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Abstract
Antibody paratopes are formed by hypervariable complementarity-determining regions (CDRH3s)
and variable gene-encoded CDRs. The latter shows biased usage in human broadly neutralizing
antibodies (bnAbs) against both HIV and influenza virus, suggesting the existence of gene-
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endowed targeting solutions that may be amenable to pathway amplification. To test this, we
generated transgenic mice with human CDRH3 diversity but simultaneously constrained to
individual user-defined human immunoglobulin variable heavy chain (VH) genes, including
IGHV1-69, which shows biased usage in human bnAbs targeting the hemagglutinin stalk of Group
1 influenza A viruses. Sequential immunization with a stalk-only hemagglutinin nanoparticle
elicited Group 1 bnAbs, but only in IGHV1-69 mice. This VH-endowed response required
minimal affinity maturation, was elicited alongside pre-existing influenza immunity, and when
IGHV1-69 B cells were diluted to match the frequency measured in humans. These results
indicate that the human repertoire could in principle support germline-encoded bnAb elicitation
using a single recombinant hemagglutinin immunogen.

Graphical Abstract
Author Manuscript
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eTOC Blurb
Human broadly neutralizing antibodies (bnAbs) against influenza virus can be biased for VH-gene
usage, suggesting gene-encoded development pathways. Sangesland et al. show that human
IGHV1-69 B cell receptors impart natural affinity for a ‘universal’ vaccine target, enabling rapid
bnAb responses in mice that were elicited using a rationally designed influenza immunogen.

Introduction

Author Manuscript

Antigen recognition relies on establishing biochemical affinity for a target epitope. For
antibodies, the antigen-binding site is initially displayed by the germline B cell receptor
(BCR) and is primarily formed by the hypervariable CDRH3, a centrally positioned antigenbinding loop unique to each B cell clone (Schroeder and Cavacini, 2010; Xu and Davis,
2000). While CDRH3 diversity facilitates broad recognition of diverse antigen structures, it
often fails to explore the antigenic space equally, leading to dominant and subdominant
antibody responses to different sites on the same antigen (Altman et al., 2015; Angeletti et
al., 2017). Subdominant or low titer antibody responses can arise when the repertoire is
endowed with low-frequency sources of on-target affinity, which are then unable to compete
for selection in B cell germinal centers (Abbott et al., 2018; Dosenovic et al., 2018). While
the physiochemical basis for low frequency targeting is unclear, it is a hallmark of human
broadly neutralizing antibody (bnAb) responses against pathogens that ‘resist’ conventional
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approaches to vaccination, including HIV and influenza virus (Altman et al., 2015; Peterhoff
and Wagner, 2017). Here the capacity to expand CDRH3 solutions engaging the bnAb
epitopes is difficult as they emerge in the repertoire both stochastically and with low
reproducibility.

Author Manuscript

However, the germline antigen binding site is also formed by peripheral antibody V geneencoded CDRs that can show biased usage in human bnAbs against both HIV and influenza
virus. This suggests the existence of gene-endowed targeting solutions that could support
pathway-based amplification through genetic reproducibility (Lerner, 2011; Peterhoff and
Wagner, 2017; Zhou et al., 2015). To exploit this, germline B cell stimulating immunogens
have been engineered which prime and expand the corresponding VH-constrained HIV bnAb
cell lineages within human VH gene-knockin mice (Briney et al., 2016; Duan et al., 2018;
McGuire et al., 2016; Tian et al., 2016; Verkoczy et al., and in mice containing adoptively
transferred bnAb precursors (Abbott et al., 2018; Dosenovic et al., 2018; Dosenovic et al.,
2019). However, these maturation pathways typically require exceptional levels of somatic
hypermutation (SHM) to achieve broad neutralization of HIV, and the number and
configuration of ‘shepherding’ immunogens needed to boost and mature the vaccine
response to generate this activity remains unclear (Bonsignori et al., 2018; Peterhoff and
Wagner, 2017; Umotoy et al., 2019). In this study, we demonstrate that a gene-encoded
human CDR imparts natural cognate affinity for a conserved site of vulnerability on
influenza virus, enabling rapid vaccine-amplification of a human VH-constrained bnAb
response, elicited by a single recombinant influenza immunogen.
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Influenza virus remains a global health burden, producing a diversity of genetically distinct
strains that are often poorly matched to seasonal vaccines (Erbelding et al., 2018; Paules and
Subbarao, 2017; Petrie and Gordon, 2018). Influenza A viruses (IAV) account for the
majority of hospitalizations and are a significant source of pandemic threats (Paules and
Subbarao, 2017; Petrie and Gordon, . The major envelope glycoprotein hemagglutinin (HA)
further sub-divides IAV into Group 1 and Group 2 viruses, and the discovery and evergrowing list of human bnAbs targeting conserved epitopes within the HA stalk region to
attenuate infection across Group 1 and/or Group 2 viruses has stimulated great effort to
enhance their elicitation by vaccination (Krammer et al., 2018; Nabel and Fauci, 2010; Wu
and Wilson, 2017). While these antibodies have been operationally defined by their capacity
to inhibit viral fusion with the host cell membrane in vitro (Cho and Wrammert, 2016; Wu
and Wilson, 2017), their protective activity also appears to be mediated by antibody Fc
functionalities (DiLillo et al., 2016; DiLillo et al., 2014; Kosik et al., 2019) that are
enhanced when the stalk bnAb sites are targeted (He et al., 2016). However, the immune
system has a distinctive preference for nonstalk HA epitopes, both following influenza
infection or conventional vaccination with HA immunogens (Altman et al., 2015; Nabel and
Fauci, 2010; Tan et al., 2019). Promising strategies to overcome this include sequential
immunization with chimeric HA molecules to promote antibody boosting on conserved
features (Krammer et al., 2018) and structure-based design of stalk-only displaying
immunogens (Impagliazzo et al., 2015; Lu et al., 2014; Mallajosyula et al., 2014; Yassine et
al., 2015). While these approaches have successfully elicited anti-stalk responses, vaccineexpansion of broadly neutralizing serum antibodies targeting the stalk bnAb epitopes has not
been achieved.
Immunity. Author manuscript; available in PMC 2020 October 15.
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Using in vitro reconstituted B cell-antigen interactions, we previously identified an
unconventional VH gene-centric mode of targeting by the germline BCR, wherein the
hydrophobic CDRH2 loop encoded by the human VH gene IGHV1-69 provides natural
affinity to the Group 1 bnAb-epitope on the HA stalk, prior to antibody affinity maturation
(Lingwood et al., 2012; Villar et al., 2016; Weaver et al., 2016). This reconstituted germline
BCR specificity correlates with a subdominant but public human bnAb response that is
biased for IGHV1-69 usage (>80%) and is panneutralizing across Group 1 IAVs (Avnir et
al., 2014; Lerner, 2011; Pappas et al., 2014; Sui et al., 2009; Wheatley et al., 2015; Whittle
et al., 2014). We hypothesized that VH-endowed germline affinity for the influenza Group 1
bnAb epitope supplies the antibody repertoire with a natural, deterministic source of
biochemical specificity for this target, and as such, a reproducible basis for focusing
antibody responses upon it.
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To test this hypothesis in vivo, we applied a humanized mouse recombineering platform
(Fishwild et al., 1996; Lonberg et al., 1994; Xu and Davis, 2000) to generate transgenic mice
in which antibody development was fully constrained to either IGHV1-69*01 or a control
human VH gene (IGHV1-2*02), but proceeded with humanized CDRH3 diversity. By
systematically varying the VH gene but maintaining CDRH3 diversity, we could
experimentally define VH contribution to human antibody epitope targeting as a function of
immune challenge, as recorded by the serum antibody response where polyclonal targeting
effects are critical for vaccine efficacy. Through this approach, we demonstrate that
IGHV1-69 usage provides natural immunoreceptor activity for the Group 1 bnAb epitope,
and identified rationally designed HA immunogen configurations that optimized serum
antibody refocusing to this target and bnAb output through this property. This was assessed
in both naive animals and when pre-existing immunity to influenza virus was present.
Moreover, we measured the frequency of GHV1-69 bnAb precursors within human
peripheral blood mononuclear cells (PBMCs) and performed B cell dilutions within our
transgenic animals to cover this range. Collectively, our results indicate that the human
repertoire could support gene-endowed bnAb elicitation using a single recombinant HA
immunogen.

