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Abstract

Due to significant viral diversity, vaccines that elicit durable and broad protection against 

influenza have been elusive. Recent research has focused on the potential of highly conserved 

regions of the viral hemagglutinin (HA) as targets for broadly neutralizing antibody responses. 

Antibodies that bind the highly conserved stem or stalk of HA can be elicited by vaccination in 

humans and animal models and neutralize diverse influenza strains. However, the frequency and 

phenotype of HA stem-specific B cells in vivo remains unclear. Here we characterize HA stem-

specific B cell responses following H5N1 vaccination and describe the re-expansion of a pre-

existing population of memory B cells specific for stem epitopes. This population utilizes 

primarily, but not exclusively, IGHV1-69-based immunoglobulins for HA recognition. However 

within some subjects, allelic polymorphism at the ighv1-69 locus can limit IGHV1-69 

immunodominance and may reduce circulating frequencies of stem-reactive B cells in vivo. The 

accurate definition of allelic selection, recombination requirements and ontogeny of neutralizing 

antibody responses to influenza will aid rational influenza vaccine design.

Introduction

Antibodies targeting the viral surface protein hemagglutinin (HA) provide the principal 

protection against the acquisition of influenza infection. However outbreaks of pathogenic 

avian influenza and the worldwide spread of H1N1pdm underscore the susceptibility of 

human populations to novel viral serotypes despite seasonal vaccination efforts. The high 

genetic diversity of HA and capacity for rapid antigenic change limits the conservation of 

neutralizing epitopes between multiple viral subtypes and poses a challenge to the 

development of “universal” influenza vaccines for broad and lasting protection.
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The isolation and structural characterisation of numerous human monoclonal antibodies 

revealed a conserved region within the stem (or stalk) domain of HA as a target for broadly 

neutralizing antibodies (bNAbs) (1-5). Antibodies binding the stem can neutralize diverse 

influenza strains by inhibiting conformational changes required for membrane fusion and 

provide passive protection against influenza in small animal influenza challenge models (2, 

4-6). In the general population, stem-reactive serum antibodies with analogous neutralizing 

activity are widespread, but present at low concentrations thought unlikely to prevent 

infection (7). However, a marked increase in serum stem-reactivity can be elicited following 

immunization with immunologically novel influenza strains such as H5N1 (8-10) or pH1N1 

(7, 11).

We previously reported the phase I influenza clinical vaccine trial (VRC 310), where 

subjects were immunized against avian H5N1 (A/Indonesia/05/2005) with plasmid DNA or 

conventional monovalent influenza vaccine (MIV) as a prime, followed by a H5N1 MIV 

boost delivered to different groups at staggered intervals from one to six months (10). 

Serological analysis indicated a polyclonal serum antibody response to H5 targeting a 

diverse epitope repertoire (12) including but not limited to the HA stem (10). The recent 

development of novel recombinant HA probes allowed the identification of HA-specific B 

cells within VRC 310 clinical samples (13) and the ready isolation of stem-specific 

monoclonal antibodies, which in concordance with previous studies were generally 

IGHV1-69 derived. We now expand those findings to characterize the B cell receptor 

repertoire and kinetics of HA-stem specific memory B cell expansion following H5N1 

immunization. We report the vaccine-responsive, stem-specific memory B cell population is 

highly polyclonal, with repertoire bias for IGHV1-69 observed in the majority of subjects. 

Furthermore, we show that ighv1-69 polymorphism alters the immunodominance hierarchy 

of B cell responses to the stem epitope.

Materials and Methods

Ethics Statement

The study protocol and associated procedures were approved by the NIAID Institutional 

Review Board. All participants provided written informed consent in accordance with the 

Declaration of Helsinki.

