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Abstract

Vaccine induction of broadly neutralizing antibodies (bnAbs) to human immunodeficiency virus 
(HIV) remains a major challenge. Germline-targeting immunogens hold promise for initiating the 
induction of certain bnAb classes; yet for most bnAbs, a strong dependence on antibody heavy 
chain complementarity determining region 3 (HCDR3) is a major barrier. Exploiting ultra-deep 
human antibody sequencing data, we identified a diverse set of potential antibody precursors for a 
bnAb with dominant HCDR3 contacts. We then developed HIV envelope trimer-based 
immunogens that primed responses from rare bnAb-precursor B cells in a mouse model, and in ex-
vivo screens bound a range of potential bnAb-precursor human naive B cells. Our repertoire-
guided germline-targeting approach provides a framework for priming the induction of many HIV 
bnAbs, and could be applied to most HCDR3-dominant antibodies from other pathogens.

One Sentence Summary:

Proof of principle for a method to design vaccine immunogens to prime the induction of 
antibodies to HIV and other pathogens.

HIV infects 1.8 million new people each year, making development of an HIV vaccine a 
global health priority (1). Nearly all licensed vaccines protect by inducing antibodies, but 
highly antigenically variable pathogens such as HIV and influenza have eluded traditional 
vaccine strategies (2, 3). The discoveries of broadly neutralizing antibodies (bnAbs) that 
bind to relatively conserved epitopes on viral surface proteins have inspired new vaccine 
design strategies (4, 5).

Antibodies, produced by B cells, acquire affinity-enhancing mutations when a B cell mutates 
and matures from the original naive B cell (or “germline”) state. Germline-targeting HIV 
vaccine design aims to induce bnAbs by first priming bnAb-precursor B cells and then 
shepherding B cell affinity maturation with a series of rationally designed boosting 
immunogens. A key rationale for this strategy is that germline-reverted forms of bnAbs—
precursors with all recognizable amino acid mutations reverted to germline—typically have 
no detectable affinity for HIV envelope (Env) proteins. Thus, for a vaccine to initiate bnAb 
induction, a germline-targeting priming immunogen with appreciable affinity for bnAb 
precursors must be engineered. Most HIV bnAbs (and most antibodies to any pathogen) 
bind to their target by employing their heavy chain complementarity-determining region 3 
(HCDR3) as a major binding determinant. Hence, an optimal HIV vaccine that induces 
multiple bnAbs to different HIV Env sites, and a general solution to germline-targeting 
vaccine design that could be applied broadly to other pathogens, will need to work with 
HCDR3-dependent antibodies. Many advances have been made in developing germline-
targeting immunogens to prime precursors for one particular class of bnAbs (VRC01-class 
bnAbs) (6-15), and at least one such immunogen has entered human clinical testing (16). 
However, VRC01-class bnAbs represent a specialized case in which non-HCDR3 features 
are the main determinants of antibody specificity and affinity (6-15).
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The need to design germline-targeting immunogens to initiate HCDR3-dependent bnAb 
responses brings new challenges. Although each B cell expresses a single unique antibody, 
different B cells produce diverse antibodies encoded by different combinations of antibody 
genes, with additional variation at junctions between genes, and the greatest antibody 
diversity is encoded in the HCDR3 portion of the molecule. The exceptional diversity in the 
human B cell repertoire makes any single bnAb-precursor HCDR3 sequence an impractical 
vaccine target. Rather, a pool of precursors sharing a set of bnAb-associated genetic features 
must be identified and targeted. Thus, owing to the antibody diversity in humans, a 
germline-targeting immunogen should have affinity for diverse bnAb precursors in order to 
succeed in diverse vaccine recipients.

Strategy for Immunogen Design and Testing

We report a potential solution to the above challenges. We selected the bnAb BG18 (17, 18) 
as a test case for a high value vaccine design target, because BG18 is the most potent bnAb 
directed to the N332-supersite, one of the major bnAb sites on HIV Env, and BG18 lacks 
insertions or deletions (indels) and therefore may be easier to induce than other bnAbs that 
require indels (see Supplementary text) (19). Using the strongly HCDR3-dependent bnAb 
BG18 (17, 18), we demonstrate a method to identify pools of bnAb potential precursors and 
use them as design targets to engineer HIV Env trimer immunogens that bind diverse bnAb 
potential precursors. We then provide pre-clinical validation by assessing these immunogens 
for: (i) their ability to select rare bnAb potential precursor naive B cells from the blood of 
HIV-seronegative human donors, (ii) their modes of binding to bnAb precursors, and (iii) 
their capacity to prime rare bnAb naive precursors with human physiological affinities in a 
mouse model (fig. S1).

