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Rapid cloning of high-affinity human monoclonal
antibodies against influenza virus
Jens Wrammert1*, Kenneth Smith3*, Joe Miller1, William A. Langley1, Kenneth Kokko2, Christian Larsen2,
Nai-Ying Zheng3, Israel Mays3, Lori Garman3, Christina Helms3, Judith James4,6,7, Gillian M. Air8, J. Donald Capra5,9,
Rafi Ahmed1 & Patrick C. Wilson3,6,9

Pre-existing neutralizing antibody provides the first line of
defence against pathogens in general. For influenza virus, annual
vaccinations are given to maintain protective levels of antibody
against the currently circulating strains. Here we report that after
booster vaccination there was a rapid and robust influenza-
specific IgG1 antibody-secreting plasma cell (ASC) response that
peaked at approximately day 7 and accounted for up to 6% of
peripheral blood B cells. These ASCs could be distinguished from
influenza-specific IgG1 memory B cells that peaked 14–21 days
after vaccination and averaged 1% of all B cells. Importantly, as
much as 80% of ASCs purified at the peak of the response were
influenza specific. This ASC response was characterized by a
highly restricted B-cell receptor (BCR) repertoire that in some
donors was dominated by only a few B-cell clones. This pauci-
clonal response, however, showed extensive intraclonal diver-
sification from accumulated somatic mutations. We used the
immunoglobulin variable regions isolated from sorted single
ASCs to produce over 50 human monoclonal antibodies (mAbs)
that bound to the three influenza vaccine strains with high affinity.
This strategy demonstrates that we can generate multiple high-
affinity mAbs from humans within a month after vaccination. The
panel of influenza-virus-specific human mAbs allowed us to
address the issue of original antigenic sin (OAS): the phenomenon
where the induced antibody shows higher affinity to a previously
encountered influenza virus strain compared with the virus
strain present in the vaccine1. However, we found that most of
the influenza-virus-specific mAbs showed the highest affinity for
the current vaccine strain. Thus, OAS does not seem to be a
common occurrence in normal, healthy adults receiving influenza
vaccination.

Influenza causes 36,000 deaths annually in the USA alone, and the
influenza pandemic of 1918 caused an estimated 50 million deaths
worldwide2. Outbreaks of avian influenza infections in human popu-
lations that caused substantially higher mortality rates foresee the
possibility of another deadly pandemic3. The challenge of influenza
has long been to design vaccines that induce long-lasting immunity
against a pathogen that rapidly alters its appearance to the immune
system by mutating (antigenic drift) and exchanging (antigenic shift)
its components. Antibodies play a key role in protection against
influenza infection4–7. However, the underlying B-cell response lead-
ing to the rapid production of ASCs that secrete antibodies is only

beginning to be understood8–12. Critically, we do not yet know if
B-cell memory can provide sufficient protection early in the response
to counteract variant strains of influenza or if the response is domi-
nated by antibodies previously generated against divergent viruses in
an OAS fashion. Finally, of profound clinical significance is the pos-
sibility that the early ASC response observed after immunization can
be exploited to generate therapeutic or diagnostic mAbs rapidly to
emerging influenza virus strains, or to any immunizing antigen.

To determine the dynamics and magnitude of the human anti-
influenza response, we analysed the frequency of ASCs and memory B
cells in a time course after vaccination. The ASC response was quite
transient, peaking at approximately day 7 and returning to barely
detectable levels by day 14 after vaccination (Fig. 1a, b). The fre-
quency of influenza-specific ASCs averaged 6.4% (about 2,500
ASCs per millilitre of blood) at day 7, and accounted for up to
16% of all B cells (range for ten donors: 1.1–16%, Fig. 1b). Also, most
of these ASCs were generated during the vaccination response as
almost all ASCs expressed the protein bound by the K i-67 antibody,
indicating recent proliferation, and most expressed homogenously
high levels of human leukocyte antigen DR (HLA-DR)13 (Fig. 1c).
Importantly, analysis of IgG-secreting ASCs isolated by cell sorting at
day 7 post-immunization demonstrated that most were influenza-
vaccine-specific (ranging from 20% to 85%, average 70%; Fig. 1d).
The ASCs were mainly IgG positive, with minor components of IgA-
and IgM-positive cells (data not shown), suggesting an origin from
the memory B-cell compartment. The memory B-cell response
was also quantified14. Increasing from low levels before vaccination,
influenza-specific memory B cells peaked a week after the ASC res-
ponse at 14–28 days after vaccination and averaged 8.2% of the IgG1