VRC-310 Study Design and Clinical Samples

The VRC-310 study (ClinicalTrials.gov identifier NCT01086657) (10, 14) was conducted at 

the National Institutes of Health (NIH), Bethesda, MD by the Vaccine Research Center, 

NIAID, NIH, DHHS. This Phase I study examined the safety and immunogenicity of H5N1 

prime-boost vaccination. One group received inactivated H5N1 vaccine (A/Indonesia/

05/2005) for both prime and boost, whilst five other groups were primed with a DNA 

vaccine expressing H5 (A/Indonesia/05/2005) followed by boosting with inactivated H5N1 

vaccine at increasing intervals ranging from 1 to 6 months. Peripheral blood mononuclear 

cells (PBMCs) were isolated and stored at regular intervals over the course of the trial and 

used for flow cytometry and sorting experiments as detailed below.
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HA-specific probes and flow cytometry

The design and purification of fluorescently labelled recombinant HA probes with ablated 

sialic acid binding activity has been previously described (13). HA-specific B cells were 

identified within cryopreserved PBMC samples by co-staining with H1 (A/New Caledonia/

20/1999) and H5 (A/Indonesia/05/2005) probes conjugated to streptavidin-PE or −APC 

(Life Technologies, New York, NY) respectively. B cells were stained with the following 

antibodies for sorting or phenotypic analysis: CD3-QD655, CD14-QD800, CD27-QD605 

(Invitrogen), CD19-ECD (Beckman Coulter), IgM-Cy5.5-PerCP, IgG-FITC or −BV421, 

IgD-Cy7PE, CD38-Alexa Fluor 700, CD22-Cy5PE, CD24-Cy7PE, CXCR5-Ax488, CD20-

Cy7APC (BD Pharmingen). Cell viability was assessed using Aqua Live/Dead amine-

reactive dye (Invitrogen). The IGHV1-69 anti-idiotypic mouse monoclonal G6 was 

biotinylated and conjugated to Ax488 using standard procedures. 1 - 2 million events were 

collected on an LSR II instrument (BD Immunocytometry Systems) configured to detect 18 

fluorochromes and analysis was performed using FlowJo software version 9.5.2 (TreeStar). 

Where applicable, HA probes were incubated with scFv derived from influenza bNAb F10, 

or alternatively with VRC01 or VRC04 HIV-1 Env-specific scFv controls. Probes were 

incubated at room temperature with 10 μg/ml of scFv inhibitors for 1h prior to the addition 

of PBMCs.

Sequencing, cloning and expression of B cell immunoglobulins

The sequencing and cloning of BCRs from single B cells was performed as previously 

described (15, 16). Plasmids expressing heavy and light immunoglobulin chains were 

transfected into Expi293F cells using ExpiFectamine (Invitrogen). Recombinant monoclonal 

antibodies were purified from culture supernatants using sepharose Protein-A or G (Pierce) 

as per the manufacturer’s instructions.

Transfection and cell surface binding to HA

Germline-reverted variants of stem antibodies or VRC-01 were synthesised (GeneArt) and 

used to express receptor IgM on the surface of Expi293 cells as previously described (17). 

24 hours after transfection, cells were stained with AQUA Live/Dead amine reactive dye 

(Invitrogen) and binding to HA was assessed using PE-conjugated HAdSA probes derived 

from A/New Caledonia/20/1999 (13). Immunoglobulin surface expression was confirmed by 

staining transfected cells with anti-huIgM Cy5.5PerCP (BD Biosciences). The ability of 

IGHV1-69 alleles to differentially bind the anti-idiotypic monoclonal antibody G6 was 

confirmed by co-staining transfected cells with G6-Alexa Fluor 488 (Ax488).

Enzyme-linked immunosorbant assay (ELISA)

All incubations were performed at ambient temperature. For the detection of serum 

IGHV1-69 antibodies, plates were coated overnight with the monoclonal G6 at 2 μg/ml, 

washed and incubated with serial dilutions of sera. Bound antibodies were detected using 

1:30000 goat anti-huIgG-HRP (Bethyl Labs) for 1 hour, developed using one step TMB 

substrate (Dako) and stopped by the addition of 2M sulphuric acid. Plates were read at 450n 

using a Spectromax Plus (Molecular Devices).
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Generation of fragment antigen-binding (Fab) of monoclonal antibodies

Purified monoclonal antibodies (0.5 mg) were digested with papain-conjugated agarose 

using a commercial kit (Pierce) for 4 h at 37 °C. After incubation, digestion reactions were 

separated from papain resin by a spin column. A protein A-conjugated sepharose column 

was used to separate Fab from undigested antibody and Fc. Purity of Fabs was verified by 

SDS-PAGE.

