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Engaging an HIV vaccine target through the
acquisition of low B cell affinity

Larance Ronsard 1,4, Ashraf S. Yousif1,4, Faez Amokrane Nait Mohamed 1,
Jared Feldman1, Vintus Okonkwo1, Caitlin McCarthy1, Julia Schnabel 1,
Timothy Caradonna 1, Ralston M. Barnes2, Daniel Rohrer 2, Nils Lonberg2,
Aaron Schmidt 1,3 & Daniel Lingwood 1

Low affinity is common for germline B cell receptors (BCR) seeding develop-
ment of broadly neutralizing antibodies (bnAbs) that engage hypervariable
viruses, including HIV. Antibody affinity selection is also non-homogenizing,
insuring the survival of low affinity B cell clones. To explore whether this
provides a natural window for expanding human B cell lineages against con-
served vaccine targets, we deploy transgenicmicemimicking human antibody
diversity and somatic hypermutation (SHM) and immunize with simple
monomeric HIV glycoprotein envelope immunogens. We report an immuni-
zation regimen that focuses B cell memory upon the conserved CD4 binding
site (CD4bs) through both conventional affinity maturation and reproducible
expansion of low affinity BCR clones with public patterns in SHM. In the latter
instance, SHM facilitates target acquisition by decreasing binding strength.
This suggests that permissive B cell selection enables the discovery of anti-
body epitopes, in this case an HIV bnAb site.

Engaging structurally diverse antigens is a hallmark of antibodies.
This is achieved by two sequential diversification steps that shape
their antigen-binding sites. Paratopic diversity is generated by V(D)J
recombination during B cell development1,2 and additional diversity
is acquired by somatic hypermutation (SHM) when B cells enter
germinal centers (GCs) and undergo affinity maturation3,4. Affinity
selection was once thought to constrain clonal diversity to a more
limited number of high affinity BCRs. However, methodological
improvements for measuring GC clonal composition during the
immune response reveal that such ‘winner-take-all’ events are rela-
tively rare, and that as yet undefined stochastic factors unrelated to
BCR affinity can strongly influence selection, enabling less stringent
competition and the longer-term survival of low affinity B cell
clones5–8. Permissiveness in B cell selection has also been explored by
chronically immunizing BCR transgenic mice with non-cognate
antigen, a procedure that eventually results in the elicitation of affi-
nity matured cognate antibodies9.

Permissive B cell selection is also suggestive of a ‘natural window’
for expanding humoral responses that are specifically seeded by low
affinity B cell antigen interactions, most notably, human broadly neu-
tralizing antibodies (bnAbs) against HIV and influenza virus10–17. In
these scenarios, weak/non-detectable germline antibody affinity for
cognate antigen may be consequence of structural constraints within
the target epitopes12,18–20 and has been viewed as one factor that con-
tributes to the immunological subdominance of bnAbs10,11,14–16,21–23.
Germline stimulating vaccine concepts have sought to address this by
engineering enhanced immunogen affinity to the bnAb precursor, so
as to preferentially activate human bnAb development pathways23–26.
In the HIV space, efforts have focused on triggering the development
of VRC01-class bnAb lineages, which mature from low/non detectable
affinity B cells andwhich block infection bymimicking the functionally
conserved CD4 binding site (CD4bs) of the virus12,20,21,24,27–45. VRC01-
class bnAbs are unconventional since these paratopes center around
the germline-encoded antigen-binding CDRH2 loop provided by the
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human antibody VH gene IGVH1-2*0212,13,20. By contrast, the antigen
binding sites of most antibodies are formed by the hypervariable
CDRH3 loops, which are centrally positioned, stochastically generated,
and are unique to each B cell clone46. Such CDRH3-dominant antibody
paratopes can also engage the CD4bs to provide HIV neutralization
potency and breadth that is comparable to VRC01-class bnAbs, a fea-
ture achieved bymaturation of rare humanB cell lineages that can also
be seeded by low affinity B cells12.

In this work, we evaluate a prediction of permissive B cell affinity
selection: that the persistence of low affinity BCRs provides a natural
window for human antibodies to engage the affinity-constraining
CD4bs on HIV. To test this, we deploy transgenic mice recapitulating
human-like antibody CDRH3 diversity47–52 and immunize with simple
monomericHIV glycoprotein envelope (Env) antigens to elicit humoral
immunity. Here we show that responses targeting the HIV CD4bs are
achieved by conventional affinity maturation but also via decreases in
antibody affinity. Permissiveness as a mechanism that naturally sup-
ports B cell discovery of antibody epitopes and conserved vaccine
targets is discussed.

Results
Enhanced elicitation of D368R-sensitive antibodies following
sequential immunization of humanized mice with heterologous
strain-variant HIV Env monomers
Env gp120monomers predominantly elicit antibody responses against
non-neutralizing and non-conserved epitopes53–55. By contrast,
sequential immunization of mice with sequence-variant Env mono-
mers can enable selective boosting of B cell memory upon conserved
features, including the CD4bs56,57. We first screened different sequen-
tial immunization regimens with established strain-variant Env
monomers12,58 to define an inoculation sequence that recapitulated this
phenomenon in wildtype (WT) C57Bl/6 mice (Supplementary Fig. 1)
and then within IGHV1-2 HC2 mice (vaccination sequence: YU2 - > 45B
- > 92C - > 122E) (Fig. 1A–E). The integrated HC2 locus, provides for
expression of near-normal and unrestricted human-like CDRH3
diversity, usage of single humanVH genes (in this case IGHV1-2*02) and
WT C57BL/6-comparable levels of SHM and affinity maturation47–52.
Serum IgG focusing to theCD4bs supersitewas functionally definedby
reactivity to Env but not Env-D368R, a well described CD4bs binding
mutant59–62. D368R sensitivity does not encompass all CD4bs-directed
antibodies, and because YU2 is also more favorable to binding by
CD4bs mAbs60, we deployed a set of mutations established to reduce
this more promiscuous recognition (D368R + A281R + G366R +
P369R)12. Antibodies against the CD4bs of the other Env strains (45B,
92C, 122E) was defined by D368R-sensitivity only. We found that the
order of the Env antigenswas important for elicitingCD4bs antibodies,
and the titer of these antibodies was enhanced in IGHV1-2 HC2 mice
relative toWTC57Bl/6 (Fig. 1A–C, Supplementary Figs. 1, 2).Moreover,
we observed a time lag in boosting antibody titers during the hetero-
logous immunization regimen (prime ~ post-boost <post boost 2<post
boost 3; Supplementary Fig. 2), consistent with introducing antigenic
distance between Env strains57. Applying sequential immunizationwith
strain variant Env to refocus the antibody response upon a single
conserved feature, such as the CD4bs, has been less clear when tri-
meric gp140 Env immunogens are deployed in this way63,64. Consistent
with expectations56,57, sequential (4x) immunization regimens deploy-
ing inoculum with homologous 122E Env monomer alone [the last Env
antigen of the heterologous vaccine regimen (YU2 - > 45B - > 92C
- > 122E)] did not reproducibly elicit the same titer 122E D368R-
sensitive serum IgG after the final immunization step (Fig. 1D, E).