memory B cells, or about 1% of all B cells (Fig. 1e). We conclude that
influenza vaccination results in a massive burst of IgG1 ASCs that are
predominantly influenza reactive and peak at approximately day 7
post-immunization.

The rapid accumulation of ASCs suggests that the response could
be highly clonal in nature, limiting the early influenza response. Some
clonal activation of ASCs occurs after tetanus vaccination12. We
therefore analysed the immunoglobulin repertoire breadth (that is,
the variable genes and junctional diversity) of the influenza-specific
ASCs. Influenza vaccination caused a surprisingly pauci-clonal res-
ponse, with some donors being dominated by the progeny of only a
few expanded B-cell clones (Fig. 2a and Supplementary Fig. 1a).
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Clonal expansions accounted for 43% of the ASC variable regions
from the 14 immunized donors, including three with over 70% clon-
ality (Fig. 2a). In stark contrast, based on VH regions sequenced from
our laboratory in a comparable fashion15–17, naive and memory B cells
(IgM or IgG) isolated from blood were rarely or never clonal, whereas
for tonsillar B cells only 10% of IgM and 12% of IgG germinal centre
and memory cells were clonally related.

Immunoglobulin variable gene somatic hypermutation allows
for the generation of high-affinity antibodies18,19. Surprisingly, the
influenza-specific ASCs had accumulated more somatic mutations
than any normal population of B cells. Considering the various
donors (Fig. 2b), the ASCs averaged 19.4 6 3.5 VH gene mutations,
which is greater than that of germinal centre or memory B cells which
average 13.6 6 4.8 mutations for IgG or 8.4 6 3.8 mutations for IgM.
A surprising 11% (41/405) of the ASC VH gene segments have more

than 30 of 300 (or about 10%) of the total nucleotides altered
(Fig. 2c). A preference for complementarity-determining region
replacement mutations suggests that the ASCs were functionally
selected (Supplementary Table 1). These observations suggest the
origin of the anti-influenza ASCs is predominantly memory B cells
that probably accumulated new mutations on this and on previous
rounds of activation.

It is not known how often the ASCs that are induced by vaccination
produce high-affinity antibodies against influenza. Immunoglobulin
variable region genes from ASCs can be used to express specific
antibodies20. We therefore used the variable gene transcripts of iso-
lated single ASCs to express recombinant mAbs in the human 293 cell
line (Supplementary Fig. 1b and Methods). The ASCs of five donors
were isolated at day 7 post-vaccination. From these, 71% (61/86) of
the antibodies bound with high affinity to either native antigens of
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Figure 1 | Analysis of the B-cell response induced by influenza vaccination.
a, ASCs were measured in blood by flow cytometry. Shown is the frequency
of the ASC gate (CD32/CD202/low/CD191/CD27hi/CD38hi) for a
representative donor and a summary for all ten donors normalized to total
CD201/CD191 B-cell numbers. b, Peripheral blood mononuclear cells
(PBMCs) collected from ten donors were assayed for influenza-specific IgG
secreting ASCs by ELISPOT assay at 0, 7, 14, 28 and 80 days after
vaccination. Each sample was measured in duplicate, averaged and plotted as

