a 
two-state model and the Tm values of those analyses are listed in Table 2 and Fig. 2E.

20161230 Steven proefschrift.indd   213 08/02/17   14:55



214

20161230 Steven proefschrift.indd   214 08/02/17   14:55



215

Chapter 9

1 Department of Medical Microbiology, Academic Medical Center, University of Amsterdam, Amsterdam 1105AZ, The 
Netherlands
2 Department of Integrative Structural and Computational Biology, CHAVI-ID, IAVI Neutralizing Antibody Center and 
Collaboration for AIDS Vaccine Discovery (CAVD), The Scripps Research Institute, La Jolla, CA 92037, USA
3 Department of Medicinal Chemistry, University of Washington, Seattle WA 98195, USA
4 Oxford Glycobiology Institute, Department of Biochemistry, University of Oxford, Oxford OX1 3QU, UK
5 Department of Microbiology and Immunology, Weill Medical College of Cornell University, New York, NY 10021, USA
6 International AIDS Vaccine Initiative, New York, NY 10004, USA
7 Department of Surgery, Duke University Medical Center, Durham, NC 27710, USA
8 The Skaggs Institute for Chemical Biology, The Scripps Research Institute, La Jolla, CA 92037, USA
9 Department of Chemistry, University of Kansas, Lawrence, Kansas 66047, USA
10 Microbial Systems Ecology, Department of Aquatic Microbiology, Institute for Biodiversity and Ecosystem Dynamics, 
University of Amsterdam, Amsterdam 1098 XH, the Netherlands

Manuscript in preparation

Improving the 
immunogenicity of 

native-like HIV-1 
envelope trimers by 

hyperstabilization

Alba Torrents de la Peña1, Jean-Philippe 
Julien2, Steven W. de Taeye1, Fernando 
Garces2, Miklos Guttman3, Gabriel 
Ozorowski2, Laura Pritchard5, Anna-Janina 
Behrens4, Eden P. Go9, Judith Burger1, 
Edith Schermer1, Kwinten Sliepen1, 
Thomas A. Ketas5, Pavel Pugach6, Anila 
Yasmeen6, Jonathan L. Torres2, Charlotte 
D. Vavourakis10, Marit J. van Gils1, Celia 
Labranche7, David Montefiori7, Heather 
Desaire9, Max Crispin4, P. J. Klasse5, Kelly K. 
Lee3, John P. Moore5, Andrew B. Ward2, Ian 
A. Wilson2, 8, Rogier W. Sanders1,5

20161230 Steven proefschrift.indd   215 08/02/17   14:55



Chapter 9

216

Abstract
The production of native-like recombinant versions of the HIV-1 envelope glycoprotein 
(Env) trimer requires overcoming the natural flexibility and instability of the trimer. The 
engineered BG505 SOSIP.664 trimer mimics the structure and antigenicity of native Env 
but is capable of improvement. Here, we describe how the introduction of new disulfide 
bonds between the gp120 and gp41 subunits of SOSIP trimers of the BG505 and other 
genotypes improves their stability and antigenicity, reduces their conformational flexibility, 
and helps maintain them in the unliganded conformation. The resulting next generation 
SOSIP.v5 trimers induce strong autologous Tier-2 neutralizing antibody (NAbs) responses 
in rabbits. In addition, the BG505 SOSIP.v6 trimers consistently induced weak heterologous 
NAb responses against a subset of Tier-2 viruses that were not elicited by the prototype 
BG505 SOSIP.664 immunogen. These new stabilization methods can be applied to trimers 
from multiple genotypes for use as components of multivalent vaccines aimed at inducing 
broadly neutralizing antibodies (bNAbs).
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Introduction
Despite many attempts, no experimental vaccine has induced strongly protective immunity 
against HIV-1 infection. One approach to this problem is the generation of an envelope 
glycoprotein (Env) based vaccine that induces broadly neutralizing antibodies (bNAbs) [1]. A 
major obstacle to creating such a vaccine is the instability of the Env trimer, which for many 
years hindered the generation of recombinant, soluble proteins that adequately mimicked 
the functional Env trimer on virions.
 We have described a soluble, recombinant Env trimer, BG505 SOSIP.664, that 
is stabilized by a disulfide bond between gp120 and gp41 and an Ile-to-Pro substitution 
at position 559 in gp41 [2–4]. This trimer is based on the BG505 clade A founder virus 
isolated from a 6-week old infant [5]. Negative-stain electron microscopy (EM) and cryo-
EM studies show that it closely resembles the native, membrane-associated trimer at the 
structural level [4]. The BG505 SOSIP.664 trimer, and others of the same design based 
on different genotypes, display the epitopes for most bNAbs but few non-NAbs [4,6–11]. 
In immunogenicity studies in rabbits, the BG505, AMC008 and B41 SOSIP.664 trimers 
induced NAbs against the corresponding autologous viruses [12,13]. Several BG505 trimer 
structures, determined by crystallography and cryo-EM, have provided new insights into the 
architecture and function of HIV-1 Env [14–19]. 
 Although SOSIP.664 trimers are stable enough to produce and purify, we 
hypothesized that their performance as immunogens could be improved by reducing their 
conformational flexibility and the consequent exposure of immunodominant, potentially 
distractive non-NAb epitopes [13]. In addition, further stabilization of the trimer may be 
beneficial by increasing its half-life in vivo and hence its chances of encountering the rare 
naïve B cells that recognize bNAb epitopes. Finally, as human vaccine candidates, high 
thermal stability would be beneficial in practical contexts such as storage conditions and 
shelf life [20]. 
 The increasingly high-resolution structures of SOSIP trimers greatly facilitate 
the design of stabilization strategies. BG505 SOSIP.664 trimers have already been further 
stabilized by adding an intra-gp120 disulfide bond linking residues 201 and 433, which 
fixes the bridging sheet in its ground state and thereby reduces the exposure of non-NAb 
epitopes [21,22]. Combining two different substitutions in gp120, E64K or H66R plus A316W, 
increases the stability of SOSIP.v4 trimers of various genotypes, reduces the exposure of 
non-NAb CD4i and V3 epitopes (i.e. 17b, 19b and 14e), and decreases the induction of V3-
directed non-NAbs in immunized rabbits [13]. We have also introduced a disulfide bond 
between gp120 residue-49 of one protomer and gp41 residue-555 of a second protomer 
to increase thermostability of the resulting BG505 SOSIP.664 E49C-L555C trimers [23]. 
Forming a complex with the quaternary-structure dependent bNAb, PGT145, can also 
improve trimer stability [24]. Finally, by comparing the BG505 sequence with others that 
form stable trimers poorly, several substitutions were identified that increase the stability of 
JR-FL and 16055 SOSIP.664 trimers [22]. The most stable native-like trimer reported to date 
is BG505 SOSIP.664 E49C-L555C, with a midpoint of thermal denaturation (Tm) of 75.2°C 
(i.e., an increase of 7.6°C over the SOSIP.664 prototype) [23]. Strong precedents underpin 
this approach as disulfide bonds play a well established role in protein stability [25,26]. For 
example, disulfide bonds can be up to 17-fold more abundant in proteins from thermophilic 
archea and bacteria, compared to mesophiles, and the number of bonds correlates with the 
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maximum growth temperature [27,28].
Here, we described the structure-guided introduction of additional disulfide 

bonds between gp120 and gp41 that further stabilize the resulting SOSIP.v5 trimers in 
their unliganded, closed state. Furthermore, we have combined these inter-subunit 
bonds to create hyperstable SOSIP.v6 trimers. When BG505 SOSIP.v6 trimers were tested 
as immunogens in rabbits, they induced strong autologous responses as well as weak but 
consistent NAbs against a subset of heterologous Tier-2 viruses. In the latter regard the new 
trimers were superior to the SOSIP.664 prototype.

Results

Addition of a second disulfide bond between gp120 and gp41
To reduce the flexibility and increase the stability of BG505 SOSIP.664 trimers, we designed, 
screened and produced variants containing an additional engineered intra-protomer disulfide 
bond, i.e., between the gp120 and gp41 subunits. Since the disulfide bond between residue 
501 of gp120 and residue 605 of gp41 (i.e., the SOS bond) used to create SOSIP trimers is 
located near the base of the trimer [2,16], we sought locations nearer to the trimer apex for 
a second intra-protomer bond. Initially, new disulfide bonds were evaluated in the absence 
of the SOS bond, but promising candidates were subsequently combined with SOS to 
make double disulfide-bond variants (Figs. S1 and S2). Based on favorable biochemical and 
antigenic properties, we selected two such variants, designated SOSIP.664 H72C-H564C and 
SOSIP.664 A73C-A561C, for further analyses (Figs. S1 and S2). To provide additional stability, 
we also introduced two point substitutions: A316W to improve hydrophobic packing of V3 
residues and prevent sporadic, unwanted V3 exposure from its hidden location below V1V2; 
and E64K to impede the occasional spontaneous and reversible sampling of the CD4-bound 
conformation (Fig. 1A; [13]). SOSIP.664 trimers containing the E64K and A316W substitutions 
and either an H72C-H564C or A73C-A561C disulfide bond are referred to as SOSIP.v5.1 or 
SOSIP.v5.2 variants, respectively (Fig. 1A; see also Table 1).

Biochemical and biophysical properties of stabilized BG505 SOSIP.v5 trimers
The two variants of BG505 SOSIP.v5 trimers were expressed in 293F cells and purified 
via PGT145-affinity chromatography [13]. Non-reducing SDS-PAGE analysis showed that 
the SOSIP.v5 proteins migrated more slowly than their SOSIP.664 counterparts (Fig. S3A), 
consistent with a decrease in SDS uptake when a protein becomes more compact. We 
used tandem mass spectrometry (MS/MS) to confirm that, in addition to the 10 canonical 
disulfide bonds and the SOS bond, the new bond was also formed in both SOSIP.v5 variants 
(Table S5). 
 PGT145-purified BG505 SOSIP.664 and SOSIP.v5 trimers have a typical native-like 
conformation (98% of the population) when visualized by NS-EM (Table 1; Fig. S3C). PGT145-
purified, native-like BG505 SOSIP.664 trimers have a more open configuration, on average, 
compared to ones purified by 2G12 columns, typically ~30% closed vs. >95%. The E64K and 
A316W substitutions partially reverse this opening effect, the resulting SOSIP.v4.1 trimers 
being ~70% closed [13] (Table 1). The addition of the H72C-H564C and A73C-A561C bonds 
has a further effect, to 85% closed for SOSIP.v5.1 and 91% for SOSIP.v5.2 trimers (Table 1 
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Figure 1. Design, anti genicity, structure and dynamics of BG505 SOSIP.v5 trimers containing novel disulfi de bonds between 
gp120 and gp41. (a) Linear schemati c of the BG505 SOSIP.664, SOSIP.v4, SOSIP.v5, SOSIP.v5.2 I201C-A433C and SOSIP.v6 constructs. 
Modifi cati ons that create the SOSIP.664 construct are indicated in red, and include the T332N glycan inserti on, the SOS disulfi de 
bond (Cys501-Cys605), and the I559P and R6 substi tuti ons [4]. The E64K and A316W substi tuti ons added to make the SOSIP.v4 
construct are colored blue [13]. The newly engineered disulfi de bonds in the remaining constructs, are shown in purple. There are 
two sub-variants of the SOSIP.v5 construct: The v5.1 design has a disulfi de bond between Cys72 and Cys564, whereas SOSIP.v5.2 
has the bond between Cys73 and Cys561. The Cys201-Cys433 and Cys49-Cys555 disulfi de bonds, previously described by Do Kwon 
et al. and Garces et al., respecti vely, introduced into the SOSIP.v5.2 construct are shown in grey [21,23]. The resulti ng constructs 
are designated SOSIP.v5.2 I201C-A433C and SOSIP.v6, respecti vely. (b) SPR analysis of the binding of bNAbs PG16, PGT145, PGT151 
and 35022 to quaternary epitopes (upper panel), and of CD4-IgG2 and the 17b CD4i epitope non-NAb +/- the prior additi on of 
CD4-IgG2 (lower panel), to the indicated BG505 trimer variants. (c) Crystal structure of the quaternary complex of BG505 SOSIP.664 
72C-564C trimer (cyan), in complex with PGT122 Fab (pink), 35O22 Fab (orange) and NIH 45-46 scFv (deep blue). The three anti body 
fragments are represented as surfaces, and the trimer’s N-linked glycans as spheres. One of the three protomers is highlighted for 
clarity. The gp41 HR1 locati on of the C-terminus of the engineered 72C-564C disulfi de bond is marked with a rectangle. (d) Detail 
of the interacti on between gp41 HR1 and gp120. A 2Fo-Fc composite omit map contoured at 1.0σ around gp41 HR1 (blue mesh) 
reveals more ordered electron density (green mesh) for gp41 residues 547-569 (dott ed lines), implying that the 72C-564C disulfi de 
bond may help to stabilize this region of the trimer. The Fig. was rendered using Pymol. (e) Diff erences in H/D exchange rates 
between the unliganded and CD4-bound forms of the indicated SOSIP trimer variants. The net diff erence in H/D exchange as a sum 
of all ti me points (in Da) is plott ed for each observable pepti de. Only diff erences that were outside the error range were included 
in the summati on process. The same set of pepti des was used for each trimer construct. The individual exchange plots for each 
observable pepti de are shown in Fig. S4d.
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Table 1. Biophysical characterizati on of stabilized SOSIP trimers from BG505, AMC008, B41 and ZM197M 
isolatesa

a The yields of PGT145-purifi ed trimers are listed, together with the percentages that have a nati ve-like conformati on and that are 
in the closed form, as determined by negati ve stain EM. The 2D class averages were derived using trimers without a C-terminal tag, 
and are shown in Supplementary Fig. 5c. The percentage of Man8GlcNAc2 and Man9GlcNAc2 glycans, as well as the total percentage 
of oligomannose glycans are provided for each trimer (Supplementary Fig. 5e). The Tm values are based on two-state model fi tti  ng. 
Tm values for His-tagged trimers (BG505) were consistently ~0.9-1.0°C higher than the values for the same trimers without a tag. 
Tm values obtained with D7324-tagged trimers (AMC008, B41 and ZM197M) were up to 0.4°C higher than those without a tag. ND: 
Not determined.  
b An overview of the modifi cati ons made to the stabilized trimer variants is shown in Table S1. 
c NS-EM and glycan compositi on data for SOSIP.v4.1 and SOSIP.v4.2 trimers were previously reported in De Taeye et al., 2015 [13].
d Data for this trimer variant were previously described in DoKwon et al., 2015 and Guenaga et al., 2015 [21,22]. 
e  SOSIP.664 trimer variant was described in Garces et al., 2015 [18]. Experiments were performed with newly PGT145-purifi ed 
protein. 
f The Tm values for each construct were obtained by DSC using a two-state model (Fig. S5d). 
g Percentages of Man8, Man9 and total oligomannose glycans are given for each trimer (Fig. S5e). 
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and Fig. S3C). DLS studies support the conclusion that the SOSIP.v5 trimers are both more 
compact (see Table S2 and Fig. S3D for these and other biophysical analyses, including SAXS 
data).
 We then assessed BG505 trimer thermostability using differential scanning 
calorimetry (DSC). The midpoints of thermal denaturation (Tm) of the SOSIP.664 H72C-H564C 
and A73C-A561C trimers were 72.0°C and 72.5°C, respectively, i.e. 4.4°C and 4.9°C higher 
than for SOSIP.664 (Table 1). The introduction of either disulfide bond in the SOSIP.v4.1 
context again increased trimer thermostability, the Tm values of 75.0°C and 75.3°C for SOSIP.
v5.1 and SOSIP.v.5.2, respectively, representing increases of 4.3°C and 4.6°C over SOSIP.v4.1 
and 7.4°C and 7.7°C over SOSIP.664 (Table 1, Fig. S3E). 
 The glycosylation profiles of the SOSIP.664 H72C-H564C, SOSIP.664 A73C-A561C 
and both SOSIP.v5 trimers were all similar to those of SOSIP.664 and SOSIP.v4.1, with 
oligomannose glycoforms dominating (61%-64%) and in particular Man8GlcNAc2 and 
Man9GlcNAc2 glycans (Table 1, Fig. S3F). The high density of unprocessed oligomannose 
glycans is a hallmark of native-like Env trimers [29–31].

Antigenicity of stabilized BG505 SOSIP.v5 trimers
We used a panel of bNAbs to assess the antigenicity of His-tagged versions of the stabilized 
BG505 trimer variants by ELISA. All the tested bNAbs bound comparably to the SOSIP.664, 
SOSIP.v4 and SOSIP.v5 trimers, implying that the stabilization changes had not compromised 
antigenicity (Table 2, Fig. S3G). Surface Plasmon Resonance (SPR) studies confirmed that the 
quaternary structure-dependent epitopes at the trimer apex (PG16 and PGT145) and the 
gp120/gp41 interface (35O22 and PGT151) were fully preserved on both versions of SOSIP.
v5 trimers (Fig. 1B). CD4-IgG2 bound substantially less well to the SOSIP.v5 trimers than to 
their SOSIP.664 precursor in ELISA (Table 2). An SPR analysis showed that the rate of CD4-
IgG2 dissociation from both SOSIP.v5 variants was markedly greater than for SOSIP.664 (Fig. 
1B). The latter finding is consistent with a report that stabilizing BG505 SOSIP.664 trimers 
with a disulfide bond between gp120 positions 201 and 433 leads to a faster rate of sCD4 
dissociation. 
 BG505 SOSIP.664 trimers bind 17b, a non-NAb against a CD4-inducible (CD4i) 
epitope, minimally but detectably in the absence of CD4 [4]. Under the same conditions, 
neither SOSIP.v5 trimer bound 17b detectably when CD4-IgG2 was absent, and the extent 
of CD4i-epitope induction by CD4-IgG2 was less than seen with SOSIP.664 and SOSIP.v4.1 
(Table 2, Fig. S3G). An SPR analysis confirmed and extended these results (Fig. 1B). Moreover, 
the CD4bs non-NAb b6 also bound less well to the SOSIP.v5 trimers than to SOSIP.664 and 
SOSIP.v4.1 (Table 2, Fig. S3G). Some of the reductions in non-NAb epitope exposure are 
attributable to the A316W substitution that is present in SOSIP.v4 trimers [13]. However, the 
new disulfide bonds in the SOSIP.v5 trimers confer additional benefit (Table 2, Fig. S3G).