Binding kinetics of monoclonal antibodies to HA by biolayer interferometry

A fortéBio Octet HTX instrument (Pall) was used to measure the binding kinetics of soluble 

HA trimer (A/Indonesia/5/05 H5N1) to Fab from purified monoclonal antibodies. All the 

assays were performed at 30 °C in tilted bottom 384-well plates (Pall) with agitation set to 

1,000 rpm in PBS supplemented with 1% BSA (PBS-BSA) in order to minimize nonspecific 

interactions. Soluble biotinylated HA trimers (10 μg/ml) in PBS-BSA were immobilized on 

streptavidin (SA)-coated biosensors (Pall) for 300 s. Typical capture variability within a row 

of eight tips did not exceed 0.1 nm. Biosensor tips were then equilibrated in PBS-BSA for 

180 s prior to binding assessment of Fab of monoclonal antibodies (0 to 200 nM) in PBS-

BSA for 300 s. Binding was then allowed to dissociate in PBS-BSA for 300 s. Parallel 

correction to subtract systematic baseline drift was carried out by subtracting the 

measurements recorded for a sensor immobilized with biotinylated Epstein-Barr virus gp350 

protein. Data were analysed using Octet software, version 8.0 (Pall). Experimental data were 

fitted with the binding equations describing a 1:1 interaction. Global analyses of the data 

sets assuming binding was reversible (full dissociation) were carried out using nonlinear 

least-squares fitting allowing a single set of binding parameters to be obtained 

simultaneously for all concentrations used in each experiment.

HA pseudovirion neutralization assay

Neutralization of HA-pseudoviruses by purified monoclonal antibodies was assessed as 

previously described (18). Briefly, HA NA-pseudotyped lentiviral vectors encoding 

luciferase were incubated with serially diluted sera from H5N1 vaccine recipients prior to 

addition to 293A cells. Neutralization activity was quantified by the relative decrease in 

luciferase activity as compared to infection of 293A cells in the absence of sera. A serum 

dilution yielding a 50% inhibition titer (ID50) was calculated using 5-parameter curve 

fitting.

Statistical Analyses

Data is generally presented as mean +/− SEM. Statistical significance was assessed by two 

tailed paired or unpaired Students’ t-test. All statistical analyses were performed using 

Graphpad Prism ver 5.0 (GraphPad Software Inc.).
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Results

H5N1 vaccination elicits the expansion of cross-reactive B cells that bind a conserved 
epitope within the HA stem

We previously described the development of recombinant HA analogues as flow cytometry 

probes (13) and how co-staining with H5 (vaccine-strain A/Indonesia/05/2005) and H1 

(A/New Caledonia/20/1999) probes could be used to delineate three populations of HA-

binding memory B cells within PBMC samples; H1+, vaccine-specific H5+ B cells and 

H5+H1+ cross-reactive B cells (Fig. 1A; representative gating in Supplementary Fig. 1A 

and 1B). Non-specific staining associated with HA probes is low (Supplementary Fig. 1C). 

Based upon the isolation of monoclonal antibodies, B cells within the H5+H1+ cross-

reactive population of a single individual were shown to be predominantly specific for the 

HA stem epitope (13). In order to generalize findings to all H5N1 vaccine recipients, we 

developed a flow cytometry based competition assay to measure stem specificity. Pre-

incubation of HA probes with single chain Fv (scFv) fragments derived from the stem-

specific bNAb F10 (4) blocks the HA stem epitope, preventing the binding of cross-reactive 

H5+H1+, but not H5+ B cells (Fig. 1B). When examined in PBMC samples from H5N1 

vaccinees isolated 2 weeks post-MIV boost, F10-scFv inhibition resulted in a ~80-90% 

reduction in the observed frequencies of H5+H1+ memory B cells relative to a control scFv 

(Fig. 1C). This suggests a significant majority of the cross-reactive B cell population bound 

the HA stem, more precisely, epitopes overlapping that of bNAb F10, with the remainder 

binding currently undefined, alternative cross-reactive epitopes on HA.

Elicitation of stem-reactive serum antibodies to H5N1 vaccination has been previously 

reported (8-10). We now assessed the kinetics of stem-specific memory B cell expansion 

within longitudinal PBMC samples taken from a subset of subjects from VRC 310 (N=30, 5 

per group). In most individuals, both H1+ (mean 0.20±0.03%) and H5+H1+ cross-reactive 

(0.18±0.02%) memory B cell populations were readily detected in baseline samples (Fig. 