ASCs per million PBMCs over time post-vaccination. c, HLA-DR and
intracellular expression of K i-67 by ASCs compared with naive or memory B
cells. d, Most ASCs at day 7 after influenza vaccination are influenza specific.
Influenza- and total IgG-specific ELISPOT assays from several donors gave
similar results. e, Percentage of influenza-specific memory cells per total
IgG-positive memory cells after mitogen stimulation as measured by
ELISPOT at 0, 7, 14, 28 and 80 days post-vaccination as previously
described14.
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the influenza vaccine strains (53/86, 61%) or to components of the
vaccine only (8/86, 9%) (Fig. 3, Table 1 and Supplementary Fig. 2).
We suspect that the epitopes found only in the vaccine are exposed on
the fixed virions or are from added preservatives. In comparison,
none of the 86 mAbs generated from naive B cells15 (Fig. 3b) and
only one of 54 antibodies from random IgG memory B cells bound to
the influenza vaccine strains with appreciable affinity (data not
shown). The antibodies produced from the influenza-specific ASCs
bound to any of the three vaccine components with similar frequency
(Table 1 and Supplementary Fig. 2). Analysis of viral antigen specifi-
city by immunoprecipitation and western blot (Supplementary Fig.
3) found that 60% of the influenza-reactive antibodies bound to
haemagglutinin, of which half were haemagglutination inhibiting
(HAI) (Fig. 3c and Table 1). Twelve per cent of the antibodies bound
to neuraminidase or to other minor components of the vaccine likely
residual to the purification of haemagglutinin and neuraminidase
during vaccine production. Ten per cent of the antibodies did not
precipitate native antigens and bound only to epitopes on denatured
viral proteins detectable by western blot. Importantly, each of three
representative HAI1 antibodies against influenza-A (anti-H3N2)
and one against influenza-B from the day-7 ASCs (Table 1, bold)
were found to neutralize viral infection of Madin–Darby canine
kidney (MDCK) cells in vitro (each neutralized virus at less than
1 mg ml21 antibody, Supplementary Fig. 4). In conclusion, after

influenza vaccination, early ASCs produce functional antibodies that
bind with high affinity and likely provide early protection.

Although most of the ASCs arise only after vaccination (Fig. la),
29% of the antibodies generated did not detectably bind to the
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Figure 2 | The ASC response after influenza vaccination is pauci-clonal and
highly diversified by somatic hypermutation. a, Comparison of the mean
proportion (line) of all clonal variable region sequences from day-7 ASCs of
14 donors (points), including the bulk RNA of 104–105 ASCs from ten donors
and verification by single-cell RT–PCR for four donors (average 37 sequences
per donor). The ASCs were the most clonally related population (t-test,
P # 0.0003). Dotted lines indicate donors from which memory and ASCs
were analysed simultaneously. Other B-cell populations were from historical
data analysed in a similar fashion from our laboratory15–17 (see Methods and
Supplementary Data) b, Each point is the average frequency of somatic
mutations per sequence from each donor (n values within Methods). On
average, the anti-influenza ASCs had accumulated more mutations than
either the IgG (t-test P 5 0.003) or IgM (P 5 , 0.0001) memory and
germinal-centre populations. GC, germinal centre. c, The proportion of all
variable genes from each B-cell population with the number of somatic
mutations denoted in the legend (n values are at the centre of each pie chart).
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Figure 3 | High-affinity mAbs generated from single influenza-specific
ASCs. a, Recombinant mAbs from day-7 IgG anti-influenza ASCs
(Supplementary Fig. 1b) bind to a mixture of the three influenza vaccine
strain virions with high affinity. In total, 71% of the ASC antibodies bound
either native antigens of influenza viruses freshly grown in eggs (53/86, 62%),
or to antigens within the vaccine only (8/86, 9% , not shown). Antibodies
from each of the five donors were influenza specific (by donor, 34, 13, 11, 15
and 21 antibodies were generated, of which 45–85% were influenza specific).
Individual antibody strain specificities are shown in Table 1 and
Supplementary Fig. 2. b, None of 86 naive B-cell antibodies bound influenza.
c, Analysis by immunoprecipitation and western blot (Supplementary Fig. 3)
identified the specific viral antigens bound. Haemagglutination assays
identified those antibodies that were inhibiting (Table 1 and Methods). HA,
haemagglutinin; NA, neuramininidase; NP, nuclear protein; M, matrix protein.
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influenza strains or whole vaccine (Fig. 3c). Possible causes include
errors introduced by the reverse-transcription polymerase chain
reaction (RT–PCR) steps (though PCR errors were rare,
Supplementary Table 2), targeting of non-viral or denatured com-
ponents of the vaccine or antigens only evident physiologically,
bystander activation of non-specific memory cells8, or displacement
of non-specific plasma cells from the bone marrow13. The last pos-
sibility is unlikely as expression of HLA-DR13 and K i-67 (Fig. 1c) by
the ASCs suggests they were newly generated.