Author Manuscript

Results
CDRH2-centric contribution to the germline IGHV1-69 bnAb paratope.
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CDRH2-directed recognition of the HA Group 1 bnAb epitope by the germline IGHV1-69
BCR defines a molecular basis for biased VH gene usage in human bnAbs that target this
site (Lingwood et al., 2012; Weaver et al., 2016). Selection of CDRH3 bearing tyrosine
residues at Kabat positions 98100 is often seen in human IGHV1-69 bnAb lineages, as these
residues provide a key polar contact to the target epitope (Avnir et al., 2014; Lerner, 2011;
Pappas et al., 2014; Wheatley et al., 2015; Whittle et al., 2014). To define the importance of
CDRH2 vs CDRH3 moieties in forming the germline paratope, we introduced mutations in
these loops and assessed HA binding to three germline-reverted BCRs of human IGHV1-69
bnAbs. Mutation of the apex residue F54A in CDRH2 disrupted bnAb-epitope recognition
by all germline BCRs, but removal of the polar tyrosine contact in CDRH3 by phenylalanine
substitution was tolerated in two of the three antigen receptors (Figure S1A and S1B),
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indicating a primary role for CDRH2 in forming the ‘primordial’ germline contact and
suggesting that IGHV1-69 usage may be deterministic for bnAb epitope-targeting following
immune challenge.
A transgenic model to experimentally test VH-endowed epitope targeting as a function of
immune challenge in vivo.
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To experimentally test whether VH affinity to the group 1 influenza bnAb epitope genetically
endows for antibody responses against this site, we deployed humanized mice homozygous
for the integrated HC2 locus, which provides for expression of near-normal and unrestricted
human CDRH3 diversity and 100% restriction to specific VH genes of interest (Fishwild et
al., 1996; Lonberg et al., 1994; Xu and Davis, 2000). In this study, antibody responses were
fully constrained to IGHV1-69*01 or IGHV1-2*02 (Figure 1A). Deep sequencing of the
antigen naive IgM B cell repertoires in these animals revealed a CDRH3 chain length
distribution and amino acid composition that mirrored the human repertoire (Figures 1B, 1C,
S2A, and S2B), and was therefore unlike that of mice (DeWitt et al., 2016; Tian et al., 2016).
Complete VH gene restriction was also confirmed by sequencing BCRs from fluorescenceactivated cell sorting (FACS)-isolated antigen naive B cells as well as >500 antigen-specific
individual BCRs sequenced over the course of the study (Figure S2C). T cell and B cell
numbers and frequencies were also comparable to wildtype (WT) C57BL/6 mice (Figures
S2D and S2E). The Y98-100 containing CDRH3 sequences were also present in all of the
genotypes at similar frequencies and were comparable to humans, indicating a lack of
CDRH3 repertoire bias that would favor recognition of the group 1 bnAb epitope in any one
genotype (Figure S2F). These models therefore allowed us to (1) experimentally vary VH
gene usage to causally define their individual contribution to epitope targeting by the serum
antibody response, in which polyclonal target specificity is critical for vaccine efficacy; (2)
assess this parameter in the human CDRH3 context, where this hypervariable loop is
normally the primary determinant of antibody target specificity; and (3) rank order different
immunogenic configurations of influenza HA for their capacity to elicit group 1 bnAbs
within this framework (Figure 1D).
VH-endowed targeting to the Group 1 bnAb epitope upon exposure to influenza virus.

Author Manuscript

We first assessed the capacity of our transgenic mice to elicit HA stalk bnAb-epitope
targeting responses following infection with influenza virus. Accordingly, we infected our
animals (C57Bl/6, IGHV1-69 and IGHV1-2 genotypes) with the H1N1 virus A/New
Caledonia/20/1999 (NC99) (Figure 2A). This virus infects and propagates within mice but
does not cause disease (Glaser et al., 2007). At two weeks post-infection (post-infection 1),
we observed a robust primary IGHV1-69 IgG response targeting the Group 1 bnAb-epitope,
as measured by serum antibody binding to a strain-matched HA trimer probe but not the
HAΔstem, containing the I45R + T49R substitutions within HA2 that sterically occludes
access to this site (Lingwood et al., 2012; Weaver et al., 2016) (Figure 2B and 2C). HAspecific IgG elicited in WT C57Bl/6 mice and IGHV1-2 animals were comparable in titer,
but failed to engage the bnAb target (Figure 2C). IGHV1-69 therefore naturally endows a
capacity to target the otherwise subdominant Group 1 bnAb epitope, as displayed by the
native virion. However, we noted that secondary exposure to virus preferentially boosted offtarget responses, as evidenced by elevated HA titers and loss of the differential in IGHV1-69
Immunity. Author manuscript; available in PMC 2020 October 15.
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IgG reactivity to the HA vs HAΔstem probes at post-infection 2 and 3 time points (Figure
2C). This property could be recapitulated by sequentially immunizing with a recombinant
HA displaying nanoparticle, in which eight copies of full length NC99 HA trimer were
arrayed and stabilized by a self-assembling ferritin nanoparticle scaffold (HA-np) (Kanekiyo
et al., 2013) (Figures 1D, 2A, and 2D). As with the viral display of HA, HA-np elicited
antibodies with IGHV1-69-dependent targeting to the Group 1 bnAb epitope in the primary
response, which were then outcompeted by off-target boosting following secondary
exposure to the antigen (Figure 2D).
VH-dependent amplification of a serum antibody response targeting the Group 1 bnAb
epitope

Author Manuscript

To appropriately activate and amplify the VH-endowed antibody response, we reconfigured
HA-np into an identical nanoparticle displaying the trimeric stalk-only domain of NC99 HA,
termed SS-np (Yassine et al., 2015) (Figures 1D and 3A). Consistent with previous
observations, this translated into an enhanced capacity to activate the germline-reverted
CR6261 (gCR6261) BCR through its VH gene-encoded CDRH2 contact to the stalk bnAbepitope (Figure S3A and S3B).

Author Manuscript

We found that in contrast to HA-np, sequential immunization with SS-np now boosted
antibodies to the Group 1 bnAb epitope, refocusing up to 50% of the serum antibody
response upon this target (Figure 3A). In the control genotypes (not containing IGHV1-69),
bnAb epitope-targeting was not observed in the serum response after sequential
immunization with SS-np (Figure 3A). The magnitude of antigen specific IgG elicited by
SS-np, as well as HA-np and NC99 virus, was nevertheless equivalent across all genotypes
(Figure S4A). IGHV1-69-dependent antibody refocusing was also evidenced by logfold
increases in serum neutralization activity against matched and unmatched H1N1 influenza
strains (Figure 3B and S4B). This neutralization activity was lost when IGHV1-69 immune
serum was pre-absorbed with HA but not with HAΔstem competitors, further indicating
serum antibody refocusing to the Group 1 bnAb epitope (Figure 3B and S4B). By contrast,
neutralization activity from the immune sera of the control genotypes were competed by HA
and HAΔstem, indicating off-target polyclonal responses against the HA stalk.
Vaccine-amplification of human IGHV1-69 bnAb lineages

Author Manuscript

To isolate and characterize the IGHV1-69 BCRs expanded by SS-np, we performed H1-HA
and H5-HA B cell probe staining and FACS on IgM and IgG B cell subsets throughout the
SS-np immunization regimen. H1-and H5-HA dual probe reactivity was used to identify
BCR affinity to the Group 1 bnAb-epitope as performed previously (Wheatley et al., 2015;
Whittle et al., 2014). We found that dual-reactive B cells were not detected prior to
immunization, indicating a low on-target precursor frequency, but were expanded following
each exposure to SS-np (Figure 3C and S4C). Isolation and sequencing of the corresponding
BCRs revealed selection for CDRH3 containing tyrosine at Kabat positions 98-100, motifs
reproducibly observed in human IGHV1-69 bnAb lineages (Avnir et al., 2014; Lerner, 2011;
Pappas et al., 2014; Wheatley et al., 2015; Whittle et al., 2014) (Figure 3D and 3E).
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We observed SHM in CDRH1, CDRH2, and FR3 in the H1+ H5 reactive antibodies elicited
by SS-np (Figure 4A and 4B). The elicited antibodies fell into three tiers following two or
three exposures to SS-np: I) those that could neutralize across clinically relevant vaccineunmatched Group 1 viruses (H1N1, H5N1, H9N2) with similar breadth as CR6261 (e.g.
mAbs: S89, S53); II) those that neutralized two of the three subtypes (e.g. mAbs: S102), and
III) those that only neutralized unmatched H1N1 (e.g. mAbs: S68, S49, S76) (Figure 4C and
S4D–F). Affinity maturation of the SS-np induced mAbs averaged 6%, indicating that
minimal SHM was needed to elicit this bnAb vaccine response (Figure 4D, S5A–C). Our
Tier I antibodies were underscored by T28P, a well characterized ‘public’ mutation often
conferring Group 1 neutralization breadth in IGHV1-69 bnAbs (Lingwood et al., 2012;
Pappas et al., 2014). We did not detect any Group 2 neutralizing activity, consistent with the
elicitation of a prototypic Group 1 IGHV1-69 bnAb response (Figure 4C and S4F). To
confirm that the IGHV1-69 response was protective, we immunized IGHV1-69 and control
C57Bl/6 mice with SS-np and then challenged with a subtype-unmatched avian H5N1
influenza virus (Figure 4E). Immunization of wildtype mice with SS-np has previously
demonstrated protective efficacy against H5N1 avian challenge (Yassine et al., 2015), and in
our animals, we found that vaccine protection was significantly elevated in the IGHV1-69
response (P<0.05, Mantel-Cox test of survivorship).