Precursor Frequency Analysis

Crystal structures of BG18 bound to HIV Env trimers indicated a BG18 binding mode in 
which the HCDR3 engages the conserved GDIR motif at the base of the V3 loop like the 
bnAb PGT121, while the HCDR1 contacts the relatively conserved N332 glycan, and the 
light chain (LC) straddles the V1 loop of gp120, unlike PGT121 (18). This binding mode 
was corroborated by 1) structural modeling (fig. S2, A to D); 2) a 4.4 Å resolution cryo-EM 
structure of BG18 bound to an HIV Env trimer (Figs 1A S3, and table S2); 3) mutagenesis 
studies (fig. S2, E to F); and 4) structural model-guided design of a minimally mutated 
BG18 bnAb (minBG18) that retained ~67% of the neutralization breadth of BG18 with only 
11% amino acid mutations in VHVL compared to ~30% for BG18 (fig. S4). The successful 
design of minBG18 provided an additional rationale for BG18 vaccine targeting, namely that 
the high mutation level in BG18 itself is not required to achieve substantial neutralization 
breadth and potency in a BG18-like response. The elucidation of the BG18 binding mode by 
these studies enabled structure-guided immunogen design.

To assess the extent to which BG18-like precursor HCDR3s are present in the general 
population, we used a bioinformatics approach to search a custom next-generation 
sequencing (NGS) dataset of 1.1×109 sequences of human B cell receptor (BCR) heavy 
chains (HCs) from 14 healthy, HIV seronegative donors (8.58×108 sequences from 4 donors 
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were obtained in this work (20) and were combined with 2.55×108 sequences from 10 
donors from ref. (21)). Informed by our structural model for the BG18-Env interaction, we 
searched for BG18-like HCDR3 sequences with the same length as BG18, the same D gene 
in the same reading frame and position within the HCDR3, and the same JH gene, allowing 
for diverse V-D and D-J junctions. Such BG18-like HCDR3 sequences were identified in all 
14 donors (fig. S5), encouraging us to proceed with vaccine design. We further hypothesized 
that a range of BG18-like bnAbs utilizing alternate VH or VL genes could potentially 
interact with Env in a similar HCDR3-dependent binding mode. This hypothesis was 
subsequently supported by our ability to engineer BG18-like bnAbs utilizing three alternate 
VL genes (VL3-1, VL3-21 and VL2-8) and two alternate VH genes (VH4-59 and VH4-61) 
(fig. S6). Identification of diverse BG18-like precursor HCDR3s from NGS data, and 
construction of BG18-like bnAbs with alternate VH or VL genes, led us to target a broad 
range of BG18-like precursors in the germline-targeting design process.

Design and Antigenic Analysis of Immunogens

Germline-targeting immunogen design was carried out using a directed evolution method for 
engineering trimers on the surface of mammalian cells (22, 23). We considered that it would 
be important to overcome the limitations of using only inferred-germline (iGL) antibodies 
(BG18 iGL0-2, fig. S5B) for the directed evolution of a germline-targeting immunogen with 
strong HCDR3 contacts. Our reasoning was that germline-targeting design processes 
directed to only iGL antibodies may fail to produce immunogens with appreciable affinity 
for diverse naive precursors. iGL antibodies contain bnAb HCDR3 junctions that have been 
selected and most likely somatically mutated for high affinity Env binding during bnAb 
affinity maturation. Therefore, such iGL antibodies may have features not present in the 
naive human antibody sequence repertoire. Furthermore, iGL antibodies likely under-
represent the diversity of potential precursors. We therefore designed a set of 15 BG18-like 
precursor antibodies that use BG18 germline-reverted genes but contain naive human BG18-
like HCDR3s with diverse junction regions identified in our search of NGS data described 
above (fig. S5B). Based on our findings that BG18-like bnAbs can utilize alternate VH and 
VL genes, we produced 10 additional BG18-like precursor antibodies with alternate VH or 
VL (fig. S7). This gave us 28 potential BG18-like precursors that could be used as selection 
reagents for directed evolution and multitarget optimization of Env trimer immunogens 
capable of binding and priming a broad range of BG18-like precursor B cells.

Seven Env mammalian cell surface display libraries, encoding amino acid variation within 
and around the BG18 epitope, were screened iteratively (20). At each stage, selection 
antibodies were used to isolate the highest affinity clones from the library, and the best 
mutations were incorporated into the next generation Env immunogen. The first library was 
based on a previously described immunogen, 11mutB (22), that had weak but detectable 
affinity for BG18 iGL2, the first selection antibody employed (Supplementary text, Fig. 1C, 
table S1, and fig. S8). In the early iterations, libraries were screened against the least 
challenging selection antibodies (e.g., BG18 iGL) while in later stages libraries were 
screened against more difficult antibody targets (e.g., NGS-derived and alternate VH/VL 