The long-held theory of OAS suggests that new influenza variants
will evade surveillance when memory B cells reactive to previous viral
strains dominate the response1. To consider the impact of OAS
directly, we compared the relative affinity with either the current B
strain virus (B/Malaysia/2506/2004) or with the two previous ones
(B/Shanghai/361/2002 or B/Hong Kong/33/2001) (Fig. 4a, b). In the
2006/7 season, antibodies were analysed from five donors who had
also been vaccinated in the 2005/6 season and one in 1991, so that

reactive memory cells should have been readily available for an OAS
response. Importantly, each of the 19 anti-B strain antibodies bound
to the new B strain with equal, and in most cases with greater, affinity
than the previous vaccine strains (Fig. 4c and Supplementary Fig. 2).
This adaptation occurred despite the 10% or less difference of the

Table 1 | Characteristics of anti-influenza antibodies

H1N1: A/New Caledonia/20/99

Antibody Kd (M) HAI Antigen

Donor 1 D1-1 2.70 3 10
210 None Haemagglutinin

D1-2 (32)* 7.33 3 10
210 None Haemagglutinin

D1-3 (32)* 1.55 3 10
29 None Haemagglutinin

D1-4 2.14 3 10
29 None Haemagglutinin

D1-5 2.66 3 10
29

1 Haemagglutinin
D1-6 3.62 3 10

29

1 Haemagglutinin
Donor 2 D2-1 2.73 3 10

29 None 85 kilodalton (kDa) band on
western blot

D2-2 5.42 3 10
29 None 85 kDa band on western blot

D2-3 5.20 3 10
29 None Haemagglutinin

Donor 3 D3-1 1.88 3 10
29 None 85 kDa band on western blot

Donor 4 D4-1 4.00 3 10
28 None 85 kDa band on western blot

D4-2 1.65 3 10
28 None Haemagglutinin

Donor 5 D5-1 5.01 3 10
211 None Multiple bands on western blot

D5-2 1.01 3 10
29 None Denatured haemagglutinin-1 on

western blot
D5-3 1.78 3 10

28 None Haemagglutinin
D5-10 1.78 3 10

28 None Multiple bands on western blot

H3N2: A/Wisconsin/67/2005(2006/7) or A/California/7/2004 (for donor 3)

Donor 1 D1-7 7.72 3 10
211

128 Haemagglutinin
D1-8 2.86 3 10

210

4 Haemagglutinin
D1-9 (34)* 3.77 3 10

210

8 Haemagglutinin
D1-10 4.18 3 10

210

4 Haemagglutinin
D1-11 1.57 3 10

29 None Nuclear protein
Donor 2 D2-4 3.62 3 10

210

2 Haemagglutinin
D2-5 8.29 3 10

29 None Unclear
Donor 3 D3-2 3.50 3 10

29 None Haemagglutinin
D3-3 1.56 3 10

28 None Haemagglutinin
D3-4 4.86 3 10

210

32 Haemagglutinin
Donor 4 D4-3 4.56E-09 1 Haemagglutinin

B strains: B/Malaysia/2506/2004 or B/Shanghai/361/2004 (donors 3 and 6)