Taken together, the antigenicity studies show that the SOSIP.v5 trimers, each 
further stabilized by an additional disulfide bond, preserve the desired bNAb reactivity 
profiles of their SOSIP.664 and SOSIP.v4.1 precursors, while minimizing the display of non-
NAb epitopes associated with V3, the CD4bs and the CD4i site. Their binding of CD4-IgG2 is 
also reduced, while VRC01 binding is unchanged. 

X-ray structure of a stabilized BG505 SOSIP trimer
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To assess the impact of an extra disulfide bond on trimer structure we expressed the BG505 
SOSIP.664 H72C-H564C trimer in 293S cells and purified it by 2G12-affinity chromatography 
followed by size exclusion chromatography (SEC); its crystal structure was then determined 
as a complex with bNAbs PGT122 Fab, 35O22 Fab and NIH45-46 scFv (Fig. 1C). Although the 
crystals only diffracted to 7-Å resolution, the availability of higher resolution structures for 
other BG505 SOSIP trimers allowed a clear interpretation of the lower resolution electron 
density maps, as exemplified by good refinement statistics (Table S3). The structure showed 
that the overall architecture of the trimer is preserved upon addition of the 72C-564C 
inter-subunit disulfide bond (Fig. 1C). In addition, bNAbs against three distinct sites of 
vulnerability (PGT122, N332; 35O22, gp41/gp120 interface; NIH45-46, CD4bs) interacted 
with their epitopes in a manner similar to their recognition of the SOSIP.664 trimer (Fig. 1C). 
Residues 547-569 in the gp41 HR1 N-terminal region near the site of the 72C substitution in 
gp120 also have stronger electron density, especially in one of the three protomers (Fig. 1D). 
Thus, the added H72C-H564C inter-subunit linkage may contribute to stabilizing the ground 
state of the trimer.

Dynamics of BG505 SOSIP.v5 trimers
Protein domains that adopt a stable secondary structure and/or are buried are protected 
from deuterium exchange, while exposed flexible domains undergo rapid exchange. We 
therefore used Hydrogen-Deuterium Exchange (HD-X) coupled with mass spectrometry 
(MS) to explore the impact of the new trimer-stabilizing changes on protein dynamics and 
conformational flexibility. The resulting exchange profiles for the BG505 SOSIP.664 A73C-
A561C, SOSIP.v5.1 and SOSIP.v5.2 trimers were similar to the SOSIP.664 precursor (Fig. 
S4). We used the same method to study CD4-induced conformational changes. Adding a 
substantial molar excess of sCD4 to the SOSIP.664 trimers resulted in less protection in the 
V2 and V3 loops but more protection of the CD4bs, in gp120 layers 1-3, and in gp41 HR1, in 
agreement with previous studies (Fig. 1E and S4) [32]. In contrast, all the above changes were 
greatly diminished or completely abolished in the various stabilized trimers (Fig. 1E and S4). 
The SOSIP.v5.2 variant responded the least to sCD4, in that the CD4-induced exposure of V2 
and V3 was now entirely abrogated (Fig. 1E and S4). Thus, the extra inter-subunit disulfide 
bond and the E64K and A316W substitutions together impede the opening of the apex of 
the SOSIP.v5.2 trimers when sCD4 is present. We conclude that, by all available measures, 
the BG505 SOSIP.v5.2 trimers are completely trapped in the closed, ground state.

Stabilizing SOSIP trimers from clades B and C
To assess the generality of the stabilization method, we introduced the H72C-H564C or 
A73C-A561C disulfide bonds into the B41 (clade B) SOSIP.v4.1 construct and the AMC008 
(clade B) and ZM197M (clade C) SOSIP.v4.2 constructs [13,33,34]. 
 The resulting B41 AMC008, and ZM197M SOSIP.v5 variants were purified by 
PGT145-affinity chromatography and analyzed by SDS-PAGE and BN-PAGE analysis. While 
AMC008 SOSIP.v5 and B41 SOSIP.v5 yielded similar amounts of trimers to their comparably 
produced SOSIP.664 and SOSIP.v4 counterparts, the yields for ZM197M were considerably 
improved (1.0 mg/l for SOSIP.v5.1 and v5.2 vs. ~0.3 mg/l for SOSIP.664 and SOSIP.v4) (Table 
1). All the various purified SOSIP.v5 trimers were cleaved efficiently (Figs. S5A and S5B), and 
they all migrated more slowly on non-reducing SDS-PAGE gels, as seen 
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Table 2. Anti genic characterizati on of stabilized trimers from BG505, AMC008, B41 and ZM197M isolatesa

a Binding of bNAbs and non-NAbs was determined using a Ni-NTA (BG505 and AMC008) or a D7324- (B41 and ZM197M) capture 
ELISA. Half-maximal binding concentrati ons (EC50, in µg/ml) are shown for SOSIP.664 trimers (in bold). Anti body binding to the 
various stabilized trimers is expressed as percentages of the binding to SOSIP.664 (defi ned as 100%). The values are representati ve of 
at least 2 independent experiments, and the experimental error is <25%. The ELISA curves from one representati ve experiment are 
shown in Supplementary Fig. 5f. Color code: green, >130% binding; orange 10-70% binding; red <10% binding. ND: Not determined.
b An overview of the modifi cati ons made to the stabilized trimers variants is shown in Fig. 1A.
c The SOSIP.v4.1 and SOSIP.v4.2 trimer variants were described in de Taeye et al., 2015 [13]. 
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for the BG505 constructs (Fig. S5A). Negative-stain EM confirmed that the PGT145-purified 
SOSIP.v5 trimers were again invariably native-like, and also more likely to be in the closed 
conformation (Table 1, Fig. S5C). As for BG505, oligomannose glycoforms dominated (63-
70%, in particular Man8GlcNAc2 and Man9GlcNAc2) the glycan compositions of the B41, 
AMC008 and ZM197M SOSIP.v5 variants (Table 1; Fig. S5E) [29–31]. The additional disulfide 
bond improved the thermostability of each trimer construct. For AMC008, the Tm increased 
from 60.2°C (SOSIP.664) to 68.3-5°C (SOSIP.v5.1 and v5.2), i.e. by 8.1 and 8.3°C (Table 1; Fig. 
S5D). Increases in Tm of between 4 and 7°C compared to SOSIP.664 were also seen for the 
various B41 and ZM197M SOSIP.v5.1 and SOSIP.v5.2 trimers (Table 1; Fig. S5D). Overall, we 
conclude that introducing a second inter-subunit disulfide bond confers additional stability 
on SOSIP.v5 trimers from three different clades. 

Antigenic properties of B41, AMC008 and ZM197M SOSIP.v5 trimers
In general, the antigenicity properties of the SOSIP.v5.1 and v5.2 trimers of all three 
genotypes were again comparable to the corresponding SOSIP.v4 and/or SOSIP.664 trimers; 
bNAb binding was retained while non-NAb reactivity with V3 and CD4i epitopes was reduced 
(Table 2, Fig. S5F). As seen with BG505, CD4-IgG2 binding to the AMC008, B41 and ZM197M 
SOSIP.v5 variants was reduced compared to SOSIP.v4 (Table 2). An unexpected observation 
was that the introduction of an additional disulfide bond into the B41 and ZM197M SOSIP.
v5 constructs improved the binding of the quaternary structure-dependent bNAbs PG16, 
PGT145 and PGT151, compared to SOSIP.664 and SOSIP.v4 trimers (Table 2, Fig. S5F). The 
effect was particularly noticeable for B41, for which PGT151-binding was negligible for the 
SOSIP.664 trimers but strong for both the SOSIP.v5 versions (Table 2, Fig. S5F). Bearing in 
mind that PGT151 neutralizes the B41 virus, the extra disulfide bond must favorably modify 
the local conformation of the gp120–gp41 interface to restore the PGT151 epitope that is 
missing from the SOSIP.664 trimer [34]. 

Comparison and combination with other trimer stabilization approaches
Two other SOSIP trimer stabilization strategies are outlined in Fig. 1A. First, introducing 
a disulfide bond between residues 201 and 433 (substitutions I201C and A433C) in the 
gp120 bridging sheet has been reported to increase the thermostability and reduce the 
conformational flexibility of these BG505 trimers [21]. Second, a disulfide bond between 
gp120 and gp41 of different protomers (substitutions E49C and L555C) also makes BG505 
trimers more thermostable [18]. BG505 SOSIP trimer variants containing either of these 
disulfide bonds have a reduced exposure of CD4i and V3 non-NAb epitopes [18].

We introduced the above disulfide bonds into BG505 SOSIP.664 or SOSIP.v5.2 
constructs and determined the yields, antigenic profiles and thermal stability of the resulting 
trimers. The SOSIP.v6 construct contains the E49C-L555C substitutions on the SOSIP.v5.2 
background, while the SOSIP.v5.2 I201C-A433C construct includes the 201C-433C disulfide 
bond (Figs. 1A, S3B). The yields of PGT145-purified SOSIP.v5.2 I201C-A433C and SOSIP.v6 
trimers (~1.5 and ~0.8 mg/l, respectively) were lower than for SOSIP.664 and SOSIP.v5.2 (~2.0 
mg/l) (Table 1). Non-reducing SDS-PAGE analysis showed that SOSIP.v6 proteins migrated 
as a trimer, which is consistent with the formation of inter-protomer disulfide bonds (Fig. 
S3A). However, two sub-populations were visible on the gels. Based on a comparison with 
the migration patterns of various control proteins, we propose that the slower migrating 
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variant, ~60% of the total, contains all three engineered disulfide bonds (A501C-T605C, 
A73C-A561C, E49C-L555C), while the faster migrating species lacks the A73C-A561C bond. 
It may be that the presence of the E49C-L555C bond prevents the A73C-A561C bond from 
forming in a sub-population of trimers (Fig. S3A). 

The quaternary antibodies PGT151, PGT145 and VRC026.09 bound more strongly 
to the BG505 SOSIP.v5.2 I201C-A433C and SOSIP.v6 trimers than to their precursors, while 
the binding of non-NAbs to V3 and CD4i epitopes continued to be very low (Table 2, Fig. 
S3G). Both new trimers resembled their precursors in containing mostly oligomannose 
glycoforms, specifically in the form of Man8GlcNAc2 glycans (Table 1, Fig. S3F).

The new disulfide bonds increased BG505 trimer thermostability. Adding the 
201C-433C bond to the SOSIP.v5.2 construct increased the Tm from 75.3°C to 80.7°C. The 
SOSIP.v6 trimer was particularly thermostable; the Tm of the majority sub-population was 
92.2°C, and a substantial unfolding event was detected at 78.8°C, which we propose reflects 
the minority of trimers in which the 73C-561C linkage is not formed. The Tm of 92.2oC 
represents a dramatic improvement in stability (i.e. by 24.6oC) compared to the original 
BG505 SOSIP.664 trimer (Tm = 67.6°C).

Immunogenicity of stabilized BG505 SOSIP trimers in rabbits
We compared the immunogenicity of various prototypic and stabilized BG505 SOSIP trimers 
in rabbits using a previously described protocol, measuring the antibody responses 2 weeks 
after the third immunization (Fig. 2A) [12,13]. The immunogens, all tested under comparable 
conditions, are summarized and color-coded in Fig. 2B, and the antibody responses are 
shown in Fig. 2C-G.
 All the BG505 trimer-immunized animals had high and comparable titers of binding 
antibodies to the corresponding trimers, as measured in ELISA (Fig. 2C). The sera from the 
SOSIP.664 trimer recipients consistently neutralized the autologous Tier-2 BG505.T332N 
virus in a titer (IC50) range of 100-10,000, which is consistent with our earlier reports (Fig. 2D) 
[12,13]. The corresponding gp120 monomer was almost entirely ineffective in this regard, 
with only one of five animals responding weakly (Fig. 2D). The autologous NAb responses 
(median IC50 values) elicited by the different trimers were generally comparable (SOSIP.664, 
4432; SOSIP.v4.1, 4503; SOSIP.v5.1 + SOSIP.v5.2 pooled, 3457; SOSIP.v6, 7798), except for the 
SOSIP.v5.2 I201C-A433C hyper-stabilized trimer (median IC50, 226; not significant compared 
to SOSIP.664) (Fig. 2D). Thus, with the possible exception of the I201C-A433C change to 
the SOSIP.v5.2 construct, the modifications used to create new, more stable trimers do not 
impair the induction of the autologous BG505.T332N NAb response. 
 One of the goals of trimer-stabilization projects is to reduce the antigenicity and 
immunogenicity of epitopes for non-NAbs and Tier-1 NAbs, the latter dominated by V3-
directed antibodies, and thereby focus the immune response on more productive targets 
[13,21,35]. Compared to the BG505 SOSIP.664 trimers and, more so, the gp120 monomers, 
NAb titers against the Tier-1A SF162 virus were reduced by 3-fold for the combined SOSIP.
v5.1 and SOSIP.v5.2 groups (p=0.0175 vs. SOSIP.664) and were also lower for SOSIP.v5.2 
201C-433C (not statistically significant vs. SOSIP.664). In contrast, SF162 NAb titers were 
higher in the SOSIP.v6 group compared to SOSIP.664 and the combined SOSIP.v5 groups 
(p=0.0031)(Fig. 2E). 

Sera from the various BG505 trimer-immunized rabbits were generally only weakly 
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Figure 2. Immunogenicity of BG505 and 
ZM197M SOSIP.v5 trimers in rabbits. (a) 
Schemati c representati on of immunizati on 
schedule. (b) Color coding for the immunogens 
tested. Panels c-h show data for BG505-based 
immunogens, panels i-n for ZM197M. (c, i) 
Midpoint anti body binding ti ters (EC50) as 
measured by D7324-capture ELISA for the 
trimer variants indicated on the x-axis at the 
foot of the Fig., and by the color-coding scheme 
outlined in (b). (d-g, i-m) Neutralizati on of 
HIV-1 viruses in the TZM-bl assay by sera from 
animals immunized with BG505 or ZM197M 
trimer variants. The plots show ID50 values, 
the serum diluti on at which infecti vity is 
inhibited by 50%. (d and j) Autologous viruses; 
(e and k) SF162 heterologous Tier 1A; (f and 
g), 92RW heterologous Tier 2 virus; (l and 
m) SHIV162P3 heterologous Tier 2 virus. (h 
and n) The numbers of heterologous viruses 
neutralized by each serum with an IC50 >40 are 
shown. Note that the data for the 5 BG505 
SOSIP.664 and SOSIP.v4.2 control animals have 
been published previously, but are re-plott ed 
here for comparison as the immunizati on and 
assay conditi ons are comparable [13].
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and sporadically active against a panel of heterologous Tier 2 viruses (Table S4). However, 
the clade A virus 92RW and the clade B virus SHIV162P3 were occasionally neutralized in 
the titer range 40-200 (Figs. 2I and 2K). Here, the most consistently immunogenic trimer was 
SOSIP.v6, with median IC50 values against 92RW and SHIV162P3 of 46 and 66, respectively 
(p=0.0142 and p=0.0021, respectively, for SOSIP.v6 compared with the combined SOSIP.664, 
SOSIP.v4.1 and SOSIP.v5 groups). For each individual rabbit, we analyzed the number of 
heterologous Tier-2 viruses that were neutralized with IC50 values >40. Neutralization at this 
titer level was only sporadic for the SOSIP.664, SOSIP.v4.1 or SOSIP.v5 groups; the majority 
of the sera were inactive against all heterologous Tier-2 viruses. In contrast, sera from the 
SOSIP.v6 group neutralized one (n=2), two (n=1) or three (n=2) of the viruses in the test 
panel at a titer >40 (Fig. 2H). When the SOSIP.v6 group was compared with the SOSIP.664, 
SOSIP.v4.1, SOSIP.v5.1 + SOSIP.v5.2 and SOSIP.5.2 I201C-A433C groups, the number of 
heterologous Tier-2 viruses neutralized with IC50 values >40 was significantly higher (n = 10 
for SOSIP.v6 vs. n = 0, 4, 4 and 3, respectively; Kruskal-Wallis p<0.001 in each case) (Fig. 2H). 

Immunogenicity of stabilized ZM197M SOSIP trimers in rabbits
In a similar study, we tested the ZM197M SOSIP.664, SOSIP.v4.2 and SOSIP.v5.2 trimers in 
rabbits (Fig. 2I-N). The autologous trimer binding antibody titers were again comparable 
among the groups, but ~2 to 5-fold lower than those induced by BG505 trimers (Fig. 2I). The 
autologous NAb response to the ZM197M trimers, in general, was also markedly weaker 
and less consistent than seen with their BG505 counterparts (compare Fig. 2I with 2C, and 
2J with 2D). The ZM197M SOSIP.v5.2 trimer was clearly the most immunogenic for the 
autologous NAb response (5/5 responders, with a median IC50 of 114, compared to 3/10 
responders for the combined SOSIP.664 and SOSIP.v4.2 groups; p<0.0001 by χ2 test, Fig. 2K). 
The three ZM197M trimers induced SF162 Tier-1A NAb titers to comparable extents. 

