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Summary

Human broadly neutralizing antibodies (bnAbs) targeting the hemagglutinin stalk of group 1 

influenza A viruses (IAVs) are biased for IGHV1-69 alleles that use phenylalanine (F54) but 

not leucine (L54) within their CDRH2 loops. Despite this, we demonstrated that both alleles 

encode for human IAV bnAbs that employ structurally convergent modes of contact to the 

same epitope. To resolve differences in lineage-expandability, we compared F54 vs L54 as 

substrate within humanized mice where antibodies develop with human-like CDRH3 diversity 

but are restricted to single VH-genes. While both alleles encoded for bnAb precursors, only F54 

IGHV1-69 supported elicitation of heterosubtypic serum bnAbs following immunization with a 

stalk-only nanoparticle vaccine. L54 IGHV1-69 was unproductive, co-encoding for anergic B cells 

and autoreactive stalk antibodies that were cleared from B cell memory. Moreover, human stalk 
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antibodies also demonstrated L54-dependent autoreactivity. Therefore, IGHV1-69 polymorphism, 

which is skewed ethnically, gates tolerance and vaccine-expandability of influenza bnAbs.

Graphical Abstract

eTOC:

Human broadly neutralizing antibodies (bnAbs) against influenza virus preferentially use F54 

IGHV1-69 as opposed to the L54 allele of this antibody VH-gene. Sangesland et al. show 

that while both alleles encode for affinity to the same target, L54 IGHV1-69 also imparts 

autoreactivity, dampening vaccine-expandability in a humanized mouse model.

Introduction

Antibodies possesses exceptional diversity and can recognize essentially any antigen. In 

humans, this is enabled by a repertoire of ~1012 B cell receptors (BCRs) in which each BCR 

presents a unique configuration of hypervariable and antibody variable (V) gene-encoded 

antigen complementarity determining regions (CDRs) (Briney et al., 2019; Mora, 2019). 

Diversity is concentrated in the centrally positioned and hypervariable heavy chain CDRH3, 

which typically serves as the principal determinant of antigen recognition (Glanville et 

al., 2009; Xu and Davis, 2000). However, CDRH3-dominant antigen recognition often 

fails to explore the antigenic space evenly as hypervariable ‘vaccine-resistant’ viruses, 

such as HIV or influenza virus, establish complex immunodominance hierarchies that 
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prevent the reproducible expansion of broadly neutralizing antibodies (bnAbs) targeting 

conserved sites of vulnerability on these pathogens (Altman et al., 2018; Kwong and 

Mascola, 2018). While the mechanisms governing B cell immunodominance are not fully 

understood, subdominance or immuno-recessive responses can occur when low frequencies 

of site-specific (on-target) BCRs are unable to compete for expansion within B cell germinal 

centers (GCs), allowing ‘immunodistracted’ BCRs targeting other sites (off-target) to 

dominate affinity maturation (Abbott and Crotty, 2020; Sangesland and Lingwood, 2021a).

In addition to CDRH3-dominant antibodies, some human bnAbs rely on V gene-encoded 

CDRs for principal contact to antigen, resulting in genetically reproducible or ‘public’ 

development pathways (Henry Dunand and Wilson, 2015; Lerner, 2011; Lingwood et al., 

2012; Zhou et al., 2015). This has catalyzed the development of germline-stimulating 

vaccines, tasked with amplifying these genetically hardwired bnAb lineages (Abbott and 

Crotty, 2020; Burton, 2019; Kwong and Mascola, 2018; Peterhoff and Wagner, 2017; 

Sangesland and Lingwood, 2021b; Stamatatos et al., 2017). In the context of influenza 

A viruses (IAVs), we have recently demonstrated that public targeting provides a genetically 

reproducible foundation for vaccine-amplifying an otherwise immunologically subdominant 

human influenza bnAb response, which can be selectively expanded using a single rationally 

designed immunogen (Amitai et al., 2020; Sangesland et al., 2019).

IAV remains a major public health burden that continues to defy traditional approaches to 

vaccination due to ongoing viral evolution and immune-distractive properties (Nachbagauer 

and Palese, 2020; Paules et al., 2018). IAVs are divided into two phylogenetic and 

antigenically distinct groups (group 1 and group 2) encompassing subtype diversity of 

the viral surface protein hemagglutinin (HA), the current seasonal vaccine antigen and 

primary target of the antibody response (Erbelding et al., 2018; Paules and Subbarao, 2017). 

Structurally, HA is composed of a variable head domain and relatively invariant membrane 

proximal stalk region that displays a functionally conserved hydrophobic groove upon 

which human heterosubtypic group 1 and group 2 IAV bnAbs can center (Lee and Wilson, 

2015; Sangesland and Lingwood, 2021a). However, HA stalk bnAbs are immunologically 

recessive after viral infection or immunization with conventional HA vaccines, requiring 

rational immunogen design concepts for elicitation at higher titer (Angeletti et al., 2019; 

Boyoglu-Barnum et al., 2021; Nachbagauer et al., 2021; Wei et al., 2020).

Despite being immunologically subdominant, humans do harbor a public or multidonor 

bnAb response with specificity to the central HA stalk bnAb epitope of group 1 IAVs, which 

emanates from a CDRH2 contact encoded by the antibody VH-gene IGHV1-69 (Avnir et al., 

2014; Corti et al., 2010; Lingwood et al., 2012; Pappas et al., 2014; Throsby et al., 2008; 

Wheatley et al., 2015; Whittle et al., 2014; Wrammert et al., 2011). Analogous VH-gene 

endowed pathways to this vaccine target have also been described in non-human primates 

(Darricarrere et al., 2021). Using HC2 transgenic mice, which contain human-like CDRH3 

diversity but are constrained to single user defined human VH-genes, we demonstrated that 

unlike other VH sequences, IGHV1-69 endows the germline repertoire with a reproducible 

source of B cells bearing affinity for the group 1 IAV bnAb epitope, which enables vaccine-

amplification of immunodominant stalk bnAbs following immunization with the stalk-only 

nanoparticle immunogen SS-np (Amitai et al., 2020; Sangesland et al., 2019). The bnAb 
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response could not be amplified in IGHV1-69 animals when immuno-distractive features of 

HA, namely the globular head domain, were incorporated into the nanoparticle immunogen 

(Amitai et al., 2020; Sangesland et al., 2019). We therefore introduced the principle of 

bnAb elicitation through pathway-amplification, wherein genetically deterministic affinity 

for cognate antigen can be selectively harnessed through rational vaccine design to expand 

normally immuno-recessive human bnAbs.

IGHV1-69 is also polymorphic, encoding for allelic variants that are categorized as 51p1-

like or hv1263-like based on the presence of either a phenylalanine (F) or leucine (L) at 

position 54 within CDRH2, the critical apex residue which forms the initial contact to the 

bnAb epitope on the HA stalk (Avnir et al., 2016; Lingwood et al., 2012; Pappas et al., 2014; 

Wheatley et al., 2015). Given that the vast majority of human IGHV1-69 stalk bnAbs derive 

from the F54 allele, our previous studies in HC2 mice focused on the F54 variant. Similarly 

broad L54 stalk bnAbs do exist in humans, however L54 usage in group 1 IAV bnAbs is 

markedly depressed in B cell memory and L54 carriers exhibit lower serum titers of such 

bnAbs (Avnir et al., 2016; Pappas et al., 2014; Wheatley et al., 2015), which could indicate 

a hampered capacity to pathway-amplify the public bnAb response in these individuals. 

Notably, ~13% of the global population is homozygous for L54 IGHV1-69 (Lingwood et al., 
2012), but L54 homozygosity appears elevated within certain ethnicities (Avnir et al., 2016). 

Hence, it is important to experimentally define whether L54 carriers will be able to support 

vaccine-elicitation of influenza bnAbs.

Results

F54 and L54 Allelic Usage Varies Across Global Populations

Homozygosity of L54 allelic usage is roughly 13% globally (Genomes Project et al., 2010; 

Lingwood et al., 2012), a frequency that varies across ethnic groups (Avnir et al., 2016; 

Genomes Project et al., 2010). Using the same public dataset, we assessed if there were 

statistically significant differences in the frequencies of the F54/F54, L54/L54, and F54/L54 

genotypes across the 26 ethnic sub-populations recorded in the 1000 genomes project 

(Figure S1). Amongst homozygotes, we note statistically significant skewing for F54/F54 

usage across the subpopulations, with the exception of South Asians, which maintain a 

distinct preference for the L54/L54 genotype, consistent with the previous report (Avnir et 
al., 2016; Genomes Project et al., 2010). We also note that the majority of humans, including 

amongst South Asians, utilize at least one copy of F54 IGHV1-69 as heterozygotes (Figure 

S1).

Human L54 Stalk bnAbs Reveal Structurally Convergent Contact Solutions to the Same 
Epitope

The paratopes of F54 IGHV1-69 stalk bnAbs are marked by contact through hydrophobic 

I53 and F54 CDRH2 residues as well as CDRH3 tyrosine residues which donate hydrogen 

bonds at Kabat positions 98–100 (Avnir et al., 2014; Ekiert et al., 2009; Lingwood et al., 
2012; Pappas et al., 2014; Sui et al., 2009). We applied cryo-electron microscopy to solve 

the liganded structures of two L54 stalk bnAbs, 310-39G10 and 310-63E6, which were 

isolated from different donors (Wheatley et al., 2015). The antibodies were complexed with 
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influenza hemagglutinin (H1N1 NC99) and were resolved to 3.37Å (HA+ 310-39G10) and 

3.09 Å (HA+ 310-63E6) (Figures 1A–C, S2, S3A–B, Table S1). We find that both antibodies 

engaged the HA stalk with minimal light chain contact (Figures 1A–C, S3A–B), akin to 

the VH-constrained contact exhibited by F54 bnAbs (Ekiert et al., 2009; Sui et al., 2009). 

Moreover, 310-39G10 exhibited analogous germline contact through I53 in CDRH2 and 

Y98 in CDRH3 (Figures 1A, S3A). The 310-63E6 bnAb bound to an expanded epitope, 

where antigen engagement by the heavy chain was supported by contact through CDRH1, 

FR3 and CDRH3 (F100, Y100a, Y100b) (Figure 1B and S3B). In all cases, the contact angle 

was similarly constrained by IGHV1-69 with an overlapping epitope footprint between L54 

and F54 bnAbs (Figures 1D–E, S3C, Table S2).