Donor 1 D1-12 1.93 3 10
210 None Haemagglutinin

D1-13 2.04 3 10
210

16 Haemagglutinin
D1-14 (32)* 2.43 3 10

210 None Haemagglutinin
D1-15 2.47 3 10

210

8 Haemagglutinin
D1-16 6.20 3 10

210 None Haemagglutinin
D1-17 6.33 3 10

210 None Haemagglutinin
D1-18 4.74 3 10

210 None Haemagglutinin
D1-19 3.70 3 10

28 None Matrix protein on western blot
Donor 2 D2-6 1.71 3 10

29 None Unclear
D2-7 5.77 3 10

28 None Matrix protein on western blot
D2-8 3.66 3 10

28 None Haemagglutinin
Donor 3 D3-5 1.66 3 10

28 None Unclear (low affinity)
D3-6 1.62 3 10

28 None Denatured nuclear protein on
western blot

Donor 4 D4-4 1.71 3 10
28

1 Haemagglutinin
D4-5 3.28 3 10

28

4 Haemagglutinin
Donor 5 D5-5 3.78 3 10

28 None Unclear (low affinity)
D5-6 1.11 3 10

28 None Matrix protein on western blot
D5-7 1.26 3 10

28 None Unclear (low affinity)
D5-8 4.8 3 10

28 None 85 kDa band on western blot
Donor 6 D6-1 5.04 3 10

210

4 Haemagglutinin

*Clonal expansions with number of clones indicated; bold, mAbs tested for viral neutralization.
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and the years in which each strain was included in the vaccine. The three
vaccine strains tested (bold font) included B/Malaysia/2506/2004 (2006/7
season), which is most similar to the 2002–2004 strain (B/Hong Kong/33/
2001). Conversely, the 2005/6 vaccine strain, B/Shanghai/361/2002, is more
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haemagglutinin sequence of the 2006/7 B strain from those used in
previous vaccines. Although previous exposure to B/Malaysia/2506/
2004 cannot be entirely excluded, there was no history of exposure,
and pre-vaccination serum titres of antibody against B/Malaysia/
2506/2004 were not above background levels (data not shown).
Thus we conclude that even for the earliest detectable influenza-
specific B cells after vaccination, the ASCs, OAS does not limit reac-
tivity to newly introduced influenza strains.

In conclusion, we show that after influenza vaccination we can
isolate an almost entirely antigen-specific population of ASCs that
comprise about 5% of all blood-borne B cells. Further, our findings
help to resolve a major, long-standing obstacle in the field of medi-
cine21: the rapid production of fully human mAbs. Antibody or
serum therapy has been demonstrated to treat a plethora of diseases
effectively, but it is not widely used because sometimes fatal anaphy-
lactic responses and serum sickness are common. These obstacles can
only be overcome by using fully human mAbs. Our findings
demonstrate that we can now generate human mAbs from the anti-
gen-specific ASCs directly, and within only weeks of vaccination
(Supplementary Fig. 1c). With a modern resurgence of interest in
monoclonal antibody therapy, we anticipate that antibodies pro-
duced from post-vaccination ASCs will generate substantial advances
for the treatment of infectious diseases.

Conventional wisdom holds that the level of pre-formed antibody
is the main correlate of protection against influenza virus. However,
our results, showing the rapidity of the antibody response after vac-
cination and the high affinity of the antibodies produced, strongly
suggest that the recall response could also play a role in protective
immunity. This antibody would not, of course, prevent initial infec-
tion but could play a crucial role in preventing the spread of virus and
bringing about faster resolution of the infection. This notion is sup-
ported by our finding that OAS was not a significant aspect of the
memory response, as the antibodies produced were highly specific to
the immunizing antigen.

METHODS SUMMARY
Detailed methods are found in the Methods and Supplementary Information.

Healthy volunteers received either the Fluzone 2005-06 (Aventis Pasteur Inc) or

Fluvirin 2006-07 (Chiron) influenza vaccine formulations. This project had

institutional review board approvals from both Emory University School of

Medicine and the Oklahoma Medical Research Foundation. Enumeration of

IgG or influenza-specific B cells has been previously described, including:

ELISPOT22 and polyclonal activation of memory B cells14,22. HAI titres and viral
neutralization were determined by standard procedures23. Monoclonal anti-

bodies were tested for HAI at 30 mg ml21 and five twofold serial dilutions. The

ASCs were identified as CD32/CD202/low/CD191/CD27hi/CD38hi cells.