As seen in the BG505 study, sera against the various ZM197M trimers only 
sporadically neutralized heterologous Tier-1B and Tier-2 viruses (Table S4). Overall, the most 
frequent NAb responses to 92RW and SHIV162P3 were induced by the ZM197M SOSIP.v5.2 
variant. Thus, 3/5 sera from this group neutralized both viruses at titers >40 (p=0.007 and 
non-significant for 92RW and SHIV162P3, respectively, compared to SOSIP.664 plus SOSIP.4.2 
combined; Figs. 2L and 2M). Three of the 5 SOSIP.v5.2 sera neutralized three heterologous 
Tier-2 viruses at a titer >40, while none of the SOSIP.664 or SOSIP.v4.2 sera did so (Kruskal-
Wallis p>0.001; Fig. 2N). Assessed across the entire heterologous Tier-2 panel, the ZM197M 
SOSIP.v5.2 sera neutralized significantly more viruses (IC50 values >40) compared to the 
SOSIP.664 or SOSIP.v4.2 groups (n = 9 vs. 0 or 0, respectively; Fischer-Freeman p<0.0001, 
Fig. 2N). 

In conclusion, the hyperstable BG505 SOSIP.v6 trimers induced significantly broader 
Tier-2 NAb responses than the SOSIP.664, SOSIP.v4 and SOSIP.v5 variants. For the ZM197M 
genotype, the SOSIP.v5.2 construct was the most broadly immunogenic for Tier-2 NAbs of 
those tested. Overall, the still inconsistent heterologous Tier-2 NAb responses induced by 
the BG505 SOSIP.v6 and ZM197M SOSIP.v5.2 trimers constitute a new baseline for further 
trimer design and delivery improvements. 

Conclusions 
We describe the creation of native-like SOSIP trimers that are stabilized and antigenically 
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improved by the introduction of additional disulfide bonds. The most stable variant, BG505 
SOSIP.v.6, has a Tm of 92.2°C, an increase of ~25°C over the prototypic SOSIP.664 design. The 
most stable trimers contain three new disulfide bonds per gp120-gp41 protomer. The 30 
intermolecular disulfide bonds naturally present in the trimer are located within the inner or 
outer domains of gp120 or, in one case, the immunodominant loop of gp41. In contrast, the 
engineered bonds are all inter-domain: i.e., between the gp120 inner and outer domains 
(C201-C433), between the gp120 and gp41 subunits of one protomer (C501-C605 and 
C73-C561), and between gp120 and gp41 on different protomers (C49-C555). 
 The inter-subunit disulfide bond linking gp120 residue-501 to gp41 residue-605 
(the “SOS bond”) was positioned without the availability of structural information on the 
gp120-gp41 interface [2]. The cryo-EM structure of the native, membrane-associated trimer 
confirms the accuracy with which this bond was placed [36]. The newly introduced gp41 
cysteine residues that successfully form inter-subunit disulfide bonds are located between 
the α6 and α7 segments that were not well resolved in the initial BG505 SOSIP.664 trimer 
structures [14,16,37]. More recent structures and HD-X experiments imply that this region 
might be quite dynamic and, hence, capable of adopting multiple conformations [18,32]. 
The finding that cysteine residues at multiple positions in gp41 HR1 can pair with gp120 
residues 72 or 73 is consistent with this region being flexible when the engineered proline 
residue is present at position 559 [36]. However, the trimer structure predicted various 
other positions for cysteine substitutions that did not, in practice, lead to the efficient 
formation of new disulfide bonds. One explanation is that the presence of additional cysteine 
residues can sometimes interfere with oxidative folding and disulfide bond isomerization 
in the endoplasmic reticulum, leading to the production of mis-folded proteins that are 
subsequently degraded [38].
 The BG505 SOSIP.v6 and ZM197M SOSIP.v5.2 trimers have encouraging 
immunogenicity properties in rabbits; compared to the SOSIP.664 prototypes, their abilities 
to elicit autologous NAbs was preserved, Tier-1 NAb titers were reduced or comparable and 
there was an improved, although still weak, induction of heterologous NAbs against a subset 
of Tier-2 viruses. The potential of these stabilized trimers, and others based on different 
genotypes, should be further evaluated in various immunization strategies aimed at inducing 
bNAbs. From a wider perspective, the reduced conformational flexibility of stabilized trimers 
may help maintain them in the ground state for longer in vivo, thereby maximizing the 
presentation of bNAb epitopes and increasing the probability of a successful encounter with 
the rare B cells that recognize bNAbs. The reduced accessibility of unwanted, potentially 
distractive non-NAb sites may also be advantageous. How these various factors intersect to 
drive the induction of higher titer autologous and heterologous Tier-2 NAb titers is likely to 
be also influenced by the genotype of the trimer, as well as its design. An additional virtue of 
a more stable vaccine immunogen is an increased shelf life and simplified storage capacity 
under real-word conditions [20]

Methods

Construct design
The constructs expressing BG505, B41, AMC008 and ZM1097M SOSIP.664 proteins have 
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been described elsewhere [4,13,33,34]. To improve the formation of soluble trimers, 
these constructs contained the following changes compared to the original Env sequence: 
a TPA signal sequence; A501C and T605C; I559P; REKR to RRRRRR at the C-terminus of 
gp120; a stop codon after residue 664 [2,39–42]. In addition, we introduced substitutions 
to restore glycan-dependent bNAb epitopes: T332N in BG505 and D156N, E295N and 
D332N in ZM197M [4,13,33,34]. We refer to these constructs as SOSIP.664. We further 
introduced the E64K or H66R and A316W trimer-stabilizing changes [13], as well as the 
I/V535M and L543N trimer-improving changes to gp41, where necessary [13]. We also 
constructed AMC008, B41 and ZM197M trimer variants bearing either a His-tag (BG505) or 
a D7324 epitope-tag sequence at the C-terminus of residue 664 (GSGSGGSGHHHHHHHH or 
GSAPTKAKRRVVQREKR, respectively), as described in Sanders et al. 2013 [4]. Point mutations 
were made using Quickchange site-directed mutagenesis kit (Agilent Technologies, La Jolla, 
CA, USA) and constructs were verified by sequencing prior to use.

Protein expression and purification
The Env proteins were transiently expressed in adherent 293T cells or suspension 293F 
cells in the presence of excess co-transfected furin and purified using PGT145-affinity 
chromatography as described previously [4,13,33,34,43]. All the exploratory experiments 
using unpurified Env from supernatant of transfected cells made use of 293T cell-expressed 
proteins, while purified trimers were derived from 293F cells. SDS-PAGE and BN-PAGE 
analyses were performed as previously described [4,13,15,34]. 

Surface Plasmon Resonance (SPR), ELISA and thermostability ELISA
SPR analyses were performed as previously described [4,6,44]. 
D7324-capture and Ni-NTA capture ELISAs have been described elsewhere [4,6]. 

Antibodies and Fabs
MAbs were obtained as gifts, or purchased, from the following sources: John Mascola and 
Peter Kwong (VRC01); Dennis Burton (PG9, PG16, PGT121, PGT145, PGT151, b6); Polymun 
Scientific (2G12); Michel Nussenzweig (3BC315); Mark Connors (35022); and James Robinson 
(17b, 19b, 14e). 

Differential scanning calorimetry (DSC)
To probe the thermostability of SOSIP.664 trimers we used a Nano-DSC (TA Instruments, New 
Castle, DE, USA) and analyzed the data using NanoAnalyze Software v.3.3.0 (TA Instruments). 
The data were fitted using an independent non-two-state model, as the asymmetry of some 
of the peaks suggested the presence of unfolding intermediates. However, for simplification 
we also analyzed the data using a two-state scaled model. We report the Tm values derived 
from the two-state scaled model in the main manuscript, and the multiple Tm values based 
on the independent non-two-state models in the SI section. All the DSC data were derived 
using tagged trimers. When some comparative studies were performed, we found that the 
Tm values obtained with His-tagged trimers were consistently ~0.9-1.0°C higher than those 
for the same trimers without tag (data not shown), and 0.5°C higher than those for D7324-
tagged trimers [13]. For example, PGT145-purified His-tagged BG505 SOSIP.664 trimers 
have a Tm of 67.6°C, while the corresponding non-tagged trimers have a Tm of 66.7°C (data 
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not shown), and the D7324-tagged versions have a Tm of 67.1°C [13]. The implication is that 
the His-tag has a modest stabilizing effect on the trimer.

Negative stain electron microscopy
Purified BG505 SOSIP.664 trimers were analyzed by negative stain EM. A 3 µl aliquot 
containing ~0.03 mg/mL of the trimer or Fab-trimer complex was applied for 5 s onto a 
carbon-coated 400 Cu mesh grid that had been glow discharged at 20 mA for 30 s, then 
negatively stained with Uranyl formate or Nano-W (Nanoprobes) for 30 s. Data were 
collected using a FEI Tecnai F20 or T12 electron microscope operating at 120 keV, with 
an electron dose of ~55 e-/Å2 and a magnification of 52,000x that resulted in a pixel size 
of 2.05Å at the specimen plane. Images were acquired with a Gatan US4000 CCD or Tietz 
TemCam-F416 CMOS camera using a nominal defocus range of 900 to 1300 nm.

Image processing 
Particles were picked automatically using DoG Picker and put into a particle stack using the 
Appion software package. Initial, reference-free, two-dimensional (2D) class averages were 
calculated using particles binned by five via the Xmipp Clustering 2D Alignment and sorted 
into classes. Particles corresponding to trimers or complexes were selected into a substack 
and binned by four before another round of reference-free alignment was carried out using 
the Xmipp Clustering and 2D alignment and IMAGIC software systems.

Small Angle X-ray Scattering (SAXS)
SAXS measurements were conducted on Beam Line 4-2 at the Stanford Synchrotron 
Radiation Laboratory [45]. The focused 11 keV X-ray beam irradiated a thin-wall quartz 
capillary cell, placed at 2.5 m upstream of the MX 225HE detector (Rayonix, Evanston, IL, 
USA). Aliquots containing 50 μl of BG505 SOSIP.664 constructs (1 – 2 mg/ml) were injected 
onto a high resolution Sepharose 200 column (GE Healthcare, Wilmington, MA, USA) with 
a flow rate of 50 μl/min in a buffer comprising 20 mM Na3PO4 pH 7.4, 150 mM NaCl, 0.02% 
NaN3, 1 mM EDTA. The flow from the column passed through a UV detector cell and into the 
quartz capillary cell. Exposures of 1 s duration were collected every 5 s throughout the run, 
with a circulating water bath maintaining the capillary cell temperature at 8°C. The detector 
pixel numbers were converted to the momentum transfer via the equation q = 4p*sinq/l, 
where 2*q is the scattering angle and l the X-ray wavelength of 1.127 Å, and using a silver 
behenate powder standard placed at the capillary position. A background scattering curve 
was obtained from the first 100 exposures (before the void volume), which was subtracted 
from all subsequent exposures during the elution profile. The Rg and I(0) parameters for each 
frame were batch analyzed using autoRg, and frames with stable Rg values were merged in 
primus for the final scattering curve [46]. The real space distance distribution function was 
calculated from the merged data sets using GNOM [47].

Dynamic Light Scattering (DLS)
Proteins in PBS at 1 - 2 mg/ml were centrifuged at 15000 rcf for 10 min at 4°C immediately 
before light scattering measurements. Data were collected on a Dynapro instrument (Wyatt 
Technologies, Goleta, CA, USA), with 30 acquisitions of 10 s each at 20°C, and analyzed 
with the manufacturer’s software (Dynamics, Wyatt Technologies). We note that the 
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hydrodynamic radius (Rh) of 6.9 nm derived using DLS for BG505 SOSIP.664 trimers that we 
report here and elsewhere (Supplementary Table 1; [13]) is slightly lower than the previously 
reported value of 8.1 nm [15]. The latter value was derived using flow mode size-exclusion 
chromatography (SEC) coupled with static and quasi-elastic light scattering detectors, and 
fitted using a monomodal model. Calculated hydrodynamic radius values derived using this 
method represent the mean and distribution of diffusion constants. 

X-ray crystallography
The BG505 SOSIP.664 72C-564C trimer was expressed and purified as previously described 
[15]. Purified trimers were mixed with a molar excess of the PGT122 Fab and 35O22 Fab 
and treated with EndoH (New England BioLabs). Subsequently, the complex was mixed with 
NIH45-46 scFv in molar excess and the quaternary complex was purified to size homogeneity 
using a Superose 6 10/30 gel filtration column (GE Healthcare). The complex was tested in 
crystallization trials at a protein concentration of 4 mg/ml, using an Oryx8 crystallization 
robot (Douglas Instruments). Crystals grew in sitting drop experiments from a condition 
containing 8% (w/v) polyethylene glycol 8000, 0.1 M Tris, pH 8.5. A complete dataset 
was obtained to 7.0 Å from a single flash-frozen crystal that was cryo-protected with 30% 
glycerol. Data were processed using XDS [48], and data collection and processing statistics 
are reported in Supplementary Table 2. For molecular replacement in PHASER [49], a hybrid 
model was generated using the BG505 SOSIP trimer + PGT122 Fab + 35022 Fab from PDB 
ID: 4TVP and NIH45-46 scFv superposed from PDB ID: 5D9Q. The resulting hybrid model 
was used as the search model. Iterative rigid body and grouped B-factor refinements were 
carried-out with non-crystallographic symmetry (NCS) in PHENIX and inspected in COOT 
[50,51]. Refinement statistics are summarized in Supplementary Table 2.

Hydrogen-Deuterium Exchange (HD-X)
Soluble two-domain CD4 (sCD4) [52] was obtained from the NIH AIDS reagents program. 
All proteins were SEC-purified using a Superdex S200 column (GE Healthcare) and a PBS 
buffer (20 mM sodium phosphate pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.02 % sodium azide) 
immediately before HDX-MS analysis. Complexes were formed by an overnight incubation 
at 4°C with sCD4, which was present at a 3-fold molar excess relative to each protomer of 
the trimer. Native gels were run for each sample to monitor sCD4-trimer complex formation 
(Supplementary Fig. 4d). BG505 SOSIP.664 trimers and its variants (15 µg) were diluted 10-
fold into deuterated PBS buffer at room temperature. After incubation periods of 3 s, 1 min, 
30 min and 20 h the exchange reactions were quenched by mixing with an equal volume of 
cold 200 mM TCEP, 0.2% formic acid (final pH 2.5). The samples were subsequently digested 
with pepsin (0.15 mg/mL) for 5 min on ice, flash frozen in liquid nitrogen and stored at -80°C. 
Differences in deuterium exchange profiles that exceeded the error of the measurement 
were visualized on the trimer structure using custom macros in PyMOL [53].
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Supplementary Figures and Tables

