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Abstract

Induction of broadly neutralizing antibodies (bnAbs) is a major HIV vaccine goal. Germline-
targeting immunogens aim to initiate bnAb induction by activating bnAb germline precursor B 
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cells. Critical unmet challenges are to determine whether bnAb precursor naïve B cells bind 
germline-targeting immunogens and occur at sufficient frequency in humans for reliable vaccine 
responses. We employed deep mutational scanning and multi-target optimization to develop a 
germline-targeting immunogen (eOD-GT8) for diverse VRC01-class bnAbs. We then used the 
immunogen to isolate VRC01-class precursor naïve B cells from HIV-uninfected donors. 
Frequencies of true VRC01-class precursors, their structures, and their eOD-GT8 affinities support 
this immunogen as a candidate human vaccine prime. These methods could be applied to germline 
targeting for other classes of HIV bnAbs and for Abs to other pathogens.

Development of an HIV vaccine is a global health priority. Recent discoveries of potent 
broadly neutralizing antibodies (bnAbs) that bind to relatively conserved epitopes on the 
HIV Env glycoprotein trimer and protect against challenge in animal models have 
reinvigorated vaccine design efforts to induce bnAbs (1). However, bnAbs have not been 
elicited in standard animal models or humans.

Germline targeting, a vaccine priming strategy to initiate the affinity maturation of select 
germline-precursor B cells, has promise to initiate bnAb induction. The goals for a germline-
targeting prime are to activate B cell precursors with bnAb potential, select productive 
(bnAb-like) somatic mutations, and generate an expanded population of memory B cells that 
can be boosted and matured subsequently to shepherd the response further toward bnAb 
development (2, 3). For a few HIV bnAbs, next generation sequencing of antibody 
populations during bnAb development in infected individuals has allowed bioinformatic 
inference of likely human germline precursors (4, 5). For most bnAbs, however, true human 
precursors are not known but are usually approximated by ‘germline-reverted’ antibodies 
that utilize inferred germline V and J genes and retain mature complementarity determining 
region 3 (CDR3) loops. Because CDR3 loops typically play a major role in antibody affinity 
and specificity, germline-reverted bnAbs are not known to be reliable proxies for true 
germline precursors.

VRC01-class bnAbs are an important test case for germline-targeting, because they are 
among the most broad and potent of HIV bnAbs, and their germline-reverted forms show no 
detectable affinity for HIV Env glycoproteins (6–10). Knock-in mice transgenic for a 
germline-reverted VRC01-class heavy chain responded to immunization with the germline-
targeting eOD-GT8 60-subunit self-assembling nanoparticle (60mer) but not with native-like 
Env trimers, providing proof-of-principle that germline-targeting immunogens can initiate a 
VRC01-class response if well-matched B cells are present and competing B cells are 
strongly reduced in frequency (2, 3). Here we address further critical knowledge gaps for 
development of this, or any, germline-targeting immunogen as a human vaccine: Do the 
targeted bnAb precursors exist in humans? What is the frequency and person-to-person 
variation of germline-targeting-immunogen-specific bnAb precursors? Can the germline-
targeting immunogen bind the targeted human bnAb precursors in competition with other B 
cells in the fully complex human B cell repertoire? We examined these questions by 
developing new ex vivo approaches and protein design methods.

When we employed the VRC01-class germline-targeting immunogen eOD-GT6 (9) as bait 
to screen human naïve B cells using a two phase multiple-validation methodology ((11) and 
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fig. S1), we failed to isolate VRC01-class B cells. We did, however, isolate non-VRC01-
class naïve B cells with Ab affinities as low as 120 μM for eOD-GT6 (fig. S1). We therefore 
set out to develop an improved variant of eOD-GT6 with higher affinity and breadth for 
germline-reverted VRC01-class Abs, hypothesizing that such improvements might translate 
into improved affinity for diverse true VRC01-class precursor Abs.