The HC2 Locus Enables Experimental Evaluation of F54 vs L54 IGHV1-69 Contribution to 
Vaccine-Amplification of Human IAV bnAbs

We deployed humanized mice homozygous for the integrated HC2 locus, as in previous 

studies (Amitai et al., 2020; Ronsard et al., 2021; Sangesland et al., 2019; Sangesland 

et al., 2020). The HC2 locus restricts antibodies to single user defined VH-genes but 

simultaneously ensures human-like diversity in the antibody CDRH3 loops (Sangesland 

et al., 2019; Sangesland et al., 2020). In this study, the VH-genes were fully restricted to 

the germline sequences of either IGHV1-69*01 (F54) or IGHV1-69*09 (L54), commonly 

used forms of the F54 and L54 alleles (Sasso et al., 1993; Wheatley et al., 2015) (Figures 

2A, S4A). In both cases, germline CDRH3 diversity was confirmed by deep sequencing the 

naïve IgM BCR repertoires, which we found to mirror the human antibody repertoire in 

terms of CDRH3 length distribution and amino acid composition (Figure 2B–C).

Germline Precursor Frequency and Affinity Does Not Account for Subdominance of bnAbs 
in L54 Carriers

We first assessed the extent to which L54 vs F54 IGHV1-69 usage genetically endows 

for on-target bnAb precursors within the polyclonal germline repertoire. Accordingly, we 

generated HC2 mice encompassing all possible IGHV1-69 genotypes: homozygous F54/F54 

and L54/L54, and heterozygous F54/L54, which were compared to C57BL/6 and IGHV1–2 

HC2 mice, where antibody restriction to IGHV1–2 serves as an additional human VH gene 

control. F54 IGHV1-69 usage in these genotypes was measured by germline B cell reactivity 

to the anti-idiotypic antibody G6, which recognizes the F54 motif within CDRH2 (Avnir et 
al., 2016; Sangesland et al., 2019; Wheatley et al., 2015). Applying G6 staining across our 

animal genotypes confirmed that 100% of the BCRs were G6+ in F54/F54, 50% were G6+ 

in F54/L54, and 0% were G6+ in L54/L54, IGHV1–2, and WT C57BL/6 mice (Figure 2D, 

S4B).

The frequency of group 1 IAV bnAb epitope-targeting precursors was then measured as 

the proportion of germline B cells that reacted against a series of positive and negative 

selector SS-np probes (Sangesland et al., 2019) (Figure 2E–F). SS-np displays the trimeric 

stalk domain of NC99 HA as an 8mer on a ferritin nanoparticle scaffold (Yassine et al., 

2015). On-target B cells were defined as those that bound both positive selector probes 

(SS-np-Alexa 488 and SS-np-Alexa 594) but not the negative selector versions (SSΔstem-np 

Alexa 647 and SSΔstem-np Alexa 546), where Δstem denotes the presence of the I45R 
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and T49R mutations that occlude access to the bnAb site (Figure 2E–F, S4B). As with our 

previous findings (Sangesland et al., 2019), F54 IGHV1-69 usage endowed for a small but 

significantly elevated frequency and number of on-target germline B cells as compared to 

IGHV1–2 HC2 and C57BL/6 controls (Figure 2G–H). Notably, on-target BCRs in L54/L54 

mice were significantly elevated relative to F54/F54 mice. In F54/L54 heterozygotes, the 

frequency and number of these B cells was diluted as would be expected by Mendelian 

genetics (Figure 2G–H). Differences in on-target frequencies were not correlated with 

abnormal numbers of B and T cells in our mice and were maintained throughout the 

functional B cells subsets (Figure S4B–H).

As antibody precursor affinity can also regulate the participation of B cell lineages within 

the humoral response (Abbott and Crotty, 2020; Sangesland and Lingwood, 2021a), we 

isolated, sequenced and expressed individual on-target mAbs from the germline repertories 

of F54/F54 and L54/L54 mice (Figure 2E–F), and from human subjects bearing F54 

(IGHV1-69*01) and/or L54 (IGHV1-69*09) alleles (Figure S5). We found that the 

corresponding L54 and F54 Fabs bound antigen with similar affinities (Figures 2I, Table 

S3). As with all in solution measures of precursor affinity, it will not account for apparent 

affinity resulting from avidity effects in vivo (i.e. multimeric membrane BCR engaging 

multivalent SS-np) (Boonyaratanakornkit and Taylor, 2019; Lingwood et al., 2012).

Only F54 Genotypes Enable Pathway-Amplification of Protective Serum bnAbs Against 
Heterosubtypic IAVs

To evaluate F54 and L54 as substrate for amplification of group 1 IAV bnAbs, we 

sequentially vaccinated HC2 mice with SS-np, a regimen we have previously shown 

amplifies the broadly protective response in F54/F54 animals, but not in IGHV1–2 HC2 

mice (Amitai et al., 2020; Sangesland et al., 2019) (Figure 3A). One hallmark of bnAb 

amplification in the HC2 mice is the IGHV1-69-dependent elicitation of serum antibodies 

that react with strain matched HA but not with HAΔstem probes (Figure 3B). We found that 

while homozygous F54 mice productively amplified serum antibodies targeting the bnAb 

epitope (~half of IgG elicited at post-boost 2), the L54 homozygotes were unable to do so 

(Figure 3C). F54/L54 genotypes also expanded the bnAb response, indicating that one copy 

of the F54 allele can partially rescue the response. C57BL/6 littermates and IGHV1-2 HC2 

mice generated equivalent titers of anti-stalk responses, but did not expand serum antibodies 

to the group 1 bnAb epitope (Figure 3C).

F54 IGHV1-69 dependent refocusing of the serum antibody response was further resolved as 

a capacity to neutralize diverse group 1 IAV strains (Figure 3D). Using microneutralization, 

we found that immune sera from F54/F54 animals neutralized vaccine matched virus (NC99, 

H1N1), vaccine unmatched virus within subtype (pandemic CA09, H1N1), and subtype 

unmatched virus (avian VN04, H5N1) (Figure 3D). However, increased L54 copy number 

resulted in a stepwise reduction in bnAb activity across group 1 IAVs, where F54/L54 

heterozygotes exhibited intermediate neutralizing activities and L54/L54 homozygotes 

exhibited lower neutralization activities (Figure 3D). As expected, the serum antibody 

responses from C57BL/6 and IGHV1-2 mice did not confer broad neutralization across 

group 1 IAVs, despite equivalent titers of stalk antibodies. F54-dependence to vaccine 
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protection was also observed following lethal challenge with heterosubtypic H5N1 avian 

influenza virus, where the L54 containing genotypes showed significantly reduced protective 

efficacy (Figure 3E).

L54 IGHV1-69 Encodes for Polyreactive and Autoreactive B cells in HC2 mice

We next evaluated if L54 and F54 germline stalk mAbs isolated from the HC2 mice (Figure 

2E–F, Table S4) were reactive to autoantigens. We found that L54 mAbs were significantly 

more polyreactive than their F54 counterparts (Figure 4A, S6A), which was characterized as 

elevated reactivity to dsDNA, human recombinant insulin and bacterial lipopolysaccharide 

(LPS) (Andrews et al., 2015; Guthmiller et al., 2020). As anti-phospholipid antibodies often 

serve as markers of autoimmunity (Delgado Alves et al., 2002; Radway-Bright et al., 2000; 

Zhu et al., 1999), we further examined reactivity to sphingomyelin, POPC (1-palmitoyl-2-

oleoyl-glycero-3-phosphocholine) and cardiolipin, a well-established autoimmune antigen 

(Haynes et al., 2005). Binding to these lipids was again significantly elevated in the L54 

mAbs (Figure 4A, S6A). Likewise, L54 mAb binding to Hep-2 cells was enhanced (Figure 

4B).

F54 IGHV1-69*01 and L54 IGHV1-69*09 alleles differ by a minimal number of amino 

acids within the CDRH2 region (Sasso et al., 1993; Wheatley et al., 2015). To determine 

if autoreactivity is directly encoded by the VH-gene, we converted the germline L54 stalk 

antibodies into the F54 IGHV1-69*01 background by sequentially applying changes at 

these amino acid positions: L54F, L54F/R49G, and L54F/R49G/I56T (Figure 4C, Table S5). 

We find that incorporation of these changes sequentially attenuated the polyreactivity and 

autoreactivity of L54 germline stalk antibodies (Figure 4C).

Humans Show Similar L54-Encoded Autoreactivity

To determine if L54-encoded polyreactivity and autoreactivity is also present in the human 

repertoire, we evaluated F54 and L54 on-target germline antibodies isolated from human 

peripheral blood mononuclear cells (PBMCs) (Figure S5, Table S4). Akin to our results in 

HC2 mice, we found that the L54 antibodies displayed broad reactivity to all polyreactive 

and autoreactive antigen baits including insulin, dsDNA, cardiolipin, LPS, sphingomyelin, 

POPC, and showed elevated reactivity to Hep-2 cells, in contrast to their F54 counterparts 

(Figure 4D–E, S6B). Converting these germline antibodies into the F54 IGHV1-69*01 

background (L54F, L54F/R49G, and L54F/R49G/I56T) also resulted in the attenuation of 

this polyreactive and autoreactive phenotype (Figure 4F, Table S5).

L54-encoded autoreactivity is not associated with glycans on the HA stalk.

Influenza HA displays N-linked glycans on both the head and stalk regions of this viral 

protein (Bajic et al., 2019a; Hutter et al., 2013). While these glycans do not impede access 

to the group 1 IAV bnAb epitope as engaged by 310-39G10, 310-63E6 or CR6261 (Figure 

S7A–D), their activity as autoantigens is not clear. To evaluate glycans as substrate for 

polyreactive and autoreactive L54 mAbs, we deglycosylated the N-glycans on denatured 

SS-np using the amidase PNGase F (Keating et al., 2020). We found that amidase 

treatment enhanced L54 mAb reactivity (Figure S7E), indicating that stalk glycans alone 
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do not support polyreactivity and autoreactivity, although glycan binding in the context of 

conformationally presented carbohydrates cannot be ruled out.

L54-encoded polyreactivity and autoreactivity invokes tolerance and B cell anergy

We next evaluated B cell development in L54/L54 and F54/F54 mice at various stages: 

immature B cells in the bone marrow, transitional and mature B cells in the periphery 

(Figure 5A). We found that at each stage, the number of B cells were comparable between 

L54/L54 and F54/F54 genotypes (Figure 5B). However, L54 B cells were marked by a 

~50% reduction in surface IgM as well as reduced CD79b expression, consistent with the 

downregulation of functional IgM BCR (Figure 5C). IgD surface expression was however 

comparable between both genotypes (Figure 5C). Notably, this L54-associated reduction in 

surface IgM BCR expression could be traced back to the bone marrow (Figure 5D) and 

continued through the transitional T1, T2, T3 (and T3/IgDhigh) subsets in the periphery 

(Figure 5E), indicative of central editing (Cambier et al., 2007; Cooper, 2015). To test the 

functional consequence of reduced surface IgM, we purified resting splenic B cells from 

L54/L54 and F54/F54 mice and then evaluated their capacity to respond to BCR stimulation 

after receptor crosslinking. We observed reduced receptor triggering in L54 B cells (Figure 

5F–G).

