










line with the parental memory B cell population (Fig. 2B), consistent
with cells monospecific for a historical H1N1, most likely binding
within the variable HA head domain, and remaining unresponsive to
H5N1 vaccination. In contrast, low relative expression of CXCR5
and CD21 was consistently observed for the H5+H1+ (24–1017 cells/
subject, mean = 225) and H5+ (4–178 cells/subject, mean = 46)
B cell populations. Increased relative expression of CD19 and CD20
also was noted, although this may merely be reflective of increased
size of the B cells. Greater CD27 and CD22 expression was ob-
served only within the double-positive H5+H1+ population, poten-
tially 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) are broadly consistent
with B cell activation and differentiation toward Ab-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 was reported
among isolated HA stem–binding Abs (3, 6, 11, 23–25). To ex-
amine 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 use in all subjects sequenced, making up be-
tween 43.6 and 81.5% (mean 68.2%) of recovered sequences.
Germline-encoded phenylalanine within CDR-H1 (F29), as well as
a hydrophobic residue at position 53 and phenylalanine at position
54 (F54) within the CDR-H2, was shown to be critical for guiding
the maturation of IGHV1-69 class stem Abs (17). More recently,
the importance of centrally located tyrosines within CDR-H3 was
established (26). We similarly observed strong conservation of these
critical H chain signatures among putative stem-specific IGHV1-69
Igs sequenced from multiple subjects (Fig. 4). The frequent use of

three other germlines, IGHV1-18, IGHV3-23, and IGHV4-34, also
was observed in multiple individuals. Paired L chain sequences
recovered from 444 H5+H1+ B cells were primarily k-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 again
was highly polyclonal (Fig. 3B). The degree of somatic hyper-
mutation within recovered VDJ sequences from H5+H1+ B cells
ranged from 1.4 to 12.9% (mean 5.9%) (Fig. 3C), broadly in line
with previous reports of HA-specific Abs raised to experimental
infection or vaccination against seasonal influenza (27, 28) 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 Ig maturation of H5+H1+

B cells was evident prior to H5N1 vaccination (Fig. 5). Expansion
of stem-reactive Abs was reported previously in response to either
A/New Jersey/1976 (NJ/76) vaccine (29) or exposure to H2N2
between 1957 and 1967 (30). Although 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 a 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 Ab responses

The mechanisms that drive IGHV1-69 bias within stem Ab
responses remain unclear. Thirteen distinct ighv1-69 alleles were
described encompassing F54L, T56I, and G49R polymorphisms
within and proximal to 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
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 titer of stem Abs, with levels significantly
lower in L54 homozygotes (25). Therefore, we examined the effect
of allelic polymorphism at the ighv1-69 locus upon the immuno-
dominance of IGHV1-69 among stem-specific Abs 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
Igs (Fig. 7A). A total of 10 of 61 VRC 310 subjects screened lacked
G6+ B cells (Fig. 7B), and 3 representative subjects tested also
lacked G6-reactive serum Abs (Fig. 7C). Therefore, subjects lacking
G6+ B cells were putatively identified as L54 homozygotes, and
single H5+H1+ B cells taken from four representative individuals

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, 2 wk, and 24 wk post-

H5N1 MIV boost in a single subject. (B) Mutation frequencies of Igs re-

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

frequencies of H5+H1+ memory B cells.
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2 wk post-MIV boost were isolated and sequenced (Fig. 7D). The
repertoires of H5+H1+ B cells again were 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 was derived primarily from ighv1-69*02 or ighv1-69*09
alleles. Reversion to F54 was rare. The inability to use a dominant
IGHV1-69–based pathway for stem Ab 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 confir-
mation would be required using larger cohorts of L54 homozygotes.
No correlation was observed between the frequencies of naive G6+

B cells and H5+H1+ B cells elicited postvaccination (Fig. 7F),
suggesting that a single F54-encoding allele is sufficient to populate
the pool of IGHV1-69 B cells targeting the HA stem.

Germline binding to HA by IGHV1-69*09 does not account for
subdominant Ab responses to the stem

Sequences for three canonical ighv1-69*01–derived stem Abs
and three ighv1-69*09–derived stem Abs were recovered from
subjects with and lacking F54 alleles, respectively. Each Ab 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). Abs derived from both IGHV1-69 al-
leles were capable of binding HA at nanomolar affinities, similar to
values reported previously for CR6261 (4.1 nM) (2). Moreover, the
neutralization potency against H1N1 and H5N1 pseudoviruses was
broadly comparable for Abs derived from both IGHV1-69 alleles
(Fig. 8B). These data suggest that IGHV1-69*09–derived stem Abs
maintain a level of functional equivalence to the canonical IGHV1-
69*01–derived population.

To model the initial engagement of naive B cells with the HA
stem, inferred germline Igs were constructed for each Ab lineage.
Cells transfected with the germline-reverted CR6261 control and
two of three ighv1-69*01–derived Abs efficiently bound soluble
HA from A/New Caledonia/20/1999 (Fig. 8C). However, efficient
binding also was observed for two of three ighv1-69*09–derived
Abs, despite the lack of canonical CDR-H2 residues, as confirmed
by the absence of G6 staining. The incorporation of G49R, F54L,
and T56I amino acid substitutions into ighv1-69*01–derived Abs
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 also was the case for the converse: R49G,
L54F, and I56T mutations led to a loss of HA binding by ighv1-
69*09–derived Abs. Our observations suggest that Igs 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 Abs appear distinct from those engendering ighv1-
69*01 Abs.