precursors) (Fig. 1C, table S1, fig. S5, and fig. S7). This directed evolution design process 
resulted in a series of germline-targeting Env trimers with increasing affinity for BG18 
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precursors (N332-GT1, -GT2, and -GT5; Fig. 1C-D, table S1, and fig. S8). N332-GT5 
trimer bound with a KD of ~2 pM to BG18 iGL1, which represented a ~14 million-fold 
improvement over the initial protein design, 11mutB. More importantly, whereas the 14 
NGS-derived precursors tested had undetectable affinity to the initial protein design (and 
undetectable affinity for native HIV Env trimer MD39, Fig. 1D), the design process resulted 
in 11/14 acquiring affinity to N332-GT2 (geomean KD = 519 nM, Fig. 1D) and 12/14 
binding to N332-GT5 (geomean KD = 234 nM, Fig 1D) (One of the 15 NGS-derived 
precursors was found to be highly polyreactive and was therefore not included in our SPR 
analyses). Additionally, while only 3/10 alternate VH/VL precursor antibodies bound the 
starting protein design with low affinity (KD > 10 μM), and none bound native HIV Env 
trimer, (Fig. 1D), all 10 bound to N332-GT2 and N332-GT5 trimers, with robust affinities 
(geomean KD = 11 nM and 572 pM, respectively, Fig 1D). A KD ≤ 1 μM may represent an 
affinity benchmark for generating robust germinal center (GC) responses from rare B cell 
precursors in vivo (24), and 20/27 potential bnAb precursors bound to N332-GT5 Env trimer 
with affinities of KD ≤ 1 μM (Fig. 1D). Thus, the design process succeeded in extensively 
improving the immunogen binding properties to potential bnAb precursors with diverse 
HCDR3s and a variety of VH and VL genes.

Immunogen Structural Analysis

A cryo-EM-derived structure of BG18 iGL0 complexed with N332-GT2 trimer at ~3.9 Å 
resolution (Fig. 1B and table S2) showed that BG18 iGL0 HCDR3 made a similar 
interaction to the base of the V3 as the HCDR3 of mature BG18 bound to the native-like 
trimer MD39 (Fig. 1A). Most of the additional interactions of BG18 iGL0 complexed with 
N332-GT2 arise from V1 mutations in N332-GT2 that occupy a groove in the LC and also 
contact HCDR3 (fig. S9 and S10). HCDR3 dominates the interaction in the BG18 iGL0 

complex with N332-GT2, accounting for 64% of the total buried surface area. In the mature 
BG18 complex with MD39 Env trimer, HCDR3 maintains the same key interactions and 
contributes 35% of the total buried area as the antibody makes substantially increased 
contacts to glycans N332, N392, and N137 (table S3). Overall, cryo-EM structures showed 
that N332-GT2 binds to BG18 iGL0 with a similar HCDR3-dependent, V1-straddling 
binding mode as BG505 MD39 Env trimer does with BG18.

Immunogenicity Testing in a Mouse Model with Rare bnAb Precursors

To test the immunogenicity of N332-GT2 Env trimer, we employed a BG18gH knock-in 
mouse engineered via a CRISPR/Cas9 rapid targeting strategy, in which ~30% of B cells 
express the BG18 iGL2 HC variable region and mouse constant region paired with mouse 
LCs (25). The N332-GT2 Env trimer (but not MD39) bound to 12±1% of naive B cells in 
this mouse compared to 0.06±0.01% in WT (C57BL/6) mice, demonstrating N332-GT2 
specificity for BG18gH naive B cells (Fig. 2, A and B). Antigen-specific single B cell sorting 
and BCR sequencing demonstrated that the N332-GT2-specific naive BG18gH B cells carry 
a variety of mouse LCs paired with BG18gH (Fig. 2C). Furthermore, N332-GT2 had similar 
affinities for naive BG18gH B cell Fabs (geomean KD of 582 nM) as for NGS-derived 
human BG18-like precursors (geomean KD of 519 nM), showing the physiological relevance 
of the BG18-like precursor affinities in this mouse model.
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To generate a mouse model with rare bnAb precursor B cells, we carried out adoptive 
transfer experiments in which 5,000 CD45.2 BG18gH B cells were transferred to CD45.1 
WT mice on day -1, establishing a frequency of ~7 GT2++/KO− BG18gH CD45.2 B cells per 
million CD45.1 B cells by day 0 (fig. S11). Control transfers were 50,000 CD45.2 WT B 
cells. Previously, we constructed ferritin nanoparticles (NPs) that displayed up to 8 copies of 
MD39 native-like trimers (26), and mouse immunization studies showed that such NPs were 
superior to MD39 trimers in trafficking to follicular dendritic cell networks, concentrating in 
GCs, and eliciting IgG responses (27). We therefore engineered ferritin NPs displaying 
N332-GT2 trimers (fig. S12). Recipient mice were immunized at day 0 with either N332-
GT2-NPs or control NPs displaying MD39 trimers lacking GT mutations, for a total of four 
immunization conditions (BG18gH or WT B cells transferred, N332-GT2- or MD39-NPs 
immunized). Splenocytes were analyzed by cytometry at day 8 (Fig. 2, D and E, and fig. 
S13). GC B cells (CD38lowCD95+) were detected in all four immunization conditions, but 
CD45.2 GC B cells were detected only in the case of N332-GT2-NP immunization of 
BG18gH B cell recipients, demonstrating that N332-GT2-NPs activated rare BG18gH B cells 
in vivo but MD39-NPs did not (Fig. 2D). N332-GT2-NPs induced CD45.2 GC B cells that 
bound to N332-GT2 and not to N332-GT2-KO (Fig. 2E) and were thus epitope-specific, 
consistent with a BG18-like response. In contrast, the same NPs induced considerably 
weaker epitope-specific responses among host CD45.1 GC B cells (Fig. 2E). In day 14 
serum binding analyses, N332-GT2-NPs induced strong epitope-specific IgG responses in 
BG18gH B cell recipients and 15-fold weaker epitope-specific responses in WT B cell 
recipients (Fig. 2F), qualitatively consistent with the day 8 GC data. This demonstrated that 
activation of rare BG18gH precursor B cells led to potent serum antibody responses, and also 
showed that WT B cells responded to the BG18 epitope on N332-GT2. In contrast, MD39-
NPs induced negligible BG18-epitope-specific serum responses in either BG18gH or WT B 
cell recipients (Fig. 2F). Together these results demonstrated that N332-GT2-NPs elicited 
GC and antibody responses from rare BG18gH B cells.