Author Manuscript

To define if this same response could be expanded in the presence of pre-existing immunity
to influenza, mice were pre-infected with a sublethal dose of the unmatched H1N1 virus A/
California/09/2009 (CA09), a major immunodominant target within human B cell memory
(Guthmiller and Wilson, 2018; Raymond et al., 2018), and then sequentially immunized
with SS-np (Figure 5A). After each immune challenge, we observed serum IgG refocusing
to the Group 1 bnAb epitope in IGHV1-69 animals only, as measured by reactivity to HA
and HAΔstem,derived from both NC99 and CA09 (Figure 5B). This refocusing was again
underscored by expansion of human IGHV1-69 bnAb lineages, as indicated by expansion of
Y98-100-containg BCRs (Figure 5C).
IGHV1-69 bnAb precursors in transgenic mice and human PBMC
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Immunogenicity for a given antibody epitope can be controlled by the relative number of
germline BCRs specific for that epitope (on-target BCRs) versus the number of germline
BCRs specific for other competing epitopes (off-target BCRs) (Abbott et al., 2018;
Dosenovic et al., 2018). Dual H1 and H5 staining of B cells from naïve IGHV1-69 animals
indicated that despite VH gene constrainment, the frequency of germline B cells specific for
the Group 1 bnAb site was low and not well detected by this method (Figure 3C and S4C).
To more accurately measure the frequency of germline BCRs specific for the bnAb epitope
as displayed by our SS-np immunogen (on-target), versus those BCRs targeting non-bnAb
sites on SS-np (off-target), we generated fluorescent SS-np B cell probes that discriminated
between these antigenicities (Figure 6A and S6A–C). Two fluorescent versions of SS-np
served as positive selectors (SS-np-A488 and SS-np-A594) and two fluorescent versions of
SS-npΔstem (containing the I45R, T49R substitutions) served as negative selectors (SSnpΔstem-A546 and SS-npΔstem-A647) (Figure 6A and S6A–C). These probes were first
validated for correct size and BCR antigenicity (Figure S6A–C) and then applied to
interrogate our mouse and human B cell repertoires (Figure 6A–F and S6D). On-target IgM
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BCRs were defined by reactivity to both SS-np labeled probes and not the SS-npΔstem
probes, while off-target IgM BCRs were defined by reactivity to only the SS-npΔstem
probes.
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We found that the frequency of on-target IgM B cells was significantly elevated in
IGHV1-69 animals, relative to control animal genotypes, which also held true when the
frequency of on-target BCRs was normalized against the frequency of off-target BCRs
(Figure 6C). In contrast to the control genotypes, the ratio of on-to-off target B cells in
IGHV1-69 mice was > 1, indicating that VH-endowed targeting conferred preferential
specificity for the group 1 bnAb epitope (Figure 6C). The on-target IgM BCRs in IGHV1-69
animals also selected for CDRH3 sequences containing Y98-100, which were present in
45% of the on-target BCRs (Figure 6D). In human PBMC, the on-target IgM BCRs were
biased for IGHV1-69 usage (comprising ~25% of the BCR sequences), of which 41% were
enriched for Y98-100 (Figure 6E–F). The other on-target non-IGHV1-69 VH genes did not
select for tyrosine at this position (Figure 6F). The ratios of on-to-off-target germline B cells
in humans vs IGHV1-69 mice were statistically indistinguishable (P>0.05, ANOVA) with
on/off ratios >1 (Figure 6C and S6D).
Dilution of the IGHV1-69-endowed response to match the on-target frequency in human
PBMC

Author Manuscript

B cell dilution experiments in the HIV vaccine space have been performed by adoptively
transferring a near monoclonal source of CD45.2+/+ B cells bearing a single VDJ
constrained on-target BCR clone of interest into CD45.1+/+ C57Bl/6 recipients (Abbott et
al., 2018; Dosenovic et al., 2018). However, as our donor IGHV1-69 B cells were CDRH3
unconstrained (polyclonal), with an already diluted frequency of on-target B cells, further
dilution by adoptive transfer would be hypophysiologic relative to the IGHV1-69 B cell
frequency in humans (Figure S7A–C). Nevertheless, under these hypophysiologic
conditions, we found that SS-np immunization of recipient CD45.1+/+ mice enriched for
IGHV1-69 bnAb precursors bearing Y98-100 in their CDRH3 within GCs (Figure S7D).
These IGHV1-69 B cells were isolated by FACS using expression of GC markers, CD45.2,
and co-reactivity for G6, a monoclonal anti-idiotypic antibody specific to the Phe54 position
in the IGHV1-69 CDRH2 and has previously been deployed to measure IGHV1-69 usage in
B cell responses to influenza vaccines (Avnir et al., 2016; Wheatley et al., 2015). All G6reactive B cells were sequence verified as IGHV1-69, further confirming G6 specificity.
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We then performed an in vivo IGHV1-69 B cell dilutions to encompass the human bnAb
precursor frequency by breeding four transgenic mouse genotypes: IGHV1-69+/+;
IGHV1-69+/−/C57Bl/6+/− ; IGHV1-69+/−/IGHV1-2+/−; and C57Bl/6+/+ (Figure 7). Using
IgM B cell reactivity to G6, we determined that all BCRs in the IGHV1-69+/+ mice
expressed IGHV1-69, while ~50% were IGHV1-69 in IGHV1-69+/−/IGHV1-2+/− mice, and
only ~3% were IGHV1-69 in the IGHV1-69+/−/C57Bl/6+/− genotype (Figure 7A–C). The
~3% expression of IGHV1-69 in IGHV1-69+/−/C57Bl/6+/− mice indicated a distinct
preference for using native C57Bl/6 IgH instead of the engineered HC2 locus. Sequential
(3x) immunization of these animals with SS-np elicited serum antibodies that were
refocused upon the Group 1 bnAb epitope in direct proportion to the number of IGHV1-69
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B cells present (Figure 7C and 7D). This occurred at all dilutions, both above and below the
frequency of IGHV1-69 bnAb precursors as measured in human PBMC (Figure 7E).