Supplementary Figure 1: Introducing a novel disulfi de bond between gp120 and gp41. (A) Five regions in gp120 and gp41 that 
are in reasonably close contact are shown in the crystal structure of BG505 SOSIP.664. These regions consti tute residues in C1, 
C2 and C5 in gp120 and HR1 in gp41. The gp120 subunit of a BG505 heterodimer is shown in grey and its gp41 in dark red. The 
original disulfi de bond, located between residues 501 and 605 is colored blue. A close view of the interface is represented in 
the inset. Residues in gp120 that might contact residues in gp41 are shown in blue spheres. (B) A panel of unpurifi ed His-tagged 
BG505 SOSIP.664 gp140 proteins was screened in which the original disulfi de bond was replaced by two new cysteine residues 
in the regions highlighted in panel a. Screening was based on recently published BG505 crystal structures [15,16]. Trimerizati on 
effi  ciency was analyzed by BN-PAGE followed by western blotti  ng. The majority of the mutants showed less effi  cient trimerizati on. 
The anti genic profi le of the newly generated BG505 gp140 trimers was determined by His-tag ELISA. Since BG505 gp140 lacking a 
disulfi de bond between gp120 and gp41 falls apart in its consti tuents resulti ng in loss of reacti vity with anti -gp120 MAbs [4,7,54], 
binding of anti -gp120 MAb (2G12) was evidence for the formati on of an intermolecular disulfi de bond. A number of mutant proteins, 
parti cularly those with a new cysteine at positi on 72 or 73 in the loop between α and β0 combined with one in residues 554-568 in 
the loop between α6 and α7, showed strong reacti vity with 2G12 suggesti ng that they formed a covalent bond (i.e. new disulfi de 
bond) between gp120 and gp41. Two bNAbs that recognize disti nct quaternary epitopes (PGT145: V1V2-apex; and PGT151: gp120-
gp41 interface) were used to assess the anti genic structure of the mutants. Four mutants showed binding of PGT145 and PGT151 
similar to the original BG505 SOSIP.664 trimer: H72C-H564C, A73C-A558C, A73C-A561C A73C-L568C, suggesti ng that these cysteine 
pairs preserved the anti genic structure of the BG505 gp140 trimers. The anti genic profi le of these four proteins was assessed 
using a larger panel of bNAbs. Quaternary structure dependent bNAbs 35022, 3BC315 and PG16 bound effi  ciently to these BG505 
proteins. Spontaneous opening up of the trimer was investi gated with the binding of CD4i-Abs 17b. Binding of these anti bodies 
was abrogated and the presence of sCD4 parti ally restored ability to bind. Non-NAb F240 binding to the disulfi de loop region of 
gp41 showed a slight increased binding compared to original BG505 SOSIP.664, suggesti ng that the absence of the 501-605 in this 
domain opens up the epitope of F240. F240 is directed to an epitope overlapping with residue 605 [55]. Color code: red: no binding, 
orange: moderate binding and green: strong binding. Binding ability is also scaled from no binding (-) to strong binding (+++). The 
summaries are based on at least 2-3 experiments. (C) The eff ect on stability of the Env mutants was evaluated by a novel thermal 
melti ng assay that can be used on unpurifi ed Env trimers [13]. The proteins were incubated for 1 h at varying temperatures in a 
graded PCR machine and the residual binding of 2G12 was assessed by ELISA (right panel). The fi rst derivati ve reveals the unfolding 
patt ern (right panel). (D) The midpoints of thermal denaturati on (Tm) for each mutant were determined based on the melti ng 
profi les in panel C. Mutants containing the disulfi de bond between H72C-H564C and A73C-A561C showed an increase in Tm by 
1.3°C and 2.0°C compared to BG505 SOSIP trimer, respecti vely, suggesti ng that locati ng the disulfi de bond at the core of the trimer, 
as opposed to the membrane proximal end, increases its stability. The Tm values for double disulfi de proteins are included here for 
reference (see Supplementary Fig. 2).
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Supplementary Figure 2: Combining two disulfi de bonds between gp120 and gp41. (A) Cleavage and trimerizati on effi  ciency of 
supernatant produced gp140 proteins that incorporated the original disulfi de bond at positi on 501-605, or a new disulfi de bond at 
positi ons H72C-H564C or A73C-A561C, or both disulfi de bonds, were determined by reducing SDS-PAGE (left  panel) and BN-PAGE 
(right panel). All the mutants were properly cleaved, but showed slightly less effi  cient trimerizati on compared to original BG505 
SOSIP.664 protein. (B) The anti genic phenotype of unpurifi ed BG505 gp140 variants was assessed by ELISA and summarized. bNAbs 
2G12, VRC01, PGT145 and PGT151 bound very strongly to all variants. The BG505 gp140s containing only the H72C-H564C or 
A73C-A561C disulfi de bond but not the original C501-C605 bond showed decreased reacti vity with non-NAb 17b to a CD4i-epitope, 
but increased reacti vity with non-NAb F240, which is directed to an epitope overlapping with residue 605 [55], suggesti ng that 
the replacement of the original bond with the new bonds closed up non-NAb epitopes in the membrane distal parts of the trimer, 
but opened-up non-NAb epitopes at in gp41. The double disulfi de mutants adopted a combined phenotype. Thus, binding of CD4i 
non-NAb 17b were abrogated, a property shared with the H72C-H564C and A73C-A561C mutants, and the binding of the gp41 
non-NAb F240 was also very low, a property conferred by the original C501-C605 disulfi de bond. (C) Additi onal Cys substi tuti ons at 
residues 558-569 were screened for their ability to pair with 72C and 73C, and improve nati ve like BG505 SOSIP.664 trimers that also 
contained the C501-C605 disulfi de bond. Each unpurifi ed protein was tested for reacti vity with 2G12, PGT145 and PGT151 and its 
thermostability was tested as described in Supplementary Figure 1. A number of diff erent disulfi de bonds were tolerated without 
disturbing the overall conformati on of the trimer, pointi ng at a high degree of plasti city in this region. In general, the mutants that 
were binding quaternary-dependent bNAbs to a level similar or higher than the original BG505 SOSIP.664 gp140 also showed high 
trimer stability. The presence of an extra disulfi de bond in the core of the trimer slightly enhanced trimer stability. Color code: red: 
no binding, orange: moderate binding and green: strong binding. Binding ability is also scaled from no binding (-) to strong binding 
(+++). The summaries are based on 3 experiments.
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Supplementary Figure 3: Biochemical, biophysical and anti genic characterizati on of PGT145-purifi ed stabilized BG505 SOSIP.664 
trimers. (A) Cleavage effi  ciency and disulfi de bond formati on was determined by SDS-PAGE under reducing and non-reducing 
conditi ons, respecti vely. Under reducing conditi ons all proteins showed a gp120 band, indicati ng that they were completely 
cleaved. Under non-reducing conditi ons the proteins all showed a gp140 band, but they migrated diff erently through the gels, 
indicati ve of diff erent levels of compactness (compact proteins take up less SDS and therefore migrate slower through SDS-PAGE 
gels). The double disulfi de variants all showed a slower migrati on patt ern due to the presence of the extra disulfi de bond. (B) 
BG505 SOSIP.664, SOSIP.v4.1 and SOSIP.v5 gp140 proteins purifi ed by PGT145 affi  nity chromatography were exclusively trimeric 
as determined by BN-PAGE. (C) The formati on of nati ve-like trimers was assessed by negati ve stain electron microscopy. The 2D 
reference free class averages of the two double disulfi de bond proteins (BG505 SOSIP.v5.1 and BG505 SOSIP.v5.2) compared to 
BG505 SOSIP.664 and SOSIP.v4.1 are shown. The percentage of closed nati ve-like and open nati ve-like trimers [34]is shown in 
green and the percentage of non-nati ve trimers in red. (d) SAXS scatt ering curves (left  panel) and Kratky plots (right panel) show 
the consistency of the scatt ering patt ern among the wild-type BG505 and disulfi de mutants, indicati ng that they have the same 
soluti on structure. 
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Supplementary Figure 3: Biochemical, biophysical and anti genic characterizati on of PGT145-purifi ed stabilized BG505 SOSIP.664 
trimers. (E) The thermal stability of BG505 SOSIP.664, BG505 SOSIP.v4.1 and BG505 SOSIP.v5 was measured by DSC. The independent 
non-two state best-fi t curves are depicted in dashed red line and the Tm values of each peak are given in the graphs. See materials 
and methods secti on for more details on curve modeling. (F) Glycan profi les of BG505 variants were determined by HILIC-UPLC. 
Man5-9GlcNAc2 glycans are indicated as M5-M9 above the panel. (G) The anti genicity of BG505 SOSIP.664, BG505 SOSIP.664 H72C-
H564C or A73C-A561C, BG505 SOSIP.664 E64K A316W (BG505 SOSIP.v4.1) and BG505 SOSIP.664 E64K A316W H72C-H564C (BG505 
SOSIP.v5.1) or A73C-A561C (BG505 SOSIP.v5.2) was determined by Ni-NTA ELISA. Binding curves of a panel of bNAbs and non-NAbs 
anti bodies are shown.
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Supplementary Figure 4: HDX-MS profi les of PGT145 purifi ed wild-type and stabilized BG505 SOSIP.664. Butt erfl y plots comparing 
the HDX-MS profi les of SOSIP.664 with A73C-A561C (A), BG505 SOSIP.v5.2 (B), BG505 SOSIP.v5.1 (C) and comparing (D) BG505 
SOSIP.664, (E) SOSIP.664 A73C-A561C, (F) SOSIP.v5.2 (G) SOSIP.v5.1 upon sCD4 binding. The percent exchange for each observable 
pepti de is plott ed at the positi on of the center of the pepti de on the primary sequence for each ti me point (3 s to 20 h). The 
diff erence plots below each primary plot reveal regions undergoing slower exchange (more protected, above the zero) and faster 
exchange (less protected, below the zero). Diff erences are mapped onto one lobe of trimer crystal structure (PDB: 4VTP, [16]. 
Segments unresolved in the crystal structure (V2, V4, and a porti on of gp41) are shown as dashed lines. Point mutati ons are 
indicated and shown as green spheres. 
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Supplementary Figure 4: HDX-MS profi les of PGT145 purifi ed wild-type and stabilized BG505 SOSIP.664.
(H) Individual exchange plots for SOSIP.664 pepti des. The percent exchanged at each ti me point (3s, 1min, 30min, 20hr) is shown 
for BG505 SOSIP.664 wild-type (black), wild type + sCD4 (red), A73C-A561C (green), A73C-A561C + sCD4 (orange), BG505 SOSIP.
v5.2 (blue), and BG505 SOSIP.v5.2 + sCD4 (purple), BG505 SOSIP.v5.1 (gray), and BG505 SOSIP.v5.1 + sCD4 (tan). Error bars show the 
standard deviati on from duplicate measurements. 
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Supplementary Figure 4: HDX-MS profi les of PGT145 purifi ed wild-type and stabilized BG505 SOSIP.664.
(H) Individual exchange plots for SOSIP.664 pepti des. The percent exchanged at each ti me point (3s, 1min, 30min, 20hr) is shown 
for BG505 SOSIP.664 wild-type (black), wild type + sCD4 (red), A73C-A561C (green), A73C-A561C + sCD4 (orange), BG505 SOSIP.
v5.2 (blue), and BG505 SOSIP.v5.2 + sCD4 (purple), BG505 SOSIP.v5.1 (gray), and BG505 SOSIP.v5.1 + sCD4 (tan). Error bars show the 
standard deviati on from duplicate measurements. 

20161230 Steven proefschrift.indd   242 08/02/17   14:56



   9

Hyperstabilizati on of HIV-1 Env trimers from diff erent clades

243

Supplementary Figure 5. Biochemical biophysical and anti genic characterizati on of PGT145-purifi ed stabilized clade-B (AMC008 
and B41) and clade C (ZM197M) SOSIP.664 trimers. (A) Cleavage effi  ciency and disulfi de bond formati on was determined by 
SDS-PAGE under reducing and non-reducing conditi ons, respecti vely. Under reducing conditi ons all proteins showed a gp120 
band, indicati ng that they were completely cleaved. Under non-reducing conditi ons the proteins all showed a gp140 band, but the 
proteins containing two disulfi de bonds migrated slower through the gels. (B) Stabilized subtype B (AMC008 and B41) and subtype 
C (ZM197M) gp140 proteins purifi ed by PGT145 affi  nity chromatography were exclusively trimeric as determined by BN-PAGE. (C) 
The formati on of nati ve-like trimers was assessed by negati ve stain electron microscopy. The 2D reference free class averages of 
the two double disulfi de bond proteins (SOSIP.v5) compared to its wild-type SOSIP are shown. The percentage of closed nati ve-like 
and open nati ve-like trimers [34] is shown in green and the percentage of non-nati ve trimers in red. (D) The thermal stability of the 
disulfi de mutants compared to its wild-type was measured by DSC for AMC008, B41 and ZM197M trimers. The independent non-
two state best-fi t curves are depicted in dashed red line and the Tm values of each peak are given in the graphs. See materials and 
methods secti on for more details on curve modeling. 
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Supplementary Figure 5. Biochemical biophysical and anti genic characterizati on of PGT145-purifi ed stabilized clade-B (AMC008 
and B41) and clade C (ZM197M) SOSIP.664 trimers. (E) Glycan profi les of AMC008, B41 and ZM197M variants were determined by 
HILIC-UPLC. Man5-9GlcNAc2 glycans are indicated as M5-M9 above the panel. (F) The anti genicity of AMC008, B41 and ZM197m 
SOSIPs was determined by D7324-ELISA. Representati ve curves of a panel of bNAbs and non-NAbs are shown. The plots are 
representati ve of two or three experiments.
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Table S1. Nomenclature for stabilized SOSIP trimers. Modifi cati ons introduced to stabilize the SOSIP.664 trimer. In 
green: modifi cati ons present; in red, not present. No division between cells indicates one or the other mutati on.

a Described in de Taeye et al., 2015

Table S2. Biophysical properti es of BG505 SOSIP.664 trimers. DLS and SAXS analysis were performed in stabilized 
SOSIP trimer variants.

a Standard deviati on diff ers in +/- 0.3-0.5Å
b Standard deviati on is +/- 0.2

Table S3. X-ray data collecti on and refi nement stati sti cs
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Table S4. Midpoint neutralizati on ti ters of sera from rabbits immunized with stabilized SOSIP trimers. Week 
22 sera were tested against a panel of pseudoviruses from diff erent subtypes and ti ers. ID50 values at week 22 
are shown. In white, no neutralizati on; ID50 <20; in yellow, weak neutralizati on, 40<ID50<100, in orange, moderate 
neutralizati on, 100<ID50<1000, in red, strong neutralizati on, ID50 >1000. The TZM-bl cell assay was performed at the 
AMC. The data on animals 1569-1578 (BG505 SOSIP.664 and BG505 SOSIP.v4.1) have been published elsewhere [1] 
but are included here for comparison.
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Table S5. Midpoint neutralizati on ti ters of sera from rabbits immunized with stabilized SOSIP trimers. Week 
22 sera were tested against a panel of pseudoviruses from diff erent subtypes and ti ers. ID50 values at week 22 
are shown. In white, no neutralizati on; ID50 <20; in yellow, weak neutralizati on, 40<ID50<100, in orange, moderate 
neutralizati on, 100<ID50<1000, in red, strong neutralizati on, ID50 >1000. The TZM-bl cell assay was performed at 
DUMC. The data on animals 1569-1578 (BG505 SOSIP.664 and BG505 SOSIP.v4.1) have been published elsewhere 
[1]but are included here for comparison.
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Table S6. Disulfi de bond formati on in BG505 SOSIP variants. Locati on of disulfi de bonds was assessed by MS-MS-
UPLC. CS is Charged State. NA is not applicable.
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Towards a vaccine against HIV/AIDS
The challenge of HIV-1 vaccine development is to design an immunogen(s) that is (are) able 
to induce broadly neutralizing antibodies (bNAbs). The isolation of multiple bNAbs that 
show extremely high neutralization breadth and potency from HIV-1 infected individuals 
has strengthened the idea that the development of an HIV-1 vaccine with these properties 
is feasible. Since the HIV-1 envelope glycoprotein spike (Env) is the target of bNAbs, vaccine 
design focuses on the generation of Env based immunogens that resemble the native Env 
spike. The metastability of the trimeric Env spike prevented the elucidation of the structural 
details of this class I viral fusion protein for many years. The design of a stabilized mimic of 
the native Env spike, BG505 SOSIP.664, finally allowed one to obtain atomic level information 
on the trimeric Env structure [1–7]. The structural similarity between the BG505 SOSIP.664 
trimer and non-stabilized, membrane-associated JRFL Env spike confirmed that BG505 
SOSIP.664 closely resembles the native viral spike on the membrane [8]. Moreover, the 
BG505 SOSIP.664 trimer successfully elicited autologous Tier-2 NAbs in animals, proving a 
longstanding hypothesis that a proper structural mimic of the native Env spike should be 
able to induce NAbs [9]. BG505 SOSIP.664 is now considered to be the gold standard in HIV-1 
Env trimer immunogen design and it forms a platform for further vaccine engineering. 

In the research described in this thesis, I used the BG505 SOSIP.664 trimer as the 
basis and described various ways to improve trimer formation, stability, antigenicity and 
immunogenicity of HIV-1 Env trimer immunogens. The strategies I used were informed by 
virological insights as well as structural information. Thus, by studying the evolution of Env 
during HIV-1 infection, by analyzing the escape of Env from a fusion peptide inhibitor, and by 
structure based design, we identified several mutations that improved native-like Env trimer 
formation, stabilized Env trimers in the prefusion state, enhanced the presentation of bNAb 
epitopes, and that reduced the exposure of non-NAb epitopes on HIV-1 Env trimers.

Stability and dynamics of the native HIV-1 Env spike
Env is the target of vaccine research aiming at inducing protective immunity by bNAbs, 
as well as the target for drug development aimed at blocking the viral entry process. The 
interaction of small molecule inhibitors with the HIV-1 Env trimer and viral escape pathways 
from such inhibitors provides valuable information on the function, dynamics and stability 
of the HIV-1 Env native spike [10–16, and chapter 5]. Besides elucidating the kinetics and 
intermediate steps of the viral entry process, this information has also been exploited for 
the design of soluble HIV-1 Env immunogens [11,17]. 
 By studying HIV-1 escape from a fusion peptide inhibitor (VIRIP165), we identified 
mutant viruses that escaped via stabilization of the otherwise metastable Env spike (chapter 
6). We then applied the escape mutations found in that study, i.e. E64K and H66R, to various 
Env trimer immunogens and found that the mutations increased the stability of soluble 
trimers that mimic the prefusion state of native Env (chapter 7). Thus, mutations that 
improve the stability of the functional HIV-1 Env spike, can also be useful in the development 
of native-like Env trimer immunogens [11,18,19]. 
 The stability of the functional HIV-1 Env spike has also been studied under various 
deliberately destabilizing conditions. In an effort to select mutations that improve HIV-1 
Env spike stability, HIV-1 virions were cultured under various harsh conditions, i.e. higher 
temperature or in the presence of chaotropic reagents such as urea [18]. This selection 
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strategy yielded a stable Env mutant with superior homogeneity and stability. Of the seven 
mutations that contributed to the stable phenotype, the majority is positioned within the 
HR1 domain of gp41, indicating that the stability of the prefusion structure of gp41 is an 
important determinant for the overall stability of the functional Env spike [18,19]. Two of 
these mutations, I535M and L543Q, were also described to increase trimer formation of a 
recombinant JR-FL Env construct [20,21]. We then applied these mutations to several clade 
B and C Env immunogens and observed a profound increase in trimerization efficiency as a 
consequence of the presence of these mutations (chapter 7). 

