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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].
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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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