
11). Subsequent affinity maturation by selection of somatic mu-
tations “updates” that memory, generating new pressure on HA
and starting a new cycle in an evolutionary “arms race” (10, 12).
The introduction in 2009 of an H1N1 virus (pdm2009) quite
distant from those circulating from 1977 to 2008 changed the
antigenic landscape abruptly, rather than gradually. Exposure to
the pdm2009 virus could have elicited recall only for antibodies
recognizing epitopes, such as those on the stem, present on
prepandemic H1N1 viruses and conserved across the 2009 shift.
Indeed, following exposure to pdm2009, either by infection or
vaccination, subjects in several studies showed a strong response
to stem epitopes, but those responses did not persist after sub-
sequent vaccination (13). A similar transience of the stem re-
sponse in the general population would have reduced any
sustained selection for escape, and indeed, no fixed changes in
the stem have occurred. Instead, a K166Q mutation that appeared
during the 2013–2014 flu season is now present in 99% of all
H1N1 isolates (14). Fixation of this mutation, together with ap-
pearance of an adjacent N-linked glycosylation site (at position
165) in somewhat more recent strains (e.g., A/Michigan/45/2015,
A/Singapore/GP1908/2015), determined the first revised H1N1
vaccine strain recommendation since 2009.
Residues 165 and 166 lie in a surface patch on the side of the

HA head that was nearly invariant in human H1 isolates between
1977 and 2012 (Fig. 1). It has no known functional significance.
Conservation of this “lateral patch” suggests that there was little
selective pressure on the composition of the epitopic surface,
and that cognate antibodies may have been rare during most of
the 32 y between 1977 and 2009. The 2009 antigenic shift appears
to have focused a much larger component of the antibody re-
sponse on the lateral patch epitope, one of the few sites at which
cognate memory B cells were already present. Prevalence of such

antibodies would then have selected for fixation of the K166Q
mutation (14).
We describe here an antibody clonal lineage, members of

which recognize the lateral patch (Fig. 2A). We suggest that this
lineage, CL6649 (named after one of its members), represents
the type of response that ultimately selected for the K166Q
mutation. CL6649 derives from subject 7 in a clinical trial of
an adjuvanted, monovalent, A/California/07/2009 X-181 (pdm2009)
vaccine (15). The subject, born in 1975, had not been exposed
to the 2009 pandemic strain at the time of vaccination. An-
tibodies from this lineage bind H1 HAs from 1977 to 2009 and
hence representatives of two distinct H1 pandemics (Fig. 3).
Their footprint includes residues 165 and 166. The properties
of CL6649 are consistent with the inferences described above
concerning the K166Q mutation (14, 16). Introduction of the
pdm2009 virus, to which most of the generally prevalent anti-
bodies did not bind, would have favored recall of those rare
memory B cells with BCRs that recognized the lateral patch,
transforming a previously subdominant response into a domi-
nant one.

Results
Ab6649 Binds HAs Spanning 30 y of Antigenic Drift.Antibodies in the
lineage with the greatest representation among sequences from
Siena subject 7 B cells, CL6515, bind the RBS; they depend on a
mutation in the vaccine strain likely to have been due to egg
adaptation (17). The second largest lineage from this donor
included 19 paired-chain sequences (Fig. 2A). Initial analysis
showed that one of its members, Ab6649, neutralized A/California/
07/2009, a pdm2009 viral isolate, and A/Solomon Islands/03/2006
(Fig. 2B). Selected members of the CL6649 antibody lineage did
not compete, or competed only marginally, with Ab6639 from
CL6515 (Fig. 2C and Fig. S1). We analyzed the CL6649 phy-
logeny and inferred the unmutated common ancestor (UCA)
and its intermediates (Fig. 2A). We determined the affinity of the
UCA and of Ab6649 for a panel of HAs from influenza strains
representing 30 y of antigenic drift and two pandemics (Fig. 3).
All measurements used antigen-binding fragments (Fabs) and
HA1 “head” domains, to avoid complications from multivalency.
The UCA bound the HA head of A/USSR/92/1977, but had no
detectable affinity for any other HA tested (Fig. 3). These data
suggest that exposure to an H1N1 strain circulating 2–3 y after
the subject’s birth in 1975 may have elicited the UCA. Fab6649
bound HA from strains isolated from 1977 to 2009, including
pdm2009 and its vaccine strain, X-181; thus, its breadth of binding
included HAs from two distinct H1N1 pandemics. Neither the
UCA nor 6649 bound HAs from H3, H5, H7, or B influenza viruses
(Fig. 3).