1D). Memory B cells specific for H5 but not cross-reactive with H1 were comparatively 

infrequent (0.02±0.01%). Following H5N1 vaccination, irrespective of the prime/boost 

interval, low baseline frequencies of H5+ B cells underwent a gradual expansion that 

generally peaked between eight to twenty-four weeks after the final H5N1 MIV boost (Fig. 

1E). In comparison, the H5+H1+ cross-reactive memory B cell population underwent rapid 

re-expansion, peaking at two weeks post-MIV boost before contracting rapidly. In subjects 

that received H5N1 MIV prime and boost (Group 1), H5+H1+ B cells expanded in response 

to each vaccine injection. The longer-term effects of H5N1 vaccination were reflected by 

sustained elevation of circulating H5+ memory B cell frequencies in most individuals, 

evident over seventy-two weeks after initial immunization (Fig. 1F). In contrast, the 

frequencies of H5+H1+ cross-reactive memory B cells had generally returned to frequencies 

comparable to baseline by the seventy-two week sampling (Fig. 1G).

Phenotype of vaccine elicited stem-reactive B cells

The phenotype of HA-specific B cells at two weeks post H5N1 boost was characterised by 

flow cytometry in two representative subjects per vaccine group (N=12 total). Using forward 

scatter (FSC-A) as a marker of cell size, both H5+H1+ and H5+ B cells were generally 
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larger than H1+ B cells and the parental IgG+ memory B cell population (Fig 2A). The 

mean fluorescent intensity (MFI) for a panel of surface markers was determined for H1+, 

H5+ and H5+H1+ B populations and normalized relative to the parental IgG+ B cell 

population in each subject. The intensity of surface marker expression on H1+ B cells (2 – 

48 cells/subject, mean = 27) was largely in line with the parental memory B cell population 

(Fig 2B) consistent with cells mono-specific for an historical H1N1, most likely binding 

within the variable HA head domain, remaining unresponsive to H5N1 vaccination. In 

contrast, low relative expression of CXCR5 and CD21 was consistently observed for both 

H5+H1+ (24 – 1017 cells/subject, mean = 225) and H5+ B cell populations (4 – 178 cells/

subject, mean = 46). Increased relative expression of CD19 and CD20 was also noted, 

although this may merely be reflective of increased cell size. Greater CD27 and CD22 

expression was observed only within the double positive H5+H1+ population, potentially 

reflecting phenotypic differences between a recently class-switched primary response (H5+) 

and recall responses (H5+H1+). Increasing size, downregulation of CD21 (19) and CXCR5 

(20) and upregulation of CD22 (21) and CD27 (22) is broadly consistent with B cell 

activation and differentiation toward antibody secreting plasmablast/plasma cells. However 

further experiments, including transcriptional phenotyping, will clarify the extent and nature 

of activation and/or proliferation within the different HA-specific B cell populations 

following H5N1 immunization.

The VH repertoire of stem-reactive B cells is dominated by IGHV1-69

Frequent use of the variable gene segment IGHV1-69 has been reported among isolated HA 

stem-binding antibodies (3, 6, 11, 23-25). To examine the repertoire of H5+H1+ B cells, 

single cells were sorted from six representative vaccine recipients and recombined VDJ 

sequences were recovered as previously described (16). The BCR repertoire was highly 

polyclonal within each subject, with no single B cell lineage making up more than ~17% of 

the total response (Fig. 3A). In line with other studies, we observed a marked bias toward 

IGHV1-69 utilization in all subjects sequenced, making up between 43.6 and 81.5% (mean 

68.2%)of recovered sequences. Germline encoded phenylalanine within the CDR-H1 (F29), 

and a hydrophobic residue at position 53 and phenylalanine at position 54 (F54) within the 

CDR-H2 were previously shown to be critical for guiding the maturation of IGHV1-69 class 

stem antibodies (17). More recently, the importance of centrally located tyrosines within the 

CDR-H3 has been established (26). We similarly observed strong conservation of these 

critical heavy chain signatures among putative stem-specific IGHV1-69 immunoglobulins 

sequenced from multiple subjects (Fig. 4). The frequent use of three other germlines, 

IGHV1-18, IGHV3-23 and IGHV4-34 was also observed in multiple individuals. Paired 

light chain sequences recovered from 444 H5+H1+ B cells were primarily kappa chain and 

selected from a wide range of germline families without obvious preference (data not 

shown).