Isolation of other B-cell types and methods for RT–PCR of the variable genes

were as previously described15,17. An average of 35 variable gene sequences was

analysed from each donor (Methods and Supplementary Information). The

leader and constant regions that are rarely targeted by somatic mutation were

primed for RT and PCR to avoid biases between populations for the variable gene

repertoire and clonality determinations. The single-cell RT–PCR methods and

the procedures for production of recombinant mAbs were as previously

described15,24. Monoclonal antibodies were screened against fresh influenza

virions grown in chicken eggs. Antibody affinities (Kd) were calculated by

nonlinear regression (GraphPad Prism software) of influenza enzyme-linked

immunosorbent assay (ELISA) curves plotted from eight dilutions of antibody

ranging from 10 mg ml21 to 0.125mg ml21.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Cell and serum isolation. All studies were pre-approved by the institutional

review boards of Emory University School of Medicine and the Oklahoma

Medical Research Foundation. Healthy volunteers received influenza vaccine

formulations (Fluzone, Aventis Pasteur, 2005/6, or Fluvirin, Chiron, 2006/7).

PBMCs were isolated using Vacutainer tubes (Becton Dickinson) or lymphoprep

gradient (CellGro), washed and re-suspended in supplemented culture media or

PBS. Plasma was heat inactivated.

ELISPOT and memory B-cell assays. ELISPOT and memory assays were as

previously described14,25 Total IgG secreting or influenza-specific ASCs were
detected using 1/20 diluted influenza vaccine in PBS (as above) or with goat

anti-human Ig (Caltag). Dilutions of washed PBMCs incubated in supplemented

RPMI medium for 2 h were incubated in ELISPOT plates for 6 h. After washing

the plates, ASC antibody was detected with anti-huIgG-biotin (Caltag) and

avidin-D-HRP (Vector Laboratories) and developed with AEC substrate

(Sigma) before analysis on an ELISPOT counter (Cellular Technologies Ltd.).

Memory cells were detected by incubating PBMCs at 5 3 105 cells per millilitre in

R-10 supplemented with pokeweed mitogen extract, phosphothiolated CpG

ODN-200626 and Staphylococcus Aureus Cowan (Sigma). After culture for six

days, the cells were washed and quantified by ELISPOT.

Flow cytometry and cell sorting. Flow cytometry was performed on whole

blood after lysis of erythrocytes. Mostly Pharmingen antibodies were used for

quantifying ASC or memory cells (Fig. 1) except anti-CD27-APC (ebiosciences)

and goat anti-huIgG-FITC (Southern Biotechnologies). For single-cell analysis

and production of mAbs, antibodies used included anti-CD3-FITC, anti-CD20-

FITC, anti-CD38-APC-Cy5.5, anti-CD27-PE, anti-IgG-Alexa-647 and anti-

CD19-PE-Alexa 610 from Caltag, plus anti-IgD-biotin and strepavidin-Pe-Cy7

(Pharmingen). ASCs were gated as IgG1/IgD2/CD191/CD32/CD20low/
CD27high/CD38high. All other cell types were isolated as previously described15–17.

Cytometry data was analysed using FlowJo software.

Single-cell RT–PCR and PCR of antibody variable region genes. As detailed in

Supplementary Information, single B cells were sorted into 96-well PCR plates

containing RNase inhibitor (Promega). VH and Vk genes from each cell were

amplified by RT–PCR and nested PCR reactions using cocktails of primers as

previously described15,24, then sequenced. To generate recombinant antibodies,

restriction sites were incorporated by PCR with primers to the particular variable

and junctional genes. RT–PCR of bulk RNA to analyse V genes was as previously

described15,17,27.