By single cell sorting and BCR sequencing CD45.2+/N332-GT2++/KO− GC B cells from 
BG18gH recipient mice immunized with N332-GT2-NPs, we obtained HC-LC pairs at day 8 
and day 42. 100% of the HCs were derived from BG18gH, formally proving that these GC 
responses utilized the knockin HC (Fig. 2G). In contrast to the wide variety of mouse kappa 
genes used in LCs of N332-GT2-specific naive BG18gH B cells, by day 8 the LCs from GC 
B cells were highly enriched for two mouse kappa genes: Igkv12-46 and Igkv12-44 (Fig. 
2G). By day 42, GC BCRs showed substantial SHM, diversification, and affinity maturation 
compared to naive B cells or day 8 GC BCRs (Fig. 2, H and I, and fig. S14). BG18gH BCR 
Fab affinities for N332-GT2 trimers increased by a factor of ~6 from day 0 to day 8 
(geomean KDs of 582 nM and 97 nM, respectively, Fig. 2H). BG18gH BCR Fab affinities 
increased dramatically by a factor of ~900 from day 0 to day 42 (geomean KD = 640 pM, 
Fig. 2H). We conclude that N332-GT NPs can induce sustained GC responses and 
considerable affinity maturation and diversification from rare BG18-like precursors with 
human physiological affinities (see below), even in the presence of polyclonal competition.

To assess whether the affinity maturation induced by this single priming immunization was 
on a potential path toward bnAb development, we tested whether day 42 antibodies could 
bind Env trimers more native-like than the germline-targeting immunogen or neutralize 
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viruses with more native-like Env. The N332-GT2 immunogen has 17 germline-targeting 
mutations, 8 of which are in two highly conserved regions of HIV Env (base of V3 loop 
around the GDIR motif, and β19) and 9 of which are in one highly variable region (V1 loop) 
(fig. S8). Thus, a key question was whether antibodies induced by N332-GT2 could 
recognize Env trimers with more native sequences lacking mutations in the two conserved 
regions. We therefore constructed a BG505 Env stabilized trimer that included 8 of the 
N332-GT2 mutations in the V1 loop but was otherwise native-like (BG505-V1mod) (fig. S15 
and table S1), and we tested nine of the day 42 Fabs (those with highest affinity for N332-
GT2) for their ability to bind this V1-modified Env trimer in SPR. All nine Fabs bound 
BG505-V1mod, with a geomean KD of 49 nM (Fig. 2J). In contrast, five naive Fabs (those 
with highest affinity for N332-GT2) bound BG505-V1mod ~200-fold more weakly, with a 
geomean KD of 10 μM, and inferred-germline variants of the day 42 Fabs (day 42 iGL Fabs) 
either showed no detectable affinity (4/5 tested) or bound weakly (10 μM) (Fig. 2J). 
Furthermore, three of the day 42 Fabs, but none of the day 42 iGL Fabs, bound to the BG505 
"7mut" trimer that is only six mutations away from a native-like Env trimer and was 
previously shown to be on-pathway to the development of PGT121-class bnAbs (22, 28) 
(Fig. 2J, fig. S15 and table S1). The day 42 antibodies did not bind N332-GT2-KO, 
consistent with BG18-like binding (Fig. 2J). None of the day 42 Fabs had detectable binding 
to the native-like trimer BG505 MD39, which was not surprising given the 17 mutation 
difference between the N332-GT2 immunogen and MD39 (Fig. 2J and fig. S8). 
Neutralization assays with BG505 wild-type and V1mod HIV pseudoviruses were consistent 
with our SPR findings: five of six day 42 Fabs tested neutralized V1mod HIV but not wild-
type HIV, and none of the naive or day 42 iGL Fabs neutralized either virus (Fig. 2K). We 
conclude that a single N332-GT2 NP priming immunization elicited functional BG18-like 
antibodies that could bind and neutralize viruses bearing Env that retains HIV-conserved 
regions and is more native-like than the immunogen.