To track the vaccine responses at the B cell level, we applied Env-
PE/Env-APC-Cy7 and Env-D368R-APC as B cell flow cytometry probes
to identify antigen specific class switchedmemory B cells51,65 expanded
(Fig. 1F–H, Supplementary Figs. 3–5). D368R-sensitive IgG memory B
cells were defined as CD3-/CD19+/IgM-/IgD-/IgG+/GL7-/CD38+/Env-PE+/

Env-APC-Cy7+/Env-D368R-APC-, whereas D368R-insensitive memory B
cells were CD3-/CD19+/IgM-/IgD-/IgG+/ GL7-/CD38+/Env-PE+/Env-APC-
Cy7+/Env-D368R (D368R +A281R +G366R+ P369R in the case of
YU212)-APC+ (Supplementary Fig. 3). We compared 4x sequential
immunization with homologous Env (122E - > 122E - > 122E - > 122E)
versus heterologous Env (YU2 - > 45B - > 92C - > 122E), in all cases using
122E Env sequence as the final immunization step and antigen probe
[122E -PE+/122E -APC-Cy7+/122E -D368R- (D368R-sensitive) vs 122E -PE+/
122E -APC-Cy7+/122E -D368R+ (D368R-insensitive)]. Consistent with
expectations56,57, the proportion of D368R-sensitive IgG memory B
cells was enhanced in the heterologous vaccine sequence (Fig. 1F–H).
Also as expected56,57, this gain-of function was not observed when the
heterologous Env antigens were sequentially immunized as a Env
cocktail (YU2 + 45B+ 92C + 122E) (Supplementary Fig. 4).

To more comprehensively define D368R-sensitive IgG memory B
cells expanded by the heterologous immunization sequence (YU2
- > 45B - > 92C - > 122E -> post vax) we evaluated the antigenicity post-
vax to the other Env antigens that were immunized at earlier immu-
nization timepoints: (1) YU2-PE+/YU2-APC-Cy7+/YU2-(D368R +A281R +
G366R + P369R)-APC- (mutation-sensitive on YU2) versus YU2-PE+/
YU2-APC-Cy7+/YU2- (D368R +A281R +G366R + P369R)-APC+ (muta-
tion-insensitive on YU2); (2) 45B-PE+/45B-APC-Cy7+/45B-D368R-APC-

(D368R-sensitive on 45B) versus 45B-PE+/45B-APC-Cy7+/45B-D368R-
APC+ (D368R-insensitive on 45B); and (3) 92C-PE+/92C-APC-Cy7+/92C-
D368R-APC- (D368R-sensitive on 92C) versus 92C-PE+/92C-APC-Cy7+/
92C-D368R-APC+ (D368R-insensitive on 92C). We note that after the
4x immunization regimen, a higher proportion of D368R-sensitivity
versus D368R-insensitivity was observed on the earlier versus later Env
antigens (YU2 > 45B > 92C> 122E) (Supplementary Fig. 5). This sug-
gests that while D368R sensitivity on memory B cells does not com-
pletely overlap across the divergent Env sequences, D368R-sensitivity
memory (and not D368R-insensitivity) from earlier antigens was
retained and/or boosted as new heterologous immunogens were
successively applied. There was also a trend towards higher MFI for
double positive (mutation-insensitive) B cells expanded for the earlier
immunized Env strains (Supplementary Fig. 5) suggesting that higher
affinity ‘off-target’ clones may also accompany the response.

Public D368R-sensitive antibody clones bearing high and non-
detectable affinities for cognate antigen are reproducibly
expanded by the vaccine
Compared with the serum antibodies expanded by homologous
immunization (122E - > 122E - > 122E - > 122E) the serum antibodies eli-
cited by the heterologous immunization regimen (YU2 - > 45B - > 92C
- > 122E) bound the final immunogen 122E with similar IgG titer but
lowered strength, as measured by reduced resistance to chaotropic
urea66,67 (Supplementary Fig. 6A, B). We confirmed that affinity
maturationwas functional in IGHV1-2HC2mice and comparable toWT
C57Bl/6 animals since immunizationwith NP-ovalbumin elicited serum
antibodies with similar NP2/NP23 ratios, which increased at the same
rate after immune challenge (Supplementary Fig. 6C, D). NP2 andNP23
are ELISA reagents that display sparse andmore densely spaced NP on
BSA. An increase in serum antibody reactivity to sparse vs densely
spaced NP on BSA is an index of affinity maturation within the primary
antibody response to NP (as elicited by a non-BSA carrier protein dis-
playing NP)68,69. Collectively, these results indicated that IGHV1-2 mice
hadWT C57Bl/6-like affinity maturation, but that the enhanced titer of
D368R-sensitive antibodies elicited by the heterologous immunization
regimen was also potentially supported by lower binding affinity.

To define this at the antigen receptor level, we applied FACS and
single cell sequencing to theD368R-sensitivememory IgGBCRs elicited
by the heterologous immunization regimen within n = 3 vaccine reci-
pients (CD3-/CD19+/IgM-/IgD-/IgG+/GL7-/CD38+/122E-PE+/122E-APC-Cy7+/
122E-D368R-APC-; n =68, 70, and 68 BCRs from each animal) (Fig. 2A,
Supplementary Fig. 3, Supplementary Data 1). In these experiments,
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122E-PE, 122E-APC-Cy7 and 122E-D368R-APC served as the sorting
probes since 122E Env was the final immunogen within the immuniza-
tion sequence (YU2 - > 45B - > 92C - > 122E). Using Cloanalyst
software52,70–77, we first identified public B cell lineages by
CDRH3 sequences that were shared across the vaccine recipients
(Fig. 2A, Supplementary Data 1). We further subdivided the public
lineages into public B cell clones (BCRs using public CDRH3+CDRL3 in
each of the animals) (Fig. 2A, Supplementary Data 1). VRC01-class anti-
bodies (defined by IGHV1-2*02 usage and the short five amino acid
CDRL3 signature deployed by this antibody type20) were not expanded,
however four public clonal lineages (Lin1, Lin2, Lin3, and Lin4) revealed
reproducible expansion of BCRswith a range of affinities for the 122 Env

sorting probe: nanomolar (Lin3 and Lin4) to non-detectable (>100uM)
(Lineages Lin1 and Lin2) (Fig. 2B, Supplementary Data 1). Somatic
hypermutation (SHM) occurred in all of the public clones (2-11% in VH,
and 1-9% inVL) (Fig. 2B). In addition to beingpublic B cell clones, the low
affinity Lin1 and Lin2 BCR sequences chosen for analysis contain a core
pattern of HC mutations that were reproducibly yet independently
expanded within each mouse (Supplementary Figs. 7, 8).

SHM achieves D368R sensitivity via the acquisition of low affi-
nity (B cell Lineage 1)
The identification of public B cell clones with strong and weak affinity
for Env suggested that vaccine-expansion of BCRs bearing D368R
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sensitivity is supported by non-homogenous affinity selection. To
evaluate whether the weak affinity clones (Public B cell Lineages 1 and
2) support CD4bs targeting at >100 µM, we reconstituted the Ig
sequences as monospecific BCRs within a Ig-negative reporter B cell

line78. Surface display of Ig in this system can resolve low-affinity
antibody-antigens beyond what is detectable with purified compo-
nents and is also routinely deployed in antigen receptor triggering
studies10,12,47,78–87.