Mice normally have Ig kappa (IgK) to Ig lambda (IgL) ratios of ~95:5, however when 

autoreactive features are present in the antibody heavy chain, increased IgL usage can 

promote immune tolerance through altered receptor diversification (Luning Prak et al., 2011; 

Tiegs et al., 1993; Vela et al., 2008). We find that IgL usage is significantly elevated in L54 

B cells within the bone marrow and the spleen (Figure 5H–I).

Vaccine-expanded L54 B cells against the HA stalk are cleared from the B cell memory 
compartment

L54 B cell responsiveness to receptor crosslinking, while reduced, was not abolished, 

suggesting that vaccine expansion of L54 lineages would likely still be possible (Figure 

5F–G). To investigate this, we examined the antigen specific B cells expanded during 

the SS-np vaccine regimen by applying H1-HA and H5-HA flow cytometry probes after 

each exposure to the immunogen. H1 reactivity denotes specificity to the HA stalk and 

H1+/H5+ cross-reactivity marks specificity to the stalk-bnAb epitope (Sangesland et al., 
2019; Wheatley et al., 2015; Whittle et al., 2014). We found that while H1 reactive and 

H1+/H5+ cross-reactive IgG B cells were expanded after each exposure to SS-np in the 

F54-containing genotypes (Figure 6A–B), a tolerizing profile was observed in the L54/L54 

mice, where H1 and H1+/H5+ IgG B cells were expanded and then cleared over the course 

of the immunization regimen (Figure 6A–B). The accumulation of stalk-specific HA B cells 

could be rescued by inclusion of the F54 allele, as seen in the F54/L54 heterozygote (Figure 

6A–B).

To further define these effects, we tracked antigen specific B cells in the GC and memory 

subsets (Tan et al., 2019) (Figure 6C). In all genotypes, B cells entered GCs after each 

exposure to SS-np (Figure 6D), however, they did not accumulate in this compartment, as 

expected following sequential antigen exposure (Mesin et al., 2020). By contrast, antigen-
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specific memory B cells accumulated, but only within the F54 containing genotypes, while 

boosting of stalk-specific B cell memory was prevented in the L54/L54 mice (Figure 

6D). While considerably less frequent, we also isolated H1+/H5+ BCRs expanded in 

L54/L54 mice. We found that L54 clones accumulated amino acid changes through somatic 

hypermutation (SHM) which enhanced their polyreactivity and autoreactivity, suggesting a 

basis for immune tolerance and clearance in the periphery (Figure 6E–6G, Table S6).

The inability to accumulate B cell memory blocks boosting of serum antibody responses

The clearance of B cell memory against the HA stalk could provide an explanation for 

the reduced secondary antibody responses observed in L54/L54 mice following sequential 

immunization with SS-np (Figure 3C). To further assess this, we sequentially immunized 

our IGHV1-69 HC2 genotypes with different presentations of influenza HA: HA-np, a 

full-length HA nanoparticle containing the trimeric head and stalk domain of NC99 HA 

(Kanekiyo et al., 2013); SS-np; or RBD-np, a ferritin nanoparticle displaying the trimeric 

receptor binding domain (RBD) from NC99 HA (Kanekiyo et al., 2019). Similar IgG titers 

against ferritin and RBD were elicited in L54/L54 mice, however IgG titers against HA were 

significantly reduced when this genotype was vaccinated with antigens containing the HA 

stalk domain (HA-np or SS-np) (Figure 6H).

Clonal Redemption Pathways for L54 B cell Lineages: VH-gene encoded polyreactivty and 
autoreactivity can be uncoupled from HA stalk engagement

To better understand if polyreactivity and autoreactivity is a feature of antibodies that 

recognize the group 1 bnAb epitope, we examined the L54/R49/I56 positions conferring 

autoreactivity to germline L54 mAbs (Figure 4C, F). We note that these residues are either 

mutated and/or not present in the binding sites of 310-39G10 and 310-63E6 (Figure 7A–B). 

In 310-39G10, residue L56 forms part of the epitope, interacting directly with G350 and 

W351, while A54 contributes both hydrophobic and van der waals interactions (Figure 7A). 

In 310-63E6, these residue positions do not participate in HA binding, as the closest amino 

acid to Q54 (Val34) is >4.5Å and there is no density in the EM map (Figure 7B). Moreover, 

incorporation of L54F/R49G/I56T into germline L54 stalk mAbs does not reduce germline 

affinity for HA (Figure 7C, Tables S3, S7)

This flexibility suggests that L54 stalk mAbs should be able to accommodate a variety 

of mutations at these positions, potentially allowing for changes that would support 

clonal redemption. Consistent with this hypothesis, we found that the human L54 bnAbs 

310-39G10 and 310-63E6 did indeed lose the autoreactivity that was present in their V gene-

reverted (gHgL) BCRs (Figure 7D–F). We also observed analogous SHM that eliminated 

L54 encoded autoreactivity in some of the H1+/H5+ B cell lineages that were expanded 

after SS-np vaccination in HC2 mice (Figure 7D–F). Thus while L54 IGHV1-69 encodes 

for polyreactive and autoreactive BCRs in the repertoire, this reactivity can be biochemically 

separated from germline BCR specificity for the vaccine target, and in some cases SHM can 

be applied to ‘rescue’ the lineage.

To further evaluate whether such redemption may be enhanced by therapeutic intervention, 

we performed antibody blockade of the immune regulatory receptor CTLA-4 to dampen 
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immune tolerance, a procedure that can elevate the expansion of some HIV bnAb lineages 

that predispose for autoreactivity (Bradley et al., 2020). We found that this treatment restores 

boosting of secondary L54 antibody responses against the HA stalk (Figure 7G–I).

Discussion

F54 alleles are favored within human HA stalk bnAbs against group 1 IAVs (Avnir et al., 
2016; Pappas et al., 2014; Wheatley et al., 2015). However, L54 stalk bnAbs have also been 

isolated and do show similar neutralization breadth (Wheatley et al., 2015). One hypothesis 

for bias in allelic preference is that L54 versions of IGHV1-69 do not impart BCR affinity 

to the bnAb site. However, we found that human L54 bnAbs isolated from different donors 

engaged the same target via structurally convergent VH-gene encoded contact. Furthermore, 

the germline antibody repertories of F54/F54 and L54/L54 HC2 mice both encoded for 

polyclonal affinities to the bnAb site, and this precursor frequency was strongly elevated in 

the L54/L54 genotype. As we did not observe differences between F54 and L54 antibody 

precursor affinity, an advantage could be predicted for L54/L54 mice. However, in contrast 

to F54 IGHV1-69, the L54 allele was non-productive for protective serum bnAbs. Rather, 

our results indicate that the expansion of L54 B cell lineages is intrinsically limited by 

co-endowed polyreactivity and autoreactivity.

Self-reactive B cells can be eliminated by central tolerance in the bone marrow as well 

as peripheral tolerance in the spleen (Getahun, 2022; Nemazee, 2017; Platt et al., 2019). 

Indeed, polyreactivity and autoreactivity have been implicated in limiting the expansion of 

human bnAbs against HIV and influenza virus (Andrews et al., 2015; Bajic et al., 2019b; 

Haynes et al., 2005; Schroeder et al., 2017; Yang et al., 2013). However, as controlled 

vaccine elicitation of serum bnAbs against these viruses has itself been a largely unmet 

goal, modulation of bnAb immunodominance through autoreactivity has been difficult to 

experimentally demonstrate in vivo. We now observe the attenuation of protective serum 

bnAbs from a specific human VH-gene encoded pathway for antibody development.

Transgenic KI mouse models expressing polyreactive HIV bnAbs and some of their 

germline precursors have shown that a large fraction of the B cells are cleared by central 

tolerance, and those remaining in the periphery tend to be anergic or less responsive to 

antigen stimulation due to lowered expression of surface IgM and IgD (Bancroft et al., 2019; 

Chen et al., 2013; Doyle-Cooper et al., 2013; Finton et al., 2013; McGuire et al., 2016). 

However, we did not observe large-scale disruption in B cell development, perhaps due to 

the repertoire diversity in HC2 mouse system, which allows for CDRH3 diversification, the 

major engine of BCR plurality. Indeed, ~20% of the human peripheral B cell repertoire is 

normally self-reactive (Getahun, 2022; Wardemann et al., 2003). However, we do report 

central editing to favor anergy as L54 IGHV1-69 B cells emerge from the bone marrow 

with reduced IgM BCR expression and lowered responsiveness to receptor triggering. This 

phenotype is also seen in human BND cells, a germline B cell subset encompassing ~2.5% 

of human peripheral blood B cells, which are anergic, autoreactive and may represent 

precursors of autoantibody secreting plasma cells (Duty et al., 2009).
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While anergy likely limits the overall capacity of L54 stalk specific B cells to respond 

following SS-np vaccination, L54 B cell responsiveness to antigen was not completely 

eliminated by central tolerance. Combined with a higher precursor frequency in the 

periphery, this likely allows for some L54 B cell expansion following immunization. Indeed, 

the increase in IgL expression and usage in L54 B cells points to furthered repertoire 

diversification and receptor editing to offset autoreactivity (Luning Prak et al., 2011; Tiegs et 
al., 1993; Vela et al., 2008). However, during sequential immunization with SS-np, L54-stalk 

B cells were cleared in the memory compartment. The prevention of accumulating L54 

B cell memory provides a basis for sub-optimal boosting of stalk-specific serum antibody 

responses in L54/L54 mice. These results also suggest a reason for the marked reduction of 

IGHV1-69 in stalk-specific human memory B cells of individuals who are homozygous for 

the L54 allele (Wheatley et al., 2015).

Notably however, our results also indicate a capacity to biochemically uncouple recognition 

of the bnAb target from the L54 VH-gene encoded residues that predispose for reactivity 

to self-antigens. This flexibility likely enables clonal redemption and salvage pathways 

through SHM, which we have observed in some L54 B cell lineages. Administration of 

antibodies targeting immune checkpoint receptors likely enhances the opportunity for clonal 

redemption and suggests a clinical intervention for restoring autoreactive germline encoded 

stalk responses in L54/L54 individuals.

Collectively, our findings indicate that autoreactivity and anergy tunes the expandability of 

human influenza bnAbs in vivo and that subtle changes in the antibody gene sequence can 

gate these factors, restructuring antibody immunodominance hierarchies within a vaccine 

response. Notably, productivity of the response was rescued by genetically restoring the F54 

allele, which resulted in the ‘recovery’ of bnAb elicitation and vaccine protection following 

heterosubtypic influenza viral challenge. These results underscore the genetic basis for 

immune tolerance and likely explains the paucity of L54 usage within human group 1 IAV 

bnAbs (Avnir et al., 2016; Pappas et al., 2014; Wheatley et al., 2015).