In contrast to the H5+H1+ population, the BCR repertoire of isolated H5+ cells showed no 

enrichment for IGHV1-69 but was again highly polyclonal (Fig. 3B). The degree of somatic 

hypermutation within recovered VDJ sequences from H5+H1+ B cells ranged from 1.4 – 

12.9%, (mean 5.9%)(Fig. 3C), broadly in line with previous reports of HA specific 

antibodies raised to experimental infection or vaccination against seasonal influenza (27, 28) 
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but significantly higher compared with the H5+ B cell population (mean 1.1%). This 

observation is consistent with both the de novo elicitation of H5+ memory B cells and the 

re-expansion of pre-existing H5+H1+ memory B cells in response to H5 immunization. 

Indeed IGHV1-69 bias and extensive immunoglobulin maturation of H5+H1+ B cells was 

evident prior to H5N1 vaccination (Fig. 5). Expansion of stem reactive antibodies has been 

previously reported in response to either A/New Jersey/1976 (NJ/76) vaccine (29) or 

exposure to H2N2 between 1957-1967 (30). Though these findings might suggest cohort-

specific differences in HA stem responses, no correlation was observed between age and 

baseline frequencies of H5+H1+ B cell frequencies (Fig. 6). Therefore exposure to these 

early strains is not prerequisite and exposure to recently circulating seasonal influenza 

strains through infection or immunization seems sufficient to seed a cross-reactive stem-

specific memory B cell population and establish IGHV1-69 immunodominance.

IGHV1-69 polymorphism alters the immunodominance of stem reactive antibody 
responses

The mechanisms that drive IGHV1-69 bias within stem antibody responses remain unclear. 

Thirteen distinct ighv1-69 alleles have been described encompassing F54L, T56I and G49R 

polymorphisms within and proximal to the CDR-H2 (31). Notably, seven alleles encode F54 

and six alleles instead encode a leucine (L54), with 11% of the general population reported 

to be homozygous for L54-encoding alleles (32). Almost exclusively, IGHV1-69 derived 

stem bNAbs isolated to date have been derived from F54-encoding alleles *01, *03, *06 and 

*12 (6, 13, 23, 25, 26). Recently, allelic polymorphism was shown to limit the serological 

titres of stem antibodies, with levels significantly lower in L54 homozygotes (25). We 

therefore examined the effect of allelic polymorphism at the ighv1-69 locus upon the 

immunodominance of IGHV1-69 among stem-specific antibodies elicited in vivo. The mAb 

G6 binds selectively to F54-encoding idiotypes of IGHV1-69 (33) and can be used to 

identify B cells expressing such immunoglobulins (Fig. 7A). Ten of 61 VRC 310 subjects 

screened lacked G6+ B cells (Fig. 7B) and for three representative subjects tested, also 

lacked G6-reactive serum antibodies (Fig. 7C). Therefore subjects lacking G6+ B cells were 

putatively identified as L54 homozygotes and from four representative individuals single 

H5+H1+ B cells taken 2wks post-MIV boost were isolated and sequenced (Fig. 7D). The 

repertoires of H5+H1+ B cells were again highly polyclonal and conserved stem-reactive 

germlines IGHV1-18, 3-23 and 4-34 were detectable in all subjects. However, IGHV1-69 

was evidently less immunodominant; 21.1-34.0% (mean 26.9%) of recovered sequences and 

derived primarily from ighv1-69*02 or ighv1-69*09 alleles. Reversion to F54 was rare. The 

inability to utilise a dominant IGHV1-69-based pathway for stem antibody elicitation may 

contribute to a reduction in the frequencies of H5+H1+ B cells observed in L54 

homozygotes following H5N1 immunization (Fig. 7E). However, this difference failed to 

reach statistical significance and confirmation would be required using larger cohorts of L54 

homozygotes. No correlation was observed between the frequencies of naïve G6+ B cells 

and H5+H1+ B cells elicted post-vaccination (Fig. 7F), suggesting a single F54-encoding 

allele is sufficient to populate the pool of IGHV1-69 B cells targeting the HA stem.
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Germline binding to HA by IGHV1-69*09 does not account for subdominant antibody 
responses to the stem

Sequences for three canonical ighv1-69*01-derived stem antibodies and three ighv1-69*09-

derived stem antibodies were recovered from subjects with and lacking F54 alleles 

respectively. Each antibody was expressed as membrane associated IgM on the surface of 