To assess whether the affinity maturation due to priming conferred a degree of reactivity 
breadth beyond clade A BG505, we tested whether day 42 Fabs could bind to HIV Env 
trimers from three different isolates and two additional clades (SF162P3 and AC10, clade B; 
AD8, clade C), all with the same modified V1 loop as BG505-V1mod (fig. S15 and table S1). 
All nine day 42 Fabs tested bound to the three Env trimers with highly heterologous 
sequences, with geomean KDs of 50, 110, and 69 nM for SF162-V1mod, AC10-V1mod and 
AD8-V1mod, respectively. In contrast, 4/5 day 42 iGL Fabs had no detectable affinity for 
these trimers (Fig. 2J). These data show that priming with N332-GT2 in this mouse model 
induced antibodies with a substantial degree of breadth in that they can bind with relatively 
high affinity to diverse stabilized Env trimers only sharing the same V1 loop.

Immunogen Reactivity with Naive Human B Cells

A critical test of the germline-targeting design process was to determine if the N332-GT Env 
trimers could bind rare bnAb precursor human naive B cells (29). To our knowledge, this is a 
human immunogen design benchmark that has been met previously only by the germline-
targeting immunogen eOD-GT8 that targets VRC01-class bnAb precursors (9, 15). Attempts 
to isolate PGT121-related bnAb precursors using 11mutB related trimers did not succeed 
(Supplementary Text, fig. S16), consistent with our hypothesis that germline-targeting 
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design using only iGL antibodies would be unsuccessful because of an inability to 
accommodate the natural sequence diversity among bnAb precursors in human B cell 
repertoires. To probe human naive B cell reactivity to N332-GT Env trimers, we used N332-
GT1 and N332-GT2 as sorting reagents and either BG505-MD39 Env (containing a native 
N332 epitope) or N332-GT2-KO Env (an epitope knockout) as negative sorting probes (Fig. 
3A). Approximately 16 million naive B cells from 6 donors were probed with N332-GT1, 
and 62 million naive B cells from 10 donors with N332-GT2, after accounting for PCR and 
sorting efficiencies (table S4). All donors for ex vivo B cell sorting were distinct from the 14 
NGS donors mentioned above (20). N332 glycan supersite epitope-specific naive B cells 
(termed high mannose patch clones here, HMP) were isolated at a frequency of ~0.001% 
(Fig. 3B and fig. S17). These epitope-specific B cells were enriched for long HCDR3s (Fig. 
3C). The B cells were also highly enriched for VL3-25 and VL3-1 LCs (Fig. 3D), which 
corresponded to the BG18 VL and a VL that we showed could be used by BG18-like 
precursors and bnAbs (Fig. 1D and fig. S6). We expressed and purified Fabs from 46 HMP 
naive B cell clones (table S5) for further examination of the biochemical properties and 
specificities of the naive Abs. 23 HMP Fabs bound to N332-GT1 and/or GT2 by SPR and 
did not bind detectably to the MD39 native-like trimer, demonstrating proper N332 glycan 
supersite epitope specificity (Fig. 3, E and F). These SPR-validated epitope-specific clones 
were highly enriched for VL3-25, VL3-1, or the closely related VL3-10 (Fig. 3E). Thus, the 
protein design strategy resulted in Env trimers that could successfully bind human naive B 
cells with BG18-like LCs.

All N332-supersite bnAbs identified to date require a long HCDR3 (≥20 AA), due to the 
structural requirements for the bnAb HCDR3 to reach the HIV Env protein surface at the 
base of V3 while avoiding V1 loop glycans (19). While epitope-specific human B cells with 
HCDR3 lengths <20 AA were isolated using N332-GT1/2, only 4 of 8 such clones tested by 
SPR were confirmed epitope-specific, and their binding was weak (>10 μM) (Fig. 3F and 
table S6). We considered that such B cells with HCDR3s <20 AA are probably unable to 
develop into N332-supersite bnAbs, and thus we did not study those clones further. 
Numerous epitope-specific naive B cell clones with HCDR3s ≥20 AA were isolated with 
N332-GT1/2 probes (Fig. 4, A and B). From these human naive B cell clones, we identified 
two categories of potential BG18-like precursors. The first category shared the same 
HCDR3 length, D gene, D gene reading frame, D gene position within HCDR3, and JH gene 
with BG18 (Fig. 4A), exactly matching our initial search criteria when scanning NGS data 
for BG18-like HCDR3 sequences. Such naive B cells were termed type I BG18-like 
precursors. The second category of epitope-specific BG18-like B cells had VL3-25/VL3-1/
VL3-10 and long HCDR3s (≥20 AA) with diverse HC sequences (Fig. 4B). We termed this 
more diverse class of isolated naive B cells type II BG18-like precursors. HMP1 was a type I 
BG18-like precursor (Fig. 4A) with high affinity for N332-GT2 Env trimer (KD = 220 nM, 
Fig. 3F). The type II BG18-like precursors with confirmed binding exhibited a geomean KD 