On a global scale, the inability to pathway-amplify bnAbs through L54 IGHV1-69 may 

hold significance for certain ethnicities with elevated L54 homozygosity. While it is unclear 

what drives these differences, most individuals carry at least one copy of F54 IGHV1-69 

as F54/L54 heterozygotes (Genomes Project et al., 2010; Lingwood et al., 2012), which 

we show rescues amplification of protective serum bnAbs. We therefore predict that the 

ability to pathway-amplify the F54 IGHV1-69 encoded group 1 IAV bnAb response will be 

globally widespread but will also be tuned by allelic usage.

Limitations of the Study

It is not yet clear that antibody tolerance mechanisms in mice will fully represent those 

present in humans. Our study also does not account for the possibility of antibody VH gene 

duplication, which could lead to more than two allelic forms of IGHV1-69 in the genome. 

Additionally, the unrestricted antibody VH-gene repertoire of humans will ensure responses 

by non-IGHV1-69 B cell lineages, and our experiments did not account for this.
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STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Lead Contact—Further information and requests for reagents should be directed to and 

will be fulfilled by the Lead Contact, Daniel Lingwood (dlingwood@mgh.harvard.edu).

Materials Availability—There are restrictions to the availability of the transgenic mice 

due to a MTA with Bristol-Myers Squibb.

Data and Code Availability

• 3D maps and models from the EM analysis have been deposited to the Electron 

Microscopy Databank (http://www.emdatabank.org/) and the Protein Data Bank 

(https://www.rcsb.org/), respectively. The accession numbers are listed Table S1 

and in the Key Resources Table.

• Antibody sequences used in this publication can be found in Tables S4–S6 

or within NCBI’s Gene Expression Omnibus and are accessible through GEO 

accession number listed in the Key Resource Table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Transgenic mice—The transgenic mice in this study were generated as described 

previously (Amitai et al., 2020; Ronsard et al., 2021; Sangesland et al., 2019; Sangesland 

et al., 2020). Using HC2 recombineering technology, mice were constrained to single user 

defined VH-genes while also containing diverse human D and J gene segments that were 

capable of recombination (Fishwild et al., 1996; Lonberg et al., 1994). We have previously 

used this method to generate mice with germline CDRH3 repertories that are similar to 

humans, while at the same time, being completely restricted to IGHV1-69*01 (F54) and 

IGHV1-2*02 (Amitai et al., 2020; Ronsard et al., 2021; Sangesland et al., 2019; Sangesland 

et al., 2020). The light chain repertoire in these mice is provided by the endogenous murine 

kappa and lambda loci. In this study, we constrained mice to IGHV1-69*09 (L54) with 

otherwise normal human-like CDRH3 diversity. As with IGHV1-69*01 and IGHV1-2*02, 

a synthetic genomic DNA construct of ~6.6kb derived from human IGHV1-69*09 was 

synthesized at Geneart (Regensburg, Germany) using codon sequences obtained from IMGT 

“IG” and “TR” Repertoire (http://www.imgt.org/). Coordinates of the IGHV1-69*09 allele 

included in the HC2 construct correspond to NCBI GRCh38.p12 Primary Assembly of 

huCHr14 (nts 106714682 – 106715120). The animals were generated as described (Fishwild 

et al., 1996; Lonberg et al., 1994) as 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 mice used in this study consisted of the following genotypes: IGHV1-69*01+/+; 

IGHV1-69*09+/+; IGHV1-69*01+/IGHV1-69*09+; IGHV1-2*02+/+; and all were wild-type 

C57Bl/6 for light chain expression.
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All animals were maintained within the HPPF barrier facility at the Ragon Institute of MGH, 

MIT and Harvard and all experiments were conducted with institutional IACUC approval 

(MGH protocol 2014N000252). Both male and female animals were used in this study. Ages 

of the animals ranged from 6–10 weeks.

Human PBMC—Human PBMC were isolated from Leukopacs obtained from the MGH 

blood donor center (5 donors). Before blood donation, the donors signed an 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 samples were de-identified 

and the gender and age of the patients is not recorded by the MGH blood donor center. 

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 approval (MGH protocols 

2014B000035, 2005P001218).

METHODS DETAILS

Recombinant immunogens and B cell probes—Recombinant soluble HA trimers, 

stalk-only trimers, stalk-only ferritin nanoparticles (SS-np), full-length HA ferritin 

nanoparticles (HA-np), and receptor binding domain ferritin nanoparticles (RBD-np), all 

derivations of HA from A/New Caledonia/20/1999 (NC99), were generated as previously 

described (Kanekiyo et al., 2019; Kanekiyo et al., 2013; Weaver et al., 2016; Yassine et 
al., 2015). Expression vectors encoding the HA constructs were transfected into 293F cells 

at 500μg/L using 293fectin reagent. The cells were grown in Freestyle 293 expression 

medium for five days after which culture supernatants were harvested and filtered. Soluble 

HA trimers and stalk trimers were purified using Ni Sepharose resin (GE Healthcare) 

with 20mM and 500mM imidazole serving as the washing and elution steps. The trimers 

were then were then exchanged into PBS and by size exclusion chromatography (SEC) 

using an AKTA pure protein purification system and Superdex 200 10/300 column (GE 

Healthcare). SS-np and HA-np were bound to Erythrina cristagalli Gel-ECA-Immobilized 

Lectin (EY Laboratories), washed in PBS, eluted in 0.2M lactose, and then resolved by 

SEC using a Superose 6 10/300 column in PBS. RBD-np was purified using ion-exchange 

chromatography (HiTrap Q HP columns at pH 8.0; GE Healthcare) followed by with SEC 

(Superose 6 XK 16/70 PG column in PBS; GE Healthcare). Naked H. Pylori ferritin was a 

gift from Aaron Schmidt (The Ragon Institute of MGH, MIT, and Harvard).

SS-np B cell probes were generated by labeling with Alexa 488 or Alexa 594, while 

SSΔstem-np (I45R+ T49R) probes were generated by labeling with Alexa 647 or Alexa 

546, using commercial kits as we have performed previously (Sangesland et al., 2019). 

After labeling, the fluorescent probes were then re-purified by SEC. For the full-length HA 

trimer probes, avi-tagged H1 (NC99) and H5 (A/Indonesia/05/2005) were biotinylated and 

labeled with streptavidin-phycoerythrin (H1-PE) or streptavidin-allophycocyanin (H5-APC) 

(Weaver et al., 2016; Whittle et al., 2014). These HA trimers contained the Y98F mutation 

which prevents surface sialic acid binding (Whittle et al., 2014).

Recombinant Antibodies—The heavy and light chain variable regions from the 

monoclonal antibodies generated in this study were synthesized as gene blocks (GenScript) 
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and cloned into expression vectors expressing human IgG1 heavy and light chains 

(Sangesland et al., 2019; Whittle et al., 2014). All monoclonal antibodies were transfected 

into 293F cells as described above, cultured for 6 days, and the harvested supernatant was 

incubated with Protein G Sepharose resin. IgG was eluted with IgG elution buffer into 1M 

Tris, pH 8 and purified and buffer exchanged to PBS using SEC with a Superdex 200 10/300 

column (GE Healthcare). The monoclonal antibodies: CR6261 (Ekiert et al., 2009; Throsby 

et al., 2008); G6 (Avnir et al., 2017); CH65 (Whittle et al., 2011); 310-39G10, 310-63E6 

(Wheatley et al., 2015) were purified in the same way. The mAb G6 was also labeled with 

Alexa 647.

Cryo-EM—The 310-63E6 and 310-39G10 IgGs were digested to Fabs using papain. Papain 

was activated for 15 min at 37°C in digestion buffer (100mM Tris, 2mM EDTA, 10mM 

L-Cysteine, 1 mg/ml papain). Next, 5 mg of polyclonal IgG were incubated in digestion 

buffer with papain (20 mM sodium phosphate, 10 mM EDTA, 20 mM cysteine, 0.1 mg/ml 

papain, pH 7.4). The reaction was incubated for 4–5 h at 37°C. Iodacetamide was added 

to the sample at a final concentration of 0.03 M to quench the reaction. The digested 

IgG was concentrated and buffer exchanged to TBS pH 7.4 using 10 kDa cutoff Amicon 

ultrafiltration units. The undigested IgGs were removed by SEC using a Superose 200 

increase column (GE Healthcare Biosciences) in TBS buffer. The fractions containing 

purified Fabs were concentrated using 10 kDa Amicon ultrafiltration units.

HA was concentrated to 2 mg/ml and incubated with 310-63E6 and 310-39G10 Fabs at a 

1:3 molar ratio (HA:Fab) for 30 min at room temperature. The HA-Fab complexes were 

mixed with octyl-beta-glucoside (OBG) such that the final concentration of the HA-Fab 

complexes was 0.2 mg/ml and the OBG was 0.3%. UltrAufoil R 1.2/1.3 300 mesh gold 

grids were plasma cleaned for 7 seconds using solarus advanced plasma cleaning system 

(Gatan) before loading the sample. Subsequently, 3 μl of the sample were loaded onto 

the grid and plunge-frozen into nitrogen-cooled liquid ethane using the Vitrobot mark IV 

(Thermo Fischer Scientific). The settings for the Vitrobot were as follows: Temperature: 

4°C, humidity: 100%, blotting time: 5.5 seconds, blotting force: 0 and wait time: 7 seconds.

For data collection, the grids were loaded into a Talos Arctica electron microscope (Thermo 

Fischer Scientific) operating at 200kV and K2 Summit direct electron detector camera 

(Gatan). The data were collected at a total cumulative dose of 49.88e−/Å2. Magnification 

was set at 36,000x with a resulting pixel size of 1.15Å/pix at the specimen plane. Automated 

data collection was performed using Leginon software (Suloway et al., 2005). The data 

collection details are presented in Table S1.

The acquired movie micrographs were aligned and dose-weighted using MotionCor2 (Zheng 

et al., 2017) and uploaded to cryoSPARC v3.1.0 (Punjani et al., 2017). GCTF was applied 

and particles were picked from micrographs using template picker. Particle extraction and 

2D classification was performed. Subsequently, particles from selected 2D subsets were 

transferred to Relion/3.0. Multiple rounds of 3D refinement and 3D classification were 

performed to sort out the particles used for the final reconstruction. A soft solvent mask 

around the HA-Fab was used in the last 3D refinement and post-processing step. All the 

steps after the second 3D refinement were performed using C3 symmetry. A summary of the 
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data processing approach for each complex are displayed in Figure S2. Final post-processed 

maps, half-maps and masks used for refinement and post-processing were submitted to the 

Electron Microscopy Data Bank (EMDB).