Fig. 1 | Vaccine-elicitationofD386R-sensitive antibodies targeting theCD4bs in
humanized mice. A Phylogenetically distinct HIV Env monomers deployed in this
study (strains TH976.17, HT593.1, YU2 and ZM215.8, referred to as: 122E, 45B, YU2,
and 92C, respectively; see also Supplementary Fig. 1A).B Serum antibodies elicited
in IGHV1-2 HC2 mice following sequential immunization with heterologous Env
(mean ± SD, serumantibody reactivity againstWTvsD368R forms of 122E Env, n = 5
biologically independent animals). C Corresponding serum antibody reactivity
againstWT vs D368R forms of 122E Env as compared by area under the curve (AUC,
n = 5 biologically independent animals, P =0.0208, two-sided paired T test of ratio,
see also Supplementary Fig. 2 for serum reactivity to the other Env strains).
D Serum antibodies elicited in IGHV1-2 mice following sequential immunization
with homologous 122E Env (mean± SD, serum antibody reactivity against WT vs
D368R forms of 122E Env, n = 5 biologically independent animals). ECorresponding
serum antibody reactivity against WT vs D368R forms of 122E Env as compared by
AUC (n = 5 biologically independent animals, P =0.908, two-sided paired T test of
ratio). FD386R-sensitive versus D368R-insensitive 122E specificmemory IgGB cells

expanded following immunization with heterologous Env (gated on: CD3-/CD19+/
IgM-/IgD-/IgG+/GL7-/CD38+/122E Env-PE+/122E Env-APC-Cy7+, see Supplementary
Fig. 3 for full gating; see also Supplementary Fig. 5 formemory BCR reactivity to the
other Env sequences used in the vaccine regimen). G D386R-sensitive versus
D368R-insensitive Env specific memory IgG B cells expanded following immuni-
zation with homologous Env (gated on: CD3-/CD19+/IgM-/IgD-/IgG+/GL7-/CD38+/
122E Env-PE+/122E Env-APC-Cy7+).H Ratio of D368R-sensitive to D368R-insensitive
IgG B cells expanded by the homologous (homo) versus heterologous (hetero)
vaccination regimens (mean ± SD, n = 5 biologically independent animals,
P =0.0007, two-sided Student’s T test; see also Supplementary Fig. 4 for compar-
ison to sequential immunization with a cocktail of the four Env antigens). Data are
derived from two independent immunization experiments (Experiment 1 = (B–E);
Experiment 2 = (F–H) where mice were pre-bled and sequentially immunized
through the intraperitoneal route with individual Env antigens at weeks 0, 3, 6 and
9. Blood was collected two weeks after each immunization and then three weeks
after the final inoculation. Spleen was also collected at this final time point.

Fig. 2 | Expansion of public IGHV1-2 BCR lineages with both affinity matured
and non-detectable binding underscore the elicitation of D368R sensitive
antibodies. Single D368R-sensitive memory IgG B cells (CD19+/IgD-/IgM-/IgG+/
GL7-/CD38+/122E-PE+/122E-APC-Cy7+/122E D368R-APC-) from animals receiving the
heterologous immunization regimen (see also Fig. 1F, Supplementary Figs. 3–5)
were sorted from n = 3 biologically independent IGHV1-2 HC2 animals.
A Sequencing thememoryB cells yielded68 BCRs inMouse A, 70 BCRs inMouse B,
and 68 BCRs in Mouse C (see also Supplementary Data 1). Public B cell pathways
were first assigned based on clonotype (usage of a shared CDRH3 sequence) using
Cloanalyst software52,70–77. These public B cell pathways were then further sub-
divided into public clonal lineages (public CDRH3 + shared CDRL3) revealing four
clonal lineages that were reproducibly expanded in all the mice (see also

Supplementary Data 1). B Fabs from each public clonal lineage recombinantly and
then tested for affinity to original sorting probes (122E Env or 122E Env-D368R).
Binding was evaluated using bilayer interferometry (BLI). The equilibrium dis-
sociation constant (KD) values were calculated by applying a 1:1 binding isotherm
using vendor-supplied software. KD values above 100 µM are beyond the limit of
detection for this instrument17. The lowaffinity Lin1 andLin2BCRsequences chosen
for this analysis contain a conserved pattern of SHM that was independently
reproduced within each public clonal lineage within each mouse (Supplementary
Figs. 7, 8). Data are from one vaccination experiment that yielded antigen specific
IgG memory BCRs in the three mice; details of each individual B cell clone are
provided in Supplementary Data 1.
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For Lin1, we evaluated BCR as mature (sHsL), VHVL gene reverted
(gHgL), and inferred mutation steps (Figs. 3, 4, Supplementary Figs. 7,
9–12). We found that membrane presented sHsL BCR engaged all of
the Env strain variants but not their D368R forms, similar to VRC01
BCR, a human HIV bnAb that engages the conserved CD4bs (Fig. 3A,
Supplementary Fig. 9). By contrast, gHgL BCR bound only to the 122E
Env variant, and this occurred without sensitivity to D368R (Fig. 3A,
Supplementary Fig. 9). Both Lin1 sHsL andLin1 sHgLBCRswereD368R-
sensitive, indicating that mutations in HC (and not LC) were primarily
responsible for sensitivity to this mutation (Supplementary Fig. 10).

We then tested whether sHsL vs gHgL BCR antigenicity was
reflected in BCR triggering, as measured by Ca2+ fluxing. We first
evaluated receptor triggering in response to bivalent forms of 122E
(122E-Fc vs 122E-D368R-Fc; Supplementary Fig. 11), then in response to
Fc forms for all of the Env strains (Fig. 3B). All Env-Fc strains triggered

sHsL BCR singling and there was no response to all strains of Env-
D368R (Fig. 3B, Supplementary Fig. 11). By contrast, gHgL BCR only
signaled in response to the 122E strain, andwas triggered byboth 122E-
Fc and 122E-D368R (Fig. 3B, Supplementary Fig. 11). This suggested
that Public Clonal Lineage 1 was triggered by 122E Env, and that only
after SHM was D368R sensitivity acquired.

We next defined the relationship between BCR D368R sensitivity,
Fab affinity in solution, and SHM within Lin1 using inferred inter-
mediates from the public pattern of SHM in this B cell lineage that was
reproduced across vaccine recipients (Fig. 4A–D, Supplementary
Figs. 7, 12, Supplementary Table 1). We found that SHM could change
formally D368R-insensitive membrane BCRs to become sensitive,
consistent with ‘antigen scanning’, and that the acquisition of D368R-
sensitivity was associated with a drop in affinity for cognate antigen
(Fig. 4C, D, Supplementary Table 1).