Structure of Fab6649 Bound with HA from A/Solomon Islands/03/2006.
We determined the crystal structure of Fab6649 bound with
trimeric HA from A/Solomon Islands/03/2006 (Fig. 4A and Table
S1). The Fab engages an epitope on the side of the HA1 head
domain. It approaches HA with its long axis normal to the trimer
threefold axis (Fig. 4A) and contacts the head with both heavy
and the light chains. CDRs L1 and L3 bind a conserved loop
(residues 125–128; H3 numbering, used here throughout), while
CDRH3 and framework residues of the heavy chain contact the
edge of � 5, the strand farthest from the trimer threefold axis. The
antigen-combining site includes 12 hydrogen bonds, six with
main-chain carbonyls or amides on HA (Fig. 4B). Sequences of
HAs from H1N1 influenza viruses circulating from 1977 to 2009
and mapped onto the HA structure show that the Fab6649
epitope was conserved during that entire period (Fig. 1). Con-
servation of the Ab footprint and dominance of main-chain in-
teractions at the antigen–antibody interface likely account for
the observed breadth.

Fig. 1. Conservation of surface residues in H1 HAs (1977–2009). Conserva-
tion is shown on the surface of an HA monomer on a scale from beige (most
variable) to dark blue (most conserved). The RBS and the conserved lateral
patch are outlined in pink and green, respectively.
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assay, cells were pelleted and resuspended in DMEM (12-604F; Lonza) with
10% FBS and penicillin-streptomycin (17-602E; Lonza). A half-area microtiter
plate (3696; Corning) was seeded with 2 × 104 cells and incubated for 6 h at
37 °C. Antibodies were normalized to a concentration of 100 � g/mL in DPBS
(17-512F; Lonza). Fourfold serial dilutions of the antibodies were performed
in DMEM with 1% BSA (BSA-30) and penicillin-streptomycin starting at a
concentration of 25 � g/mL. Antibody dilutions were incubated with virus for
2 h at 37 °C and then added to cells after the medium was replaced with
DMEM with 10% FBS and penicillin-streptomycin. After overnight incuba-
tion at 37 °C, the supernatant was aspirated, and the cells were fixed with a
1:1 mixture of acetone and methanol for 1 h at −20 °C. Plates were washed
with DPBS with 0.05% Tween-20, blocked with DPBS with 2% BSA, and
stained using anti-influenza A nucleoprotein (MAB8251; EMD Millipore),
followed by Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) Ab
(A11001; Invitrogen). Stained foci were counted with an ImmunoSpot An-
alyzer (Cellular Technology Limited). Results were summarized as the ratio
(×100) of infected cells present in a given sample to the average in the
control wells without antibody for that plate (% infectivity). Fig. 2B reports
the concentration of antibody at which the percentage of infectivity fell
to 50. All neutralization assays were carried out with a minimum of three
replicates.

Crystallization and Structure Determination. Fab6649 was incubated with H1
A/Solomon Islands/03/2006 HA ectodomain at a 1.3:1 molar ratio. Complexes
were separated from excess Fab6649 by gel filtration on a Superdex
200 column in 10 mM Tris·HCl pH 7.5 and 150 mM NaCl, and concentrated to
13 mg/mL Crystals were grown for 3 d at 20 °C by hanging-drop vapor dif-
fusion from a 1:1 mixture of reservoir solution containing 1.9 M ammonium
sulfate and 0.1 M Hepes, pH 7. Crystals of the UCA Fab grew in 26% PEG 2K
MME, 0.15 M ammonium sulfate, and 0.1 M sodium acetate, pH 4.6. The
crystals were cryoprotected by soaking in reservoir solution with 25% (for
complex) or 10% glycerol (for UCA Fab), harvested into loops, and flash-
cooled by plunging into liquid N2.