To improve on eOD-GT6, we utilized yeast display library screening coupled with next 
generation sequencing (12). We screened a library of every point mutation at the 58 eOD:Ab 
interface positions on eOD-GT7, a slightly improved version of eOD-GT6 (11), against each 
of 29 VRC01-class Abs (18 germline-reverted and 11 mature bnAbs). By measuring binding 
enrichments for each mutation and antibody (Fig. 1A and fig. S2), we identified 12 positions 
in eOD-GT7 at which one or more mutations were favorable (at least 2-fold enriched) for 
binding to the majority (at least 10 of 18) of germline-reverted bnAbs and another 4 
positions at which one or more mutations were at least 1.25-fold enriched for binding to the 
vast majority (at least 17 of 18) of germline-reverted bnAbs (Fig. 1B). To identify 
combinations of mutations predicted to confer the greatest binding cross-reactivity, we then 
created a library encompassing all combinations of a filtered set of the favorable mutations 
at those 16 positions (13) (Fig. 1C). Upon screening this combinatorial library against the 
panel of 29 VRC01-class Abs, we identified a sequence, eOD-GT8, predicted to have 
optimal breadth against the entire panel (Fig. 1C, fig. S3–4 and table S1).

Compared to eOD-GT6, eOD-GT8 demonstrated superior affinity and breadth of binding to 
germline-reverted Abs (Fig. 1D and table S2). eOD-GT8 bound to all germline-reverted Abs 
in the panel, whereas eOD-GT6 bound to only 8 of 14 Abs with KDs < 100 μM. For those 
eight germline-reverted Abs, eOD-GT8 had a 2,100-fold higher geometric mean affinity 
compared to eOD-GT6. eOD-GT8 also had 3-fold improved affinity for VRC01-class 
bnAbs. The tightest eOD-GT8 binding detected was for germline-reverted PGV20, with a 
KD of 508 fM (234–943 fM 95% CI) (Fig. 1D, fig. S5), a 5,900 fold improvement over 
eOD-GT6 (KD = 3 nM) and a 33 million fold improvement over the original eOD construct, 
eOD Base (KD = 17 μM (9)), a remarkable affinity improvement for a protein-protein 
interface.

To examine whether VRC01-class precursors targeted by eOD-GT8 exist in humans, we 
performed epitope-specific B cell sorting from a pool of peripheral blood mononuclear cells 
(PBMCs) from healthy, HIV-seronegative donors. Epitope-specific B cells bound tetramers 
of eOD-GT8 but not tetramers of eOD-GT8-KO, a variant of eOD-GT8 with mutations 
abrogating binding by VRC01-class germline-reverted Abs. After sequencing 
immunoglobulin genes from single sorted cells, we searched for VRC01-class antibody 
sequences—i.e. those with a heavy chain that utilized VH1-2 alleles *02, *03 or *04 and a 
light chain with a 5-amino acid (aa) CDR3 (9, 14). After sorting 2.4 million IgM(+)/IgG(−)/
CD19(+) B cells pooled from 9 donors, we recovered a single GT8(+)/GT8-KO(−) Ab that 
qualified as a VRC01-class precursor. This Ab, VRC01c-HuGL1, bound to eOD-GT8 with a 
KD of 22 μM and had no detectable affinity for eOD-GT8-KO (fig. S6).

To assess both the percentage of people who possess VRC01-class germline precursor B 
cells and the frequency of VRC01-class germline precursor B cells within a given donor, we 
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screened naïve B cells from 15 healthy, HIV-seronegative donors individually rather than 
pooled. For 7 of 15 samples, we used the two phase multiple-validation methodology that 
first assesses specificity by probe binding in flow cytometry and then confirms specificity 
and lack of polyreactivity by single cell secreted IgM (fig. S7); for 8 subsequent donors, we 
relied on sorting specificity alone. To improve cell sorting sensitivity, B cells were required 
to simultaneously bind two eOD-GT8 probes multimerized differently (trimer, ‘tri’; and 
streptavidin tetramers, ‘SA’) and not bind eOD-GT8-KO-SA (Fig. 2A and fig. S7). For the 
15 donors, the mean frequency of eOD-GT8(tri+/SA+) B cells among 61.6 million naïve B 
cells sorted was 0.0056% (Fig. 2B). Strikingly, a vast majority (84% ± 14%) of these eOD-
GT8(tri+/SA+) B cells did not bind eOD-GT8-KO-SA (Fig. 2C), suggesting that naïve B cell 
reactivity to eOD-GT8 is highly focused to the CD4 binding site (CD4bs) (15).