Improve native-like trimer formation of HIV-1 Env immunogens
For an HIV-1 Env immunogen to raise NAbs to the functional HIV-1 Env spike, it is desirable 
that it resembles the native-like trimeric conformation of the Env spike. A native-like Env 
trimer resembles the functional Env spike in several ways: it adopts a compact closed 
propeller blade conformation, is covered by a glycan shield dominated by oligomannose 
glycans and does not contain aberrant disulfide bonds [22–26]. In contrast, non-native 
like trimers adopt an open conformation, display more highly processed glycans and often 
contain aberrant disulfide bonds [22–26]. Successful native-like trimer designs based on 
the clade A BG505 Env sequence include SOSIP.664, single chain (SC; also termed native 
flexibly linked; NFL) and uncleaved prefusion optimized (UFO) trimers [3,17,27–30]. In the 
latter two designs the furin cleavage site is replaced with a flexible linker to generate a 
cleavage independent native-like trimer [27–30]. However, when these same designs are 
applied to Env sequences other than BG505, non-native like trimers as well as monomers 
and dimers are abundantly present [17,31]. To increase the propensity to form native-like 
trimers of various Env sequences that normally do so poorly, several groups have studied 
the contribution of specific domains and amino acids to native-like trimer formation.
 To identify residues in BG505 that facilitate native-like trimer formation, Guenaga 
and colleagues aligned the BG505 Env sequence with that of two other Env sequences 
(JRFL and 16055) that form native-like trimers relatively poorly compared to BG505 [31]. 
The alignment revealed that 8-15 residues at the gp120-gp41 interface, the bridging sheet 
and the trimer cap formed by variable regions 1-3 are major determinants of native-like 
trimer formation [31]. Inserting these residues in the BG505 Env sequence enhanced the 
propensity of 16055 and JRFL NFL to form well-ordered native-like trimers [31]. 
 Another group exploited a computational approach to increase trimer formation of 
Env constructs, focusing on residues 547-569 of a flexible domain that connects the FP with 
the central HR1 helix, which interacts with the gp120 subunit and is thought to contribute 
to the metastability of the Env trimer [29]. To decrease the flexibility of this domain a short 
eight amino acid linker was selected by assessing the Gibbs free energy of various peptides 
in the trimer structure in silico. An eight amino acid linker in HR1 improved native-like 
trimer formation of BG505 and other Env constructs [29], suggesting that it can be applied 
successfully to a variety of different Env sequences. 
 One of our own approaches to increase native-like trimer formation revolved around 
two residues in the gp41 heptad-region 1: 535 and 543. Under harsh destabilizing conditions, 
HIV-1 selects for mutations I535M and L543Q to increase the functional stability of the HIV-
1 spike (see above; [18]). The methionine at position 535 and glutamine at 543 were also 
found to contribute to the stability of KNH1144 SOSIP and improved the generation of stable 
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trimers based on JRFL SOSIP [20,21]. Based on these studies, we incorporated the beneficial 
amino acids at position 535 and 543 in two clade B SOSIP constructs, thereby significantly 
enhancing the propensity to form native-like trimers and increasing the presentation of 
trimer specific bNAb epitopes on AMC008 and B41 SOSIP.664 trimers (chapter 7). 
 These studies demonstrate that we are starting to understand which residues in 
Env determine the propensity of Env to adopt a native-like trimeric conformation. These 
and yet to be identified native-like trimer signature residues should facilitate the generation 
of native-like trimers based on any natural Env sequence and enhance the yields of native-
like trimers. Whether Env immunogens adopt a native-like trimer formation might also 
be dependent on other features, such as the length and flexibility of variable loops. The 
availability of multiple native-like trimer immunogens from different natural virus isolates 
will enable the exploration of multivalent immunization strategies (discussed below).

Stabilizing HIV-1 Env trimers to improve their immunogenicity
Although the development of a close mimic of the native Env spike, BG505 SOSIP.664, is a 
major step forward in the pathway to an HIV-1 vaccine, it is certainly not the “holy grail” in 
HIV vaccine development, simply because it “only” induces autologous Tier-2 NAbs, but not 
bNAbs. The lack of a bNAb response and the strong V3-directed off-target response raised 
in rabbits exemplify the need to further improve the BG505 SOSIP.664 immunogen. The 
structural details of the BG505 SOSIP.664 trimer facilitated the design of modifications to 
improve the stability and antigenicity of BG505 SOSIP.664 and other Env trimers, with the 
aim of improving the immunogenicity of HIV-1 Env trimers and eventually the induction of 
bNAbs.

Reducing the exposure of immunodominant non-NAb epitopes on HIV-1 Env trimers
BG505 SOSIP.664, similar to the native Env spike, is conformationally flexible, fluctuating 
between closed and more open trimer conformations [32–34]. Spontaneous sampling of 
the open, CD4 bound state, leads to the exposure of immunodominant V3 and CD4i non-
NAb epitopes that are hidden in the closed prefusion structure of the BG505 SOSIP.664 
trimer. One hypothesis is that immunodominant non-NAb responses might actively interfere 
with the induction of more desirable specificities. Although direct proof for this hypothesis 
is lacking, various indirect lines of evidence support it. For example, B-cells bearing the 
germline precursors of V3 non-NAbs are activated efficiently by most Env immunogens, while 
the germline precursors of bNAbs are activated poorly [35]. In the germinal center, affinity 
based selection defines the fate of naïve B-cells, where naïve B-cells with a high-affinity BCR 
outcompete low-affinity naïve B-cells for antigen stimulation [36]. Furthermore, these high-
affinity B cells, as a consequence of enhanced antigen uptake and processing, will receive 
more help from follicular T helper cells. Thus, naïve B-cells targeting an immunodominant 
V3 epitope have a selective advantage in the germinal center over naïve B-cells that target 
subdominant bNAb epitopes [35].
 To stabilize the closed prefusion state of BG505 SOSIP.664 and prevent the exposure 
of non-NAbs, we designed BG505 SOSIP “version 4” (SOSIP.v4) trimers (chapter 7). By 
combining a mutation that was designed to reduce V3 exposure (A316W) with a mutation 
that stabilized the native Env spike in the VIRIP165 virus evolution study (E64K or H66R), the 
conformational flexibility of the BG505 SOSIP.664 trimer was efficiently reduced (chapter 
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6). Therefore, SOSIP.v4 trimers induced lower titers of anti-V3 Abs and Tier-1 NAbs, without 
impairing the autologous NAb responses [17]. Two additional hydrophobic mutations in the 
V3 region, S306L and R308L, further reduced the induction of V3 targeting Tier-1A NAbs to 
BG505 SOSIP trimers (chapter 8). Another group achieved a similar reduction of Tier-1A NAbs 
by immunizing with BG505 SOSIP.664 in complex with the quaternary dependent V2-apex 
Ab PGT145 [37]. Here, the prefusion conformation of BG505 SOSIP.664 was stabilized by 
bNAb PGT145 in such a way that the spontaneous sampling of the CD4 bound conformation 
leading to V3 exposure was prevented [37,38]. 
 An alternative approach to the immunodominant non-NAb problem involves the 
removal of the subpopulation of Env trimers that expose non-NAb epitopes via affinity 
chromatography with a non-NAb. This negative selection strategy, despite its penalty on 
trimer yields, is applied by several groups to reduce the non-NAb epitope exposure on HIV-1 
Env trimers [24,30,39,40]. One concern is that if the purified trimers remain conformationally 
flexible, they might still expose non-NAb epitopes when adopting more open conformations. 
Thus, the design of Env trimer immunogens stabilized in the closed prefusion conformation 
is likely to be a more efficient way to produce Env trimers with reduced exposure of non-
NAbs compared to a negative-selection procedure with a non-NAb.

In the above mentioned studies, the reduced exposure of non-NAb epitopes on 
HIV-1 Env trimers did not improve the induction of the autologous NAb response in animal 
models. This observation might be taken as an argument that non-NAbs, including V3 Abs, 
were not infefering with the induction of NAbs in animals immunized with BG505 SOSIP.664. 
However, that autologous NAb response, which frequently targets a hole in the glycan shield 
at positions 241/289, was already quite strong. It is possible that the affinity of the germline 
precursors of the autologous BG505 Tier-2 NAbs for the BG505 SOSIP.664 immunogen is 
sufficient for B-cell survival and affinity maturation, even in the presence of other high-
affinity V3-targeting naïve B-cells. In other words, the autologous glycan-hole directed NAb 
response might in itself be relatively immunodominant. 

The observation that the strategies to reduce V3 immunogenicity did not (yet) 
improve the induction of bNAbs might also be taken as an argument that V3 non-NAb 
responses are not interfering. However, without a positive control (i.e. an immunogen that 
induces bNAbs) this is difficult to prove or disprove. To improve neutralization breadth, more 
sophisticated immunization strategies than a monovalent immunogen are probably required, 
such as multivalent immunogens (i.e. trimers based on multiple different genotypes), 
germline-targeting immunogens, lineage immunogens and/or immunogens that are 
displayed in a particulate manner. When multiple native-like trimers, all exposing a similar 
non-NAb epitope, are utilized in such strategies, the interference of immunodominant non-
NAb epitopes with the induction of bNAbs might in fact be exacerbated. Therefore, reducing 
the exposure of immunodominant non-NAb epitopes on HIV-1 Env trimer immunogens 
remains a route to explore further.

Enhancing the stability of HIV-1 Env trimers
The stability of HIV-1 Env trimer immunogens is likely to determine the longevity of the 
immunogen in vivo. Moreover, the preservation of the quaternary structure of the Env trimer 
immunogen in vivo should improve the presentation of bNAb epitopes to naïve B-cells and 
prevent the exposure of immunodominant non-NAb epitopes that become available when 
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the trimer is degraded. Therefore, methods to increase the thermostability of HIV-1 Env 
trimers are being explored by several groups. 
 To preserve the quaternary interactions and increase thermostability of Env trimers 
several groups applied chemical cross-linking to stabilize HIV-1 Env trimers [30,41,42]. 
Chemical cross-linking with gluteraldehyde or 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS) is a stochastic process, 
and because Env trimers fluctuate between closed and more open conformations a 
heterogeneous population of cross-linked trimers is generated. To obtain a homogenous 
population of native-like trimers, cross-linking was followed with a negative or positive 
selection step using affinity chromotography with a non-NAb or quaternary specific bNAb, 
respectively. The thermostability of these native-like cross-linked BG505 SOSIP.664 trimers 
was enhanced with more than 10°C and the thermostability was reported to be positively 
correlated with the induction of Tier-2 NAbs in guinea pigs [30,41]. The improved Tier-2 
autologous NAb response that was observed when guinea pigs were immunized with cross-
linked trimers supports the idea that increasing the thermostability of Env immunogens can 
be compatible with preservation of the quaternary structure of the trimer, thus improving 
the interaction of naïve B-cells with NAb epitopes in the germinal center.
 Another approach to increase the in vivo stability HIV-1 Env trimers is through 
the design of intrasubunit, intersubunit or interprotomer disulfide bonds. The original 
SOS disulfide bond (C501-C605) between the gp41 and gp120 subunit and intrinsic to the 
SOSIP design illustrated the utility of this method to generate and stabilize Env trimers. 
Whereas the SOS disulfide bond stabilized the interactions between the disulfide loop 
region (DSL) of gp41 and the C-terminus of gp120 at the base of the trimer [4,5,8,43], the 
trimer interactions between the C1 domain of gp120 and HR1 of gp41 were still weak and 
the respective domains were quite flexible as exemplified by the high B-factors in the BG505 
SOSIP.664 structure, and the efficient exchange in hydrogen-deuterium exchange (HD-X) 
studies [4,5,17,32]. 
 In order to stabilize these flexible domains at the gp120-gp41 interface, we designed 
next generation BG505 SOSIP trimers with an intersubunit (A73C-A561C) and interprotomer 
(E49C-L555C) disulfide bond (chapter 9). BG505 SOSIP.v6 trimers containing both the 
intersubunit and interprotomer disulfide bonds displayed two melting events around 78°C 
and 92°C. Supporting experiments indicated that a mixed population of trimers was purified 
in which a subset did not form all the non-native disulfide bonds. When evaluated as an 
immunogen in rabbits, BG505 SOSIP.v6 trimers elicited potent autologous NAbs, strong 
heterologous Tier-1 NAbs and weak but consistent Tier-2 heterologous NAbs. The enhanced 
induction of V3-targeting Tier-1 NAbs was surprising, because SOSIP.v6 trimers do not expose 
non-NAb epitopes, such as the V3, in vitro. One explanation is that non-NAbs are exposed 
on a small subset of the trimers. An alternative explanation is that the longer half-life of the 
hyperstable trimers prolonged antigenic stimulation of naïve B-cells in the germinal center, 
eventually also efficiently activating naïve B-cells that target the V3 domain [36,44]. 
In addition to intersubunit disulfide bonds, the generation of an intrasubunit disulfide bond 
(I201C-A433C), named DS-SOSIP, was also met with success. The intrasubunit disulfide bond 
effectively stabilized BG505 DS-SOSIP in the ground state, prevented spontaneous sampling 
of the CD4-induced state and increased thermostability of BG505 SOSIP.664 as well as other 
HIV-1 Env trimers [39]. 
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 Overall, hyperstable trimers obtained via chemical cross-linking or disulfide 
stabilization are promising new Env immunogens. The fact that the thermostability of an 
HIV-1 Env trimer is correlated with the autologous Tier-2 NAb response it induces as an 
immunogen in vivo supports further efforts to generate hyperstable Env immunogens. 
While the measurements of the melting temperature of HIV-1 Env trimers by differential 
scanning calorimetry (DSC), differential scanning fluorimetry (DSF), or related assays appear 
to correlate with the in vivo stability, other stability assays such as those that measure 
stability over time at 37°C in the presence of adjuvant and/or sera might also be informative 
[30]. Future studies should focus on the combination of several stabilization strategies and 
determine whether stabilizing disulfide bonds can be applied to other HIV-1 Env trimers 
besides BG505 SOSIP.644. When considering native-like trimers as an HIV-1 vaccine for 
humans, immunogens that remain stable at high temperatures will also reduce the costs of 
transport and storage, because they will be less dependent on the cold-chain in third world 
countries [45].