Diffraction datawere collected at 100 K on the NE-CAT 24 ID-C beamline at
the Advanced Photon Source, Argonne National Laboratory. Diffraction
images were indexed, integrated, and scaled using XDS (26). A subunit of A/
Solomon Islands/03/2006 HA trimer (Protein Data Bank ID code 5UGY) and a
homologous Fab (Protein Data Bank ID code 3H42) served as search models

for molecular replacement with Phaser (27). Density modification was per-
formed with DM (28), and model rebuilding was done with Coot (29). Re-
finement was performed with BUSTER (Global Phasing) or Phenix (30, 31).
Figures were prepared with the PyMOL Molecular Graphics System v 1.8.6.0
(Schrödinger). The H3 numbering scheme was used for HA.

Bio-Layer Interferometry and Affinity Analysis. Bio-layer interferometry (BLI)
experiments were performed using the BLItz system (Pall Fortébio). Fab was
immobilized on a Ni-NTA biosensor, and the cleaved HA globular head
was allowed to bind until saturation. For pdm2009 mutants, the inverse
setup was used; the 6xHis-tagged rHA head was immobilized, and tag-
cleaved Fabs were allowed to bind until saturation. Equilibrium dissociation
constants (Kd) were obtained in GraphPad Prism version 6.0d by fitting
saturation data from eight independent runs at different HA concentra-
tions, using nonlinear least squares regression: BLI = Bmax × [HA]/(Kd + [HA]),
where Bmax is the BLI signal at maximal binding and [HA] is the concentra-
tion of HA ectodomain.

Peptide-N-Glycosidase F Treatment. Enzymatic removal of N-linked glycans
was performed with PNGase F (P0704; New England BioLabs) under native
conditions. In brief, 100 � g of mammalian cell-produced HA heads at
1.25 mg/mL were incubated with 500 units of PNGase F overnight at 37 °C in
10 mM Tris·HCl and 150 mM NaCl. Deglycosylation was verified on a Coo-
massie blue-stained SDS/PAGE gel.

ACKNOWLEDGMENTS. We thank Giuseppe Del Giudice, Oretta Finco, Philip
Dormitzer, and Shaun Stewart for their participation in earlier stages of this
project; Thomas Kepler for assistance with Clonalyst; and Barton Haynes for
advice and support. The research was supported by National Institutes
of Health (NIH) Grant P01 AI089618. X-ray diffraction data were collected
on Northeastern Collaborative Access Team beamline 24 ID-C (Advanced
Photon Source), funded by NIH Grant P41 GM103403. The Pilatus 6M
detector on 24-ID-C is funded by an NIH Office of Research Infrastructure
Programs High-End Instrumentation Grant (S10 RR029205). This research
used resources of the Advanced Photon Source, a US Department of Energy
(DOE) Office of Science User Facility operated for the DOE Office of Science
by Argonne National Laboratory under Contract DE-AC02-06CH11357. S.C.H.
is an Investigator at the Howard Hughes Medical Institute.

1. Knossow M, Skehel JJ (2006) Variation and infectivity neutralization in influenza.
Immunology 119:1–7.

2. Krammer F, Palese P (2015) Advances in the development of influenza virus vaccines.
Nat Rev Drug Discov 14:167–182.

3. Victora GD, Wilson PC (2015) Germinal center selection and the antibody response to
influenza. Cell 163:545–548.

4. Schmidt AG, et al. (2015) Viral receptor-binding site antibodies with diverse germline
origins. Cell 161:1026–1034.

5. Whittle JR, et al. (2011) Broadly neutralizing human antibody that recognizes the
receptor-binding pocket of influenza virus hemagglutinin. Proc Natl Acad Sci USA
108:14216–14221.

6. Doud MB, Bloom JD (2016) Accurate measurement of the effects of all amino acid
mutations on influenza hemagglutinin. Viruses 8:E155.

7. DiLillo DJ, Palese P, Wilson PC, Ravetch JV (2016) Broadly neutralizing anti-influenza
antibodies require Fc receptor engagement for in vivo protection. J Clin Invest 126:
605–610.