The post-processed maps were then used to build the final atomic models. The crystal 

structure of the HA trimer A/California/07/09 (PDB entry 4m4y) served as the HA initial 

model. ABodyBuilder was used to produce the models of both antibody Fv regions (Leem 

et al., 2016). Multiple rounds of Rosetta relaxed refinement (Wang et al., 2016) and manual 

Coot refinement (Emsley and Crispin, 2018) were performed to build the final models 

(Figure S2A–G). Model validation was done by using EMRinger (Barad et al., 2015) and 

MolProbity (Williams et al., 2018) analyses. The final refined models were submitted to the 

Protein Data Bank (PDB).

The epitope footprints of the antibodies were also depicted on a composite HA model 

assembled from 59 sequences drawn from H1N1 viruses spanning 103 years and 

downloaded from the Influenza Research Database (Table S2). These representative 

sequences are an updated version of an H1N1 dataset assembled previously (Guthmiller 

et al., 2021).

Immunization regimens—For vaccination studies, mice were sequentially immunized 

with either 15 μg of SS-np, equimolar HA-np, or RBD-np. Immunizations were 

administered in 100ul of inoculum containing 50% w/v Sigma adjuvant through the 

intraperitoneal route (Amitai et al., 2020; Sangesland et al., 2019). The mice were pre-bled 

prior to each experiment and were immunized at day 0, 21, and 42, and bled two weeks 

(14 days) after each exposure. For antibody blockade studies 250 μg of CTLA-4 antibody 

(BioXCell #BE0131) or 250 μg isotype control (BioXCell #BE0087) was administered by 

intraperitoneal injection concurrently with SS-np immunization (Bradley et al., 2020).

ELISA—Serum antibody responses from vaccinated mice were measured as performed 

previously (Sangesland et al., 2019). Nunc MaxiSorp plates (96 well) were coated at 4°C 

overnight at 200ng per well with trimeric NC99 HA and NC99 HAΔstem (containing I45R 

and T49R point mutations) in PBS. Plates were blocked with 2% BSA in PBS for 1 hour 

and washed with PBST (PBS containing 0.05% Tween 20). Serum samples were initially 

diluted at 1:20 and serially diluted 1:5 in PBS and incubated for an hour. The monoclonal 

antibodies, 310-16B5, 310-29C9, 310-39G10, 310-63E6, CR6261, CH65 were tested at 10 

μg/ml and serially diluted at 1:5 in PBS. Plates were then washed with PBST and incubated 

with either sheep anti-mouse IgG-HRP (GE Healthcare) or sheep anti-human IgG-HRP 

(GE Healthcare) at 1:5000 dilution in PBS. Plates were again washed in PBST and then 

developed using TMB solution and quenched with 1N sulfuric acid. Samples were read 

at 450nm using the Teacan Infinite m1000 Pro microplate absorbance reader (Mannedorf, 

Switzerland). HA and HAΔstem loading was normalized by reactivity to the RBS specific 

mAb CH65. To quantify reactivity to HA vs HAΔstem, area under the curve was calculated 

using GraphPad PRISM software. The difference in binding to HA vs HAΔstem denotes the 

fraction of the serum antibody response that is specific to the group 1 IAV bnAb epitope on 

the HA stalk (Sangesland et al., 2019).
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Microneutralization Assay—All reporter viruses were prepared as described previously 

(Creanga et al., 2021). Briefly, all H1N1 viruses were made with a modified PB1 segments 

expressing the TdKatushka reporter gene (R3ΔPB1) and propagated in MDCK-SIAT-PB1 

cells, while H5N1 reporter virus was made with a modified HA segment expressing the 

reporter (R3ΔHA) and produced in cells stably expressing H5 HA. Virus stocks were stored 

at −80°C. Mouse sera were treated with receptor destroying enzyme (RDE II; Denka Seiken) 

and heat-inactivated before use in neutralization assays. Immune sera were serially diluted 

and incubated for 1 h at 37°C with pre-titrated viruses (H1N1 NC99, H1N1 Ca09, H5N1 

VN04). Serum-virus mixtures were then transferred to 96-well plates (PerkinElmer), and 

1.0×104 MDCK-SIAT1-PB1 cells (Bloom et al., 2010; Creanga et al., 2021) were added to 

each well. After overnight incubation at 37°C, the number of fluorescent cells in each well 

was counted automatically using a Celigo image cytometer (Nexcelom Biosciences).

Viral Challenge—WT C57BL/6, IGHV1-69 F54/F54, IGHV1-69 F54/L54, and 

IGHV1-69 L/54/L54 mice were vaccinated 3x with SS-np. At week 8 (two weeks after the 

final immunization), all mice were then infected intranasally with the low path H5N1 avian 

influenza virus A/chicken/Vietnam/NCVD-016/2008(H5N1)-PR8-IDCDC-RG12 at 105.25 

TCID50 units/ml (Sangesland et al., 2019). Naïve unvaccinated mice were also infected 

as above. All mice were monitored daily for survival and body weight loss. The humane 

endpoint was set at 20% of the starting body weight. This virus was cultured in 10 day-old 

embryonated chicken eggs. Seed stocks were obtained from the Centers for Disease Control 

and Prevention International Reagent Resource (IRR).

B Cell Subsets and Flow Cytometry—To measure immature B cells in our transgenic 

animals, bone marrow cells were flushed from femur and tibia using PBS. Red blood 

cells were then depleted using ACK lysis buffer (Lonza) and the suspension was passed 

through a 70 μm strainer. These cells were then stained with blue viability dye and 

the following panel of antibodies: IgM BV650 (BD Biosciences); CD93 BV421 (BD 

Biosciences); IgD PerCP/cy5.5 (BD Biosciences); B220 BUV395 (BD Biosciences); CD3 

BV510 (BD Bioscience), F4.80 BV510 (Biolegend); GR-1 BV510 (BD Biosciences); CD19 

APC-eFluor780 (eBioscience); Igλ1–3 – FITC (BD Biosciences); and IgK – PE (BD 

Biosciences).

B cells in the periphery were evaluated in the spleen. Single cell suspensions from mouse 

splenocytes were obtained using a 70μm cell strainer and red blood cells were removed by 

ACK lysis buffer. To measure G6 reactivity, splenocytes were stained with blue viability 

dye and a panel of B and T cell specific antibodies: B220 BV605 (Biolegend), CD4 APC-

eFluor780 (Invitrogen), CD8 APC-eFluor780 (Invitrogen), IgM BV650 (BD Biosciences), 

CD19 PerCP/cy5.5 (Biolegend), and G6 Alexa647 (0.25μg). B cell subsets in the periphery 

(follicular, marginal zone, T1, T2, T3, T3/BND) were assessed by staining splenocytes 

with blue viability day and a modified antibody panel: IgM BV650 (BD Biosciences); 

CD23 BV786 (BD Biosciences); CD93 BV421 (BD Biosciences); IgD PerCP/cy5.5 (BD 

Biosciences); CD21 PE/cy7 (eBioscience); B220 BUV395 (BD Biosciences); CD3 BV510 

(BD Bioscience); F4.80 BV510 (Biolegend); GR-1 BV510 (BD Biosciences); CD19 APC-

eFlour 780 (eBioscience); and CD79b BV605 (BD Biosciences); Igλ1–3 – FITC (BD 
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Biosciences); and IgK – PE (BD Biosciences). This panel also included SS-np Alexa 488, 

SS-np Alexa 594, SSΔstem-np Alexa 647, and SSΔstem-np Alexa 546 probes (each at 0.25 

μg).

In all cases, flow cytometry was performed on a 5 Laser LSR Fortessa (BD Biosciences) and 

the data analyzed using FlowJo software version 9.3.2 (TreeStar).

Antigen specific B cell FACS—To measure the frequency of H1+/H5+ reactive 

IgG B cells expanded after each immunization step, single cell suspensions of mouse 

splenocytes were stained with Aqua Live/Dead amine-reactive dye along with the following 

antibodies: CD3 PE/cy7 (Biolegend), CD4 Alexa Fluor 700 (BD Biosciences), CD19 BV421 

(Biolegend), IgM BV605 (Biolegend), IgG PerCP/Cy5.5 (Biolegend) with the addition of 

0.25 μg each of H1-PE and H5-APC, as we have performed previously (Sangesland et al., 
2019; Weaver et al., 2016; Whittle et al., 2014). The H1+/H5+ reactive B cells were also 

evaluated within a panel that distinguishes between the germinal center and B cell memory 

compartment in mice (Tan et al., 2019): CD19 BV421 (Biolegend); F4/80 APCeFlour 780 

(eBioscience); CD4 APCeFlour 780 (eBioscience); CD8a APCeFlour 780 (eBioscience); 

Ly-6G/Ly-6C APCeFlour 780 (eBioscience); GL7 Alexa 488 (Biolegend); CD95 - PE/cy7 

(BD Biosciences); IgM BV605 (BioLegend); IgD - BuV395 (BD Biosciences); CD38 - 

Alexa 594 (Biolegend). Single H1+/H5+ reactive B cells were sorted using a FACS Aria 

Fusion Sorter (BD Biosciences) into 96 well plates containing RLT lysis buffer with 1% 

BME and then immediately frozen and stored at −80°C.

The repertoire frequencies of germline B cells specific for the group 1 IAV bnAb site 

(on target) in our transgenic mice were measured as previously described (Sangesland et 
al., 2019). Mouse splenocytes were processed as above and stained with blue live/dead 

amine-reactive dye. Cells were further stained with a panel containing 0.25 μg each of SS-np 

Alexa 488, SS-np Alexa 594, SS-npΔstem Alexa 647, and SS-npΔstem Alexa 546 probes 

as previously described (Sangesland et al., 2019), along with the following antibodies: 

IgG BV421 (Biolegend), IgD Alexa Fluor 700 (Biolegend), CD3 PE/cy7 (Biolegend), 

IgM BV605 (Biolegend), CD19 PerCP/cy5.5 (Biolegend). Germline on-target B cells were 

defined as CD3−/CD19+/IgG−/IgM+/IgD+/SS-np Alexa 488+/SS-np Alexa 594+/SSΔstem-np 

Alexa 647−/SSΔstem-np Alexa 546−. Single B cells were sorted using the FACS Aria Fusion 

Sorter (BD Biosciences) into 96 well plates containing RLT lysis buffer with 1% BME and 

immediately frozen and stored at −80°C.

For human germline B cells PBMC from five subjects, cells were stained with Aqua Live/

Dead amine-reactive dye, washed, and then incubated with the following 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, SSΔstem-np Alexa 647 and SSΔstem-np Alexa 546. Individual 

on-target cells were isolated by FACS and processed for BCR sequencing. Analyses of the 

FACS data were performed using FlowJo software version 9.3.2 (TreeStar).