Fig. 3 | BCR antigenicity and signaling within Public Clonal Lineage 1 (Lin1).
A sHsL and gHgL BCRs in Lineage 1, alongwithVRC01BCRswere expressed in our B
cell reporter system78 and evaluated by flow cytometry for binding to fluorescent
versions of WT Env (red lines) vs D368R Env (blue lines; D368R+A281R +
G366R + P369R in the case of YU212) for each antigen used in the immunization
regimen. Gray histograms represent binding to BCR isotype control or binding to
surface BCR negative for LC expression. B Acquisition of D368R sensitivity, as
further resolved by gHgL BCR vs sHsL BCR triggering in response to bivalent Env-
Fc, Env-D368R-Fc or anti-IgM as a positive control. All Env variants used in the
heterologous immunization regimenwere tested. Presented is theCa2+ flux activity,
measuredkinetically by the ratiometric Ca2+ sensing dye fura red andnormalized to

total flux capacity, as defined by the ionophore ionomycin78. (A) vs (B) represents
two independent experiments to evaluate BCR antigen recognition via the two
orthogonal methods (binding to membrane presented BCR and BCR triggering
following antigen exposure). Antigenicity of sHsL vs gHgL BCR was independently
confirmed by reversing the fluorescent label on Env vs Env-D368R (Supplementary
Fig. 9), and LC vs HC contribution to the acquisition of D368R sensitivity was
evaluated by independently comparing antigenicity of sHgL vs sHsL BCR (Sup-
plementary Fig. 10). BCR triggering was first established in response to 122E Env-Fc
vs 122E Env-D368R-Fc (Supplementary Fig. 11), and then independently evaluated
for Fc-presentation of all the Env strains used in the heterologous immunization
regimen, as shown in this Figure (B).
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SHM achieves D368R sensitivity via acquisition of low affinity
(B cell Lineage 2)
In Public Clonal Lineage 1, antibody affinity for Env was inversely
related to D368R sensitivity, consistent with antigen scanning
through permissive B cell selection. To confirm that this was a
general property, we applied the same methodology to the other
public D368R-sensitive BCR clonal lineage that were expanded

with non-detectable affinity (>100 µM) to cognate antigen (Lin2).
As before, we used BCR antigenicity and signaling in the B cell
reporter system to first resolve low-affinity membrane BCR target
specificity and signaling10,78 (Figs. 5, 6, Supplementary Figs. 8,
13–16), and then measured affinities of the corresponding Fabs to
quantify binding strength, if detectable in solution (Fig. 6C, Sup-
plementary Table 1).

Fig. 4 | Scanning the antigen surface through SHM and low affinity in Public B
cell Lineage 1 (Lin1). A sHsL, gHgL and inferred intermediate sequences within B
cell Lineage 1 (Lin1_mut1-4). Lin 1 is public clonal lineage that also uses a public
pattern of SHM that is conserved across vaccine recipients (Supplementary Figs. 7,
12).B sHsL, gHgL and intermediate BCR sequenceswere expressed as IgMBCRs in a
B cell reporter system78 and evaluated by flow cytometry for binding to fluorescent
versions ofWT Env (red lines) vs D368R Env (blue lines). Gray histograms represent
binding to BCR isotype control or binding to surface BCR negative for LC expres-
sion. Data presented represents one experiment. C sHsL, gHgL and Lin1_mut1-4
expressed as Fabs and then evaluated for binding to Env vs Env-D368Rusing bilayer
interferometry (BLI). The equilibrium dissociation constant (KD) values were

calculated by applying a 1:1 binding isotherm using vendor-supplied software (see
also Supplementary Table 1). KD values above 100 µM are beyond the limit of
detection for this instrument17. Data presented represents one experiment.
D Permissiveness in B cell affinity selection as a window for scanning the antigen
surface through SHM. Acquisition of D368R sensitivity in the membrane BCR for-
mat (seeB) is underscored by lower affinity for cognate antigen, asmeasured in the
Fab format (see C). B, C represent independent experiments to compare BCR
recognition by two orthogonal methods (binding by membrane presented BCR
versusmonomeric antibody affinity). A phylogenetic tree denoting the positions of
sHsL, gHgL and intermediates is presented in Supplementary Fig. 12.
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We found that sHsL BCR of Public Clonal Lineage 2 also engaged
122E with D368R-sensitivity and gHgL BCR bound bothWT and D368R
forms of this Env (Fig. 5A, B, Supplementary Fig. 13). As with Lin1, the
acquisition ofD386R-sensitivitywasHCdominant sinceboth Lin2 sHsL
and Lin2 sHgL were D368R-sensitive (Supplementary Fig. 14). How-
ever, sHsL BCR did not engage the other Env antigens, indicative of
differences within the D368R-sensitive epitope patch engaged by Lin1
versus Lin2. We confirmed this antigenicity and acquisition of D368R-
sensitivity in Lin2 by antigen receptor triggering, where sHsL BCR was
activated by 122E-Fc only, whereas gHgL BCR was triggered by both
122E-Fc and 122E-D368R-Fc (Fig. 5B, Supplementary Fig. 15). Aswith the
BCR antigenicity, sHsL and gHgL BCRs were not responsive to the
other Env strains.

Analogous to Lin1, wenote that SHMenabled the transition froma
D368R-insensitive to D368R-sensitive membrane BCR (Fig. 6A–D,
Supplementary Table 1). As we incorporated the inferred mutation
steps [from the public pattern of mutations seen across vaccine reci-
pients (Supplementary Figs. 8, 16)], D368R sensitivity in themembrane
BCRs was underscored by a greater decrease in Fab affinity for Env-
D368R relative to Env, but the lineage was also marked by an overall
loss in affinity for both Env and Env-D368R as the mutations were
applied (Fig. 6C, D, Supplementary Table 1). Notably, a single amino
acid change (H35L) in mut2 conferred D368R sensitivity and con-
comitant lower affinity, a targeting feature that could be gained, lost
and regained, consistent with a pathway for antigen scanning via
SHM (Fig. 6D).

Fig. 5 | BCR antigenicity and signaling within Public Clonal Lineage 2 (Lin2).
A sHsL and gHgLBCRs in Lineage 2, alongwith VRC01BCRswere expressed in our B
cell reporter system78 and evaluated by flow cytometry for binding to fluorescent
versions of WT Env (red lines) vs D368R Env (blue lines; D368R+A281R +
G366R + P369R in the case of YU212) for each antigen used in the immunization
regimen. Gray histograms represent binding to BCR isotype control. Data pre-
sented represents one experiment. B Acquisition of D368R sensitivity, was further
resolved by gHgL BCR vs sHsL BCR triggering in response to bivalent Env-Fc, Env-
D368R-Fcor anti-IgM as a positive control. All Env variants used in the heterologous
immunization regimen were tested. Presented is the Ca2+ flux activity, measured
kinetically by the ratiometric Ca2+ sensing dye fura red and normalized to total flux
capacity, as defined by the ionophore ionomycin. Data presented represents one

experiment. (A) vs (B) represents two independent experiments to evaluate BCR
antigen recognition via the two orthogonal methods (binding to membrane pre-
sentedBCRandBCR triggering following antigen exposure). Antigenicity of sHsL vs
gHgL BCR was also independently confirmed by reversing the fluorescent label on
Env vs Env-D368R (Supplementary Fig. 13), and LC vs HC contribution to the
acquisition of D368R sensitivity was independently evaluated by comparing anti-
genicity of sHgL vs sHsL BCR (Supplementary Fig. 14). Additionally, BCR triggering
was first established in response to 122E Env-Fc vs 122E Env-D368R-Fc (Supple-
mentary Fig. 15), and then independently evaluated for Fc-presentation of all the
Env strains used in the heterologous immunization regimen, as shown in this Fig-
ure (B).
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One-step restricted accumulation of affinity during sequential
immunization in mice
The GCs formed following sequential immunization in mice are, by
large majority, populated by germline B cells and not memory B
cells88,89. The dominance of germline B cells in GC reactions after
each antigen exposure could account for germline triggering and
maturation of Public Clonal Lineages 1 and 2 after the last immuni-
zation step in the regimen. This organization predicts an asymptotic

or single step-restricted accumulation of affinity in B cell memory
during sequential immunization. To test this, we re-performed our 4x
sequential immunization regimen in WT C57Bl/6 and IGHV1-2 HC2
mice except now deploying NP-ovalbumin. We found that in both
genotypes, NP-2/NP-23 ratios were restricted to a one-step increase
which then remained as a non-accumulative maximum throughout
the immunization regimen (Fig. 7). This suggests that the memory B
cells responsible for the secondary antibody response (memory