Initiating and maturing desirable Ab lineages by HIV-1 Env trimer lineage immunogens
In natural HIV-1 infection, bNAbs are not generated immediately in response to one 
homogeneous antigen, but they rather emerge through a co-evolutionary process that 
involves viral escape from autologous NAb responses that then drives renewed cycles 
of B cell activation and affinity maturation. To mimic this co-evolution, “lineage vaccine” 
strategies are being pursued. One approach is based on env gene sequences derived over 
time from infected people who develop bNAb responses (“natural lineages”) [46–50]. 
Alternatively, immunogens are engineered to steer the Ab response to a specific bNAb 
epitope (“designed lineages”) [51–56]. The two strategies are not necessarily mutually 
exclusive. To design natural lineage immunogens it is necessary to understand how bNAbs 
emerged in the relevant individual and to identify the Env characteristics that drove the 
response [46,48,50,57–60]. This strategy is limited by the availability of longitudinal plasma 
samples at frequent time intervals [58] from the HIV-1 infected individual, ideally including 
a sample early after seroconversion to identify the Env that initiated the development of 
the particular bNAb lineage [48]. Another challenge for the design of immunogens based on 
natural lineages is that bNAb responses sometimes develop through the cooperation of two 
individual B-cell lineages, implying that both lineages should be activated by natural lineage 
immunogens [50].
 The first stage of a bNAb response is the engagement of naïve B-cells that express the 
unmutated germline-bNAb precursor. However, recombinant Env glycoproteins of “standard 
designs” usually recognize these precursors rather poorly [54,61–63]. To try to engage the 
correct germline-bNAb precursor B-cell, various gp120 monomer-based constructs, such as 
engineered outer domain (eOD) or gp120 core proteins, have been made. These proteins 
generally involve deleting variable loops and/or glycan sites and are mostly focused on the 
CD4bs family of bNAbs [51,54,55,62,63]. Our own approach to the designed lineage concept 
is based around the use of structural and other insights to successfully engineer various SOSIP 
trimers (designated SOSIP.v4.1-GT1 for germline-targeting) to engage multiple germline-
bNAbs, including ones directed against the V2-apex and the CD4bs (Medina-Ramirez et 
al, manuscript in preparation). Ongoing immunogenicity studies are testing the concept of 
using the SOSIP.v4.1-GT1 trimer to initiate bNAb lineages, followed by boosting with one or 
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more “mature” SOSIP trimers to drive the pathway towards bNAbs. In this context, it is also 
relevant that some “mature” SOSIP trimers themselves bind various human bNAb precursor 
Abs in vitro [64–66]. 
 Recently, Escolano and colleagues successfully applied the designed lineage 
concept to elicit PGT121-like bNAbs in knock-in mice bearing the germline reverted version 
of the PGT121 family precursor [51,67]. Activation of the germline precursor of PGT121 was 
initiated by germline-targeting gp120 immunogens, obtained via mammalian-cell display, 
and further maturation towards PGT121-like bNAbs was guided by gp120 immunogens with 
intermediate affinities for germline and mature PGT121, followed by a cocktail of native-
like trimers [51,67]. This study is the first that achieves the induction of bNAbs through 
immunization of knock-in mice bearing the germline reverted version of a bNAb and serves 
as a template for the design of other designed lineage strategies aiming to induce bNAbs 
targeting other epitopes. 
 To assess the potential of germline-targeting immunogens designed to activate 
CD4bs bNAb germline precursors, knock-in mice models with the germline precursors of 
VRC01 and 3BNC60 were generated [52,55]. When two germline-targeting immunogens 
(eOD-GT6 and 426c.TM4ΔV1-3) were tested in knock-in mice bearing the mature or 
germline versions of the 3BNC60 bNAb heavy chain, they were able to engage germline 
heavy chain B-cells and drive the appropriate selection and subsequent affinity maturation 
of the mouse light chain [96]. In contrast to the induction of PGT121-like bNAbs in PGT121 
germline knock-in mice, an immunization regimen that guides the affinity maturation of 
VRC01-precursors and induces VRC01-like bNAbs has not been described so far. 
 The knock-in mice described above bear a germline Ig gene that includes the 
CDRH3 region of the mature bNAb. To more closely recapitulate the physiological germline 
repertoire, an alternative VRC01 knock-in mouse model was generated that allows for 
CDRH3 diversity [68]. This study revealed that even in the presence of a complex CDRH3, 
a germline-targeting immunogen, eOD-GT8 60mer, was able to engage and select the 
VRC01 germline precursors efficiently. To identify immunogens that are able to guide the 
appropriate affinity maturation of primed VRC01-precursors, another VRC01 knock-in mice 
model was generated. In these knock-in mice, the variable region was composed of a germline 
precursor IgG frequently used by VRC01-like bNAbs and includes a 5 amino acid long CDRL3 
derived from the mature VRC01 antibody [68]. An immunization scheme including eOD-GT6 
and 426-core immunogens induced a mutation pattern in these knock-in mice that showed 
similarities with that of the maturation pathway of the VRC01 bNAb. However, none of the 
isolated antibodies was broadly neutralizing [68]. A major roadblock for the maturation of 
CD4bs bNAbs is the accommodation of the N276 glycan. Specific remodeling of the CDRL1 
loop is probably necessary to allow favorable contacts with the N276 glycan [69]. 
 The above example employed gp120 or eOD proteins as the basis for germline-
targeting immunogens. However, native-like trimer might also serve as the scaffold for 
strategies to activate desirable germline precursors. One reason why we prefer a trimer-
based approach to engaging bNAb precursors is the greater steric constraints that apply 
to various bNAb epitopes on trimers compared to monomeric gp120-based constructs. 
Thus, the angle at which a bNAb approaches the virus (i.e., native trimer) can be critical, 
particularly in respect of the CD4bs-associated epitopes. If the immunogen does not impose 
the appropriate restriction on the approach angles, the likelihood is that “off-target” non-
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NAbs will be induced instead of, or as well as, the more desirable bNAbs. This scenario may 
account for why the eOD-GT6 construct, which is based on gp120-OD monomers, induced 
only non-NAbs when tested in a VRC01 knock-in mouse model [52]. 
 BNAbs that target the trimer-apex V2 epitope are elicited relatively frequent, 
develop early in infection and require a low percentage of somatic hyper mutation (SHM) 
[60]. The design of immunogens that engage the germline precursors of V2 bNAbs and 
guide subsequent affinity maturation is therefore of specific interest. The common binding 
features and similar maturation pathways of V2 bNAbs will be helpful in the design of 
germline-targeting immunogens [65,66]. To improve the affinity of the germline precursors 
of V2-apex bNAbs to HIV-1 Env trimers, we designed an intraloop disulfide mutant in the 
V2 that enhanced the presentation of the V2-apex bNAb epitope on the BG505 SOSIP.664 
trimer (Chapter 4). In addition, the design of the BG505 SOSIP.v4.1-GT1 trimer, which 
has a high affinity for germline versions of V2-apex bNAbs, includes other modifications 
such as shortening of the V2-loop (Medina-Ramirez et al. manuscript in preparation). 
The development of a designed lineage immunization regimen based on these germline 
targeting trimer immunogens has the potential to induce V2-apex bNAbs in knock-in mice 
bearing the germline precursor of a V2-apex bNAb (Medina-Ramirez et al. manuscript in 
preparation). 
 While the various germline Ig knock-in mouse models are useful to test the ability 
of Env immunogens to activate very specific human germline bNAb precursors, they do not 
take into account how well the same proteins would perform in a mixed germline repertoire 
where mechanisms such as epitope immunodominance and subdominance discussed 
above are relevant [35]. Thus, while a series of natural lineage immunogens might induce 
bNAbs potently in specific knock–in mice, this desirable response could be thwarted by the 
additional induction of immunodominant non-NAbs when the immunogens are tested in 
the complete human germline repertoire. Hence, the necessity to limit the presentation of 
non-NAb epitopes (see above, and chapters 7 and 8).
 The complete humanization of the mouse immunoglobulin loci is a relatively new 
approach that allows to determine whether vaccines can trigger NAbs in the complete human 
germline antibody repertoire. Lee et al. described the successful generation of transgenic 
mice in which the entire human variable-gene repertoire was introduced, resulting in naïve 
B cells bearing human antibody heavy-chains and either the human kappa-light chain or the 
human lambda light-chain [70]. The mouse IgG constant regions were left intact to maintain 
optimal Fc-mediated effector functions, as well as interaction with the mouse signaling 
proteins Igα and Igβ, which is important for B-cell differentiation, class-switching and affinity 
maturation [70]. In a recent study, the capacity of the germline-targeting eOD-GT8 60-mer 
immunogen to activate VRC01-precursor B-cells in these mice, referred to as kymab mice, 
was assessed. Although VRC01-precursor B-cells were present at extremely low frequencies 
in the germline repertoire of the kymab mice, the eOD-GT8 immunogen efficiently activated 
these rare precursor B-cells, as indicated by the selection of VH1-2 heavy chains paired with 
light chains with short CDRL3 regions [71]. Previously, VRC01-precursor B-cells were also 
shown to exist in humans at low frequency (1 per 2.4 million B-cells) [72]. Maturation of 
the primed VRC01 germline precursors in kymab mice towards VRC01-like bNAbs probably 
requires a sequential immunization strategy with immunogens displaying intermediate 
affinities for germline and mature VRC01, in analogy to the sequential immunization strategy 
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used to induce PGT121-like bNAbs in PGT121 knock-in mice [51,67,73].  

Characterizing NAbs from animals immunized with native-like trimer immunogens
The goal of all efforts to stabilize HIV-1 Env trimers is to generate immunogens that 
improve the NAb response upon vaccination and eventually drive the induction of bNAbs. 
So far, stabilized HIV-1 Env trimers of the various designs mentioned above induce potent 
autologous Tier-2 and Tier- NAbs in rabbits, but do not do not raise cross-reactive NAbs at the 
Tier-2 level [9,17,30,37]. Furthermore, stabilized HIV-1 Env trimers reduce the induction of 
immunodominant non-NAbs [17,37]. Several groups have started to isolate and characterize 
the NAbs raised in these animal immunizations. Characterizing the specificities of NAbs, and 
generating information about the germlines that are targeted, the extent of SHM, and the 
length of the CDR loops increases our understanding of what vaccines can do, how this can 
be optimized, and whether Env immunogens are able to elicit Abs with bNAb characteristics, 
such as high levels of SHM, long CDR loops and polyreactivity. For example, uncleaved gp140 
trimers induced Abs against the CD4bs that approach their epitope with an angle that is 
incompatible with binding to the native Env trimer, supporting the use of native-like trimers 
that restrict the angles of approach [74,75]. 
 The autologous Tier-2 Nabs induced by BG505 and B41 SOSIP.664 trimers were 
shown to target specific holes in the glycan shield of HIV-1 Env [76,77]. Virus-like particles 
displaying multiple copies of predominantly native-like, full-length JR-FL Env induced Tier-
2 autologous NAbs that targeted a hole in the glycan shield created by the absence of the 
N197-glycan [78]. Thus, the autologous Tier-2 NAbs that are raised in several different 
immunization strategies based on native-like Env trimers, all involve the recognition of 
strain-specific glycan holes. Cross-reactivity of glycan hole specific NAbs is limited and only 
observed when virus strains share a glycan hole [76,77]. It is likely that cross-neutralization 
of BG505 by rabbits immunized with B41 SOSIP.664, is mediated by NAbs that target a 
shared glycan hole at position 289 [76]. Whether the activity of glycan hole specific NAbs 
can be broadened is currently tested in rabbit immunization studies. One way to broaden 
the response is to boost with an immunogen, in which the glycan hole is filled. The breadth 
of the autologous NAb response could be improved when the glycan hole specific NAb 
accommodates for the glycan via affinity maturation. The observation that several 241 
glycan hole specific Abs, raised upon immunization with BG505 SOSIP.664, bound the BG505 
SOSIP.664 S241N immunogen with low-affinity, indicates that the glycan hole specific Abs 
can accommodate for the glycan and that increasing breadth of glycan hole specific Abs 
might be feasible [77]. If immunization strategies fail to increase breadth of glycan hole 
specific Abs, an alternative strategy could involve native-like trimer immunogens for which 
all glycan holes are filled to steer the NAbs response to conserved bNAb epitopes instead of 
strain-specific glycan holes.  

Immunization strategies
Besides the design of trimer-based immunogens, how they are used is also likely to be 
important for developing an optimal immunization regimen. Relevant variables include the 
adjuvant, the immunization route and dose, the multivalent presentation of immunogens, 
and the frequency and spacing of immunizations. Instead of the conventional intra-muscular 
injection other delivery methods are being explored, such as slow-release pumps to prolong 
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immunogen administration [79]. Interestingly, slow-release delivery of BG505 SOSIP.664 
had the unexpected consequence that the immunodominance of V3 was effectively 
reduced [79]. Furthermore, an immunization regimen with exponentially increasing antigen 
concentration at a two week interval induced a 19-fold higher gp120 Ab titer compared 
to the traditional bolus immunization [44]. This study illustrated that prolonged antigen 
availability in the lymph nodes, mediated by an exponentially increasing antigen dose, 
improves germinal center induction [44].
 Immunization with a single recombinant Env protein is most probably not sufficient 
to elicit bNAbs. One potential way to increase breadth and potency of initial autologous 
NAb responses is to administer several Env immunogens multivalently, either sequentially 
or as a cocktail. Whether multiple immunogens aimed at improving heterologous responses 
should be administered sequentially or as a cocktail is under debate. Based on a recently 
published computational model of B-cell affinity maturation, antigen cocktail immunization 
is supposed to increase the selection of cross-reactive B-cells over strain-specific B-cells 
during affinity maturation, a process that is referred to as competitive exclusion of 
autologous, strain-specific Abs [80,81]. Another computational study simulated sequential 
and cocktail immunizations with three Env immunogens and suggested that a multivalent 
cocktail immunization frustrates the affinity maturation by imposing conflicting selection 
forces during affinity maturation [82]. The latter study therefore suggested that sequential 
immunization strategies might be advantageous over cocktail immunizations. One 
explanation for the contradictory results of these computational studies might relate to the 
level of sequence diversity between the immunogens in the cocktail. High sequence diversity 
might frustrate the affinity maturation process and result in B-cell apoptosis, while more 
closely related Env immunogens would increase the selection of cross-reactive B-cells over 
strain-specific B-cells. There might be a balance where immunogens that display sufficient 
variation, but do not induce B-cell apoptosis, maximize the chance to select cross-reactive 
B-cells and elicit bNAb responses [83]. To test this hypothesis, sequential and cocktail 
vaccination with highly sequence-related immunogens (for example intrapatient series), 
moderately related immunogens (intraclade immunogens), and divergent immunogens 
(immunogens from different clades) should probably be evaluated. 
 Klasse et al. recently described the results of a bivalent immunization with divergent 
immunogens, BG505 SOSIP.664 and B41 SOSIP.664. Similar to monovalent immunization, a 
strong NAb response was induced to both trimers, suggesting that the NAb response against 
one trimer immunogen did not interfere with that of the other [76]. Instead, cross-reactive 
NAbs might have been induced to the glycan hole at position 289, which is shared between 
BG505 and B41 [76].
 The presentation of Env proteins as particulate antigens can enhance B-cell 
stimulation via B-cell receptor crosslinking and hence increase their immunogenicity. In a 
pilot experiment, ferritin-based protein nanoparticles displaying multiple copies of BG505 
SOSIP.664 trimers were more immunogenic in rabbits than the corresponding soluble trimers 
[84]. Various similar and different approaches to presenting native-like trimers in particulate 
form, such as VLPs and liposomes, are being pursued [42,78,85,86]. In contrast to single 
native-like trimers, the particulate presentation of native-like trimers efficiently activates 
bNAb expressing B-cells in vitro, indicating that the increased avidity and BCR crosslinking is 
crucial for the activation of low affinity naïve B-cells [85,86].

20161230 Steven proefschrift.indd   261 08/02/17   14:56



Chapter 10

262

Concluding remarks
All the above mentioned immunization strategies will benefit from the design of stabilized 
HIV-1 Env trimers that closely mimic the native Env spike and favor the presentation of 
bNAb epitopes over non-NAb epitopes. Thus, a combination of carefully designed trimer 
immunogens with novel immunization strategies including particulate presentation 
of immunogens, germline-targeting immunogens and administrating immunogens 
multivalently, has the potential to drive the development of an HIV-1 vaccine that induces 
bNAbs, a requirement to bring the HIV epidemic to a halt.
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Summary

Towards a vaccine against HIV/AIDS
Around 36.7 million people worldwide are infected with the human immunodeficiency virus 
type 1 (HIV-1), the causative agent of acquired immunodeficiency syndrome (AIDS). The 
hallmark of AIDS is a severe failure of the immune system, which increases susceptibility to 
opportunistic infections that are normally easily controlled by the immune system. HIV-1 
infects immune cells, predominantly CD4+ T-cells and the continuous replication of HIV-1 in 
immune cells eventually depletes the CD4+ T-cell population which typically coincides with 
the progression towards AIDS. To bring the HIV-1 epidemic to a halt, a vaccine that provides 
protection against the majority of circulating HIV-1 strains is urgently needed. 

HIV-1 has evolved various tricks to prevent the development of a potent humoral 
immune response. The only target for neutralizing antibodies (NAbs) is the HIV-1 envelope 
glycoprotein (Env), which is the sole viral protein embedded in the viral membrane. It 
consists of three gp41 subunits and three gp120 subunits, forming a trimeric complex of 
heterodimers. Env displays several characteristics that hamper the production of effective 
neutralizing antibodies. The Env trimer is masked by flexible variable domains and a dense 
glycan shield, preventing the development of antibodies against more conserved underlying 
protein domains. Furthermore, the Env trimer is conformationally flexible, fluctuating 
between closed and more open conformations. The conformational flexibility of the 
functional Env trimer, as well as the expression of non-functional Env products on the viral 
membrane, drive the induction of off-target non-neutralizing antibodies (non-NAbs), that 
do not recognize the functional Env trimer. Despite the evasion mechanisms displayed by 
HIV-1 to prevent the emergence of NAbs, broadly neutralizing antibodies (bNAbs) develop in 
10-30% of HIV-1 infected individuals, typically between 1 to 3 years after infection. Although 
the patients do not benefit from these bNAb response, studying the characteristics of these 
bNAbs is of significant value for the design of HIV-1 vaccines aimed at inducing similar 
responses. 

We hypothesized that a perfect mimic of the HIV-1 Env trimeric spike should be able 
to drive the development of NAb responses. To allow the production of soluble recombinant 
HIV-1 Env trimers the gp41 domain was truncated before the transmembrane domain. As 
a consequence of the weak non-covalent interactions between the individual subunits, the 
recombinant Env trimer dissociates into gp120 and gp41 monomers. To maintain the native 
trimeric Env structure interaction and prevent dissociation of the gp41 and gp120 subunits, 
a disulfide bond between gp41 and gp120 (SOS; A501C-T605C) and a trimer stabilizing 
substitution in gp41 (IP) were introduced in the recombinant Env trimer. When the SOSIP 
design was applied to a clade A BG505 Env sequence, our laboratory was able to produce 
stable recombinant native-like BG505 trimers that allowed structural characterization of the 
Env trimer. In addition, the BG505 SOSIP trimer immunogen was the first HIV immunogen to 
induce potent and consistent autologous Tier-2 NAbs when used to immunize rabbits and 
macaques. Although the design of the BG505 SOSIP trimer was a major step forward in the 
route to an HIV-1 vaccine, the challenge remains to broaden the autologous neutralizing 
response and induce NAbs that are able to neutralize the majority of circulating HIV-1 
strains, i.e. bNAbs.

In this thesis I have explored various ways to improve the stability and antigenicity 
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of HIV-1 Env trimers, with the aim of enhancing their performance as immunogens. By 
studying the stability of the functional Env trimer in natural infection and in the presence of 
HIV-1 inhibitors as well as through the design of structure based modifications, we identified 
mutations that improve the formation of native-like Env trimers, enhance the thermostability 
of such trimers, improve the presentation of bNAb epitopes on the Env trimer, and reduce 
the exposure of immunodominant non-NAb epitopes. 

In chapter 2 we assessed the role of residue 559 in the production of native-like 
HIV-1 Env trimers based on the BG505 Env sequence. The trimer-stabilizing effect of the 
isoleucine to proline mutation (“IP” in “SOSIP”) was initially discovered in the context of the 
JR-FL isolate. In that original study, other substitutions at position 559, for example a glycine, 
demonstrated a similar trimer-stabilizing effect as the proline. To explore which residue 
most efficiently stabilizes the native-like trimeric structure of the BG505 SOSIP trimer, we 
compared the effect of the proline substitution (I559P) to that of the other 19 amino acids 
at position 559 in the gp41 subunit. Most alternative substitutions reduced the yield of 
properly folded native-like BG505 trimers. We found that the proline substitution (I559P) 
was favored over other amino acid substitutions to generate native-like trimers from Env 
constructs at high yields.

Understanding the development of bNAbs and the mechanism by which HIV 
escapes Ab mediated neutralization during natural infection might improve the design 
of Env immunogens. In chapter 3 we studied the co-evolution of the virus and antibody 
response in an elite neutralizer of the Amsterdam cohort study (ACS) that developed a 
strong bNAb response. We describe that the bNAbs that developed in this patient target 
the oligomannose patch of the HIV-1 Env trimer around glycan N332. The virus, which is 
usually one step ahead of the immune system, escapes from the N332-directed bNAbs by 
masking the oligomannose patch with an unusually long variable loop 1. The elongation of 
the V1 loop coincided with the introduction of 2 or 4 cysteines, which most likely stabilize 
the extended loop with additional disulfide bonds. These data illustrate that HIV-1 is able 
to escape from a bNAb response indirectly via the elongation of a variable loop, and thus 
without modifying the bNAb epitope itself.