BCR sequencing—Bulk CDRH3 diversity within our transgenic mice was measured by 

deep sequencing antigen naïve IgM B cells (Sangesland et al., 2019; Sangesland et al., 
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2020; Trombetta et al., 2014). BCR libraries were generated from whole transcriptome 

amplification (WTA) products using the Smart-Seq2 protocol (Trombetta et al., 2014). 

BCR heavy chains (FR3 to CDR3) were PCR amplified from WTA using forward and 

reverse primers specific to the FR3 region (0.5μM final concentration) of IGHV1-69 

and the heavy chain constant region (1 uM final concentration), respectively. These 

primers were also attached to the Illumina P7 (FR3 region) and P5 (constant region) 

sequences. Heavy chain sequences were further amplified by step-out PCR, with the 

addition of Illumina sequencing adaptors. The resulting PCR products (FR3 to CDRH3) 

were sequenced on the Illumina Miseq and the paired end FASTQs were aligned using 

MIXCR (Bolotin et al., 2015). The following parameters were used for alignment: 

OvParameters.geneFeatureToAlign={FR3Begin:Vend}, and restricted alignment to heavy 

chain matches. Low quality sequence reads were trimmed by MIXCR using the default 

settings. Human CDRH3 repertoire diversity was mined from donor D2 using naïve 

BCR sequences (DeWitt et al., 2016). Using custom scripts within immunarch (v0.5.5) 

tcR (Nazarov et al., 2015), we analyzed the BCR sequences from IGHV1-69*01 and 

IGHV1-69*09 mice and naïve human B cells to generate frequency plots of CDRH3 lengths 

and assigned Kabat numbering for amino acid composition at 16aa CDRH3 length. The 

number of aligned reads were 7.54×106 for IGHV1-69*01 and 8.17×106 for IGHV1-69*09 

mice.

For single cell BCR sequencing, we again amplified WTA from germline SS-np on-target 

and H1+/H5+ reactive B cells as previously described (Sangesland et al., 2019; Trombetta 

et al., 2014). BCR sequences from heavy and light chains were enriched from single B 

cells using a pool of partially degenerate V region specific primers against all possible 

human IGHV or mouse IGLV and IGKV segments (FR1 region) and reverse primers against 

the heavy or light chain constant regions, again attached to Illumina P7 and P5 sequences 

(Sangesland et al., 2019). The step out PCR was also used to add cellular barcodes and 

Illumina sequencing adapters (based on Nextera XT Index Adapters) to each heavy and 

light chain. Single cell heavy and light chain samples were then pooled and sequenced 

using paired end V2–500 cycle (250×250 read and 8×8 index reads) Illumina Miseq System. 

Following demultiplexing, BCR heavy and light chains were paired, overlapping sequencing 

reads were reconstructed using PandaSeq (Masella et al., 2012), and aligned against the 

human IMGT database (Shi et al., 2014) with sequencing error correction using MigMAP, a 

wrapper for IgBlast (https://github.com/mikessh/migmap). Consensus VH and VL/VK chain 

for each single cell was determined by collapsing all reads with the same CDR3 sequence 

and calling the top heavy and light chain sequences by frequency. Heavy and light chains 

sequences have at least 25 reads or a frequency two-times greater than the next sequence of 

the same chain in order to be given a consensus sequence.

Biolayer Interferometry (BLI)—For BLI experiments the Fabs were generated by 

digesting the recombinant IgGs with the endoproteinase Lys-C (New England Biolabs Cat. 

# P8109S), as performed previously (Borst et al., 2018; Gadgil et al., 2006). This reaction 

consisted of 5μg Lys-C per milligram of IgG within PBS supplemented with 1mM EDTA. 

After 12h at room temperature, a 1× complete protease inhibitor cocktail (Roche, Cat 

# 11697498001) was added to the mixture and the uncleaved IgG was removed by the 
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addition of Protein A/G-agarose. The beads were washed in PBS and the supernatant was 

concentrated using Amicon Ultra concentrators (10 kDa cut off) and the Fabs were then 

further isolated by SEC using a Superdex 200 10/300 column (GE Healthcare).

The binding affinities of antibody Fabs were measured by biolayer interferometry using the 

Personal Assay BLItz System (Fortebio). His-tagged stalk only-trimer loaded onto Ni-NTA 

biosensors (Fortebio). After acquiring a baseline in kinetic buffer (PBS + 0.02% Tween20 

+ 0.1% BSA), Fabs were added at 1.25 μM, 2.5 μM, 5 μM, and 10 μM. The binding 

measurements used 120 sec association and 120 sec dissociation periods. The equilibrium 

dissociation constant (KD) values were then calculated by applying a 1:1 binding isotherm 

using vendor-supplied software (Bajic et al., 2020; Schmidt et al., 2015).

Polyreactivity and Autoreactivity assays—For autoantigen ELISAs, germline L54 

and F54 on-target IGHV1-69 mAbs, isolated from HC2 mice and human PBMC (Patients 1–

5), were tested both at 10 μg/ml and 200 μg/ml (Andrews et al., 2015; Haynes et al., 2005). 

For insulin and dsDNA reactivity, plates were coated with 200ng per well with recombinant 

human insulin (Fitzgerald) or 50 μg/ml double stranded calf thymus DNA (Invitrogen) in 

100ul of PBS. ELISAs were conducted as described in the previous section. For cardiolipin, 

plates were coated with 5ug per well of cardiolipin (Sigma) in 30ul of ethanol and 

evaporated overnight in a vacuum sealed desiccator (Pierangeli and Harris, 2008). Plates 

were washed with PBS and blocked in PBS with 10% FBS for 1 hour. The primary and 

secondary antibodies were incubated in PBS with 1% FBS. Plates were again washed in 

PBS and then developed using TMB solution and quenched with 1N sulfuric acid. Samples 

were read at 450nm using the Teacan Infinite m1000 Pro microplate absorbance reader 

(Mannedorf, Switzerland). For other lipid antigens, ELISAs were conducted according to 

a previously described method (Sangesland et al., 2020; Tobias et al., 1989). Plates were 

coated with 30 μg/ml of LPS (Sigma), POPC (Avanti Lipids) or Sphingomyelin (Avanti 

Lipids) in carbonate buffer (100mM Na2CO3, 20mM EDTA, pH 9.6) for 3 hours at 37°C. 

The plates were then washed with water and dried overnight in a vacuum sealed desiccator. 

The next day the plates were blocked with HS buffer (50mM Hepes, 0.15mM NaCl, pH 7.4) 

with the addition of 10 mg/ml BSA. All washing steps were performed with HS buffer with 

1mg/ml BSA in PBS. All primary and secondary antibodies were incubated in HS buffer 

with 1mg/ml BSA and then developed as above.

To evaluate the contribution of HA stalk N-linked glycans to the binding of poly/

autoreactive mAbs, SS-np was heat denatured and deglycosylated using PNGase F (New 

England BioLabs, P0704S), as per the manufacturer’s instructions (Keating et al., 2020). 

The PNGase F was then separated from the denatured SS-np using size exclusion 

chromatography (Keating et al., 2020). We then evaluated binding of germline L54 on-

target IGHV1-69 mAbs (human and HC2 mouse) to denatured SS-np (pre- and post- 

deglycosylation) using the same conditions described for human insulin above.

For Hep2 cell immunofluorescence, germline on-target IGHV1-69 F54 and L54 monoclonal 

antibodies were tested at a concentration of 200 μg/ml in PBS using the NOVA Lite Hep-2 

ANA kit (Inova Diagnostics) according to the manufacturer’s instructions. Cells were also 
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co-stained with DAPI for 5 min. Images were acquired using the TissueFAXs whole slide 

scanning system (TissueGnostics) at 20X magnification with extended focus.

Ca2+ fluxing—IgM BCR signaling was evaluated in resting F54 and L54 IGHV1-69 B 

cells using calcium flux, as per our established protocol (Weaver et al., 2016). Resting B 

cells were isolated from the spleens of F54/F54 and L54/L54 IGHV1-69 mice using MACS 

B cell isolation kit according to the manufacturer’s instructions (Miltenyo Biotec). The 

cells were then reconstituted in RPMI (lacking FBS) and stained with membrane permeable 

calcium sensing dye Fura Red at 1.5 μg/ml. After a 20 minute incubation at 37°C, the cells 

were washed in RPMI and then subjected to flow cytometry (LSR II, BD) where BCR 

stimulation was measured kinetically as the ratio of the Ca2+ bound/unbound states of Fura 

Red (Weaver et al., 2016). Ca2+ fluxing was measured three times (n=3 per mouse genotype) 

using 2×106 B cells per run. During each run, ratiometric flux measurements were made 

before and after exposure to 10 μg/ml anti-IgM [(Fab’)2, Jackson Immunoresearch]. These 

values were then standardized to the total/maximum Ca2+ flux capacity in each run, as 

defined by exposure of the cells to 10 μg/ml ionomycin (Weaver et al., 2016).

Datasets and statistical analyses—Human IGHV1-69 F54/L54 allelic usage was 

mined from the 1000 genomes project (rs 55891010) (Avnir et al., 2016; Genomes Project 

et al., 2010). All statistical analysis were conducted using Prism Graphpad, R 3.6.0 and 

SAS 9.4. Sample sizes and statistical tests are indicated in the figure legends. Data were 

considered statistically significant at P<0.05.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Both F54 and L54 IGHV1-69 alleles encode for human bnAbs against 

influenza virus

• Only F54 IGHV1-69 can provide substrate for vaccine-amplifying bnAbs to 

high titer

• L54 IGHV1-69 co-endows for poly/autoreactive B cells which become 

tolerized

• Immune cell checkpoint inhibitors can restore L54 IGHV1-69 antibody 

responses
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Figure 1. Structurally convergent VH-constrained targeting by human L54 and F54 IGHV1-69 
bnAbs.
Structures of HA trimers in complex with (A) 310-39G10, (B) 310-63E6, (C) and CR6261 

(PDB ID: 3gbm). HA trimers are shown in grey with heavy (HC) and light chains (LC) for 

each antibody represented as different colors and labeled. Relevant epitope and paratope 

regions are indicated in the panels. Antibody residues in direct contact with HA are 

represented as sticks and labeled. (D) Differences in angles of approach of the antibodies 

310-39G10 and 310-63E6 relative to CR6261 were calculated using UCSF Chimera by 

superimposition of the two cryo-EM models of HA bound to 310-39G10 Fab, 310-63E6 Fab 

and the x-ray crystal structure of HA bound to CR6261 Fab (PDB 3GBM). (E) Surface 

representation of HA NC99 colored based on sequence conservation. The location of 
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310-39G10, 310-63E6 and CR6261 epitopes are outlined in red, blue and tan, respectively. 