Discussion

Author Manuscript

Antibody responses can show biased VH gene usage, supporting the long-discussed notion
that gene-encoded elements of the BCR harbor innate-like recognition characteristics that
endow ‘public’ antigen targeting solutions (Casali and Notkins, 1989; Cohn and Langman,
1990; Henry Dunand and Wilson, 2015; Lerner, 2011; Lonberg, 2005; Pape et al., 2018;
Schroeder et al., 1987). Here, we deployed purpose-built transgenic mice to experimentally
evaluate the existence of gene-endowed epitope targeting as a function of immune challenge,
and then assessed whether such public targeting provided a reproducible basis for vaccineamplifying humoral responses against an otherwise immunologically subdominant site,
namely the functionally conserved stalk bnAb epitope on Group 1 influenza viruses. We
found that the human VH gene IGHV1-69 endowed natural cognate specificity for this target
and supported the elicitation of a low-threshold immunodominant bnAb response, which
was activated and amplified using a single rationally designed immunogen. In vivo B cell
dilution further demonstrated that this antibody focusing principle was dependent on the
number of IGHV1-69 B cells present in repertoire and could be achieved when the precursor
frequencies were within physiologic range. Collectively our results demonstrate that geneendowed antibody targeting exists and could in principle be exploited to elicit bnAbs in
humans.
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Using reconstituted IGHV1-69 BCR-HA interactions, we found that CDRH2-input
dominated over CDRH3-input in germline recognition of the Group 1 bnAb epitope,
consistent with the VH centric model of germline targeting to this site (Lingwood et al.,
2012; Villar et al., 2016; Weaver et al., 2016) and the suggestion that IGHV1-69 usage may
be deterministic for generating human influenza bnAb responses (Avnir et al., 2014; Lerner,
2011; Lingwood et al., 2012; Pappas et al., 2014; Sui et al., 2009; Weaver et al., 2016). To
test this, we deployed humanized mice in which antibodies were fully constrained to single
VH genes of interest, but developed with unrestricted human CDRH3 diversity. Of the
current single VH gene knock-in mice, most are fixed to a single VDJ, while others are
partially constrained to a select VH gene with CDRH3 diversity arising from N-junctional
diversification of murine D and J segments (Verkoczy et al., 2017) (see also Table S1). By
contrast, complete VH restriction in our system allowed for systematic evaluation of VH
contribution to epitope targeting in the serum antibody response, and in the context of
human CDRH3 diversity. This is an important distinction, as CDRH3 is normally the
principal determinant for antigen complementarity (Schroeder and Cavacini, 2010; Xu and
Davis, 2000), and profoundly affects antibody targeting, as demonstrated in bovine humoral
responses, wherein a baseline repertoire with longer CDRH3 sequences enables vaccineelicitation of otherwise unattainable HIV bnAbs (Sok et al., 2017).
We found that exposure to NC99 H1N1 influenza virus elicited primary antibody responses
engaging the Group 1 bnAb epitope, but only in IGHV1-69 animals. This experimentally
demonstrates that IGHV1-69 endows for BCRs with natural specificity for the bnAb target
as displayed by the native virus (Figure 2). Antibody subdominance to this epitope has been
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thought related to inaccessibility arising from the dense packing of surface glycoproteins on
the virion (Nabel and Fauci, 2010). However, our results show that IGHV1-69 endows ontarget solutions that are insensitive to this parameter. Nevertheless, immunodistractive
epitopes on the HA head domain are well established for sterically accessible HA trimer
immunogens (Altman et al., 2015; Tan et al., 2019), and consistent with this, we found that
bnAb-epitope specific B cells were outcompeted by off-target responses following
secondary exposure to virus. Recapitulation of this viral immune-distraction effect by
sequential immunization with the structurally defined HA-np (Kanekiyo et al., 2013)
indicated that full length HA imposes an immunogenic structure that prevents productive
expansion of IGHV1-69-endowed targeting of the Group 1 bnAb epitope. This was verified
by sequential immunization with the homologous SS-np, which enabled IGHV1-69dependent refocusing of ~50% of the serum antibody response upon the bnAb target.
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The inability of SS-np to elicit IgG against the Group 1 bnAb-epitope in the control
genotypes illustrates an important vaccine principle, namely that optimized display of the
target does not circumvent immunological subdominance if the baseline CDRH3 repertoire
is unable to reproducibly engage the epitope of interest. However, we found that if the same
CDRH3 repertoire was coupled to a gene-endowed antibody affinity for the target, then a
genetically reproducible basis for engagement was present, allowing for pathway-based
amplification of the bnAb response. Along this line, the titer of antibodies engaging a given
epitope can be controlled by the relative number of on-target versus off-target BCRs present
in the germline B cell repertoire (Abbott et al., 2018; Dosenovic et al., 2018). The reason
SS-np elicited bnAbs in IGHV1-69 animals and not control genotypes was because
IGHV1-69 usage selectively increased the frequency of on-target germline BCRs specific
for the Group 1 bnAb epitope as displayed by SS-np relative to the frequency of off-target
BCRs specific for non-bnAb sites on this immunogen. By contrast, within the control
genotypes, germline BCRs specific for non-bnAb sites on SS-np were numerically superior
to those specific for the bnAb epitope. Importantly, the proportion of CDRH3 bearing
Y98-100, a non-obligate but reproducible marker of IGHV1-69 bnAb lineages (Avnir et al.,
2014; Lerner, 2011; Pappas et al., 2014; Wheatley et al., 2015; Whittle et al., 2014), was
comparable across all genotypes, indicating that IGHV1-69 constrainment did not skew the
repertoire toward potentially favorable CDRH3 sequences. Rather it was the genetic
insertion of IGHV1-69 encoded CDRs that now made favorable the elicitation of a serum
antibody response refocused upon the Group 1 bnAb epitope.
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The hydrophobic CDRH2 encoded by IGHV1-69 has long been proposed to provide
multiple non-overlapping/polyreactive antigen specificities (Andrews et al., 2015; Casali and
Notkins, 1989; Kipps et al., 1990; Lerner, 2011). Our results indicate that when SS-np is the
antigen, such activity becomes preferentially focused on the Group 1 bnAb epitope.
Importantly, repertoire constrainment to IGHV1-69 did not alter B cell numbers or
development in vivo, as might be expected if this VH gene was deterministic for generating
autoreactive B cells.
Critically, pre-immunity to an unmatched CA09 influenza virus, a strain that currently
dominates influenza B cell memory in humans (Guthmiller and Wilson, 2018; Raymond et
al., 2018), did not prevent IGHV1-69 dependent refocusing to the bnAb epitope following
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immunization with SS-np; rather it primed antibody responses against this site. On-target
priming by diverse H1N1 viruses further underscores the broad immunoreceptor activity of
IGHV1-69-encoded CDRs for the Group 1 bnAb site and suggests that the corresponding
bnAb response is able to ‘resist’ some potentially confounding aspects of immune history, a
key requirement for universal vaccination (Erbelding et al., 2018).
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In all cases antibody refocusing to the Group 1 bnAb epitope was underscored by vaccineamplification of human IGHV1-69 bnAb lineages, both in naïve animals and those with
established H1N1 immune history. This was evidenced by expansion of BCRs bearing
Y98-100 in CDRH3 resulting in the elicitation of pan-Group 1 bnAbs, with the greatest
neutralizing breath yet achieved in an animal influenza vaccine model. This response was
low threshold as bnAbs could be induced after only two exposures to SS-np, and only
required an average of 6% affinity maturation to achieve panGroup 1 neutralization activity,
a value lower than the ~15% SHM typically seen in human IGHV1-69 bnAbs (Avnir et al.,
2014; Lerner, 2011; Pappas et al., 2014; Whittle et al., 2014). SHM was also almost
exclusively concentrated in the HC, as would be expected for IGHV1-69 bnAbs, where LC
contact is not indispensable but is minimal for this antibody class (Lingwood et al., 2012;
Pappas et al., 2014). Neutralization activity in the SS-np-elicited responses was also
underscored by T28P, a reproduced/public mutation often deployed in humans to confer
IGHV1-69 Group 1 neutralization breadth (Lingwood et al., 2012; Pappas et al., 2014).
Elevated affinity maturation was expected postboost 2, however recent data suggests that
IgG B cell memory does not necessarily re-seed GCs following repeat antigen exposure
(Shlomchik, 2018) and therefore may not accumulate mutations, at least in mice. While this
remains debated (Pape and Jenkins, 2018), the important pre-clinical message is that human
IGHV1-69 bnAb responses have a minimalist affinity maturation requirement that can be
met by a single influenza immunogen that broadly stimulates on-target germline precursors
through a natural VH ‘encoded’ affinity for cognate antigen. This contrasts the challenge for
vaccine-elicitation of VH-constrained HIV bnAbs, where although effective germline
priming has been achieved in some animal models (Table S1), an unknown number of stainvariant ‘shepherding’ immunogens are likely needed to sequentially boost the response to
attain the exceptional SHM needed for HIV neutralization breadth (Peterhoff and Wagner,
2017; Verkoczy et al., 2017).
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SS-np may also be capable of eliciting this same low-threshold bnAb response from the
human B cell repertoire. We found that within human PBMC there was a greater frequency
of germline IgM BCRs specific for the bnAb epitope than those specific for non-bnAb sites
on SS-np. Furthermore, IGHV1-69 B cells using Y98-100 accounted for a substantial
fraction of these on-target BCRs. IGHV1-69 also displays allelic polymorphism in CDRH2
(F54 vs L54 variants), where the F54 alleles (homozygous in both our IGHV1-69 mice and
in the patients sequenced) are generally more common and supply the prototypic IGHV1-69
bnAb response (Avnir et al., 2014; Avnir et al., 2016; Lingwood et al., 2012; Pappas et al.,
2014; Wheatley et al., 2015). Importantly, our B cell dilution experiments demonstrated that
SS-np can selectively prime IGHV1-69 bnAb precursors when present at hypo-physiologic
cell numbers and can refocus the serum antibody response upon the bnAb-epitope when
these precursors were present at physiologic frequencies. This refocusing was also dosedependent and was directly proportional to the number of IGHV1-69 B cells present in the
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repertoire, again underscoring a gene-hardwired and vaccine-expandable pathway that SS-np
appears poised to elicit in humans. Studies of early human fetal B cell repertoire have
demonstrated enriched usage of F54 IGHV1-69 (up to 14% of BCRs) (Schroeder et al.,
1987), suggesting that SS-np could be particularly effective in eliciting the response within
infants and young children.
The influenza bnAb elicitation principle we describe in this study demonstrates that usage of
certain human antibody gene-encoded CDRs causally and broadly endow for rapid, low
threshold vaccine-amplifiable antibody responses targeting an otherwise immunologically
subdominant but ‘universal’ vaccine target on influenza virus. This antibody-focusing
principle may also be applicable for amplifying other bnAb responses, such as VH gene
restricted bnAb development pathways that neutralize Group 1 and Group 2 influenza
viruses (Joyce et al., 2016).
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STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for reagents should be directed to and will be fulfilled by
the Lead Contact, Daniel Lingwood (dlingwood@mgh.harvard.edu). There are restrictions
to the availability of the IGHV1-69 and IGHV1-2 transgenic mice due to a MTA with
Bristol-Myers Squibb.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Author Manuscript
Author Manuscript