293 cells as previously described (17) and binding to the HA stem epitope was confirmed 

based upon F10-scFv inhibition (Fig. 8A). Affinity measurements were obtained by biolayer 

interferometry using purified Fab fragments in solution binding to biotinylated H5 (A/

Indonesia/5/05) (Fig. 8B). Antibodies derived from both IGHV1-69 alleles were capable of 

binding HA at nanomolar affinities, similar to values previously reported for CR6261 (4.1 

nM) (2). Moreover, the neutralization potency against H1N1 and H5N1 pseudoviruses was 

broadly comparable for antibodies derived from both IGHV1-69 alleles (Fig. 8B). These 

data suggest that IGHV1-69*09 derived stem antibodies maintain a level of functional 

equivalence to the canonical IGHV1-69*01 derived population.

In order to model the initial engagement of naïve B cells with the HA stem, inferred 

germline immunoglobulins were constructed for each antibody lineage. Cells transfected 

with the germline-reverted CR6261 control and two of three ighv1-69*01-derived antibodies 

efficiently bound soluble HA from A/New Caledonia/20/1999 (Fig. 8C). However, efficient 

binding was also observed for two of three ighv1-69*09-derived antibodies despite the lack 

of canonical CDR-H2 residues, confirmed by the absence of G6 staining. The incorporation 

of G49R, F54L and T56I amino acid substitutions into ighv1-69*01-derived antibodies in 

order to model presentation in an IGHV1-69*09 context resulted in a loss of HA binding 

(Fig. 8D), consistent with past observations (17). However this was also the case for the 

converse, where R49G, L54F and I56T mutations led to a loss of HA binding by 

ighv1-69*09-derived antibodies. Our observations suggest that immunoglobulins from both 

L54- and F54-encoding ighv1-69 alleles are capable of engaging HA at the germline level 

and germline-encoded CDR-H2 contacts are critical. However, the modes of HA recognition 

for ighv1-69*09-derived antibodies appears distinct from that engendering ighv1-69*01 

antibodies.

Discussion

Broadly neutralizing antibodies that target the influenza HA stem have the potential to 

protect against diverse influenza serotypes and could form the basis of a universal vaccine. 

We have now shown that increased stem-reactive serum antibody following H5N1 

immunization coincides with a rapid re-expansion of stem-specific memory B cells. 

Moreover, these memory B cells predominantly arise from a maturation pathway reliant 

upon IGHV1-69 alleles with germline-encoded F54, analogous to that of bNAbs CR6261. 

We previously demonstrated that all IGHV1-69-derived monoclonal antibodies isolated 

from a representative H5N1 vaccine recipient had comparable influenza neutralization 

potency and breadth to the prototypic bNAbs CR6261 and F10 (13). Thus despite 

maintenance as a highly polyclonal population, IGHV1-69-encoding B cells represent a 

dominant elicitation pathway for responses targeting the HA stem in vivo and yield 

antibodies of comparable affinities and neutralizing potencies. The high prevalence at 
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baseline of stem-specific memory B cells among the cohort, independent of age or other 

factors, suggests that repeated exposure to seasonal influenza strains establishes IGHV1-69 

immunodominance and seeds a population of circulating memory B cells. This population is 

then primed for rapid expansion upon subsequent exposure to immunologically novel HA, 

such as pH1N1 and H5N1, where recall responses to the stem seem to be favoured (7, 10, 

11, 23). The degree to which seasonal tri- and quadrivalent vaccines elicit stem reactivity in 

naïve recipients remains to be clarified.

The existence of a dominant and conserved molecular pathway for the elicitation of 

influenza bNAbs is encouraging for stem epitope-based universal influenza vaccine 

candidates (34-36). However, the reliance upon a subset of IGHV1-69 alleles means genetic 

differences may lead to vaccine variability between subjects. The maturation pathways for 

stem bNAbs using IGHV1-69*01 and related alleles have been well defined (17, 25, 26), 

with germline-encoded F54 thought to be critical for naïve B cell selection in vivo, based 

upon HA binding to inferred germline-reverted immunoglobulins (17, 25). However we find 

a lack of germline specificity for the HA stem does not explain why IGHV1-69*09-

encoding naïve B cells are not favoured in vivo, which similarly maintain a requirement for 

germline-encoded residues within the CDR-H2 for HA engagement. The diminished 

prominence of IGHV1-69 in the stem response of L54 homozygotes, coupled with the lower 

serological titres of stem antibodies in such individuals (25), suggests antibodies derived 

from L54-encoding alleles may be intrinsically less productive in vivo. However the precise 

mechanisms that bias recruitment of ighv1-69*01 and related alleles into the initial stem 

response requires further elucidation.