Fig. 6 | Scanning the antigen surface through SHM and low affinity in Public
Clonal Lineage 2 (Lin2). A sHsL, gHgL and inferred intermediate sequences within
B cell Lineage 2 (Lin2_mut1-6). Lin 2 is public clonal lineage that also uses a public
pattern of SHM that is conserved across vaccine recipients (Supplementary Figs. 8,
16). B sHsL, gHgL and intermediates were evaluated by flow cytometry for binding
toWT Env (red lines) vs D368R Env (blue lines) in our B cell reporter system78. Gray
histogramsdepict binding to isotopecontrol or binding to surfaceBCRnegative for
LC expression. Data presented represents one experiment. C sHsL, gHgL and
Lin2_mut1-6 expressed as Fabs and then evaluated for binding to Env vs Env-D368R
using BLI. The equilibrium dissociation constant (KD) values were calculated by

applying a 1:1 binding isotherm using vendor-supplied software (see also Supple-
mentary Table 1). KD values above 100 µMare beyond the limit of detection for this
instrument17. Data presented represents one experiment.D Permissiveness in B cell
affinity selection as a window for scanning the antigen surface through SHM.
Acquisition of D368R sensitivity in the membrane BCR format (see B) is under-
scored by lower affinity for cognate antigen, asmeasured in the Fab format (see C).
B, C represent independent experiments to compare BCR recognition by two
orthogonal methods (binding by membrane presented BCR versus monomeric
antibody affinity). A phylogenetic tree denoting the positions of sHsL, gHgL and
intermediates is presented in Supplementary Fig. 16.
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recall) are, on average, constrained to a single round of affinity
maturation.

Discussion
Affinity selection within GCs can be artificially homogenized by engi-
neering antigen with high affinity for cognate BCR, as in the case of
germline stimulating vaccines21,31,32,40. However, there is also functional
activity to permissive B cell selection, as demonstrated by immunizing
BCR transgenic mice with non-cognate antigen9. In these experiments,
immunization eventually led to antigen complementarity through
secondary diversification by SHM9. Our data suggests that this princi-
ple also enables vaccine-expansion of B cells targeting sites that con-
strain germline antibody affinity, a hallmark of some human
bnAbs10–17,42,43.

We note that antibody-focusing to the conserved CD4bs on HIV
was partially underscored by expansion of public D368R sensitive B
cell lineages and SHM patterns associated with lowered affinity. This

weak affinity (KD > 100 µM) is analogous to the permissive GC B cell
clones previously shown to expand at non-detectable antigen affinity
following immunization in WT mice5. Membrane presentation of BCR
can resolve antibody-antigen interactions that are below the detection
level of conventional binding assays10,78, andwhile caveats of VH and VL

gene reversion to explore germline BCR antigen specificitiesmay exist,
we applied membrane presentation of immunoglobulin as a tool to
detect the acquisition of D368R sensitivity at low affinity.

Analogous epitope-shifting through reduction in antigen affinity
has been reported during clonal redemption of autoreactive GC B
cells90. Likewise, longer lived germinal centers have recently been
demonstrated to become populated by B cell “invaders” bearing low
and/or non-detectable affinity to cognate antigen91,92. Permissive B cell
selection (and epitope discovery therein) would appear to maximize
BCR repertoire diversity, even during on-going immune reactions.

Our regimen did not expand the IGHV1-2*02-dependent VRC01-
class antibodies, but rather appeared to support low affinity engage-
ment through the ‘default’ CDRH3-dominant mode of antigen com-
plementarity. In humans, CDRH3-dominant bnAbs often deploy longer
chain lengths that can access the glycan-shielded protein surface on
HIV Env93. The mouse antibody repertoire averages ~10–12 amino
acids94, but the D368R-sensitive BCRs expanded had longer human-
like CDRH3s (public CDRH3 length= 20 ± 1.63 amino acids; non-public
CDRH3 length = 17 ± 3.40 amino acids, see Supplementary Data 1). This
was facilitated by the HC2 locus, which endows for a length distribu-
tion that is more similar to humans (average 15-16 amino acids)47,48,51.
The importance of a longer human-like CDRH3 repertoire may also
explain the elicitation of higher titer D368R-sensitive serum antibodies
after applying the same immunization regimen in HC2 versus WT
C57Bl/6 mice.

While elicitation of CD4bs antibodies is not uncommon in HIV
infection or vaccine studies, the threshold for generating broad
CD4bs-dependent neutralization remains high60–62,95,96. In this context,
permissiveness in B cell selection may provide a natural window for
seedingCD4bsdirectedbnAbs, as these antibodies often develop from
germline BCRs with low/non-detectable affinity for antigen12,13,42,43. We
could also expect permissive low affinity BCRs to serve as substrate for
further SHM and conventional affinity selection. Conceivably, this
could be experimentally probed by titrating up and down the 122E
dose in presence or absence of an Env competitor that displays the
CD4bs with different antigenicity and potentially different affinity (e.g.
YU2). Polyreactivity can also mark CD4bs-directed bnAbs97, and this
could also support downstream affinity selection since polyreactivity
itself is correlated with heightened affinity for viral targets98.

The practical feasibility of vaccine-expanding low affinity clones
through rational vaccine design remains uncertain, both in relation to
competition with other B cell clonotypes and where memory B cells
can have limited re-entry into GCs88,89. Limited GC-re-entry bymemory
B cells is also supportedbyour demonstration of an affinity limit which
underscores repeat antigen exposure in mice. Slow antigen delivery/
release strategies may be required to address these obsticles99,100.

While the stochastic factors responsible for permissive B cell
selection are not known, we provide evidence that permissiveness
enables SHM to further scan the antigenic surface without B cell
eliminationdue to lowaffinity.Our results indicate that this operates in
tandem with conventional affinity maturation, providing flexibility to
commit and un-commit B cell lineages to specific epitopes. Ultimately
this secures a baseline ability to engage an antibody target that con-
strains germline contact affinity.

Methods
Ethics statement
The research conducted complies with ethical regulations and bio-
safety approved by institutional committees at Mass General Brig-
ham (MGB Institutional Biosafety Committee, protocol #

Fig. 7 | Asymptotic/one-step restricted accumulation of affinity following
sequential immunization in mice. WT C57Bl/6 and IGHV1-2 HC2 mice were
sequentially immunized with NP-ovalbumin (4x) at weeks: 0, 3, 6 and 9 and ratio of
NP2 to N23 binding by the serum IgG response wasmeasured twoweeks after each
immunization [mean ± SD], n = 5 biologically independent animals per genotype,
two-factor ANOVA. Factor 1= genotype; Factor 2 = immunization number. Follow-
ing identification of an immunization number effect (P <0.0001) but not genotype
effect (P =0.8238), factor 2 was further analyzed with Tukey’s test. The P values for
the resultant pairwise comparisons are presented in the figure. Data are from one
vaccination experiment.
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2014B000035; MGB Institutional Animal Care and Use Committee,
protocol # 2014N000252). This research does not include human
participants.