Analysis of clonality and somatic mutations of variable region genes. To

quantify clonality, variable genes were randomly sequenced from the bulk

RNA of ASCs from ten donors (by donor, n 5 22, 47, 49, 12, 16, 19, 36, 25, 34

and 63) and verified by single-cell RT–PCR analysis of ASCs from four donors

(n 5 65, 37, 30 and 50). Naive, memory and germinal-centre cell variable gene

libraries included the following VH gene n values: blood naive (by donor, n 5 61,

24, 15, 14 and 24), blood IgM memory (n 5 28, 17, 27, 11, 23, 12, 29 and 20),

blood IgG memory (n 5 23, 18, 18,17, 22 and 21), tonsillar naive B cells (n 5 125,
32, 16, 22, 32, 23, 46 and 81), tonsillar IgM and germinal centre/memory (n 5 50,

42, 35, 16, 60, 15, 50, 25, 39, 19, 55 and 58 VH genes) and tonsillar IgG germinal

centre/memory (n 5 113, 25, 14, 40, 12, 41, 11, 23, 18, 51, 15, 54 and 69). The n

values for analysis of somatic hypermutation included: anti-influenza ASCs from

11 donors (n 5 63, 18, 33, 46, 49, 11, 36, 11, 30, 35, 25); IgG germinal centre/

memory cells from 14 donors (n 5 110, 37, 19, 28, 174, 40, 25, 15, 21, 18, 22, 24,

19, 71); IgM germinal centre/memory from 17 donors (n 5 56, 158, 18, 91, 17,

10, 16, 30, 19, 28, 11, 36, 29, 13, 22, 20, 64); and naive cells from six donors

(n 5 18, 42, 21, 34, 15, 36). Background mutation rates were insignificant

(Supplementary Table 2).

Recombinant monoclonal antibody expression and analysis. All assays are

further detailed in the Supplementary Information. VH or Vk genes amplified

from each single cell were cloned into IgG1 or Igk expression vectors as pre-

viously described15,24. Heavy- and light-chain plasmids were co-transfected into

the 293A cell line for expression, and antibodies purified with protein A sephar-

ose. The influenza virus strains used for ELISA or HAI were freshly grown in eggs

and purified by standard methods23 and included: A/New Caledonia/20/9

(H1N1), A/California/7/2004 (H3N2) for 2005/6 or A/Wisconsin/67/2005

(H3N2) for 2006/7, and B/Shanghai/361/2002-like for 2006/2007or B/Malaysia/

2506/2004 for 2006/7. Serum or mAb HAI titres were determined as previously

described28. After ELISA screening with a cocktail of all influenza strains and 1/20

dilutions of the vaccines, the affinity and specificity of binding-positive mAbs

were determined with the individual influenza viruses. ELISA affinities were

calculated by nonlinear regression analysis of curves from eight dilutions of

antibody (10–0.125mg ml21) using GraphPad Prism. Influenza-neutralizing

activity was detected as inhibition of MDCK cell death by 50% tissue culture

infectious doses of A/Wisconsin/67/2005 or B/Shanghai/361/2002 based on the

protocol of the World Health Organization manual23.

Immunoprecipitation and western blot analyses. All assays are further detailed

in the Supplementary Information. For immunoprecipitation, 8 haemagglutinin

units (HAU) of virus were lysed and incubated with 10 mg ml21 of mAb before

purification with Protein A-Sepharose (Pierce). mAb was eluted from the pro-

tein-A by boiling in Laemmli buffer (Bio-Rad) and analysed on 12% Tris-glycine

polyacrylamide gels. Protein was detected by staining the gels with sypro-orange

(13, Invitrogen). For western blots, 8 HAU of virus was diluted and boiled in

denaturing/reducing sample buffer, then run on denaturing polyacrylamide gels

(as above) followed by electrophoretic transfer to nitrocellulose membranes. The

membranes were incubated with each antibody at 5 mg ml21, detected with HRP

anti-human IgG (Jackson Immunoresearch) and developed with ECL plus

reagent (GE Healthcare). IP gels and western blot membranes were analysed

using a STORM840 system (Molecular Dynamics).

Statistics. Statistical analyses (described in context) were performed using

GraphPad Prism: frequencies of clonal relatedness and somatic mutation were

compared by non-paired, two-tailed Student’s t-tests; x2 tests compared

summed mutation frequencies.
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