Mice—The mice used in these studies were developed using a pre-established strategy that
fully constrains VH usage to user-defined gene segments, while allowing for normal and
random recombination with diverse human D and J segments (Fishwild et al., 1996; Lonberg
et al., 1994). Thus, B-cell rearrangements that underlie variable region generation in these
mice fully fixes to CDRH1 and CDRH2 domain usage while allowing for normal CDRH3
formation. Successfully recombined antibody segments are substrates for subsequent affinity
maturation. The variable region domain as found in the HC2 human-Ig construct (Fishwild
et al., 1996; Lonberg et al., 1994; US patent US6255458B1) was used as the starting
substrate for plasmid recombineering (Gene Bridges, GmBH). Briefly, the four original VH
segments present in HC2 were removed, and replaced by single synthetic DNA constructs
corresponding to individual VH segments. This modular cassette system was developed to
enable delivery of functional, unmodified single genomic VH domains comprising VH
coding regions and endogenous regulatory and recombination signals into the VH-deleted
HC2 variable region recipient. As reported here, synthetic genomic DNA constructs of
~6.6kb derived from human VH alleles IGHV1-69*01 or IGHV1-2*02 were synthesized at
Geneart (Regensburg, Germany) using coding sequences obtained from IMGT “IG and TR”
Repertoire (http://www.imgt.org/). Specific coordinates of synthesized DNA fragments
correspond to NCBI’s GRCh38.p12 Primary Assembly of huChr14 (nts
106720648-106714041 for IGH1-69*01 and nts 10599108-105984851 for IGHV1-2*02).
Transgenic animals were generated per standard techniques (Pease, Shirley, and Thomas L.
Saunders. Advanced Protocols for Animal Transgenesis: an ISTT Manual. Springer, 2011)
and were a gift to D.L. from Bristol-Myers Squibb (Redwood City, CA). The transgenic
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mice used in this study (IGHV1-69*01 animals and IGHV1-2*02) consisted of the following
genotypes: IGHV1-69+/+; IGHV1-2+/+; IGHV1-69+/−IGHV1-2+/−;
IGHV1-69+/−C57Bl/6+/−, and all were wild-type C57Bl/6 for light chain expression.
Animals were maintained within Ragon Institute’s HPPF barrier facility and all experiments
were conducted with institutional IACUC approval (MGH protocol 2014N000252). In this
study, both male and female animals, aged 6-10 weeks, were used.
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Human PBMC—Human PBMC were isolated from Leukopacs obtained from the MGH
blood donor center (9 patients). Prior to donating blood donation, the human subjects were
required to sign a donor attestation/consent statement, as per hospital requirements. It states:
“I give permission for my blood to be used for transfusion to patients or for research”. The
gender as well as the age/developmental stage of the patients is not recorded by the MGH
blood donor center, however eligible donors must be a minimum of 16 years of age and
weigh a minimum of 110lbs. All experiments with human PBMC were conducted with
institutional IBC approval (MGH protocol 2014B000035).
METHODS DETAILS
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Recombinant immunogens and B cell probes—HA ectodomains from A/New
Caledonia/20/1999 (NC99) or A/California/04/2009 (CA09) were expressed in and purified
from 293F cells as soluble wildtype and HAΔstem (I45R, T49R) trimers, or as NC99 ferritin
nanoparticles displaying 8 copies of either full length HA trimer (HA-np) or stalk-only
trimer (SS-np), as performed previously (Kanekiyo et al.; Weaver et al., 2016; Yassine et al.,
2015). Briefly, 293F cells grown in Freestyle media were transfected with 500 μg/L of HA
or probe plasmid (293fectin™ Reagent). At day five, the culture supernatant was collected,
filtered and loaded on either Ni Sepharose resin (GE Healthcare) for HA trimers, or
Erythrina cristagalli Gel-ECA-Immobilized Lectin (EY Laboratories) for HA-np and SS-np
by gravity flow. For purification of HA trimer, the resin was further washed with 20mM
imidazole and eluted in 500mM imidazole. For purification of HA nanoparticles, the resin
was washed in PBS and eluted in 0.2M lactose. All proteins were then separated by size
exclusion chromatography (SEC) using an AKTA pure protein purification system (GE
Healthcare). A Superdex 200 10/300 column was used to purify HA trimers while the
Superose 6 10/300 column was used for HA nanoparticles.
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For B cell probes, Y98F versions of soluble trimeric HA ectodomains from NC99 (H1) and
A/Indonesia/05/2005 (H5) were also generated and purified as described above (Wheatley et
al., 2015; Whittle et al., 2014). Y98F is a mutation that prevents surface sialic acid binding
(Whittle et al., 2014). The H1/H5 probes also contained an Avi-Tag, which was biotinylated
and labeled with streptavidin-phycoerythrin (H1-PE) or streptavidin-allophycocyanin (H5APC), producing fluorescent tetramers of HA trimers (Weaver et al., 2016; Whittle et al.,
2014). The SS-np probes were fluorescently labeled with Alexa 488 and Alexa 594, and the
SS-npΔstem (I45R, T49R) probes were fluorescently labeled with Alexa 647 and Alexa 546
and then re-purified by SEC. All recombinant HA proteins were quality controlled by SEC
and by binding to the conformational antibodies CR6261 and CH65 (Whittle et al., 2014;
Yassine et al., 2015). The G6 antibody was a gift from Dr. Roy Jeffris (University of
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Birmingham, U.K.). G6 was labeled with either Alexa 647 or Pacific Blue using commercial
conjugation kits.
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Reconstituted BCR – antigen interactions—Unmutated germline revertants of
IGHV1-69-derived bnAbs were expressed as mIgM in 293F cells (Lingwood et al., 2012;
Weaver et al., 2016). Two days post-transfection, 2×106 cells expressing germline membrane
IgM versions of CR6261, FE53, 1009-3B05 with mutations in CDRH2 or CDRH3, or
VRC01 (isotype control) were placed on ice, incubated with violet fluorescent reactive dye,
washed and then incubated for 1 hr at 4°C in PBS containing 1% FBS with either 0.4μg PEHA, 0.4μg PE-HAΔstem, or PE mouse anti-human lambda chain (BD Biosciences) to
confirm surface trafficking of CR6261 germline mIgM, or PE-anti-human kappa chain
(eBioscience) to confirm surface trafficking of FE53 and 1009-3B05 germline mIgMs. Cells
were washed twice and then fixed in 0.5% PFA in PBS. PE surface intensity from Violetnegative singlet 293F cells was measured by flow cytometry.
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In vitro Germline BCR triggering—The capacity of SS-np vs HA-np preparations to
trigger gCR6261 BCR signaling was evaluated through activation of Ramos cells engineered
to display mono-specific IgM BCRs of interest, as previously described (Villar et al., 2016;
Weaver et al., 2016; Yassine et al., 2015). Briefly, 1×106 B cells displaying gCR6261 BCR
or its variant containing a CDRH2 binding mutant (I53A, F54A) (Lingwood et al., 2012;
Weaver et al., 2016) were exposed to 0.5 μM SS-np; 2.5pM HA-np; 5 μM of HA trimer; or
0.5 μg/μl mouse anti-human IgM F(ab’)2 (Southern Biotech). HA-np and HA trimer were
engineered with the Y98F mutation to prevent superantigen-like BCR stimulation by HA
lectin activity (Villar et al., 2016). BCR stimulation was measured by flow cytometry (LSR
II, BD Immunocytometry Systems) as the ratio of the Ca2+ bound/unbound states of the dye
Fura Red and ratiometric measures for individual cells were normalized to total Ca2+ flux as
measured by exposure of cells to 10 μg/ml ionomycin.
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Immune challenges—Mice were bled prior to all experiments. For NC99 infection, mice
were sequentially infected intranasally at week 0, 3, and 6 with 105.4 TCID50 units/ml of
virus, a previously established sublethal dose for this influenza strain (Glaser et al., 2007).
Blood was collected 14 days after each infection time point. For protein antigens, each
mouse genotype was immunized with 15ug of SS-np or equimolar HA-np in a 100ul
inoculum containing 50% w/v Sigma adjuvant, as described previously (Kanekiyo et al.;
Yassine et al., 2015). Akin to the viral infection regimen, intraperitoneal immunizations
were performed sequentially at weeks 0, 3 and 6, with blood collected two weeks after each
inoculation. For some experiments, pre-existing H1N1 immunity was established by preinfecting with a sublethal dose of CA09 (105.8 TCID50/ml) at week 0 followed by sequential
immunization with SS-np at weeks 3 and 6. To assess vaccine-protection, the SS-np
immunization regimen was repeated in each animal genotype (n=5 per group) and then
followed by an intranasal challenge with106.4 TCID50 units/ml of a low path H5N1 avian
influenza (A/chicken/Viet/NCVD-016/2008/(H5N1)-PR8-IDCDCRG12) at week 8 (two
weeks after the final SS-np immunization). Survivorship over the next ten days was
evaluated and animals that lost 15% of the initial body weight during this period were
humanely euthanized. This endpoint was expressly enforced by our Institutional Animal
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Care Committee. The H5 ressortant virus was produced using plasmid-based reverse
genetics (Neumann et al., 1999) and contains 6 internal genes from A/Puerto Rico/8/1934
(H1N1) with HA and NA genes derived from those of the parental virus [A/chicken/
Vietnam/NCVD-016/2008 (H5N1) (USDA permit#133390). Seed stocks for all the viruses
used in this study were obtained from the Centers for Disease Control and Prevention
International Reagent Resource (IRR - Atlanta, Georgia, USA) and were grown in ten dayold embryonated chicken eggs or in Madin-Darby canine kidney (MDCK) cells.
ELISA
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Protein antigens (HA, HAΔstem, SS-np and HA-np) were coated onto 96 well Nunc
MaxiSorp plates at 200ng HA per well. The plates were blocked with 2% BSA in PBS for 1
hour and washed with PBS and 0.05% Tween 20 (PBST). After blocking, mAbs or immune
sera was added and incubated for 1 hour. To assess serum antibody responses, samples were
initially diluted at 1:20 followed by 1:5 serial dilutions in PBS. Monoclonal antibodies were
tested at 10ug/ml and further diluted 1:5 in PBS. Plates were washed with PBST and
incubated with sheep anti-mouse IgG-HRP (GE Healthcare) or sheep anti-human IgG-HRP
(GE Healthcare) at 1:5000 dilution in PBS. Plates were developed using TMB substrate,
quenched with 1N sulphuric acid, and then read at 450nm using the Teacan Infinite m1000
Pro microplate absorbance reader (Männedorf, Switzerland). Loading of HA and HAΔstem
(NC99 versions) was standardized by reactivity to CH65, an RBS-specific mAb. For CA09
versions of HA and HAΔstem, loading was standardized by anti-his tag reactivity. To
quantify mAb or serum IgG reactivity to HA vs HAΔstem, area under the curve was
calculated using GraphPad PRISM software. These values were then evaluated using a
method for comparing two under the curve areas (Hanley and McNeil, 1983), which tests the
two sided null hypothesis that the distribution of Z is centered on zero (P>0.05) and includes
correction for curves derived from the same subject.
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Flow Cytometry and B-cell Sorting—B cell and T cell phenotypes in the spleens of
IGHV1-69, IGHV1-2 and wildtype C57Bl/6 mice were assessed using a cocktail of mouse
specific B cell- and T cell-specific flow cytometry antibodies: CD4 Alexa Fluor 700 (BD
Biosciences); and CD3e PE-Cy7 (Biolegend), CD19 BV421 (BioLegend), IgM BV605
(BioLegend), IgG PerCPCy5.5 (Biolegend). Single cells suspensions were obtained using a
70gm cell strainer and treated with ACK lysis buffer. The cells were washed in PBS and
then stained with Aqua Live/Dead amine-reactive dye (0.025 mg/ml) before the B cell and T
cell staining panel was applied. To isolate SS-np-elicited B cells, mouse spleens were
stained as above, with the addition of 0.25gg of H1-PE and H5-APC probes, as previously