Our findings highlight that immunoglobulin gene polymorphism is an important 

consideration for rational immunogen design not just for influenza, but potentially for other 

vaccines intended to elicit class-specific bNAbs such as ighv1-2*02 restricted VRC01-like 

bNAbs targeting the CD4 binding site of HIV-1 Env (37). Encouragingly, 

immunoglobublins derived from non-IGHV1-69 germlines that similarly bind the HA stem 

epitope (13), were found in multiple subjects suggesting alternative conserved pathways of 

stem antibody elicitation exist. Crystallographic characterization of IGHV1-69*09-derived, 

or other non-IGHV1-69 stem antibodies may clarify the mechanisms driving their elicitation 

and potentially allow fine-tuning of HA immunogen design to simultaneously elicit 

subdominant antibody responses for the widest potential applicability. Finally our studies 

suggest that the selective design and combinatorial use of antigen-specific B cell probes 

have great utility for clarifying genetic determinants of immunoglobulins specific for a 

given neutralizing epitope. Analogous studies of other identified broadly neutralizing 

epitopes of HA such as the receptor-binding site are warranted. The accurate delineation of 

conserved and pre-existing pathways for bNAb elicitation at a population level will 

significantly aid the rational design of vaccines that promote neutralizing activity that 

extends beyond the autologous virus subtype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expansion of stem-specific memory B cells following H5N1 vaccination
(A) Co-staining with H1 (A/New Caledonia/20/1999) and H5 (A/Indonesia/05/2005) probes 

allows the identification of three distinct populations of memory B cells; H1+, H5+ and a 

cross-reactive H5+H1+ population. (B) Competition with F10-scFv can selectively block the 

binding of H5+H1+ memory B cells to HA probes relative to an irrelevant scFv control 

(VRC01 or VRC04). (C) Change in frequencies of H5+H1+ memory B cells in the presence 

of F10-scFv relative to an irrelevant scFv control within PBMC samples isolated 2 weeks 

post-H5N1 MIV boost (N=30, 5 subjects from each vaccine group). (D) Baseline 

frequencies of HA-specific B cells populations in PBMC samples from a subset of H5N1 

vaccine trial participants (N=30, 5 subjects from each vaccine group). (E) Kinetics of H5+ 

and H5+H1+ memory B cell expansion in each vaccine group following H5N1 

immunization assessed in longitudinal PBMC samples. Changes in (F) H5+ and (G) 

H5+H1+ memory B cell frequencies in subjects (N=30, 5 subjects from each vaccine group) 

between baseline, two weeks post-H5N1 MIV boost and 72 weeks post-prime. Frequencies 

of HA specific B cells were compared where indicated using two tailed paired Students’ t-

test and p values denoted. ns; non-significant. Subjects subsequently identified as putative 

L54 homozygotes are indicated by red shading in panels C, F and G.

Wheatley et al. Page 13

J Immunol. Author manuscript; available in PMC 2016 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Phenotype of vaccine elicited, HA-specific memory B cells
The phenotype of HA-specific B cell populations was assessed by flow cytometry in PBMC 

samples collected 2wks post-H5N1 MIV boost (N=12, 2 subjects from each vaccine group). 

(A) Mean forward scatter area (FSC-A) as a marker of cell size of H5+, H1+ and H5+H1+ 

memory B cells relative to the parental IgG+ memory B cell population. (B) The relative 

mean fluorescence intensity (MFI) was calculated for surface markers CD19, CD20, CD21, 

CD22, CD24, CD27, CD38 and CXCR5 for each HA-specific B cell population (H5+, H1+ 

and H5+H1+) and normalised to the MFI of the parental IgG+ memory B cell population for 

each subject (illustrated as a dotted line at 1.0). * denotes p<0.05
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Figure 3. H5/H1 cross-reactive B cells are clonally diverse and predominantly utilise IGHV1-69
Immunoglobulin VH gene family repertoire of (A) H5+H1+ cross-reactive and (B) H5+ 

memory B cells isolated 2 weeks post-H5N1 MIV boost. The VH repertoire from each 

subject is shown as a pie chart, with each slice representative of a unique clone or clonally-

related family, the width of the slice proportional to the frequency and the colour indicating 

germline. The number of sequences recovered for each subject is indicated in the centre of 

the circle. Subjects were drawn from a cross-section of VRC 310 vaccine groups: #1 (Group 