Animals
WildtypeC57Bl/6micewereobtained from Jackson labs. TheHC2mice
are an established transgenic model in which human VH gene usage is
constrained to user-defined gene segments, while allowing for
recombination with diverse human D and J segments, generating an
antibody CDRH3 repertoire that is similar to humans and which sup-
ports affinitymatured antibodies following immunization with protein
antigens47–52. HC2 mice using the human VH gene IGHV1-2*02 were
deployed in which LC input was from the mouse repertoire47,50–52. The
HC2micewere a gift to D.L. fromBristol-Myers Squibb (RedwoodCity,
CA) and their use requires an MTA with BMS. The animals were
maintained within Ragon Institute’s HPPF barrier facility. IGHV1-2 HC2
breeders weremaintained as heterozygotes backcrossed toWTC57Bl/
6 J mice (IGHV1-2 HC2+/– / C57Bl/6 J IgH+/-)47–52. Both male and female
animals were used at 8 weeks of age. The light cycles in the animal
room were set on a 12 h light cycle [7AM-7PM (ON) 7PM-7AM (OFF)].
The temperature range for the room was 68–73 degrees Fahrenheit
and the humidity indexwas from30 to 70%.At the end of experiments,
the animals were euthanized by CO2 inhalation (30% of the chamber
volume/min).

Recombinant antigens and B cell probes
Recombinant proteins were constructed from synthetic DNA mole-
cules cloned into the mammalian expression plasmid pVRC840078.
Untagged gp120 Env core antigens (strains TH976.17, HT593.1, YU2
and ZM215.8; herein referred to as: 122E, 45B, YU2, and 92C, respec-
tively) along with their D368R variants (D368R +A281R +G366R +
P369R in the case of YU212) were purified on a 17B column12,13,58. The
sequences of these Env monomers and their CD4bs mutant forms are
provided in Supplementary Data 1. Here 293F cells were grown in
Freestyle media (Life Technologies) and transfected with 500μg/L of
each Env construct (293fectin Reagent, Life Technologies, Cat #
12347019). At day five, the culture was centrifuged (2000 × g, 10min)
and the supernatant was filtered (VacuCap 0.2μm filters, Fisher Sci-
entific, Cat # 501979599) loaded onto Protein A-agarose resin that had
been covalently pre-coupled to the CD4i antibody 17B (see below for
generation of the 17B column). This resin was washed (6 column
volumes of PBS) and then the bound gp120 was eluted directly into
50mM Tris, pH 8, using 1.5 column volumes of low pH IgG elution
buffer (Pierce, Cat # 21004). The gp120 proteins were then con-
centratedusingAmiconUltra concentrators (30 kDaMWCO,Millipore,
Cat # UFC8030) and were further separated by size exclusion FPLC
using a Superdex 200 Increase 10/300 column (Cytiva, Cat #
289990944).

To generate the 17B affinity column, 17B HC and LC plasmids
(kindly provided by James Robinson, Tulane University), were first co-
expressed in the 293 F system and then harvested on day 6 and affinity
purified on Protein G-Agarose (Thermo Scientific, Cat # 20398) using
the same low pH elution step described above. The 17B was then fur-
ther separated by size exclusion FPLC [Superdex 200 Increase 10/300
column (Cytiva, Cat # 289990944)]. Tenmilligrams of the purified 17B
was added to 5mL of Protein A-agarose resin [Thermo Scientific, Cat #
20365] that had been resuspended in antibody binding buffer (50mM
sodium borate, pH 8.2, Sigma, Cat # 08059). Following 1 h incubation
at room temperature, the column was washed in antibody binding
buffer (5–10mL increments) and the 17B was then immobilized via
addition of disuccinimidyl suberate (DSS) (Pierce Cat # 21555) at
6.5mgDSS per 1mL of Protein A. After one hour at room temperature,
the column was washed with 5 column volumes of PBS and the
remaining non-reacted NHS-ester groups were blocked by addition of
0.1M ethanolamine (Sigma, Cat # E9508) pH 8.2 in diethyl

pyrocarbonate (Sigma, Cat # D5758) at 1mLpermL of columnvolume.
The resin was then washed with 5 column volumes of low pH IgG
elution buffer and the 17B was stored in PBS containing 0.02% sodium
azide (Sigma, Cat # S2002).

To generate fluorescent B cell probes of the gp120 antigens, avi-
tagged versions of these proteins (WT and D368R versions; D368R +
A281R +G366R + P369R in the case of YU212) were expressed and
purified using the 17B affinity column as described above and then
biotinylated using a commercial biotin ligase kit according to the
manufacturer’s instructions (Avidity, BirA-500). Recombinant influ-
enza hemaggluitinin (HA) (avi-tagged Y98FHA fromA/NewCaledonia/
20/1999) was also generated and biotinylated as an additional ligand
control47,51,78. The biotinylated proteins were then conjugated with PE-
streptavidin (eBioscience, Cat# 12-431787), APC-Cy7-streptavidin
(Biolegend, Cat # 405208), or APC-streptavidin (Biolegend, Cat #
405207) through iterative complex formation as we have described
before78. Here the fluorescent SA conjugates were added to biotiny-
lated gp120 in five increments, such that the final molar ratio of probe
to streptavidin label was 4:1 to saturate the label. After each stepwise
additionoffluorescent label, themixturewas incubated for 20minand
set rotating at 4 °C.

Immunization regimens
Mice were pre-bled and sequentially immunized through the intra-
peritoneal route with individual Env antigens at weeks 0, 3, 6 and 9.
Blood or spleen was collected two weeks after the first three immu-
nizations and then three weeks after the final inoculation. The spleen
was also obtained three weeks after the final immunization step to
evaluate the antigen specific IgG B cell lineages expanded. For
homologous and heterologous immunization regimens, each inocu-
lum consisted of 15 µg of Env in a 100ul volume containing 50% w/v
Sigma Adjuvant System (Cat # S6322)47,51,79,101. In some experiments, all
four Env antigens were sequentially immunized as a cocktail with 15ug
of total Env retained in the inoculum. In someexperiments, 15 µgofNP-
ovalbumn (Biosearch Technologies, Cat # N-5051-10) was deployed as
the antigen.

ELISA
gp120 antigens (WT and D368R versions; D368R +A281R +G366R +
P369R in the case of YU212) and NP coupled to BSA at high and low
density (NP-23 and NP-2, respectively; Biosearch, custom NP loading),
were coated onto 96 well Nunc MaxiSorp plates (Life Technologies,
Cat # 44240421) at 200ng per well. The plates were then blocked with
3% milk in PBS for 1 h, washed with PBS, and then incubated with
immune sera, which were first diluted in PBS at 1:40 and then serial
diluted at 1:4. Serial dilutions of the monoclonal antibody VRC01 were
also made at 1:4 in PBS. After 1 h, the plates were washed with PBS and
0.05% Tween 20 (PBST) and incubated with anti-IgG-HRP (GE Health-
care, Cat # NA931) at 1:5000 dilution in PBS. The plates were washed
with PBST and then developed using tetramethylbenzidine substrate.
The developer reaction was quenched with 1 N sulfuric acid (Fisher
Scientific, Cat # 7664-93-9), and read at 450nm using a microplate
absorbance reader (Teacan Infinite m1000 Pro Mannedorf,
Switzerland).