described (Weaver et al., 2016; Whittle et al., 2014). Single cells (CD3−/CD19+/IgG
+/IgM/H1+/H5+) were sorted into 96 well plates containing RLT lysis buffer supplemented
with 1% beta-mercaptoethanol (BME). In unimmunized IGHV1-69 and IGHV1-2 animals,
antigen naïve B cells (CD3−/CD19+/IgG−/IgM+) were also bulk sorted into RLT lysis buffer
with 1% BME. In all cases, the cells were immediately frozen and stored at −80°C for
subsequent analysis. The same staining procedure was applied to the splenocytes of
unimmunized IGHV1-69 animals and H1+H5 cross-reactivity was measured in the
CD19+/IgG+/IgM− and CD 19+/IgG−/IgM+ sub sets.
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When applying SS-np B cell probes, the fluorescent SS-np and SS-npΔstem probes were
first tittered against human BCR reporter cell lines expressing either FE53 IgM BCR or
control VRC01 IgM BCR, as previously described (Weaver et al., 2016). Briefly, cells were
placed on ice, incubated with violet fluorescent reactive dye, washed and then incubated for
1 hr at 4°C in PBS containing one of each of the four fluorescently labeled SS-np probes
(0.25 μg of SS-np-Alexa 488, SS-np-Alexa 594, SSΔstem-np Alexa 647, or SSΔstem-np
Alexa 546). The cells were then washed twice, resuspended in PBS and analyzed on a 5
Laser LSR Fortessa (BD Biosciences). To determine the frequency of on-target and offtarget germline IgM B cells, mouse spleens were processed and stained with the T and B cell
staining panel as above but now containing 0.25μg each of SS-np Alexa 488, SS-np Alexa
594, SS-npΔstem Alexa 647, and SS-npΔstem Alexa 546. 2-5 million events were recorded
using the FACS Aria Fusion Sorter (BD Biosciences). On-target germline B cells were
defined as CD3−/CD19+/IgM+/IgG−/SS-np Alexa 488+/SS-np Alexa 594+/SS-npΔstem
Alexa 6477SS-npAstem Alexa 546’. Off-target germline B cells were defined as CD3−/
CD19+/IgM+/IgG−/SS-np Alexa 488−/SS-np Alexa 5947SSAstem-np Alexa 647+/SSnpΔstem Alexa 546+. Individual on-target B cells were sorted into 96 well plates containing
RLT lysis buffer supplemented with 1% BME.
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For human PBMC (Patients 1-9), the cells were stained with Aqua Live/Dead amine-reactive
dye, washed, and incubated with a cocktail of B cell and T cell-specific flow cytometry
antibodies: CD19 Alexa 700 (Biolegend), IgG BV421 (BD Biosciences), IgD PE-Cy7 (BD
Biosciences), IgM PerCP-Cy5.5 (BioLegend), CD3 APC-Cy7 (BD Biosciences); and 0.25μg
each of SS-np Alexa 488, SS-np Alexa 594, SS-npΔstem Alexa 647 and SS-npΔstem Alexa
546. On-target and off-target B cells were defined as stated above. Individual on-target cells
were isolated by FACS in Patients 1-3 who were homozygous for the F54 containing
CDRH2 alleles of IGHV1-69 and processed for BCR sequencing. Downstream analyses of
the data were performed using FlowJo software version 9.3.2 (TreeStar).
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B cell dilution experiments—B cell adoptive transfer experiments were performed as
described previously (Abbott et al., 2018; Dosenovic et al., 2018). Briefly, resting antigen
naïve IgM B cells were purified from our CD45.2+/+ IGHV1-69 mice using a MACS cell
separation kit and transferred to recipient CD45.1+/+ C57Bl/6 mice by intravenous injection.
Twenty-four hours later, the recipient mice were primed with 100ug of SS-np, injected
intraperitoneally. Eight days later, spleens were processed as mentioned above and stained
with a cocktail of the following antibodies: CD4, CD8a – APCe780 (Thermofisher); B220
BV605 (BioLegend); GL7 Alexa 488 (BioLegend); CD95 PE/Cy7 (BD Biosciences);
CD45.1 PerCP/Cy5.5 (BioLegend); CD45.2 PE (BioLegend); G6 Alexa 647 (0.25μg).
IGHV1-69 B cells that participated in the subsequent germinal center reaction were defined
as CD3−/CD4−/B220+/GL7+/CD45.1−/CD45.2+/G6+, and were individually sorted by FACS
into 96 well plates containing RLT lysis buffer supplemented with 1% BME. G6 is a
monoclonal anti-idiotypic antibody specific to the Phe54 position in the IGHV1-69 CDRH2
and has been previously deployed to measure IGHV1-69 usage in B cell responses to
influenza vaccines (Avnir et al., 2016; Wheatley et al., 2015).
B cell dilutions were also achieved genetically by generating the following genotypes:
IGHV1-69+/+, IGHV1-2+/+, IGHV1−69+/−/IGHV1-2+/−; IGHV1-69+/−C57Bl/6+/− The
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proportion of IGHV1-69 B cells in each genotype was measured as CD3−/CD4−/
CD19+/IgM+/G6+. As G6 binds specifically to the CDRH2 of IGHV1-69 antibodies (Avnir
et al., 2017), the germline-endowed paratope for recognizing the Group 1 bnAb epitope, we
found that it competed for recognition using our four-color SS-np/SSΔstem-np approach
previously used to measure the fraction of on/off-target IGHV1-69 IgM B cells.
Consequently, we estimated these values by multiplying the proportion of G6 positive
CD19+/IgM+ splenocytes in each genotype by the measured fraction of on-target B cells in
animals fully constrained to IGHV1-69 (IGHV1-69+/+ genotype). To obtain the
corresponding frequencies of Y98-100 usage in these genotypes, these values were
multiplied by 0.45, the measured proportion of CDRH3 bearing Y98-100 in the on-target
IgM BCRs of IGHV1-69+/+ animals. The proportion of CDRH3 bearing Y98-100 in the ontarget IGHV1-69 IgM BCRs of human PBMC was 0.41. Each animal genotype
(IGHV1-69+/+; IGHV1-2+/+; IGHV1-69+/−IGHV1-2+/−; IGHV1-69+/−C57Bl/6+/−) was then
subjected to our 3x sequential immunization regimen using SS-np.
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BCR sequencing—We enriched BCR libraries from single-cell (H1 + H5 reactive; SS-np/
SSΔstem-np sorted; germinal center sorted) whole transcriptome amplification (WTA)
products that were generated using the Smart-Seq2 protocol (Trombetta et al., 2014). To
enrich BCR sequences from WTA after two 0.8x (v/v) SPRI bead-based cleanups and cDNA
quantitation/normalization, we amplified both the heavy and light chain of each single cell
(FR1 to CDR3) separately (HotStarTaq Plus), 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: 0.5 μM each) and reverse primers
against the heavy or light constant regions (final concentration: 1μM each) (Scheid et al.,
2009; Tiller et al., 2009) attached to the Illumina P7 (V region) and P5 (constant region)
sequences (see Table S2). 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 Using a step-out
PCR (Kapa HiFi HotStart ReadyMix), we next added cellular barcodes and Illumina
sequencing adapters (based on Nextera XT Index Adapters, Illumina Inc.) to each amplified
heavy and light chain. Following purification with a 0.8x (v/v) SPRI and sample pooling, the
paired heavy and light chain single-cell BCR libraries were sequenced using paired end
250×250 reads and 8×8 index reads on an Illumina MiSeq System. After demultiplexing, we
paired heavy and light chain reads, reconstructed overlapping sequencing reads (PandaSeq,
(Masella et al., 2012)), and aligned against the human IMGT database (Shi et al., 2014) with
PCR/sequencing error correction using MigMAP, a wrapper for IgBlast (https://github.com/
mikessh/migmap). Finally, consensus V-chain and L/K-chain for each single cell were
determined by collapsing all reads with the same CDR3 sequence and calling the top heavy
and light chain sequences by frequency. Any heavy or light sequence without at least 25
reads or frequency two-times greater than the next sequence of the same chain was denoted
as without consensus.
The BCRs from antigen naïve IgM B cells (CD3−/CD19+/IgG−/IgM+) were also sequenced
in bulk to evaluate CDRH3 diversity in IGHV1-69 and IGHV1-2 animals (>5 million BCR
reads). For this, we performed the same WTA step using the Smart-Seq2 protocol
(Trombetta et al., 2014) and the two subsequent PCR steps as above, except that in the first
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PCR, the cocktail of V gene primers was replaced with a forward primer specific for the
FR3 region within the VH gene of interest (IGHV1-69 or IGHV1-2; see Table S2). We then
sequenced the resulting product (FR3 to CDRH3) on an Illumina MiSeq, as above except
without index reads, and aligned the resulting paired end FASTQs using MIXCR (Fahnrich
et al., 2017). We used the following parameter in the alignment step of MIXCR:
OvParameters.geneFeatureToAlign = {FR3Begin:Vend}, and restricted alignment to only
heavy chain matches. Any reads with low sequence quality were trimmed by MIXCR using
the default settings. To define the corresponding CDRH3 diversity in the human repertoire,
we mined data from a recent study of naïve B-cell receptor (CD3−/CD19+/IgM+/IgG−)
sequences (DeWitt et al., 2016), specifically the naïve B cell sequences from Donor 3. Using
tcR (Nazarov et al., 2015) and custom scripts, we parsed the sequenced IGHV1-69 and
IGHV1-2 naïve IgM B cells and the mined human data to generate frequency plots of
CDRH3 length and assigned Kabat numbering for amino acid composition of 15aa and 16aa
length CDRH3s. After filtering, we compiled the following total number of reads:
IGHV1-69 – 6.66*106; IGHV1-2 – 5.72*106; human – 55.1*106. The ranges of CDRH3
sizes for each sample were the following: IGHV1-69 – 4-35aa; IGHV1-2 – 4-36aa; human –
3-39aa. CDRH3 sequence logos were made by WebLogo (https://weblogo.berkeley.edu) as
described previously (Crooks et al., 2004).
The proportion of CDRH3 containing Y98-100 within the IgM B cell repertoires were
calculated for the IGHV1-69 and IGHV1-2 mice, humans (Donor 3) (DeWitt et al., 2016),
and also for wildtype C57Bl/6 mice by mining a recent IgM BCR repertoire analysis (Rettig
et al., 2018).
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Production of Monoclonal Antibodies—The variable sequences from BCR heavy
chains (HC) and light chains (LC) were synthesized as gene blocks (GenScript) and then
cloned into human IgG HC and LC expression plasmids for transfection using our 293F
protein production platform (Villar et al., 2016; Weaver et al., 2016). Monoclonal antibodies,
including human bnAb IgG standards (CR6261, gCR6261, CH65, VRC01) were expressed
as described above, with the exception that expression was for 6 days and the culture
supernatant was passed over Protein G Sepharose. The column was washed in PBS, and then
eluted in IgG elution buffer into 1M Tris, pH 8. The eluted IgG were further purified by SEC
using a Superdex 200 10/300 column on the AKTA FPLC system (GE Healthcare).
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Pseudotyped Neutralization Assays—In vitro neutralization assays were conducted in
293A cells using luciferase encoding lentiviruses pseudotyped for influenza HA and NA, as
described previously (Kong et al., 2006; Yang et al., 2007). HA and NA sequences used to
generate pseudoviruses were derived from: Group 1 [A/New Caledonia/20/1999 (H1N1), A/
Singapore/6/1986 (H1N1), A/Vietnam/1203/04 (H5N1), A/Hong Kong/1073/99 (H9N2)]
and Group 2 viruses [A/Hong Kong/1/1968 (H3N2), and A/Anhui/1/2013 (H7N9)]. Briefly,
mouse sera were treated with receptor destroying enzyme (RDE) and heat-inactivated before
use in neutralization assays. Immune sera or monoclonal antibodies were serially diluted and
incubated with pre-titrated HA-NA pseudotyped viruses before addition to 293A cells. For
competition assays, mouse immune sera were pre-incubated with HA, HAΔstem, or control
RSV F protein (at a final concentration of 50 μg/ml) prior to measuring neutralization
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activity against the above pseudoviruses. IC50 values were calculated from neutralization
curves generated by GraphPad Prism software (v7.0).
Quantification and Statistical Analysis
All statistical analysis was performed using Prism Graphpad software. Sample sizes of
animals and specific tests to determine statistical significance used are indicated in the
methods and corresponding figure legends. Data were considered statistically significant at
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
DATA AND CODE AVAILABILITY