of 10 μM for N332-GT2 Env trimer (Fig. 3F). Overall, type I and type II precursors 
accounted for 74% (17/23) of the HMP Fabs isolated by N332-GT1 or N332-GT2 and 
verified as epitope-specific by SPR (Fig. 3, E and F), indicating that such BG18-like 
precursors may represent a substantial fraction of the human naive epitope-specific 
repertoire to these Env trimers. We then isolated additional type I and type II naive B cell 
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clones using N332-GT5 Env trimer probes with additional blood donors (Fig. 4, A and B). 
Overall, three type I BG18-like precursors were isolated at a frequency of ~1 in 53 million 
naive B cells (HMP1, HMP68, and HMP69; table S4), in good agreement with our initial 
NGS bioinformatics-based estimate that precursors with BG18-like HCDR3s specific for 
N332-GT trimers may be present in the human B cell repertoire at a frequency of 1 in 54 
million naive B cells (fig. S5). Type II BG18-like precursors were isolated at a higher 
frequency of ~1 in 7 million naive B cells, consistent with their larger sequence space.

Structural Analysis of BG18-like Human Precursors Bound to Immunogens

To gain a structural understanding for the potential of human type I and type II BG18-like 
precursors (Fig. 4, A and B) to mature into bnAbs, we solved high resolution cryo-EM 
structures of the complexes of N332-GT5 bound to HMP1 (type I) and HMP42 (type II), 
with resolutions of 3.7 Å and 3.4 Å, respectively (Fig. 4, C and D, and table S2). Both 
HMPs showed a similar LC binding mode as BG18 iGL, with the LC straddling the V1 loop 
(Fig. 4C and fig. S10). The HCDR3 of HMP1 and BG18 iGL have nearly identical 
conformations, supporting HMP1 and type I class naive antibodies as ideal BG18 precursors 
(Fig. 4D). The projecting HCDR3 tip of HMP42 interacts with the same Env patch as BG18, 
but has a slightly different overall conformation that makes additional contacts with the Env 
V1 loop (Fig. 4D). This structural information supports the hypothesis that some or possibly 
all type II BG18-like naive antibodies have a similar binding mode as BG18 iGL. Overall, 
these findings support the potential for both type I and type II BG18-like precursors to 
mature into BG18-like bnAbs (bnAbs with a BG18-like binding mode) under an appropriate 
sequential vaccination regimen. Given that type I and type II BG18-like precursors are 
enriched among epitope-specific human naive B cells, and have affinities that may confer 
competitive fitness in GCs, the data indicate N332-GT Env trimers are strong candidates for 
priming BG18-like precursors for potential maturation into HIV bnAbs in humans.

Application to Vaccine Design for Pathogens Other than HIV

We explored whether our approach to target and prime a diverse pool of antibody precursors 
may have applicability to other pathogens. To evaluate whether our method of germline-
targeting vaccine design could be applied beyond HIV, we carried out sequence and 
structural analyses for selected bnAb-antigen complexes for several major pathogens. In this 
non-exhaustive survey, we identified 11 potential antibody targets from five major 
pathogens, including hepatitis C virus (HCV), influenza virus, malaria, and dengue and Zika 
viruses (Fig. S18). According to our sequence and buried surface area analyses, these 
antibodies all share the ability to make a series of important contacts with antigens through 
templated portions of their HCDR3s (portions encoded by D or J genes), which can be 
targeted by vaccine design. Most of the antibodies we identified are strongly HCDR3-
dependent, based on a criterion of HCDR3 contributing >30% of all surface area buried on 
the antibody. The strong HCDR3-dependence of the antibodies may allow for the 
development of related antibodies utilizing alternate VH or VL genes (as occurred with 
BG18) and hence may be advantageous for precursor frequency. With the exception of the 
dengue/Zika antibody EDE2 A11, all target antibodies have relatively common HCDR3 
lengths of ≤22 amino acids represented by ≥2% of human antibodies (30), suggesting that 
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HCDR3 length will not pose a limitation on precursor frequency. All target antibodies also 
have mutation levels in VH and VL that are present in ≥1-2% of human memory B cells 
(30), and all but two (9/11) lack indels, thus mutation level and indels should not pose a 
limitation on production of similar antibodies if appropriate precursors can be primed. In 
some cases, the native antigen has been shown to bind to an inferred-germline or unmutated 
common ancestor of the target antibody (31-33), raising the question of whether a germline-
targeting approach would be necessary. We propose that even in such cases, our strategy 
may improve the design or validation of a vaccine priming candidate. Identification of a 
diverse set of antibody potential precursors with diverse HCDR3 junctions should allow for 
testing the breadth of precursor reactivity of the native antigen, and our design and 
validation strategies may optimize and/or verify breadth.