The polyclonal binding strength of the serum antibodies elicited
after immunization with gp120 antigens, was evaluated by a urea
resistance ELISA assay66,67,102. In this assay, Env antigen coating,
blocking, and serial dilutions of the immune sera were as above,
however after incubating with immune sera, the wells were washed
three timeswith PBST and then oncewith 7Murea (Sigma, Cat # 57-13-
6) (dissolved in PBS) or PBS as a control. After incubation for 15min at
room temperature, the wells were washed three times with PBST and
incubation with anti-IgG-HRP (GE Healthcare, Cat # NA931) and sub-
sequent development, quenching and absorbance reading occurred as
described above.
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B cell flow cytometry and sorting
Mouse spleens were gently ground in PBS, lysed in 1xACK lysis buffer
(Lonza,Cat#BP10-548E) andfiltered through a 70 µmcell strainer. The
cells were washed (PBS) and then stained with Aqua Live/Dead amine-
reactive dye (ThermoFisher, Cat # L34957) at 0.025mg/ml for 2min.
The cells were then washed and then incubated with a 1x cocktail of
flow cytometry antibodies (each antibody at a final dilution of 1:100):
anti-CD3 Brilliant Violet 785 (Biolegend, Cat # 100232); anti-CD19
BV421 (Biolegend, Cat # 115537), anti-IgM BV605 (Biolegend, Cat #
406523); anti-IgD BUV395 (BD Biosciences, Cat# 564274); anti-IgG
PerCPCy5.5 (Cat # 405314); anti-GL7 PE-Cy7 (Cat # 144620); anti-CD38
Alexa 594 (Cat # 102725); along with 0.25 µg of Env-PE, Env-APC-Cy7
and Env-D368R-APC probes [122E-PE, 122E-APC-Cy7, 122E-D368R-APC;
or YU2-PE, YU2-APC-Cy7, YU2-D368R-APC; or 45B-PE, 45B-APC-Cy7,
45B-D368R-APC; or 92C-PE, 92C-APC-Cy7, 45B-D368R-APC]. The mix-
ture was incubated at 4 °C for 1 h. The cells were then washed twice,
resuspended in PBS and then subjected to FACS where between two
and fivemillion events were recorded on a FACSAria Fusion Sorter (BD
Biosciences) located within a biosafety cabinet. Three weeks after the
final immunization step in the heterologous immunization sequence
(YU2 - > 45B - > 92C - > 122E), single antigen specific memory B cells
(D368R-sensitive = CD3-/CD19+/IgD-/IgM-/IgG+/GL7-/CD38+/122E-PE+/
122E-APC-Cy7+/122E-D368R-APC-; or D368R-insensitive = CD3-/CD19+/
IgD-/IgM-/IgG+/GL7-/CD38+/122E-PE+/122E-APC-Cy7+/122E-D368R-APC+)
were sorted directly into 96 well plates containing RLT lysis buffer
(Qiagen, Cat # 79216) containing 1% beta-mercaptoethanol (Sigma, Cat
# M6250). Compensation for antibody staining was performed using
AbC Total Compensation Beads (ThermoFisher, Cat # A10497).
Downstream analyses of the data were performed using FlowJo soft-
ware version 10.7.2 (TreeStar).

BCR sequencing
BCR libraries were enriched from single-cell whole transcriptome
amplification (WTA) products that were generated using the Smart-
Seq2 protocol47,103. Here the final WTA products were subjected to two
0.8x (v/v) SPRI bead-based cleanups and then verified by High Sensi-
tivity D5000 ScreenTape (Agilent Technologies Inc, Cat # 5067-5592)
and quantified and normalized using Qubit dsDNA HS Assay kit
(Thermofisher, Cat # Q32854). To enrich BCR from theWTA products,
the heavy and light chain of each single cell’s BCR (FR1 to CDR3) were
amplified separately [HotStarTaq Plus Master Kit, Qiagen, Cat #
203645], using a pool of partially degenerate V region specific gene
primers against all possible IGHV (human) or IGLV (mouse) and IGKV
(mouse) segments in the FR1 region (final concentration: 10 µM each)
and reverse primers against the heavy or light constant regions (final
concentration: 10 µM each), and where these primers were also
attached to the Illumina P7 (V region) and P5 (constant region)
sequences47. Following BCR amplification, a 0.8x (v/v) SPRI cleanup
was performed, and amplicons were quantified and normalized to
0.2–0.5 ng/µL. We next added cellular barcodes along with Illumina
sequencing adapters (based on Nextera XT Index Adapters, Illumina
Inc.) to each amplified heavy and light chain using step-out PCR (Kapa
HiFi HotStart ReadyMix; Fisher Scientific Cat # 50-196-5217). After
purification with a 0.8x (v/v) SPRI and pooling of the HC and LC
samples, the paired single-cell BCR libraries were sequenced using
paired end 250× 250 reads and 8 × 8 index reads on an IlluminaMiSeq
System (MiSeq Reagent Kit v2 (500-cycle), Cat # MS-102-2003). The
sequences were then evaluated by pairing HC and LC reads by their
cellular barcodes, reconstructing overlapping sequences
(PandaSeq104), and aligning the reads against the human IMGT
database105. For the latter step, PCR/sequencing error correction was
applied with MigMAP, a wrapper for IgBlast (https://github.com/
mikessh/migmap). For each single cell, the consensus V-chain and L/K-
chains were determined by combining all reads with the same
CDR3 sequence and calling the top heavy and light chain sequences by

frequency. HC or LC sequences without at least 25 reads or frequency
two-times greater than the next sequence of the same chain was
denoted as without consensus.

B cell lineage analysis
We used the program Cloanalyst to define B cell lineages (shared
CDRH3) and also B cell clones (paired CDRH3+CDRL3 with shared
VDJ + VJ origin) from the sequencing data (https://www.bu.edu/
computationalimmunology/research/software/). Cloanalyst defines
clonotypes based on single heavy chains or light chain nucleotide
sequence52,70–77. The program uses V and J gene calls, CDR3 length, and
a similarity measure of the CDR3 with a threshold that varies
depending on how mutated the V gene region is. As the mutation
frequency increases for the pair of antibodies, the threshold for
CDR3 similarity decreases. We used Cloanalyst to analyze the BCR
sequences from D368R-sensitive memory B cells (CD3-/CD19+/IgM-/
IgD-/IgG+/GL7-/CD38+/Env-PE+/Env-APC-Cy7+/Env-D368R-APC-) isolated
from n = 3 biologically independent mice (n = 68, 70, and 68 BCRs
sequenced from each animal). Public CDRH3 were first defined based
on heavy chain clonal relatedness across the three mice. Separately,
light chain lineages (shared CDRL3) were analyzed by Cloanalyst. The
public clones were then manually identified as those BCRs from a
public CDRH3 that also shared a clonally related, paired light chain
lineage. Phylogenetic trees to visualize relatedness were generated
from the heavy chain nucleotide sequences using the maximum like-
lihood method with the Tamura-Nei model in MEGA11 software106,107.
Either Lin1_gH or Lin2_gH was used as the baseline for tree
construction.