HA sequences used are represented in Table S2. See also Figures S2, S3, and Table S1.
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Figure 2. L54 IGHV1-69 paucity is not due to bnAb precursor frequency or affinity in HC2 mice.
(A) IgH loci of F54 and L54 IGHV1-69 HC2 mice as compared to humans. (B) CDRH3 

length distribution and (C) amino acid composition in the HC2 mice as compared to humans 

(>5 million BCR reads). HC2 sequences were obtained from naïve IgM B cells and human 

sequences were mined from a publicly available dataset (DeWitt et al., 2016). (D) F54 

usage in mouse genotypes: C57BL/6 (black); IGHV1-2 (pink); F54/F54 IGHV1-69 (red); 

L54/L54 IGHV1-69 (blue); and F54/L54 IGHV1-69 (green), as measured by reactivity to 

G6, an anti-idiotypic antibody specific to F54 IGHV1-69 (Avnir et al., 2017; Wheatley et 
al., 2015). (E) SS-np probe reactivity to CD3−/CD4−/CD19+/IgG−/IgD+/IgM+ splenocytes 

(germline B cells) in C57BL/6, IGHV1-2, IGHV1-69 F54/F54, IGHV1-69 F54/L54, and 

IGHV1-69 L54/L54 animals. On-target B cells (black box, denotes the group 1 IAV bnAb 
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site) are identified as germline BCRs that bind both positive selector probes but not the 

negative selectors (see also Figure S4 B–H for gating and additional analyses of functional 

B cell subsets). (F) Positive selector (SS-np Alexa-488 and SS-np Alexa-594) and negative 

selector probes containing the I45R/T49R mutations at the stalk bnAb epitope (SSΔstem-

np Alexa-647 and SSΔstem-np Alexa 546). (G-H) Frequency and number of on-target 

responses across the mouse genotypes. Data presented as mean and SEM for n=3 or n=4 

mice per genotype (**P<002, ****P<0.0001, ANOVA with Tukey’s test). (I) Stalk-affinity 

of germline on-target F54 and L54 Fabs isolated from HC2 mice and human (see also Tables 

S3 and S4). See also Figure S1 for human frequencies of F54/F54, L54/L54, and F54/L54 

genotypes and Figure S5A–B for on-target SS-np probe gating in humans.
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Figure 3. SS-np elicits serum bnAbs against group 1 IAVs in F54 but not in L54 IGHV1-69 mice.
(A) Sequential immunization scheme with SS-np. (B) Full length HA trimer and HAΔstem 

(I45R+T49R) ELISA probes presenting the stalk domain (purple), head domain (teal) and 

group 1 IAV bnAb epitope (yellow). (C) Serum IgG responses in C57BL/6, IGHV1-2, 

F54/F54 IGHV169, F54/L54 IGHV1-69, and L54/L54 IGHV1-69 at post-prime (D14), post-

boost 1 (D35), and post-boost 2 (D56) to HA (black line) and HAΔstem (red line). Shown 

as mean and SEM, n=5 mice per genotype. Stalk targeting bnAb responses are denoted 

as the difference in binding to HA vs HAΔstem (area under the curve, *P<0.05, Paired 

T-test). (D) Serum microneutralization against strain matched H1N1 (NC99), homosubtypic 

strain unmatched H1N1 (CA09), and heterosubtypic H5N1 (avian influenza VN04). 

Data presented as mean and SD, n=5 mice per genotype (****P<0.0001. ***P<0.001, 
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**P<0.005, *P<0.03, ANOVA with Tukey’s test). (E) Heterosubtypic protection following 

lethal challenge to H5N1 avian influenza virus (n=8 mice per group, **P=0.0024 between 

IGHV1-69 F54/F54 and L54/L54, *P<0.03 between IGHV1-69 F54/F54 vs F54/L54, and 

*P<0.02 between IGHV1-69 F54/L54 and C57BL/6 (Mantel-Cox test of survivorship).

Sangesland et al. Page 34

Immunity. Author manuscript; available in PMC 2023 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. The L54 IGHV1-69 sequence encodes for autoreactivity in HC2 mice (A-C) and 
humans (D-F).
(A) Reactivity of HC2 L54 and F54 on-target germline stalk mAbs (see Figure 2E–F and 

Table S4) to dsDNA, human recombinant insulin, LPS, cardiolipin, sphingomyelin, and 

POPC (mean and SEM, n=3 replicates, *P<0.02, **P<0.004, ***P<0.004, T-test). (B) HC2 

F54 and L54 germline mAb reactivity to Hep-2 cells. Samples were stained with anti-human 

IgG FITC secondary (green) and co-stained with DAPI (blue). Scale bar denotes 25μm. 

(C) Polyreactivity and autoreactivity by HC2 germline L54 stalk mAbs with the inclusion 

of F54 substitutions L54F, L54F/R49G, L54F/R49G/I56T (mean and SEM, n=3 replicates, 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ANOVA with Tukey’s test, See Table S5). 

(D) Reactivity of human F54 and L54 on-target stalk germline mAbs (see Figure S5, Table 

S4) to dsDNA, human recombinant insulin, LPS, cardiolipin, sphingomyelin, and POPC 

(Mean and SEM, n=3 replicates, ****P<0.0001, T-test). (E) Hep-2 cell staining with human 

L54 and F54 germline stalk mAbs. (F) Polyreactivity and autoreactivity by human germline 

L54 stalk mAbs with F54 substitutions (L54F, L54F/R49G, L54F/R49G/I56T, see Table S5) 

(mean and SEM, n=3 replicates, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ANOVA 

with Tukey’s test). See also Figure S6.
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Figure 5. L54-IGHV1-69 usage results in central editing and reduced responsiveness to antigen 
in the periphery.
(A) Gating to evaluate L54 vs F54 B cell development: immature B cells in the bone 

marrow and mature, transitional (T1, T2 and T3) stages in the spleen. (B) B cell numbers 

in each developmental stage (mean and SEM, n=4 mice per genotype, *P<0.02, **P<0.004, 

ANOVA with Tukey’s test). (C) BCR surface expression in mature B cells as evaluated by 

mean fluorescent intensity (MFI) for IgM, IgD and CD79b normalized to CD19−/B220− 

cells (Bancroft et al., 2019) (mean and SEM, n=4 mice per genotype, *P<0.05, **P<0.009, 

***P<0.001, ANOVA with Tukey’s test). (D) Normalized IgM MFI for immature B cells 

in the bone marrow and (E) T1, T2, T3 (T3/IgDhigh) stages in the spleen (mean and SEM, 

n=4 mice per genotype, *P<0.03, **P<0.008, ***P<0.0003, ****P<0.0001, ANOVA with 

Tukey’s Test). (F) Calcium fluxing after receptor crosslinking with anti-IgM in F54/F54 

or L54/L54 resting B cells (mean and SEM, n=3 mice per genotype). (G) AUC from (F). 

Mean and SEM, n=3 mice per genotype, **P<0.02, T-test. (H) Gating to distinguish between 

IgK and IgL usage in L54 and F54 B cells present in the bone marrow and spleen. (I) 

Quantification of IgL usage from (H) (mean and SEM, n=5 mice per genotype, *P<0.02, 

**P<0.004, T-test).
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Figure 6. Vaccine expanded L54 IGHV1-69 memory B cells are cleared limiting boosting to the 
HA stalk.
(A) Antigen specific IgG B cells were measured by flow cytometry during SS-np 

immunization. Reactivity to H1 trimer (black box) and reactivity to H1 + H5 trimers 

(pink box) (B) Quantification of H1+ and H1+/H5+ reactive IgG B cells following SS-

np immunization at D14, D35, D56 (mean and SEM, n=3–5 mice per genotype, linear 

regression). (C) Gating strategy for distinguishing antigen specific B cells (H1+ and 

H1+/H5+ reactive) in the GC and memory compartments. Gated on CD4−/F4.80−/Gr-1−/

CD19+/IgD− B cells (Tan et al., 2019). (D) Frequency of stalk reactive (H1+ and H1+/H5+ 

reactive) IgG B cells in GC and memory compartments at D14, D35, and D56 (mean 

and SEM, n=5 mice per genotype, linear regression). (E) Individual L54 stalk IgG (H1+/

H5+) B cells expanded during the SS-np immunization regimen. (F) Hep2 reactivity of 
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antibodies from (E) and their V gene-reverted (VHVL) sequences. (G) Cardiolipin reactivity 

of antibodies from (E) and their V gene-reverted (VHVL) sequences (**P<0.006, Paired 

T-test). (H) Endpoint titer of antigen specific IgG following sequential immunization with 

full length HA nanoparticle (HA-np); stalk only HA nanoparticle (SS-np), receptor binding 

domain nanoparticle (RBD-np). All HA sequences are derived from H1N1 NC99 and 

display the stalk domain (purple) and/or head domain (teal), and ferritin scaffold (grey). 

Endpoint titers following sequential immunization are shown at post boost 2 (D56) (mean 

and SEM, n=5 mice per genotype, **P<0.01, ANOVA with Tukey’s test). NC99 HA trimer 

baits are used for endpoints to HA-np, SS-np, and RBD-np and ferritin bait was used for 

SS-np immune sera.
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Figure 7. Clonal redemption in L54/L54 individuals.
Residues implicated in L54-IGHV1-69 encoded poly- and autoreactivity, as shown for 

310-39G10 Fab (A) and 310-36E6 Fab (B). HA trimers are shown in gray and antibodies 

are colored as red and blue. (C) HA stalk affinity for human and HC2 mouse stalk specific 

L54 germline Fabs with or without the L54F/R49G/I56T substitutions (See also Figures 

2E, F, S5, and Tables S3, S4, S5, and S7). Human mAbs are denoted in blue while HC2 

mAbs are denoted in purple (P>0.05, T-test). (D) Pathways of clonal redemption for affinity 

matured human (310-39G10, 310-36E6) and HC2 L54 stalk-targeting mAbs (L69_m76, 

and L69_m34). (E-F) Autoreactivity of mature and V gene-reverted (gHgL) antibodies 

as evaluated by binding to Hep-2 cells (E) and cardiolipin (F, **P<0.008, Paired T-test). 