Concluding Remarks

Most antibodies, and most HIV bnAbs, recognize their target in a strongly HCDR3-
dependent manner. A central challenge of germline-targeting vaccine design is the large 
paratope sequence space and structural complexity possible for any set of antibodies 
targeting a conserved epitope via a shared HCDR3-dependent binding modality. Here we 
demonstrate the successful design of a germline-targeting immunogen for this general class 
of antibody recognition. We used the human repertoire and structural features of bnAb-Env 
binding as guides to identify a pool of potential bnAb precursors and then design an 
immunogen with affinity for a representative set of those precursors. This procedure was 
validated by the isolation of three type I BG18-like precursors from naive human B cells 
with N332-GT trimers and the demonstration that N332-GT nanoparticles drove a robust 
BG18-class B cell response in an animal model with rare BG18 precursors. Furthermore, 
N332-GT trimer-sorted human naive B cells were also enriched for type II BG18-like BCRs, 
and such precursors exhibited a BG18-like binding mode, indicating that the pool of 
potential BG18-like human naive precursors is larger and more diverse than originally 
expected. This manuscript does not demonstrate the induction of neutralizing antibodies to 
wild-type HIV isolates; the goal for germline-targeting priming immunogens is not to induce 
bnAbs directly, but rather to induce bnAb-precursor B cell responses that have potential to 
mature into bnAbs. Induction of bnAbs is the aim for a complete germline-targeting vaccine 
regimen, which would include a germline-targeting prime and a series of shepherding and 
polishing immunogens. Overall, the data presented here demonstrate a new approach to 
defining bnAb precursors for an epitope of interest and designing vaccine priming 
immunogens that take advantage of that information. This approach lays out a generalizable 
pathway for the development and pre-clinical validation of germline-targeting immunogens 
for HCDR3-dependent antibody responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Engineering germline-targeting trimers for an HCDR3-dependent bnAb.
(A) Cryo-EM structure of BG18 (HC, purple; LC, cyan) bound to BG505 MD39 Env trimer 
(gray, with N332 and N392 glycans shown as green sticks), and conserved residues near the 
base of V3 [G324, D325, I326, R327, Q328, A329, H330, T415, L416 and P417] colored 
red). (B) Cryo-EM structure of BG18 iGL0 in complex with N332-GT2 Env trimer with 
MD64 stabilizing mutations (23); coloring as in (A). (C) Schematic of the directed evolution 
process to design N332-GT1, -GT2 and -GT5. (D) N332-GT binding affinities (KD) for 
BG18 iGL0-2 (red), BG18 iGL1 with alternate germline VL (blue open symbols) or VH 

genes (blue filled symbols), and BG18 iGL containing NGS-derived HCDR3s (pre1-15) 

Steichen et al. Page 14

Science. Author manuscript; available in PMC 2020 June 06.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