Paired heavy and kappa light chain sequences were recovered from 173 eOD-GT8(tri+/SA+)/
eOD-GT8-KO(−) B cells. All sequences were essentially germline, confirming the naïve B 
cell sorts. Half (50%) of these B cells were VH1-2, whereas only 4% of control B cells from 
reference (16) were VH1-2 (X2 = 29.9, p < 0.0001; Fig. 2D and fig. S8). Among these 87 
VH1-2+ B cells, 26 had a light chain CDR3 (L-CDR3) length of 5 aa, an 85-fold enrichment 
compared to control B cells (X2 = 32.6, p < 0.0001; Fig. 2E). Twenty-five of the 26 used the 
VH1-2*02 allele and one used VH1-2*04 (table S3), thus 15% (=26/173) of GT8(tri+/SA+)/
eOD-GT8-KO(−) B cells were VRC01-class. In total, we identified 27 independent VRC01-
class naïve B cells, including VRC01c-HuGL1.

In addition to the VH1-2 alleles and critical 5-aa L-CDR3, VRC01-class bnAbs possess 
several additional defining features, including a consensus L-CDR3 of QQYEF. The 
majority of VRC01-class precursors we isolated contained a QQYxx partial VRC01-class 
consensus motif, significantly enriched compared to control B cells (67% vs 11%; χ2 = 8.2, 
p < 0.0001; Fig. 2F). Furthermore, 11% contained a QQYEx L-CDR3 motif (vs 1.5% of 
control B cells), one mutation away from a perfect mature VRC01-class L-CDR3 (Fig. 2F). 
In addition, the L-CDR1 loop is under strong selective pressure during VRC01-class bnAb 
affinity maturation to minimize clashes with gp120 (6, 17). VRC01-class bnAb L-CDR1 
loops generally become very short (2–6 aa) through deletion, or retain a germline length of 6 
aa and add flexible glycines (17). Of the 27 VRC01-class precursors isolated by eOD-GT8, 
23 used Vk genes containing L-CDR1 loops of 6–7 aa (Fig. 2G), thus confirming potential to 
develop into VRC01-class bnAbs. Indeed, 17 of the VRC01-class naïve B cells had Vk 

genes utilized in known VRC01-class bnAbs (Fig. 2H). At least 24 of the VRC01-class 
precursors had H-CDR3 lengths of 10–19 aa (Fig. 2I)(18), consistent with known VRC01-
class bnAb lengths of 10–19 aa. Thus, not only are the eOD-GT8 isolated naïve B cells 
highly enriched for VRC01-class core characteristics of VH1-02 and a 5-aa L-CDR3, they 
possess further refined sequence attributes of VRC01-class bnAbs.

Combining data from the 15 donors analyzed individually, the overall frequency of 
recovered VRC01-class precursors was 1 in 2.4 million naïve B cells (Fig 2J), consistent 
with both our first pooled sort and a previous bioinformatically estimated range (17). The 
observed counts were consistent with a Poisson distribution with constant frequency of 1 in 
2.4 million (Fig. 2K and (11)), suggesting that VRC01-class precursors occur at a consistent 
rate among 96% of humans possessing the necessary VH1-2 alleles (9). Adults have an 
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estimated 1010–1011 B cells, and lymph nodes each have ~50 million B cells, of which ~65–
75% are naïve B cells (19). Thus, our results indicate that VRC01-class precursor B cells are 
relatively common in humans: at least 2,700 to 31,000 eOD-GT8-reactive VRC01-class 
naïve B cells are likely present in nearly all potential human vaccinees, with ~15 such B 
cells in each lymph node, at any given time (20).

The KDs of 24 isolated VRC01-class precursors for monovalent eOD-GT8 ranged from 57 
μM to 125 nM, with a geometric mean KD of 3.4 μM (Fig. 2L and table S4), 590-fold 
weaker than germline-reverted VRC01-class Abs (geometric mean KD = 5.8 nM for the 
panel), most likely due to the naïve CDR3 loops in the former as opposed to the affinity-
matured CDR3 loops on the latter. The VRC01-class naïve B cell affinities are in the range 
expected to allow a multivalent eOD-GT8 immunogen, such as eOD-GT8 60mer (2, 9), to 
activate B cells and initiate germinal centers (21, 22). Our data also suggest that eOD-GT8 
has promise to produce VRC01-class memory even given competition from non-VRC01-
class B cells, as eOD-GT8 exhibited a high degree of CD4bs immunofocusing (Fig 2C), and 
VRC01-class precursors had an affinity advantage (≥ 3-fold) over non-VRC01-class CD4bs 
epitope-binding precursors (Fig. 2L). The frequencies and eOD-GT8 affinities of bona fide 
VRC01-class precursors isolated here warrant human immunization studies with eOD-GT8 
60mer nanoparticles.