Antigen recognition and by vaccine-expanded BCRs
To evaluate antigen recognition in BCR format, the mature (sHsL),
variable-region germline reverted (gHgL) and intermediate forms of
the vaccine-expanded mAbs were expressed in a BCR-negative repor-
ter Ramos B cell line, engineered to displaymono-specific IgM BCRs of
interest78 (Lin1_gHgL, Lin1_sHsL, Lin1_mut1, Lin1_mut2, Lin1_mut 3,
Lin1_mut 4; Lin2_gHgL, Lin2_sHsL, Lin2_mut1, Lin2_mut2, Lin2_mut 3,
Lin2_mut 4, Lin2_mut 5, Lin2_mut 6). This reporter system consists of
stable expression of ectopic BCR through lenti-viral mediated delivery
ofmembrane anchoredHCandLCsequences andhasbeennowwidely
described anddeployed as a tool to rank-order candidate immunogens
in antigen receptor triggering studies12,47,78–85 and its display of user-
defined BCR sequences has also been validated by sequencing86.

To assess antigen binding, the BCR reporter cell lines were first
cultured in complete RPMI (cRPMI) [RPMI (Gibco, Cat # 12633012)with
15% FBS (Sigma, Cat # F4135) + 1× L-glutamine (Fisher Scientific, Cat #
25030081) + 1× of penicillin + streptomycin (Life Technologies, Cat #
15140122)], washed in PBS, and then incubated with violet fluorescent
reactive dye (ThermoFisher; 0.025mg/ml for 2min). The cells were
washed again in PBS and then incubated for 1 h, 4 °C, in PBS containing
1% FBS with either: 0.25 µg Env-PE; 0.25 µg Env-368R-APC; or PE anti-
kappa chain (eBioscience, Cat # 12-9970-42) to monitor BCR surface
expression in each line. VRC01 IgM BCR cells12,86 served as a positive
control and FE53 IgM BCR cells10,86 served as a isotype control (except
for anti-kappa staining since FE53 also has a kappa LC; in this case, IgM
surface negative B cells served the negative control). In some experi-
ments, 0.25 µg Y98F HA-PE and 0.25 µg Y98F HA-APC were applied as
control ligands. Cells were washed (2x) and then fixed in 0.5% PFA in
PBS. Cellfluorescent intensitieswere thenmeasuredbyflowcytometry
(LSR II, BD Biosciences). Downstream analyses of the data were per-
formed using FlowJo software version 10.7.2 (TreeStar).

BCR triggering
BCR signaling in the B cell reporter system requires antigens to be
multivalent10,47,78. Accordingly, Fc-fusion forms of our gp120 antigens
we generatedby attaching the Fc region (CH2 andCH3domains) of the
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human IgG1 heavy chain and the hinge region to the C-terminus of the
Env and Env-D368R (D368R +A281R +G366R + P369R in the case of
YU212) sequences by replicating the design of pFUSE-hIgG1-Fc2, a
publicly available plasmid sequenceengineered for the constructionof
Fc-Fusion proteins (Invivogen, Cat # pfuse-hg1fc2); see also Supple-
mentary Data 1 for Fc-fusion sequences. The Fc-fusion constructs were
cloned into pVRC8400, expressed in 293F cells and then purified as we
described for 17B. Here, affinity purification was by Protein A/G-agar-
ose (Pierce, Cat #20398), followed by direct elution into 50mM Tris,
pH 8, using 1.5 column volumes of low pH IgG elution buffer (Pierce,
Cat#21004), and then further separation and buffer exchange to PBS
by size exclusion chromatography [Superdex 200 Increase 10/300
column (Cytiva, Cat# 289990944)]. Env-Fc versus Env-D368R-Fc sig-
naling activities were first validated in VRC01 IgM BCR cells12,78,86 and
then applied to monoclonal BCR cells expressing the gHgL and sHsL
sequences identified in the present study.

BCR signaling was evaluated by calcium flux after incubating with
multivalent antigen78. In these experiments, 1×106 cells displaying
monoclonal BCR were exposed to: 100 µg/ml Env-Fc; 100 µg/ml Env-
D368R-Fc; or 1μg/μl anti-IgMF(ab’)2 (Southern Biotech, Cat #2022-01).
BCR stimulation was measured kinetically by flow cytometry (LSR II,
BD) as the ratio of the Ca2+ bound/unbound states of the membrane
permeable and ratiometric dye Fura Red. For each monoclonal BCR
cell line, the ratiometric measurements were made before and after
antigen exposure and the values were normalized to total Ca2+

flux
capacity, as defined by exposure of the cells to 10 μg/ml ionomycin78.

Production of monoclonal antibodies (mAbs) and Fabs
The variable region sequences from paired HC and LC sequences were
cloned into human IgG1 HC and LC expression plasmids within
pVRC840047,51. The monoclonal antibodies were expressed and then
purified using Protein A/G-agarose (Thermo Scientific, Cat #20398)
and further separated by size exclusion chromatography [Superdex
200 Increase 10/300 column (Cytiva, Cat# 289990944)], as described
for 17B. Fabs were generated by cleaving the purified IgGs using
Endoproteinase Lys-C (New England Biolabs Cat. # P8109S)51. In this
procedure, a mixture of 5 µg LysC per milligram of IgG1 was generated
in PBS supplemented with 1mM EDTA (Sigma, Cat # 03701). After 12 h
at room temperature, a 1x complete protease inhibitor cocktail
(Roche, Cat # 11697498001) was added to quench the reaction and
uncleaved IgG1 was cleared by the addition of Protein A/G-agarose
(Pierce, Cat #20398). The beads were washed in PBS and the super-
natant was concentrated using Amicon Ultra concentrators (10 kDa
MWCO, Millipore, Cat # UFC801008) and the Fabs were resolved on
size exclusion FPLC using a Superdex 200 Increase 10/300 column
(Cytiva, Cat# 289990944).

Biolayer interferometry (BLI)
Thebinding affinities of gHgL, intermediate and sHsL formsof the Fabs
were measured by biolayer interferometry using the Personal Assay
BLItz System (Fortebio). Biotinylated avi-taged gp120s, generated as
described earlier, were first loaded at 100 µg/mL onto streptavidin (SA)
biosensors (Fortebio, Cat# 18-0009). After acquiring a 10 s baseline in
1xPBS, the Fabs (gHgL and sHsL) were applied at 1 µM, 2 µM, 5 µM, and
10 µM. The binding measurements used 60 s association and 30 s dis-
sociation periods. The equilibrium dissociation constant (KD) values
were then calculated by applying a 1:1 binding isotherm using the
vendor-supplied software. KD values above 100 µM are beyond the
limit of detection for this instrument17.

Statistical analyses
All statistical analysis was performed using Prism Graphpad software.
Sample sizes of animals and specific tests to determine statistical sig-
nificance used are indicated in the figure legends. Probability values
less than 0.05 were considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. Antibody sequences are
deposited in GenBank and their accession numbers are listed in Sup-
plementary Data 1. All other data are available in the article and its
Supplementary files or from the corresponding author upon
request Source data are provided with this paper.
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