Inspired by the virus that introduced additional disulfide bonds to stabilize flexible 
variable domains that might hinder bNAb induction, we designed disulfide mutants to 
stabilize the V1 and V2 loops of the BG505 SOSIP trimer (chapter 4). We generated an 
interloop disulfide mutant that connects the V1 and V2 loop as well as an intraloop mutant 
within the V2. The latter is based on a twin-cysteine motif that is found in HIV-2 and SIV 
isolates and that contributes to Env trimer stability. The intraloop disulfide mutant and to 
a lesser extent also the interloop disulfide mutant BG505 SOSIP trimers showed improved 
binding of trimer-apex V2 bNAbs such as PG9 and PG16. Furthermore, the inferred germline 
precursors of V2 bNAbs also interacted more efficiently with the intraloop disulfide mutant 
BG505 trimer. The latter observation suggests that the interaction of naive B-cells with the 
Env trimer is hindered by the flexible variable loops and that V2 stabilization negates this 
effect. These V1V2 disulfide stabilized BG505 trimers are therefore promising candidates in 
immunization strategies aimed at inducing V2 bNAbs.

In chapter 5 we describe the mechanism by which a fusion inhibitor, VIRIP165, 
binds the Env trimer and inhibits HIV-1 replication. We found that specifically designed 
mutations in the fusion peptide alter the sensitivity of the virus to VIRIP165 and confirmed 
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the FP as the target site of VIRIP165. Some resistance mutations to other fusion inhibitors 
were able to provide cross-resistance to VIRIP165, indicating that VIRIP165 targets a similar, 
but not identical intermediate step in virus entry. Since the FP is only shortly exposed before 
it is released in the cellular membrane of the target cell, the window of opportunity for 
VIRIP165 to inhibit virus replication is shorter as compared to that of other fusion inhibitors. 
We report that the resistance mutations that provided cross-resistance to VIRIP165 affect 
the stability of the Env trimer and suggest that the fusion kinetics of an instable Env trimer 
are accelerated, which minimizes the window of opportunity for VIRIP165 to inhibit HIV-1 
replication. 

In chapter 6 we study the appearance of resistance mutations to the VIRIP165 
fusion peptide inhibitor. By culturing HIV-1 in the presence of escalating concentrations of 
VIRIP165 we selected viruses that are resistant to the inhibitor. Besides the appearance 
of conventional resistance mutations, we also identified an intriguing VIRIP165 dependent 
phenotype. Viruses that acquired a single mutation (A60E, E64K or H66R) in the C1 domain 
of the Env trimer were dependent on VIRIP165 for efficient target cell infection. We found 
that the Env trimer of the VIRIP165 dependent virus is trapped in a hyperstable conformation 
and as a consequence is unable to undergo conformational changes upon CD4 binding. We 
propose a model in which VIRIP165 acts as a wedge between the gp120 and gp41 subunits 
of the Env trimer to reduce the hyperstable interaction between the C1 and gp41 domains 
and to facilitate conformational changes upon CD4 binding. These findings illustrate how 
a VIRIP165 dependent phenotype was observed via HIV-1 Env spike stabilization and this 
insight provides new opportunities for the design of stable HIV-1 Env immunogens.

In chapter 7 we describe the design of next-generation stable HIV-1 Env (SOSIP) 
trimer immunogens, termed SOSIP version 4 (SOSIP.v4) trimers, from clade A, B and C viral 
isolates. The SOSIP.v4 design modifications include changes that were identified in previous 
studies (I535M and L543Q/N), mutations that were identified in chapter 6 (E64K and 
H66R), and new mutations that were generated through structure based design (A316W). 
Collectively, these changes improved the stability of Env constructs that already formed 
trimers efficiently (BG505 and B41), and allowed successful native-like trimer formation for 
Env sequences that form trimers less efficiently (AMC008 and ZM197M). These changes also 
decreased the exposure of the immunodominant V3-associated non-NAb epitopes on the 
Env trimers. When tested as immunogens in rabbits and mice the SOSIP.v4 trimers induced 
significantly lower V3-targeted Tier-1A NAbs, whereas the induction of autologous Tier-2 
NAbs was preserved. These observations illustrate that SOSIP.v4 Env trimers are promising 
candidates for future vaccination studies.

In chapter 8 we further pursue the introduction of hydrophobic mutations in the 
V3 domain to increase trimer stability and reduce the exposure of the immunodominant 
V3 non-NAb epitopes. We report that two V3 substitutions, S306L and R308L, further 
stabilized the V3 domain of BG505 trimers and reduced the binding of V3-directed non-
NAbs. When used as immunogens in rabbits, BG505 trimers containing S306L and R308L 
induced significantly reduced V3-directed Tier-1A neutralizing Abs compared to the parental 
BG505 trimer. These findings illustrate that by structure based immunogen design we are 
able to skew the immunogenicity of HIV-1 Env trimers, preventing the induction of Abs to 
unwanted V3 non-NAb epitopes.

In chapter 9 we describe the design of next generation hyperstable HIV-1 Env 
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trimers. Following the success of the disulfide bond between gp41 and gp120 (SOS; A501C-
T605C) in the generation of native-like Env trimers (SOSIP.664 design), we explored the 
introduction of additional intersubunit disulfide bonds to improve the stability of HIV-
1 Env trimers. We found that an intersubunit disulfide bond (A73C-A561C; SOSIP.v5) and 
an interprotomer disulfide bond (E49C-L555C) improved native-like trimer formation and 
substantially increased the thermostability of HIV-1 Env trimers from clade A, B and C. 
BG505 trimers containing both disulfide bonds (termed BG505 SOSIP version 6; SOSIP.v6) 
displayed a hyperstable phenotype, preserving its native-like trimeric structure up to 90°C. 
In rabbits, hyperstable BG505 trimers induced weak, but consistent NAb titers against some 
heterologous Tier-2 viruses, which might be attributable to prolonged antigen stimulation 
in the germinal center. These results strengthen our hypothesis that hyperstable Env trimers 
are useful for inducing heterologous NAb responses. 

In chapter 10 we discuss the various strategies that we applied in this thesis to 
improve the stability, antigenicity and immunogenicity of HIV-1 Env trimers and compare 
our results with other stabilizing strategies that are pursued across the field to drive HIV-
1 vaccine development. Furthermore we emphasize the need for more sophisticated 
immunization strategies to deliver the next-generation stabilized Env trimers in such a way 
that those B-cell lineages are activated that have the capacity to mature towards bNAbs.
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Samenvatting

Ontwikkeling van een vaccin tegen HIV/AIDS
Acquired immunodeficiency syndrome (AIDS) is de ziekte die veroorzaakt wordt door een 
extreem snel muterend virus, het humaan immunodeficiëntie virus (HIV). Wereldwijd zijn er 
ongeveer 37 miljoen mensen geïnfecteerd met HIV en ieder jaar sterven rond de 1 miljoen 
mensen aan de gevolgen van AIDS. 

Het HIV virus wordt overgedragen door bloed-bloed contact, onveilige seks, het 
gebruik van besmette naalden en van moeder op kind tijdens de bevalling of borstvoeding. 
In het lichaam infecteert het HIV virus belangrijke cellen van het immuunsysteem (T-cellen) 
door het virale DNA te introduceren in het DNA van de gastheercel. Vervolgens wordt het 
virale DNA door de gastheercel vertaald in nieuwe virusdeeltjes, die weer nieuwe T cellen 
kunnen infecteren. Doordat veel HIV geïnfecteerde immuun cellen afsterven, daalt het aantal 
T cellen in het bloed en zien we dat de HIV infectie zich na enkele tot vele jaren ontwikkelt 
naar het AIDS stadium. Een kenmerk van de progressie naar AIDS is dat het immuunsysteem 
niet meer is opgewassen tegen levensbedreigende opportunistische infecties die normaal 
makkelijk worden aangepakt. 

Door jarenlang onderzoek is er een combinatie van virale remmers ontwikkeld 
die de progressie van HIV infectie naar AIDS kan voorkomen. Deze remmers zorgen ervoor 
dat HIV zich niet meer kan vermenigvuldigen en verspreiden in het lichaam. Echter, HIV 
patiënten genezen niet van de infectie en zijn genoodzaakt de remmers levenslang te 
gebruiken om de infectie blijvend te onderdrukken. Door de relatief hoge kosten van de 
virale remmers is het moeilijk om de beschikbaarheid van deze remmers te realiseren in 
arme landen, bijvoorbeeld in Afrika waar het percentage HIV geïnfecteerde mensen het 
hoogst is.

Een manier om HIV preventief te bestrijden is door nieuwe infecties te 
voorkomen met behulp van een vaccin, zoals dat ook is gelukt voor de bestrijding van 
andere infectieziektes. Door gezonde mensen te vaccineren met een stukje van het virus 
of een verzwakt virus kan het immuunsysteem zich alvast wapenen door de aanmaak 
van antistoffen die het virus kunnen herkennen en aanvallen. Antistoffen zijn eiwitten 
die worden geproduceerd door bepaalde immuun cellen, B cellen. Door te binden aan 
lichaamsvreemde deeltjes, zoals bacteriën, schimmels en virussen, kunnen antistoffen deze 
indringers neutraliseren en opruimen, en zodoende verdere verspreiding van de infectie 
voorkomen. Omdat de genetische diversiteit van HIV virus varianten heel groot is, moet 
het vaccin antistoffen opwekken die alle verschillende HIV varianten (subtypes) kunnen 
herkennen. Dit worden ook wel breed remmende antistoffen genoemd. Om HIV-1 infectie te 
voorkomen is het van belang dat een HIV vaccin breed remmende antistoffen opwekt tegen 
het envelop glycoproteïne eiwit, het enige virale eiwit aan de buitenkant van het virus dat 
verankerd zit in de membraan. Het envelop eiwit is samengesteld uit een gp120 component 
en een gp41 component. Drie envelop eiwitten vormen samen een trimeer, dus 3x gp120 en 
3x gp41, en ongeveer 8 tot 12 van zulke trimeren bevinden zich op 1 virus deeltje. Met deze 
envelop trimeer kan het virus een receptor op het oppervlak van de T cellen binden (de CD4 
receptor) en vervolgens de samensmelting van het virus en de immuun cel bewerkstelligen.

Het HIV virus heeft verschillende manieren ontwikkeld om te verhinderen dat het 
immuunsysteem van de mens krachtige antistoffen kan opwekken tegen het envelop eiwit. En 
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als deze toch worden opgewekt, kan het HIV virus aan deze antistoffen ontsnappen doordat 
het extreem snel muteert. Op de envelop trimeer zijn de geconserveerde eiwitdomeinen 
afgeschermd door meer variabele domeinen. Door het veranderen/muteren van deze 
variabele domeinen, ook wel ‘lussen’ genoemd, kan het virus ontsnappen aan herkenning 
door de antistof. Verder is de envelop trimeer omgeven door een suikerschild. Doordat deze 
suikers in de gastheercel op het envelop eiwit zijn gezet, worden ze niet als lichaamsvreemd 
beschouwd door het immuunsysteem en daarom is de antistof reactie tegen het envelop 
eiwit veelal zwak. Het immuunsysteem heeft ook te maken met een afleidingsmanoeuvre 
van het virus. Naast de functionele envelop trimeren presenteert het virus namelijk ook 
niet functionele envelop producten, zoals monomeren of uiteengevallen trimeren aan de 
buitenkant van het virus. Hierdoor worden antistoffen opgewekt die selectief aan niet-
functionele envelop eiwitten binden, en dus niet een virus met funtionele envelop trimeren 
kunnen inactiveren.  
 Ondanks dat het HIV virus probeert de belangrijkste en geconserveerde stukjes 
van het envelop eiwit te verhullen, zijn ongeveer 20% van de HIV geïnfecteerde patiënten 
toch in staat om breed remmende antistoffen te ontwikkelen, gemiddeld zo’n 2 a 3 jaar 
na de besmetting. De patiënten hebben hier zelf geen baat meer bij omdat het virus al 
mutaties heeft gemaakt om te ontsnappen aan deze antistoffen. Echter, in verschillende 
onderzoeken is aangetoond dat deze breed remmende antistoffen wel bescherming kunnen 
bieden tegen HIV infectie in apen. Voor de ontwikkeling van een HIV vaccin is het van belang 
de bindingsplaats(en) van deze breed remmende antistoffen op de envelop trimeer in kaart 
te brengen en deze domeinen in een HIV vaccin op de juiste manier te presenteren aan het 
immuunsysteem.
 Vanwege de mutatie snelheid van HIV wordt het gebruik van een verzwakt HIV 
virus als vaccin te gevaarlijk geacht. Voor het ontwikkelen van een vaccin op basis van een 
viraal eiwit wordt de envelop trimeer allereerst ‘los geknipt’ van het HIV virus deeltje. Onze 
hypothese is dat de geproduceerde envelop trimeer zo nauwkeurig mogelijk het functionele 
envelop eiwit op het virus moet nabootsen om de gewenste breed remmende antistoffen 
op te wekken. Echter, de envelop trimeer is instabiel en valt snel uit elkaar en ziet er dus 
niet hetzelfde uit als het envelop eiwit op het virus. Door introductie van een chemische 
brug (zwavel brug, SOS) tussen de gp41 en gp120 eiwitten en een stabiliserende mutatie in 
gp41 (I559P; IP), hebben we inmiddels een stabiele recombinante envelop trimeer (BG505 
SOSIP) voorhanden die sterk lijkt op de envelop trimeer op het virus. In konijnen en apen is 
reeds aangetoond dat deze BG505 SOSIP trimeer antistoffen kan opwekken die dezelfde HIV 
variant (BG505) kunnen remmen.

Dit proefschrift
In dit proefschrift beschrijf ik verschillende manieren om de stabiliteit van envelop 
trimeren verder te verbeteren met als doel om betere antistoffen op te kunnen wekken 
in vaccinatie studies. Hierbij is het van belang dat niet de variabele domeinen, maar juist 
de geconserveerde domeinen van de envelop trimeer worden herkend door het immuun 
systeem. Door het ontwerp van stabiele envelop trimeren proberen we de bindingsplaatsen 
van breed remmende antistoffen zodanig te presenteren dat het envelop vaccin een breed 
remmende antistof reactie zal opwekken.

In hoofdstuk 2 beschrijven we het effect van de I559P (IP) mutatie op de stabiliteit 
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van de BG505 SOSIP trimeer. Deze stabiliserende mutatie is voor het eerst beschreven in een 
andere SOSIP trimeer van een ander HIV subtype waarbij ook een paar andere aminozuren 
(bouwstenen van een eiwit) op positie 559 zijn getest. Om vast te stellen welk aminozuur op 
positie 559 de stabiliteit van de BG505 SOSIP trimeer het meest kan verbeteren hebben we 
alle mogelijke 20 aminozuren getest. Hieruit bleek dat voor het maken van stabiele SOSIP 
trimeren de IP mutatie het meest geschikt is.   

Voor het ontwikkelen van een HIV vaccin is het belangrijk om lering te trekken 
uit de ontwikkeling van breed remmende antistoffen in HIV geïnfecteerde patiënten. In 
hoofstuk 3 laten we zien hoe het virus zich verandert om te kunnen ontsnappen aan de 
breed remmende antistoffen die opgewekt worden in een HIV geïnfecteerde patiënt. Door 
het verlengen van één van de variabele lussen (V1) op de envelop trimeer, wordt een deel 
van de trimeer afgeschermd en kunnen de breed remmende antistoffen het HIV virus niet 
meer herkennen. Deze extreem lange eiwitlus was uitgerust met enkele zwavel bruggen, 
waarschijnlijk om de stabiliteit van de extreem lange lus te verhogen. 

Geïnspireerd door dit voorbeeld uit de natuurlijke infectie hebben we vervolgens 
gepoogd twee variabele lussen (V1 en V2) van de BG505 SOSIP trimeer te stabiliseren door 
introductie van zwavel bruggen (hoofdstuk 4). We laten zien dat het stabiliseren van de V2 
lus er voor zorgt dat de bindingsplaats van sommige breed-remmende antistoffen op de 
envelop trimeer beter toegankelijk is. Het gebruik van envelop trimeren met gestabiliseerde 
lussen lijkt nuttig in de ontwikkeling van een HIV vaccin dat het opwekken van breed 
remmende antistoffen moet bevorderen.

In hoofdstuk 5 hebben we onderzocht hoe het HIV virus wordt geremd door een 
nieuwe klasse HIV remmer (VIRIP165). VIRIP165 is geen antistof, maar een klein molecuul 
dat de infectie van HIV kan remmen door aan gp41 van de envelop trimeer te binden. We 
beschrijven ook welke mutaties in de envelop trimeer het HIV virus resistent maken tegen 
VIRIP165. Interessant is dat de stabiliteit van de envelop trimeer hierbij een belangrijke rol 
blijkt te spelen, en deze kennis is later gebruikt voor de verbetering van envelop als vaccin 
kandidaat.

Om de ontwikkeling van resistentie tegen de VIRIP165 remmer verder te 
onderzoeken hebben we in hoofdstuk 6 het virus gedurende een langere tijd gekweekt in 
aanwezigheid van de remmer. In dit onderzoek kwamen verschillende mutaties naar voren 
die de envelop trimeer op het virus blijken te stabiliseren (A60E, E64K en H66R). Aangezien 
wij nu juist zeer geïnteresseerd zijn in nieuwe mogelijkheden om losse recombinante 
envelop trimeren te stabiliseren voor vaccin toepassingen, hebben we de functie van deze 
virus varianten met een gestabiliseerde envelop trimeer uitvoerig bestudeerd. We hebben 
onderzocht of de virussen infectieus bleven na een lange incubatie op 37 graden Celsius of 
na een uur incubatie bij een verhoogde temperatuur. De VIRIP165-resistente virus varianten 
bleven langer infectieus onder deze omstandigheden dan het controle virus door de Envelop 
stabiliserende mutaties.   