8. DiLillo DJ, Tan GS, Palese P, Ravetch JV (2014) Broadly neutralizing hemagglutinin
stalk-specific antibodies require Fc� R interactions for protection against influenza
virus in vivo. Nat Med 20:143–151.

9. Anderson CS, et al. (2017) Natural and directed antigenic drift of the H1 influenza
virus hemagglutinin stalk domain. Sci Rep 7:14614.

10. Fonville JM, et al. (2014) Antibody landscapes after influenza virus infection or vac-
cination. Science 346:996–1000.

11. Wrammert J, et al. (2011) Broadly cross-reactive antibodies dominate the human B
cell response against 2009 pandemic H1N1 influenza virus infection. J Exp Med 208:
181–193.

12. Schmidt AG, et al. (2015) Immunogenic stimulus for germline precursors of antibodies
that engage the influenza hemagglutinin receptor-binding site. Cell Rep 13:2842–2850.

13. Andrews SF, et al. (2015) Immune history profoundly affects broadly protective B cell
responses to influenza. Sci Transl Med 7:316ra192.

14. Linderman SL, et al. (2014) Potential antigenic explanation for atypical H1N1 infec-
tions among middle-aged adults during the 2013-2014 influenza season. Proc Natl
Acad Sci USA 111:15798–15803.

15. Faenzi E, et al. (2012) One dose of an MF59-adjuvanted pandemic A/H1N1 vaccine
recruits pre-existing immune memory and induces the rapid rise of neutralizing an-
tibodies. Vaccine 30:4086–4094.

16. Huang KY, et al. (2015) Focused antibody response to influenza linked to antigenic
drift. J Clin Invest 125:2631–2645.

17. Raymond DD, et al. (2016) Influenza immunization elicits antibodies specific for an
egg-adapted vaccine strain. Nat Med 22:1465–1469.

18. Jackson KJ, et al. (2014) Human responses to influenza vaccination show serocon-
version signatures and convergent antibody rearrangements. Cell Host Microbe 16:
105–114.

19. Krause JC, et al. (2011) Epitope-specific human influenza antibody repertoires di-
versify by B cell intraclonal sequence divergence and interclonal convergence.
J Immunol 187:3704–3711.

20. Xu R, et al. (2010) Structural basis of preexisting immunity to the 2009 H1N1 pan-
demic influenza virus. Science 328:357–360.

21. Li GM, et al. (2012) Pandemic H1N1 influenza vaccine induces a recall response in
humans that favors broadly cross-reactive memory B cells. Proc Natl Acad Sci USA 109:
9047–9052.

22. Haynes BF, Kelsoe G, Harrison SC, Kepler TB (2012) B-cell-lineage immunogen design
in vaccine development with HIV-1 as a case study. Nat Biotechnol 30:423–433.

23. Kepler TB (2013) Reconstructing a B-cell clonal lineage, I: Statistical inference of un-
observed ancestors. F1000 Res 2:103.

24. Kepler TB, et al. (2014) Reconstructing a B-cell clonal lineage, II: Mutation, selection,
and affinity maturation. Front Immunol 5:170.

25. Moody MA, et al. (2011) H3N2 influenza infection elicits more cross-reactive and less
clonally expanded anti-hemagglutinin antibodies than influenza vaccination. PLoS
One 6:e25797.

26. Kabsch W (2010) XDS. Acta Crystallogr D Biol Crystallogr 66:125–132.
27. McCoy AJ, et al. (2007) Phaser crystallographic software. J Appl Crystallogr 40:

658–674.
28. Cowtan K, Main P (1998) Miscellaneous algorithms for density modification. Acta

Crystallogr D Biol Crystallogr 54:487–493.
29. Emsley P, Cowtan K (2004) Coot: Model-building tools for molecular graphics. Acta

Crystallogr D Biol Crystallogr 60:2126–2132.
30. Adams PD, et al. (2011) The Phenix software for automated determination of mac-

romolecular structures. Methods 55:94–106.
31. Afonine PV, et al. (2012) Towards automated crystallographic structure refinement

with phenix.refine. Acta Crystallogr D Biol Crystallogr 68:352–367.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1715471115 Raymond et al.

www.pnas.org/cgi/doi/10.1073/pnas.1715471115