Human mAbs are denoted in blue and HC2 mAbs are denoted in purple. Scale bar in 
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(E) denotes 25μm. (G) Immunization scheme for CTLA-4 blockade in L54/L54 HC2 mice 

vaccinated with SS-np. (H) Endpoint titers for isotype control treated (dark blue) and 

anti-CTLA-4 treated (light blue) at day 14, 35 and 56 (mean and SEM, n=5 mice per group, 

*P<0.03, **P<0.002, ANOVA with Tukey’s test). (I) Day 56 endpoint dilution for stalk 

specific IgG (n=5 mice per group, mean and SEM, *P<0.05, T-test).
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

G6 Anti-Idiotypic mAb Produced in house N/A

CH65 Produced in house N/A

CR6261 Produced in house N/A

Sheep Anti-Mouse IgG-HRP GE Healthcare Cat#NA931

Sheep Anti-Human IgG-HRP GE Healthcare Cat#NA933

Hamster Anti-Mouse CD3e-PE/Cy7 (clone 145-2C11) BioLegend Cat#100320

Rat Anti-Mouse CD4-Alexa Fluor 700 (clone RM4-5) BD Biosciences Cat#557956; RRID: AB_396956

Rat Anti-Mouse CD19-BV421 (clone 6D5) BioLegend Cat#115549; RRID: AB_2563066

Rat Anti-Mouse IgM-BV605 (clone RMM-1) BioLegend Cat#406523; RRID: AB_2563358

Goat Anti-Mouse IgG-PerCP/Cy5.5 (clone Poly4053) BioLegend Cat#405314; RRID: AB_10662053

Rat Anti-Mouse IgM-BV650 (clone II/41) BD Biosciences Cat#743326; RRID: AB_2741427

Rat Anti-Mouse CD23-BV786 (clone B3B4) BD Biosciences Cat#563988; RRID: AB_2738526

Rat Anti-Mouse CD93-BV421 (clone AA4.1) BD Biosciences Cat#747716; RRID: AB_2872195

Rat Anti-Mouse IgD-PerCP-Cy5.5 (clone 11–26C.1) BD Biosciences Cat#564273; RRID: 2738722

Rat Anti-Mouse CD21/CD35-PE-Cyanine7 (clone 8D9) eBioscience Cat#25-0211-80; RRID: 
AB_1518767

Rat Ani-Mouse CD45R/B220-BUV395 (clone RA3-6B2) BD Biosciences Cat#563793; RRID: AB_2738427

Hamster Anti-Mouse CD3e-BV510 (clone 145-2C11) BD Biosciences Cat#563024; RRID: AB_2737959

Rat Anti-Mouse F4/80-BV510 (clone BM8) BioLegend Cat#123135; RRID: AB_2562622

Rat Anti-Mouse Ly-6G and Ly-6C-BV510 (clone RB6-8C5) BD Biosciences Cat#563040; RRID: AB_2722496

Rat Anti-Mouse CD19-APC-eFlour780 (clone 1D3) eBioscience Cat#47-0193-82; RRID: 
AB_10853189

Hamster Anti-Mouse CD79b-BV605 (clone HM79b) BD Biosciences Cat#740383; RRID: AB_2740113

Rat Anti-Mouse Ig k Light chain-PE (clone 187.1) BD Biosciences Cat#559940; RRID: AB_397384

Rat Anti-Mouse Ig, λ1, λ2, & λ3 Light chain-FITC (clone 
R26-46)

BD Biosciences Cat#553434; RRID: AB_394854

Rat Anti-Mouse CD38-Alexa Flour 594 (clone 90) BioLegend Cat#102725; RRID: AB_2566435

Rat Anti-Mouse/human GL7-Alexa Flour 488 (clone GL7) BioLegend Cat#144612; RRID: AB_2563285

Rat Anti-Mouse IgD-BUV395 (clone 11-26C.1) BD Biosciences Cat#564274; RRID: AB_2738723

Hamster Anti-Mouse CD95-PE-Cyanine7 (clone Jo2) BD Biosciences Cat#557653; RRID: AB_396768

Rat Anti-Mouse Ly-6G/Ly-6C-APC-eFlour780 (clone RB6–
8C5)

eBiosciecne Cat#47-5931-82; RRID: 
AB_1518804

Rat Anti-Mouse CD4-APC-eFlour780 (clone RM4-5) eBioscience Cat#47-0042-82; RRID: 
AB_1272183

Rat Anti-Mouse CD8a-APC-eFlour780 (clone 53–6.7) eBioscience Cat#47-0081-82; RRID: 
AB_1272185

Rat Anti-Mouse/Human CD45R/B220-BV605 (clone RA3–6B2) BioLegend Cat#103243; RRID: AB_11203907

Rat Anti-Mouse CD19-PerCP/Cyanine5.5 (clone 1D3) BioLegend Cat#152405; RRID: AB_2629814

Rat Anti-Mouse F4/80-APC-eFlour780 (clone BM8) eBioscience Cat#47-4801-82; RRID: 
AB_2735036
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REAGENT or RESOURCE SOURCE IDENTIFIER

Goat Anti-Mouse IgG-BV421 (clone Poly4053) BioLegend Cat#405317; RRID: AB_10900419

Rat Anti-Mouse IgD-Alexa Fluor 700 (clone 11–26c.2a) BioLegend Cat#405730; RRID: AB_2563341

AffiniPure F(ab’)2 Fragment Goat Anti-Mouse IgM Jackson ImmunoResearch Cat#115-006-020; RRID: 
AB_2338469

inVivoMAb Anti-mouse CTLA-4 (clone 9H10) BioXCell Cat#BE0131

inVivoMAb Polyclonal Syrian Hamster BioXCell Cat#BE0087

Mouse Anti-Human CD19-Alexa Fluor 700 (clone HIB19) BioLegend Cat#302226; RRID: AB_493751

Mouse Anti-Human IgG-Brilliant Violet 421 (clone G18–145) BD Biosciences Cat# 562581; RRID: AB_2737665

Mouse Anti-Human IgD-PE/Cy7 (clone IA6–2) BD Biosciences Cat#561314; RRID: AB_10642457

Mouse Anti-Human CD3-APC-Cy7 (clone SK7) BD Biosciences Cat#557832; RRID: AB_396890

Mouse Anti-Human IgM-PerCP/Cyanine5.5 (clone MHM-88) BioLegend Cat#314512; RRID: AB_2076098

HC2 and Human Germline on-Target F54 and L54 Antibodies, 
see Table S4

This Paper N/A

HC2 and Human L54F/R49G/I56T Conversion Antibodies, see 
Table S5

This Paper N/A

HC2 and Human Vaccine Expanded Stalk Antibodies, see Table 
S6

This Paper N/A

Bacterial and virus strains

A/chicken/Vietnam/NCVD-016/2008(H5N1)-PR8-IDCDC-
RG12 

International Reagent Resource FR-725

Influenza reporter viruses Masaru Kanekiyo, NIH 
(Creanga et al., 2021)

N/A

Biological samples

PBMC Samples from Human Donors Massachusetts General Hospital N/A

Chemicals, peptides, and recombinant proteins

H1 HA Trimer (NC99) Produced in house (Whittle et 
al., 2014)

N/A

H1 Y98F HA Trimer (NC99) Produced in house (Whittle et 
al., 2014)

N/A

H5 Y98F HA Trimer (Indo05) Produced in house (Whittle et 
al., 2014)

N/A

H1 HA-np (NC99) Produced in house (Kanekiyo et 
al., 2013)

N/A

SS-np (NC99) Produced in house (Yassine et 
al., 2015)

N/A

SS-npΔstem (NC99) Produced in house (Sangesland 
et al., 2019)

N/A

H. Pylori Ferritin Aaron Schmidt, Ragon Institute 
of MGH, MIT, and Harvard

N/A

H1 RBD-np (NC99) Masaru Kanekiyo, NIH 
(Kanekiyo et al., 2019)

N/A

Streptavidin-allophycocyanin (APC) Conjugate Life Technologies Cat#S32362

Streptavidin-phycoerythrin (PE) Conjugate Life Technologies Cat#S21388

Fura Red, AM, Cell Permeant Thermo Fisher Cat#F3021
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ionomycin Thermo Fisher Cat#I24222

Sigma Adjuvant System Sigma-Aldrich Cat#S6322

Recombinant Human Insulin Protein Fitzgerald Cat# 30-Al51

UltraPure Calf Thymus DNA solution Invitrogen Cat#15633019

Sphingomyelin Avanti Polar Lipids Cat#860062

Cardiolipin Sigma-Aldrich Cat#C1649

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) Avanti Polar Lipids Cat#850457P

Lipopolysaccharide from Escherichia coli O55:B5 Sigma-Aldrich Cat#L2880

293fectin Reagent Invitrogen Cat#12347019

Ni-Sepharose excel Affinity Medium GE Healthcare Cat#GE17-3712-02

Erythrina Cristagalli (ECA) Immobilized Lectin EY Laboratories Cat#A-5901-2

Protein G Sepharose GE Healthcare Cat#17061802

IgG Elution Buffer Pierce Cat#21009

LIVE/DEAD Fixable Aqua Dead Cell Stain Thermo Fisher Cat#L34957

LIVE/DEAD Fixable Blue Dead Cell Stain Thermo Fisher Cat#L34961

Critical commercial assays

NOVA Lite Hep-2 IgG kit Werfen Cat#708100

BirA Biotin-Protein Ligase Bulk Reaction Kit Avidity Cat#Bulk BirA

Alexa Fluor 647 Protein Labeling Kit Thermo Fisher Cat#A20173

Alexa Fluor 488 Protein Labeling Kit Thermo Fisher Cat#A10235

Alexa Fluor 594 Protein Labeling Kit Thermo Fisher Cat#A10239

Alexa Fluor 546 Protein Labeling Kit Thermo Fisher Cat#A20183

MiSeq Reagent Kit, V2 500 cycles Illumina Cat#MS-102-2003

Deposited data

IGHV1-69 HC2 CDRH3 sequences This Paper GEO: GSE207054
https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE207054

CryoEM structures This Paper PBD IDs: 7SCO, 7SCN

Experimental models: Cell lines

Human: FreeStyle 293F Thermo Fisher Cat#R79007; RRID: CVCL_D603

Human: Expi293F Thermo Fisher Cat#A14527; RRID: CVCL_D615

Canine: MDCK ATCC Cat#CCL-34; RRID: CVCL_0422

Experimental models: Organisms/strains

Mouse: IGHV1-69*01+/+ IgH Restricted Mouse Model with 
Diverse Human CDRH3 (C57Bl/6 Strain)

Sangesland et al., 2019 N/A

Mouse: IGHV1-2*02+/+ IgH Restricted Mouse Model with 
Diverse Human CDRH3 (C57Bl/6 Strain)

Sangesland et al., 2019 N/A

Mouse: IGHV1-69*09+/+ IgH Restricted Mouse Model with 
Diverse Human CDRH3 (C57Bl/6 Strain)

This Paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: IGHV1-69*01+/−/IGHV1-69*09+/− IgH (C57Bl/6 Strain) This Paper N/A

Oligonucleotides

Primers for Single Cell and Bulk BCR Amplification Sangesland et al., 2019 N/A

Recombinant DNA

Software and algorithms

Flowjo v10.6.2 TreeStar https://www.flowjo.com; RRID: 
SCR_008520

Prism v.8.4.3 GraphPad https://www.graphpad.com; RRID: 
SCR_002798

Other

Superdex 200 10/300 Column GE Healthcare Cat#17517501

Superose 6 10/300 Column GE Healthcare Cat#17517201

SPF Embryonated Chicken Eggs Charles River Laboratories Cat#10100335
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