(black). MD39 is the reference Env trimer with no germline-targeting mutations. Pre8 was 
found to be highly polyreactive and was not included in the analysis. Solid black, blue, and 
red lines indicate the geomean KDs for NGS-derived precursors, alternate VH/VL precursors, 
and inferred germline precursors, respectively. Dashed line indicates the limit of detection.
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Fig. 2. Immunization of BG18gH B cell adoptive transfer recipient mice with N332-GT2 Env 
nanoparticles.
(A) Gating strategy to identify epitope-specific (N332-GT2++/N332-GT2-KO−) B cells in 
BG18gH and WT mice. Each symbol represents a different mouse. Bars indicate mean ± SD 
from experiments in 3 mice in each model. (B) Frequency of epitope-specific B cells in non-
immunized BG18gH and WT mice. (C) Distribution of VH and VL genes in epitope-specific 
naive B cells in non-immunized BG18gH mice. (D) Frequency of GC B cells (left) or 
CD45.2+ GC B cells (right) in four immunization conditions. Each symbol represents a 
different mouse. Bars indicate mean ± SD from experiments in the following number of 
mice in each condition: BG18gH (GT2), n = 6; WT (GT2), n = 5; BG18gH (MD39), n = 3; 
WT (MD39), n = 3. (E) Frequency of CD45.2+ (left) or CD45.1+ (right) epitope-specific B 
cells in four immunization conditions. Each symbol represents a different mouse. Bars 
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indicate mean ± SD from experiments in the following number of mice in each condition: 
BG18gH (GT2), n = 6; WT (GT2), n = 5; BG18gH (MD39), n = 3; WT (MD39), n = 3. (F) 
Serum ELISA 50% equilibrium dilution values for N332-GT2 and N332-GT2-KO at day 14 
after immunization for four immunization conditions. Each symbol represents a different 
mouse. Bars indicate geometric mean and geometric SD from experiments in the following 
number of mice in each condition: BG18gH (GT2), n = 5; WT (GT2), n = 5; BG18gH 
(MD39), n = 3; WT (MD39), n = 3. Student’s t-test; ns, P > 0.05; *, P < 0.05; **, P < 0.01. 
Data in (A)-(F) are from one of three representative experiments with three or more animals 
in each group. (G) Distribution of VH and VL genes in epitope-specific GC 
(CD38lowCD95+) B cells 8 and 42 days after immunization of BG18gH B cell adoptive 
transfer recipient mice. (H) SPR dissociation constants (KD) for N332-GT2 trimer binding 
to epitope-specific Fabs derived from naive B cells in non-immunized BG18gH mice and GC 
B cells 8 and 42 days after immunization of BG18gH B cell adoptive transfer recipient mice. 
Each symbol corresponds to a different Fab and represents one or two measurements. Bars 
indicate geometric mean and geometric SD. (I) Phylogenetic trees of BCR HCs isolated 
from epitope-specific CD45.2+ B cells 8 and 42 days after immunization with N332-GT2 
NPs. Tree scale indicates the number of substitutions per site. (J) SPR dissociation constants 
(KD) for the five highest affinity naive Fabs from (H) binding to the V1 loop-modified 
BG505 trimer (BG505_V1mod), and for nine of the high affinity day 42 Fabs from (H) and 
five inferred-germline variants of the high-affinity day 42 Fabs (Day42.iGL) binding to V1 
loop-modified trimers from BG505 and three other HIV isolates (SF162P3, AC10, AD8) as 
well as a BG505 trimer with a less modified V1 loop (BG505_7mut), a native-like trimer 
(BG505_MD39) and an epitope-KO trimer (N332-GT2_KO). Each symbol corresponds to a 
different Fab and represents one or two measurements. Bars indicate geometric mean and 
geometric SD. Dashed line indicates limit of detection. (K) Neutralization potency (IC50) 
against native (BG505 T332N) and V1 loop-modified (BG505-V1mod) pseudoviruses, for 
the BG18 bnAb, the five highest affinity naive Fabs from (H), five inferred-germline variants 
of the high-affinity day 42 Fabs (Day42.iGL), and five high affinity day 42 Fabs. Each IC50 
is an average from two measurements. ND indicates not determined.
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Fig. 3. Naive human B cells sorted with N332-GT Env trimers.
(A) Gating strategy for N332-GT epitope-specific sorting of naive human B cells. (B) 
Frequency of epitope-specific B cells among IgG-negative B cells. Each symbol represents a 
different human subject. Bars indicate geometric mean and geometric mean SD from the 
following number of independent subjects: N332-GT1, n = 9; N332-GT2, n = 11; N332-
GT5, n = 4. (C) HCDR3 length distribution from epitope-specific sorted cells compared to 
control B cells. (D) Frequency of VL3-25 or VL3-1 LCs from epitope-specific sorted cells 
relative to control B cells. Significance of differences from control was evaluated by a Chi-
sqaured test. *, P=0.01; **, P=0.005; ****, P=0.0001. (E) SPR-derived binding specificities 
for 46 HMP Fabs corresponding to epitope-specific naive human B cells isolated by N332-
GT1 or N332-GT2 (top), with light chain V gene usage for non-binding Fabs (bottom left) 
and for N332-epitope-specific Fabs (bottom right). (F) SPR dissociation constants for HMP 
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epitope-specific Fabs isolated with N332-GT1 and N332-GT2 Env trimers. Dashed line 
indicates the limit of detection.
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Fig. 4. Sequence and structural characterization of type I and type II BG18-like naive antibodies 
isolated by N332-GT Env trimers.
(A) HCDR3 sequence and gene segment assignments for three type I BG18-like naive 
human precursor antibodies. V, D, and J gene segments are colored blue, red, and green, 
respectively. (B) HCDR3 sequence and gene segment assignments for 20 type II BG18-like 
precursor antibodies. (C) Cryo-EM structural analysis of type I (HMP1) and type II 
(HMP42) precursor antibody LC interactions with N332-GT5 compared to BG18 iGL LC 
interactions with N332-GT2. Gp120 is colored gray, and the LCs are colored cyan, yellow, 
and blue for BG18 iGL, HMP1 and HMP42, respectively. (D) Cryo-EM structural analysis 
of type I and type II precursor HCDR3 interactions with N332-GT5 compared to HCDR3 

Steichen et al. Page 20

Science. Author manuscript; available in PMC 2020 June 06.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



interactions for BG18+MD39 and BG18iGL+N332-GT2 complexes. Gp120 is colored gray 
with conserved residues (or the corresponding germline-targeting amino acids) near the base 
of V3 in red as in Fig. 1A. Glycans are shown as green sticks.
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