Discussion
bNAbs that target the influenza HA stem have the potential to pro-
tect against diverse influenza serotypes and could form the basis of
a universal vaccine. We showed that increased stem-reactive serum
Ab following H5N1 immunization coincides with a rapid re-
expansion of stem-specific memory B cells. Moreover, these mem-
ory B cells predominantly arise from a maturation pathway reliant
upon IGHV1-69 alleles with germline-encoded F54, analogous to that
of bNAb CR6261. We previously demonstrated that all IGHV1-69–
derived mAbs isolated from a representative H5N1 vaccine recip-
ient had comparable influenza-neutralization potency and breadth to
the prototypic bNAbs CR6261 and F10 (13). Thus, despite mainte-
nance as a highly polyclonal population, IGHV1-69–encoding B
cells represent a dominant elicitation pathway for responses target-
ing the HA stem in vivo and yield Abs of comparable affinities and

FIGURE 7. Homozygosity for L54-encoding alleles of ighv1-69 alters the immunodominance of stem-specific B cell responses. (A) The mouse mAb G6

specifically binds Igs derived from ighv1-69 alleles that encode F54. Flow cytometric staining of CD19+ B cells with G6 allows identification of surface

expression of F54-encoding IGHV1-69 compared with an isotype control. (B) Frequencies of G6+ naive and memory B cells from VRC 310 subjects (n =

61) with the anti-idiotypic mAb G6. (C) F54-encoding IGHV1-69 serum Abs were measured by G6-capture ELISA from representative subjects with G6+ B

cells (d) and without G6+ B cells (s). (D) VH gene repertoire from four subjects lacking F54-encoding IGHV1-69 alleles. (E) Frequencies of H5+H1+ B

cells at 2 wk 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 of H5+H1+ B cells at 2 wk post-MIV boost and the proportion of naive B cells that stain positive for G6.
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neutralizing potencies. The high prevalence at 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 pop-
ulation of circulating memory B cells. This population is then
primed for rapid expansion upon subsequent exposure to immu-
nologically novel HA, such as pH1N1 and H5N1, for which recall
responses to the stem seem to be favored (7, 10, 11, 23). The degree
to which seasonal tri- and quadrivalent vaccines elicit stem reac-
tivity in naive 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

that genetic differences may lead to vaccine variability among
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 naive B cell
selection in vivo, based upon HA binding to inferred germline-
reverted Igs (17, 25). However, we find that a lack of germline
specificity for the HA stem does not explain why IGHV1-69*09–
encoding naive B cells, which similarly maintain a requirement
for germline-encoded residues within the CDR-H2 for HA en-
gagement, are not favored in vivo. The diminished prominence of
IGHV1-69 in the stem response of L54 homozygotes, coupled
with the lower serological titers of stem Abs in such individuals
(25), suggests that Abs derived from L54-encoding alleles may be
intrinsically less productive in vivo. However, the precise mech-

FIGURE 8. HA engagement by

germline reverted Igs of different

IGHV1-69 alleles. (A) ighv1-69*01–

derived and ighv1-69*09–derived

stem-specific Igs were expressed as

surface IgM by transfection into

Expi293 cells. Relative to a mock-

transfected control (VRC-01; shaded

graphs), the binding of PE-labeled

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

Abs from different IGHV1-69 alleles

were assessed by biolayer inter-

ferometry. Neutralization of H1N1

(A/New Caledonia/20/1999) and H5N1

(A/Vietnam/1203/2004) pseudoviruses

was assessed and is reported as IC50

(mg/ml). #Neutralization titers are re-

ported in (13). (C) Unmutated germ-

line-reverted variants of ighv1-69*01–

derived and ighv1-69*09–derived

stem-specific Igs were synthesized,

and binding to PE-labeled HAdSA

probes was measured using trans-

fected Expi293 cells, as before. The

expression of specific IGHV1-69 al-

lelic variants was confirmed by cos-

taining with the anti-idiotypic mAb

G6. (D) The effect of allelic context

on HA binding was assessed by in-

corporation of G49R, F54L, and T56I

amino acid substitutions into IGHV1-

69*01–derived Abs. Reciprocal changes

also were made in IGHV1-69*09–

derived Abs, and binding to HAwas

measured as before.
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anisms that bias recruitment of ighv1-69*01 and related alleles
into the initial stem response require further elucidation.
Our findings highlight that Ig gene polymorphism is an important

consideration for rational immunogen design not just for influ-
enza, 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,
Igs derived from non–IGHV1-69 germlines that similarly bind the
HA stem epitope (13) were found in multiple subjects, suggesting
that alternative conserved pathways of stem Ab elicitation exist.
Crystallographic characterization of IGHV1-69*09–derived, or
other non–IGHV1-69, stem Abs may clarify the mechanisms
driving their elicitation and potentially allow fine-tuning of HA
immunogen design to simultaneously elicit subdominant Ab re-
sponses for the widest potential applicability. Finally, our studies
suggest that the selective design and combinatorial use of Ag-
specific B cell probes have great utility for clarifying genetic
determinants of Igs 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 ac-
curate 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.
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Supplementary Figure 1. (A) Gating strategy for memory B cells within PBMC samples 
from trial participants. Memory B cells were defined as CD3-CD14-CD19+ IgG+CD27+ B 
cells. (B) Representative staining of pre- and post-vaccination memory B cells from a 
single representative trial participant with H1 and H5 probes. (C) Non-specific background 
staining of HA probes to memory B cells was assessed by staining healthy donor PBMCs 
(N=10) with no probes (squares), mock probes (triangles; streptavidin-fluorophore and 
protease inhibitors alone) or H1 and H5 probes. 
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