Only 2 of 20 tested VRC01-class precursors had detectable affinity for eOD-GT6 (Fig. 2L). 
Equilibrium binding KDs were 36 μM and 69 μM, and these Abs had two of the highest 
affinities for eOD-GT8 at 506 nM and 258 nM, respectively (table S4). These data, 
combined with the failure of eOD-GT6 probe B cell screens to isolate VRC01-class 
precursors, suggest that the engineered breadth and affinity improvements in eOD-GT8 
represent a major advance toward practical utility in human vaccination.

We sought to confirm that the isolated VRC01-class precursors engage the CD4bs in the 
same structural binding mode as VRC01-class bnAbs (6, 17, 23–25) and germline-reverted 
VRC01 (9). We solved the crystal structure of isolated precursor VRC01c-HuGL2 (eOD-
GT8 affinity = 368 nM) in complex with eOD-GT8 in two crystal forms (I222, 2.16 Å and 
C2, 2.44 Å, table S5). Comparison of this structure with the complex of core-gp120 bound 
to VRC01 (PDB ID: 3NGB (6)) shows the same binding mode (Fig. 3A), including specific 
H-CDR2 and L-CDR3 conformations (Fig. 3B) (26) that together account for over 67.2% of 
the Fv domain buried surface area (Fig. 3C and table S6). When interface residues of eOD-
GT8 and core-gp120 are aligned, VH and VL of VRC01c-HuGL2 and VRC01 have high 
similarity (Cα RMSD 0.7 Å, Fig. 3A and fig. S9). These structural observations confirm 
VRC01c-HuGL2 as a bona fide VRC01-class precursor and support the conclusion that all 
of the eOD-GT8-specific naïve B cells using VH1-2 and a 5-aa L-CDR3 are bona fide 
VRC01-class precursors. Comparison of the eOD-GT8/VRC01c-HuGL2 structure with a 
1.82 Å unliganded VRC01c-HuGL2 structure shows that the important H-CDR2 and L-
CDR3 loops are pre-configured in the unbound state and do not require any conformational 
changes for engagement with gp120 CD4bs (Fig. 3D), heightening the appeal of VRC01-
class germline-targeting. A 2.9 Å unliganded structure of eOD-GT8 (Fig. 3E and fig. S10) 
demonstrates mimicry of the VRC01-class antibody-bound conformation (27), thus helping 
to explain the increased affinity of eOD-GT8 for true VRC01-class bnAb precursors.
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The interaction of the naïve human B cell repertoire with vaccine antigens has not been 
characterized previously. Given the vast immunoglobulin sequence space, direct probing of 
the human naïve B cell repertoire was a critical test of the physiologically relevant binding 
potential of the germline-targeting immunogen. The antibody sequence features, binding 
affinities, and high structural similarity of the eOD-GT8-specific naïve B cell-derived 
antibodies to VRC01 all demonstrate the power of germline-targeting design when 
combined with human B cell probing. Similar methods, including both protein design and 
human B cell probing methods, could be employed to improve and evaluate germline-
targeting immunogens for other classes of HIV bnAbs and for Abs against other pathogens. 
These methods may be particularly important to develop and test germline-targeting 
approaches for bnAbs that rely heavily on HCDR3 and hence may have lower precursor 
frequencies.
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Fig. 1. Development of eOD-GT8