3), #10 (Group 6), #16 (Group 4), #18 (Group 2), #52 (Group 6), #60 (Group 1). (C) 
Frequency of VH gene somatic mutation in H5+H1+ cross-reactive and H5+ memory B 

populations isolated from three representative vaccine recipients.
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Figure 4. Conserved heavy chain signatures putative of IGHV1-69 stem antibody sequences 
recovered from H5+H1+ B cells from six individuals.
Ten unique representative antibody lineages from each subject were aligned to the 

IGHV1-69*01 gene and the prototypic bNAbs F10 and CR6261. In line with features known 

to guide the development of broadly neutralizing stem antibodies, strict conservation of F29 

and F54, a preference for hydrophobicity at position 53 and a central tyrosine within the 

CDR-H3 were all observed.
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Figure 5. Repertoire of BCR sequences from H5+H1+ cross-reactive memory B cells seen prior 
to vaccination
(A) VH gene repertoire of H5+H1+ cross-reactive memory B cells compared at baseline, 

2wks and 24wks post-H5N1 MIV boost in a single subject. (B) Mutation frequencies of 

immunoglobulins recovered from H5+H1+ cross-reactive memory B cells.
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Figure 6. 
No relationship between a subject’s year of birth and baseline frequencies of H5+H1+ 

memory B cells
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Figure 7. Homozygosity for L54-encoding alleles of ighv1-69 alters the immunodominance of 
stem-specific B cell responses
(A) The mouse monoclonal G6 specifically binds immunoglobulins derived from ighv1-69 

alleles that encode F54. Flow cytometric staining of CD19+ B cells with G6 allows 

identification of surface expressed of F54-encoding IGHV1-69, compared to an isotype 

control. (B) Frequencies of G6+ naïve and memory B cells from VRC 310 subjects (N=61) 

with the anti-idiotypic mAb G6. (C) F54-encoding IGHV1-69 serum antibodies were 

measured by G6-capture ELISA from representative subjects with G6+ B cells (closed 

circles) and without G6+ B cells (open circles). (D) VH gene repertoire from four subjects 

lacking F54-encoding IGHV1-69 alleles. (E) Frequencies of H5+H1+ B cells at 2wks post-

MIV boost observed within subjects with F54-encoding IGHV1-69 alleles (left) and L54-

encoding homozygotes (right). (F) Lack of correlation between the frequencies H5+H1+ B 

cells at 2wks post-MIV boost and the proportion of naïve B cells that stain positive for G6.
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Figure 8. HA engagement by germline reverted immunoglobulins of different IGHV1-69 alleles
(A) ighv1-69*01-derived and ighv1-69*09-derived stem-specific immunoglobulins were 

expressed as surface IgM by transfection into Expi293 cells. Relative to a mock transfected 

control (VRC-01;grey shaded), the binding of PE-labelled HAdSA probes (A/New 

Caledonia/20/1999) (red line) is shown alone or in the presence of F10 scFv. (B) The 

binding kinetics and affinity of stem antibodies from different IGHV1-69 alleles was 

assessed by biolayer interferometry. Neutralization of H1N1 (A/New Caledonia/20/1999) 

and H5N1 (A/Vietnam/1203/2004) pseudoviruses was assessed and is reported as the 50% 

inhibitory concentration (IC50) in μg/ml. #Denotes neutralization titres previously reported 

in (13). (C) Unmutated germline-reverted variants of ighv1-69*01-derived and ighv1-69*09-

derived stem-specific immunoglobulins were synthesized and binding to PE-labelled 

HAdSA probes was measured using transfected Expi293 cells as before. The expression of 

specific IGHV1-69 allelic variants was confirmed by costaining with the anti-idiotypic 

monoclonal G6. (D) The effect of allelic context on HA binding was assessed by 

incorporation of G49R, F54L and T56I amino acid substitutions into IGHV1-69*01-derived 

antibodies. Reciprocal changes were also made in IGHV1-69*09-derived antibodies and 

binding to HA measured as before.
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