In hoofdstuk 7 hebben we de envelop stabiliserende mutaties uit hoofdstuk 6, 
maar ook nieuwe mutaties door ons ontworpen op basis van de eiwit structuur, ingebouwd 
in BG505 SOSIP en SOSIP trimeren die zijn gebaseerd op andere HIV varianten. Deze eiwit 
varianten met 2 tot 4 stabiliserende mutaties noemen we SOSIP versie 4 trimeren. Naast het 
verhogen van de stabiliteit van SOSIP varianten die reeds goede trimeren vormen (BG505 en 
B41) helpen deze mutaties ook om de trimeer vorming te verbeteren van SOSIP eiwitten die 
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daar moeite mee hebben (AMC008 en ZM197M). Het immuunsysteem maakt heel makkelijk 
antistoffen die de variabele V3 eiwitlus binden, maar deze antistoffen remmen het HIV 
virus niet. Met behulp van een stabiliserende mutatie hebben we de flexibiliteit van deze 
lus ingedamd om de inductie van deze antistoffen te voorkomen. We hebben vervolgens 
konijnen geïmmuniseerd met deze gestabiliseerde SOSIP trimeren en konden aantonen dat 
deze konijnen minder V3-gerichte antistoffen maakten. Hierdoor hopen we de aandacht van 
het immuunsysteem te verleggen naar de meer geconserveerde domeinen van de envelop 
trimeer die door breed remmende antistoffen kunnen worden herkend.
 Ondanks dat de V3 minder flexibel is in de gestabiliseerde SOSIP versie 4 trimeren, 
worden er nog steeds antistoffen opgewekt tegen dit domein. Om de V3 flexibiliteit in 
de SOSIP trimeer compleet aan banden te leggen hebben we nog twee stabiliserende 
mutaties ontworpen (hoofdstuk 8). Deze mutaties verlaagden de flexibiliteit van de V3 
lus en tegelijkertijd werd de stabiliteit van de trimeer verhoogd. Wanneer we konijnen 
vaccineerden met deze V3-gestabiliseerde BG505 SOSIP trimeer kon worden aangetoond 
dat de V3 stabilisatie het gewenste effect had omdat er bijna geen antistoffen meer werden 
opgewekt tegen de V3 lus. Dit onderzoek laat zien dat we de ongewenste immuunreactie 
tegen V3 kunnen voorkomen door de flexibiliteit van dit domein te beperken.
 In hoofdstuk 9 beschrijven we het ontwerp van hyperstabiele SOSIP trimeren van 
HIV varianten van het subtype A, B en C. Omdat de originele SOS zwavelbrug tussen gp41 en 
gp120 de trimeer structuur zo succesvol stabiliseert hebben we additionele zwavelbruggen 
ontworpen in een poging om nog stabielere SOSIP trimeren te creëren. We introduceren 
een extra zwavelbrug tussen de gp41 en gp120 eenheden en een zwavelbrug die gp41 van 
het ene envelop eiwit met gp120 van een ander envelop eiwit in de trimeer verbindt. De 
combinatie van deze twee zwavelbruggen resulteerde in een hyperstabiele BG505 SOSIP 
trimeer die pas uit elkaar valt bij een temperatuur van meer dan 90 graden. Vervolgens 
hebben we konijnen geïmmuniseerd met deze hyperstabiele SOSIP trimeren en de antistof 
reactie onderzocht. Voor het eerst zien we dat de antistoffen niet alleen het autologe BG505 
virus kunnen remmen, maar ook andere virus varianten. Alhoewel het heel zwak remmende 
antistoffen zijn is deze bevinding wel een belangrijke stap in de goede richting voor vaccin 
ontwikkeling. Deze doorbraak geeft vertrouwen voor het opwekken van breed remmende 
antistoffen in toekomstige experimenten.
 In hoofdstuk 10 bediscussiëren we het ontwerp van stabiele envelop trimeer 
varianten en de manier waarop deze eiwitten kunnen worden gebruikt in een HIV vaccin. 
Het is belangrijk om te erkennen dat het onwaarschijnlijk is dat we met één stabiel 
envelop trimeer een breed remmende antistof reactie zouden kunnen opwekken. Om 
dit te verwezenlijken worden innovatieve immunisatiestrategieën ontwikkeld, zoals het 
combineren van meerdere envelop trimeer varianten en de presentatie van envelop 
trimeren op een nanodeeltje.
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Dankwoord

Na meer dan vier jaar promotieonderzoek mag ik beginnen aan het meest gelezen stukje 
van mijn proefschrift. Met een voldaan gevoel kijk ik terug op een mooie tijd en wil ik al de 
mensen bedanken die dit proefschrift mede mogelijk hebben gemaakt.

Allereerst Rogier, mijn co-promotor, heel erg bedankt voor de geweldige tijd in de Env 
groep. Jouw enthausiasme voor het onderzoek en je passie voor het envelop eiwit werkten 
heel aanstekelijk. Tijdens deze vier en een half jaar heb ik veel van je geleerd. Ik wil je ook 
bedanken voor de kans die je me hebt geboden om naar San Diego te gaan tijdens mijn PhD. 
Dat is een hele mooie ervaring geweest. Leuk om te zien hoe de Env groep is gegroeid de 
afgelopen jaren. Ik blijf de vooruitgang in het HIV vaccin onderzoek op de voet volgen.
 
Ben, bedankt voor de mogelijkheid om op jouw afdeling mijn promotieonderzoek te doen. 
Zonder dat je direct betrokken was bij de begeleiding van mijn onderzoek, heb ik veel van je 
geleerd tijdens de LEV meetings. Jouw kritische blik zorgt ervoor dat het onderzoek over de 
gehele afdeling naar een hoger niveau wordt getild.
 
Carolien, bedankt voor het regelen van alle zaken rondom het promoveren het laatste jaar. 
Jouw betrokkenheid en daadkrachtigheid heeft er voor gezorgd dat het allemaal volgens 
plan is verlopen.
 
Marit, bedankt dat jij me tijdens mijn masterstage bij LVIP op de PhD posities in de groep 
van Rogier hebt gewezen. Zo is het allemaal begonnen! In het begin heb je me ook veel 
geholpen met de virus evolutie experimenten. Voor het plannen van mijn 'stage' in San 
Diego heb ik ook veel aan jouw advies gehad, bedankt!

Tom, door jou begon mijn PhD met een vliegende start. In de eerste week won ik namelijk, 
al dan niet regelementair, de posterprijs bij de AIO retraite. Het was fijn om met je samen te 
werken en dat heeft ook nog tot een mooie publicatie geleid. Verder waren de borrels met 
jou altijd erg gezellig. Ghoooot!

Ilja, superanalist, wat hebben we een lol gehad op het lab. Af en toe waren we met tranen 
in de ogen experimenten aan het doen! Jij loopt al een tijdje mee bij de Env groep en krijgt 
elke keer weer met een nieuwe horde PhD studenten te maken. Mooi om te zien hoe jij je 
steeds weet aan te passen aan de nieuwe mensen, of passen de nieuwe mensen zich aan 
jou aan? ;) Jij maakt iedereen gek!

Over gekke mensen gesproken, Kwinten Kiwi, jij bent pas echt crazy in the head. Jouw 
gekke dansjes, geluidjes, imitaties, ik heb me echt kapot gelachen. Daarnaast had je ook 
nog verstand van zaken en was het voor mij ideaal om mijn projecten met jou te bespreken 
tijdens een koffie buiten. Jammer dat je er vandaag niet bij kan zijn, maar we gaan snel weer 
een prei-kerrie maaltijd en een biertje doen als je terug bent. Ik kan niet wachten om weer 
naar je te zwaaien!

Dirk, ik wil je eerst uiteraard bedanken voor jouw prachtige bijdrage aan dit proefschrift. Door 
met Ilja en jou aan de twee VIRIP hoofdstukken te werken, heb ik echt een bredere kennis 
van het envelop eiwit gekregen. Ik heb ook genoten van alle ‘kleintjes’ die jij initieerde, je 
was altijd in voor een borrel. Zelfs toen ik in San Diego was kwam jij samen met Marit een 
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kleintje drinken. Gaaf dat we daar veel met elkaar hebben opgetrokken!

Ronald, in jouw hoekje kon ik altijd terecht om een bakkie koffie te drinken. Even een 
momentje slap ouwehoeren en de nieuwste dumpert filmpjes bekijken. Ik heb genoten van 
de flauwe grappen die jij maakte. Om het in voetbaltermen uit te drukken: al is de voorzet 
nog zo slecht, jij weet alle flauwe grappen feilloos binnen te koppen. Mooi dat iedereen daar 
weer van kan genieten sinds november. Plan jij voor 9 maart nog een cursus strukenduken 
in Leiden? 

Thijs, als laatste van de brokkelboys, jij ook bedankt voor de mooie tijd op het lab. Prachtig 
hoe jij het enthausiasme van ons als PhD students soms de kop in probeerde te drukken. 
Die kritische post-doc blik was natuurlijk wel gebaseerd op jarenlange envelop ervaring. We 
moeten snel een Whiskey avond plannen!

Alba TdelaP, jij kwam in deze groep van veelal mannen binnen als nieuwe PhD student. 
Af en toe werd je helemaal gek van al die mannenhumor, maar je hield je goed staande 
en liet niet over je heen lopen. Doordat jij ook aan stabilisatie van het envelop eiwit ging 
werken, hebben we heel veel samengewerkt en daardoor kwam het onderzoek in een 
stroomversnelling (1+1=3). Jouw positieve instelling en geweldige motivatie maakten dat 
ik met veel plezier met jou heb samengewerkt. Heel veel succes nog het laatste jaar, you 
can do it! Ik schrijf dit in het Nederlands, omdat je na een half jaar San Diego nodig weer 
de Nederlands taal moet bijspijkeren. Ken je al de spreekworden nog die ik je heb geleerd?
 
Buurvrouwen Judith en Mariëlle, bedankt voor de gezellige sfeer in kamer K3-105. En Judith 
bedankt voor het altijd goed georganiseerde knetteren en Marielle voor de miljarden 293F 
cellen. 

Mantequilla Medina-Ramirez, thank you for the great times in the Env group. We had a 
lot of fun during the trips to Canada and the US. Did you already convince everybody that 
Sublime FM is a fantastic radio station with fresh jazzy sounds? I will leave all the SouthPark 
jokes to the party.

Anna, thank you very much for the great times. You were always interested in my projects, 
I really enjoyed our conversations. Good luck with your PhD the coming years. I’m sure you 
will do really good! 

The time in San Diego last year was a great experience, where I got to know the fascinating 
world of electron microscopy. Andrew, thank you for the opportunity to go abroad and join your 
lab for half a year. Kimmo, Gabe and Chris, you were all really helpful in the lab and made it a 
wonderful time. And ofcourse Matthias, my housemate in San Diego, thank you for introducing 
me to the awesome life in San Diego and making it an unforgettable time. Wunderbar!
 
Philip, Miguel, Marlies, Edith, Patricia en Ivan, jullie waren de nieuwe gezichten toen ik 
terug kwam uit San Diego. Met jullie erbij heeft de Env groep het getroffen. Het was erg 
gezellig tijdens mijn laatste half jaar. 

Verder wil ik mijn studenten bedanken, Andrea, Enzo en Kimberly. Dankzij jullie heb ik 
zoveel verschillende projecten draaiende kunnen houden. Tevens, zorgde jullie begeleiding 
ervoor dat ik zelf weer dieper ging nadenken over bepaalde experimenten. 
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Ik wil alle andere collega’s van LEV bedanken voor de prettige werksfeer, de gezelligheid, 
labuitjes en borrels. Ik zal vast iemand vergeten, maar dat is niet zo bedoeld: Jeroen, 
Gözde, Gisela, Renee, Gaby, Xiomara, Brenda, Marta, Bas, Mohammed, Alex, Monique, 
Bep, Xiao, Zhou Na, Nancy, Emily, Nikki, Cosimo, Rienk, Yme, Stefan, Margreet, Wang 
Gang, Zongliang, Martijn, Lonneke, Marion, Tonja, Atze, Sylvie, Sasha, Mirte, Lia, Martin, 
Victoria, Eve, Maarten, Maarten, Georgios, Bill, Björn, Elena, Sabine, Sebastién en Melle. 
 
Mijn collega's heb ik pas echt goed leren kennen tijdens de congressen en reisjes die we daar 
aan vast plakten. Een paar herinneringen waar ik met een glimlach op terug kijk: Yoga in hostel 
in Banff, pizzapunt Max op babypiste, vissen in Vegas, plasstop in Oakland, search for rooftop 
hottubs in Canada, wildlife spotten tijdens sneeuwstorm in Jasper, bowlen in Veldhoven, 
verstrooide professor bij Kwinten’s poster, en Ronald die in slaap valt tijdens het bier drinken. 
 
Na mijn werk was het altijd fijn thuiskomen in een druk en gezellig mannen huishouden 
in Leiden, de 'embassy'. Bedankt mannen (Sam, Jeroen, Michael, Michael, Tato, Ruud, 
Tim, Wim, Niels, Max en Tristan) voor de filosofische discussies tijdens het eten, de mooie 
feestjes en de ongedwongen sfeer. Fred, Niels en Bart, graag geziene gasten in de embassy, 
jullie ook bedankt voor de gezellige tijd. Ik ben heel blij met zo'n relaxte vriendengroep en 
kijk al uit naar Bart zijn vrijgezellenfeest, dat gaat wat worden.

Ik wil ook al mijn familie en schoonfamilie bedanken voor hun steun en interesse de 
afgelopen jaren. Af en toe was het voor jullie moeilijk te begrijpen wat ik precies aan het 
uitspoken was in het AMC. Hopelijk maakt het lekenpraatje weer wat meer duidelijk.

Kees, Helga, Jelle, Nanette en Sjoerd, jullie zijn een hele warme schoonfamilie, waar ik me 
gelukkig mee prijs. Het is altijd fijn om bij jullie langs te gaan in Sassem!

Lien, bedankt grote zus voor jouw steun, interesse en humor. Bij jou kan ik altijd terecht. Fijn 
dat je zo’n leuke vent hebt leren kennen, met Iman vorm je een mooi koppel en volgend jaar 
gaan jullie een nieuw avontuur aan in Oegstgeest, spannend!
Toen ik aan het nadenken was over de paranimf keuze, wist ik gelijk dat ik jou naast me wilde 
hebben staan Jas. Zelf reageerde je enthausiast, al had je geen idee wat het betekende. 
Bedankt broertje voor jouw enthausiasme, passie en levensvisie. Mooi hoe jij tegen het 
leven aankijkt! Heel veel succes met je nieuwe uitdaging bij New Relic in Dublin.
Pap en mam, jullie steun is heel belangrijk geweest voor mij. Het is erg fijn om zulke 
intelligente en fitte ouders te hebben, die altijd een luisterend oor bieden en mij van advies 
kunnen voorzien.
 
En natuurlijk Marieke! Schat, wat ben ik blij met jou als vriendin. Jij bent mijn zonnetje 
in huis, zo leuk, levenslustig en lief. Jij zorgde er altijd voor dat ik even mijn zinnen kon 
verzetten en de 'frustraties' tijdens mijn promotieonderzoek kon relativeren. Het laatste 
jaar, en vooral de laatste maanden was ik wel een beetje druk in mijn hoofd, en was het 
moeilijk om tot me door te dringen. Dat moet af en toe wel lastig geweest zijn voor je. Maar 
nu ben ik echt klaar voor die reis naar Zuid Amerika waar we al een jaar aan zitten te denken. 
Dat wordt fantastisch, samen op pad!

Eigenlijk ben ik nog vergeten om Pymol te bedanken. Zonder dit programma had ik de Env 
struktuur nooit zo goed leren kennen en had de helft van dit boekje leeg gestaan. 
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Steven de Taeye was born on September 2nd, 1988 in Warmond, the Netherlands.
He completed high school with classical education at the Stedelijk Gymnasium in 
Leiden in 2006. After that, he started studying Biomedical Sciences at the University of 
Amsterdam. His first internship, in the third year of the bachelor, was under supervision 
of dr. Cees van ’t Veer in the Center of Experimental and Molecular Medicine (CEMM) 
in the Acadamic Medical Center (AMC) in Amsterdam. During this internship he studied 
the role of Factor XIII in sepsis. After obtaining his Bachelor’s degree, he continued his 
studies at the University of Amsterdam and followed the master track Medical Biology. 
During his master studies he was an intern at the department of Nephrology in the Leids 
Universitary Medical Center (LUMC) in Leiden, supervised by dr. Kyra Gelderman and at 
the department of Experimental Immunology in the AMC, supervised by dr. Jörg Hamann 
and Viviana Cobos Jiménez. In both internships he studied macrophages, that were 
differentially stimulated with polarizing cytokines or interferons. In the LUMC he analysed 
the production of reactive oxygen species (ROS) by different macrophage subsets and in 
the AMC the expression of HIV-1 restriction factors by different macrophage subsets. In 
2012 he received his Master’s degree and found an interesting PhD position in the group 
of prof. dr. Rogier Sanders at the Laboratory of Experimental Virology, headed by prof. dr. 
Ben Berkhout. The PhD project involved the the design of stable HIV-1 envelope trimers to 
induce neutralizing antibodies. The results of his PhD project and the implications for HIV-1 
vaccine development are presented in this thesis book.
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