Author Manuscript

Single cell and bulk sequencing data from IGHV1-69 and IGHV1-2 mice as reported in this
publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible
through GEO accession number GSE135761 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE135761).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights
•

Generated mice with user-defined human antibody VH-genes and humanized
CDRH3 diversity

•

IGHV1-69 use enables elicitation of IgG against a ‘universal’ site on
influenza

•

A single flu immunogen elicited gene-encoded broadly neutralizing
antibodies

•

The response was achieved when IGHV1-69 B cells were titrated to human
frequency
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Figure 1. Generation of transgenic mice constrained to user-defined human VH genes but with
unconstrained humanized CDRH3 diversity.

(A) Illustration of the IgH locus in the VH-gene restricted model as compared to humans.
(B) CDRH3 length distribution in the IGHV1-69 restricted mouse as compared to humans.
BCR sequences obtained from naïve IgM B cells (CD3−/CD19+/IgG−/IgM+ cells; >5 million
BCR reads from a single human patient and IGHV1-69 mouse). See Figure S2D for gating
strategy. The human repertoire was publically available (DeWitt et al., 2016). See also
Figure S2A–B for the IGHV1-2 genotype.
(C) CDRH3 amino acid composition from deep sequencing above in (B).
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(D) Homologous HA immunogens used in this study: influenza virus (NC99); HA
nanoparticle (HA-np); stalk-only nanoparticle (SS-np). The Group 1 bnAb epitope is marked
in yellow. See also Figure S2
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Figure 2. IGHV1-69 endows the antibody repertoire with a natural capacity to target the Group
1 bnAb epitope.