(A) Model of germline-reverted VRC01 (gray surface) interacting with eOD-GT7 (cartoon) 
with the 58 positions subjected to deep mutational scanning shown as magenta, green and 
orange spheres representing the three mutagenized linear segments. Binding enrichments, 
the ratio of the frequency of a mutation in the top 10% binding population to the frequency 
of the same mutation in all cells displaying eOD-GT7, were computed for each mutation on 
eOD-GT7 for germline-reverted VRC01 and are shown as a heatmap on the right, in which 
blue indicates unfavorable mutations, red indicates favorable mutations and white indicates 

the amino-acid residue in eOD-GT7. (B) The combined binding enrichments from 
independent yeast display screens for 18 germline-reverted VRC01-class bnAbs are shown 
as a multi-dimensional heatmap in which the color scale from yellow to red indicates 
increasing favorable average enrichment and the symbol sizes reflect the breadth of 
enrichment, the number of germline-reverted Abs with enriched binding for each point 

mutation. If enriched, the eOD-GT7 amino-acid residue is indicated by crosses. (C) 
Sequence logos depicting amino acids at each of 16 positions in the combinatorial library 
(top), the sequences selected from the combinatorial library for improved binding to 
germline-reverted VRC01-class bnAbs (middle), and the final sequence of eOD-GT8 

(bottom). (D) SPR dissociation constants measured for both germline-reverted and mature 
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VRC01-class bnAbs against eOD-GT6 and eOD-GT8. Solid blue lines show geometric 
mean measured over all the data, using the value KD = 100 μM for samples with KD > 100 
uM; dashed blue lines show geometric means computed for the 8 germline-reverted Abs or 
12 bnAbs for which KDs < 100 μM could be measured for both eOD-GT6 and eOD-GT8. 
The red dotted line signifies the limit of detection for our SPR instrument (16 pM); KDs 
below this value were measured by KinExa.
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Fig. 2. eOD-GT8-binding VRC01-class naïve B cells exist in healthy human donors

(A) eOD-GT8+ naïve CD19+IgG− B cells. (B) eOD-GT8+ B cell frequency (C) and eOD-

GT8 KO(−) cells among eOD-GT8+ B cells in individual donors. (D) VH1-2 usage among 
eOD-GT8+/eOD-GT8 KO(−) sorted B cells (n=173) versus control B cells. VH1-2 (red) 

allele frequencies are indicated. (E) B cells expressing a 5-aa L-CDR3 among VH1-2+ B 

cells isolated by eOD-GT8 versus control B cells. (F) L-CDR3 sequence logos of VRC01-

class bnAbs (top), VRC01-class naïve precursors (middle), and control B cells (bottom). (G) 

L-CDR1 lengths of 27 VRC01-class naïve B cells. (H) Light chain V gene usage of 27 

VRC01-class naïve B cells. Known VRC01-class bnAb Vκ are red. (I) H-CDR3 lengths of 

VRC01-class naïve B cells versus control B cells. (J) Total B cells screened and VRC01-

class naïve B cells found in 15 individuals. (K) Poisson distribution modeling of the number 

of VRC01-class naïve B cells. Vertical lines show the 2.5% and 97.5% quantiles. (L) SPR 
dissociation constants for eOD-GT6 or eOD-GT8 binding to VRC01-class or non-VRC01-
class Abs derived from eOD-GT8-sorted human naïve B cells. Solid red lines indicate 
geometric mean.
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Fig. 3. Structural analysis of eOD-GT8 and human germline antibody VRC01c-HuGL2 complex

(A) Crystal structures of VRC01c-HuGL2+eOD-GT8 (LC: blue, HC: salmon and eOD-GT8: 
orange) and of mature VRC01+gp120 (PDB ID: 3NGB in white) shown in the same 
orientation, showing eOD-GT8 superimposed on gp120, and showing only the antibody Fv 
regions for clarity. (B) Comparison of the H-CDR2 and L-CDR3 conformations from the 
structures in (A). (C) Comparison of buried surface areas for the VH and VL residues of 
VRC01c-HuGL2 and mature VRC01+gp120, in their bound forms. (D) Comparison of H-
CDR2 and L-CDR3 conformations of unliganded and eOD-GT8-liganded VRC01c-HuGL2 
Fab. All atoms of VH and VL were aligned. In the left image, H-CDR2 and L-CDR3 are 
shown as sticks; in the right image the CDRs are shown according to B-factors reporting 
local structural flexibility using a relative scale in which increasing wire thickness and 
warmness of color (blue to red) indicates increasing mobility. (E) Crystal structure of 
unliganded eOD-GT8 shown in cartoon and surface (left) and a superposition of unliganded 
and VRC01c-HuGL2-bound forms of eOD-GT8 (right; Cα RMSD = 0.4 Å).
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