(A) Scheme for sequential immune challenge: NC99 virus infection or HA-np
immunization.
(B) Group 1 bnAb epitope-targeting vs off-target IgG was assessed by reactivity to
homologous HA (bnAb epitope: yellow) and HAΔstem probes (I45R, T49R point mutations:
red). Binding curves for the prototypic IGHV1-69 bnAb CR6261 and the receptor binding
site-specific bnAb CH65 are shown (performed in duplicate).

Immunity. Author manuscript; available in PMC 2020 October 15.

Sangesland et al.

Page 29

Author Manuscript

(C) Serum IgG response following sequential infection with NC99 in C57Bl/6, IGHV1-2
and IGHV1-69 genotypes. Targeting to the Group 1 bnAb epitope is denoted as reactivity to
HA (black line) vs HAΔstem (red line). Mean and SEM are shown for each dilution curve (n
= 5 mice/genotype).
(D) Serum IgG response following sequential immunization with HA-np. Mean and SEM
are shown for each dilution curve (n = 5 mice/genotype).
For all responses area under the curve (AUC) was calculated using GraphPad PRISM
software and these values were compared using the method of Hanley and McNeil (Hanley
and McNeil, 1983) (*P<0.03, **P<0.003). Endpoint dilutions are presented in Figure S4A.
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Figure 3. IGHV1-69-dependent amplification of the Group 1 bnAb epitope following sequential
immunization with SS-np

(A) C57Bl/6, IGHV1-2 and IGHV1-69 animals were immunized three times with SS-np
(weeks 0, 3, and 6) and serum IgG was measured for reactivity to HA vs HAΔstem probes
two weeks after each injection (weeks 2, 5, and 8). Mean and SEM values are shown for
each time point (n = 5 mice/genotype). AUC values were compared using the method of
Hanley and McNeil (Hanley and McNeil, 1983) (**P<0.003, ***P<0.0003). Endpoint
dilutions are presented in Figure S4A.
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(B) In vitro neutralization activity of immune sera after SS-np immunization (n = 5 mice/
genotype, post boost 2, bar = mean). The sera were pre-absorbed with competitors (HA,
HAΔstem, or RSV F) and IC50 values were measured against A/New Caledonia/20/1999
(matched) and A/Singapore/6/1986 (unmatched) (*P<0.05, **P<0.01, ***P<0.001,
****P<0.0001, ANOVA with Tukey’s Test) (see also Figure S4B).
(C) B cells targeting the Group 1 bnAb epitope were evaluated by flow cytometry both prior
to and throughout the SS-np immunization regimen using cross-reactivity to H1-HA and H5HA tetramers (Wheatley et al., 2015; Whittle et al., 2014). Dual-reactive IgM and IgG BCRs
are marked by black boxes (see Figure S4C).
(D) CDRH3 sequences from dual reactive B cells isolated by FACS at post boost 1 (130
BCRs, n = 2 IGHV1-69 mice) and post boost 2 (140 BCRs, n = 2 IGHV1-69 mice), as
compared to the naive IgM BCR repertoire (see also Figure 1).
(E) Tyr 98-100 is a hallmark of the human IGHV1-69 bnAb lineage, providing a key contact
to the Group 1 IGHV1-69 bnAb epitope (PBD accession 3GBN) along with CDRH3
sequences from human IGHV1-69 bnAbs.
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Figure 4. Vaccine-elicitation of bnAbs against Group 1 influenza viruses.

(A) SHM in six representative monoclonal antibodies (mAbs) isolated at post-boost 1 (red)
and postboost 2 (blue) during the SS-np immunization regimen. Purple denotes mutations
shared with known IGHV1-69 bnAbs and underlines denote changes known to confer
neutralization breadth (Lingwood et al., 2012).
(B) CDRH3 sequences of the six representative mAbs.
(C) Neutralization of Group 1 (H1 SG86, H5 VN04, H9 HK99) and Group 2 (H3 HK68, H7
AN13) influenza pseudoviruses. IC50 values derived from n = 3 replicates were compared to
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CR6261 (panGroup 1 neutralizer) and CR8020 (pan-Group 2 neutralizer). mAbs are
grouped by ability to neutralize H1, H5, H9 (I); two of the three subtypes (II), or unmatched
H1 only (III). In all cases a cut off of IC50 <1 ug/ml was applied (denoted by horizontal
dotted line). See also Figure S4D–F.
(D) Percent SHM in the elicited mAbs as compared to human IGHV1-69 bnAbs. Line
indicates mean.
(E) IGHV1-69 and control C57BL/6 (n = 5 mice/genotype) were immunized with SS-np and
challenged with unmatched H5N1 virus. Weight loss and survival was evaluated (*P<0.05,
Mantel-Cox test of survivorship between IGHV1-69 animals versus control C57Bl/6). The
H5N1 dose given was lethal for naïve mice (black lines).
See also Figure S4 and S5.
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Figure 5. Pre-immunity to an H1N1 virus does not prevent IGHV1-69-dependent expansion of
the bnAb response

Author Manuscript

(A) Infection and vaccination scheme: C57Bl/6 and IGHV1-69 mice were infected with a
sublethal dose of H1N1 influenza virus (CA09) and then sequentially immunized with SSnp.
(B) Serum reactivity to HA vs HAΔstem probes matched either to CA09 or to SS-np (NC99)
at week 2 (Post-Infection), 5 (Post-Immunization 1), and week 8 (Post-Immunization 2).
Mean and SEM are presented for n = 4 mice/genotype. AUC values were compared using
the method of Hanley and McNeil (Hanley and McNeil, 1983)(*P<0.02, **P<0.002).
C) CDRH3 amino acid sequences from 66 BCRs isolated from H1 and H5 dual-reactive B
cells sampled at 2 weeks following Immunization 2 in one IGHV1-69 mouse.
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Figure 6. VH-endowed bnAb precursors in IGHV1-69 mice and humans

(A) Positive selector (SS-np Alexa 488 and SS-np Alexa 594) and negative selector (SS-np
Δstem Alexa 546 and SS-np Δstem Alexa 647) B cell probes. Probe antigenicity and quality
control is presented in Figures S6A–C.
(B) Representative SS-np probe reactivity to CD3−/CD19+/IgG−/IgM+ splenocytes
(germline IgM B cells) from C57Bl/6, IGHV1-2 and IGHV1-69 mice, as well as human
PBMC (see Figures 2SD and S6D for gating). Off-target IgM B cells bind both negative
selector probes, but not positive selectors (specific for non-bnAb sites on SS-np); on-target
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IgM B cells bind both positive selector probes but not negative selector probes (specific for
the Group 1 bnAb epitope on SS-np).
(C) The proportion of on-target IgM B cells and the ratio of on-to-off target IgM B cells in
the transgenic mice and in human PBMC. Data is presented as mean and SD for n = 3 mice/
genotype and n = 9 human PBMC samples (*P<0.05, **P<0.03, ANOVA with Tukey’s test).
An accompanying table expressing the corresponding proportion of on-target B cells across
all genotypes is also present.
(D) CDRH3 amino acid sequences isolated from on-target IgM B cells from IGHV1-69
animals (171 BCRs from one mouse).
(E) Percent VH gene usage by on-target IgM B cells from human PBMC (Patients 1-3; 63,
41, and 23 BCRs, respectively).
(F) CDRH3 amino acid sequences from on-target IGHV1-69 B cells and non-IGHV1-69 B
cells from human PBMC (Patients 1-3).
See also Figure S6.
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Figure 7. B cell dilution to human IGHV1-69 B cell frequency

(A) Gating strategy for naïve IgM B cells (CD3”/CD19+/IgM+) in the animal genotypes.
(B) IGHV1-69 usage, as measured by G6 reactivity to the BCR repertoires of C57Bl/6+/+
(blue); IGHV1-69+/−C57Bl/6+/− (green); IGHV1-69+/−IGHV1-2+/− (black); and
IGHV1-69+/+ (red) genotypes.
(C) Proportion of G6 reactive IgM B cells in (B). Bar = mean and SD from n = 3 mice per
genotype.
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(D) Serum IgG reactivity to HA and HAΔstem probes in the genotypes following 3x
sequential immunization with SS-np (Mean and SEM values presented for each dilution
curve, n = 5 mice/genotype, Post-Boost 2). AUC values were compared using the method of
Hanley and McNeil (Hanley and McNeil, 1983) (*P<0.05,**P<0.003, ***P<0.0003).
(E) The fraction of on-target IGHV1-69 IgM B cells in the animal genotypes versus the
value measured in human PBMCs (see also Figure 6 and methods).
See also Figure S7
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