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Abstract

We used a DNA barcoding method to enable high-throughput sequencing of the cognate heavy-
and light-chain pairs of expressed antibodies. We used this approach to elucidate the plasmablast
antibody response to influenza vaccination. We show that >75% of the rationally selected
plasmablast antibodies bind and neutralize influenza, and that antibodies from clonal families,
defined by sharing both heavy chain VJ and light chain VVJ sequence usage, do so most effectively.
Vaccine-induced heavy chain VJ regions contained on average >20 nucleotide mutations as
compared to their predicted germline gene sequences, and some vaccine-induced antibodies
exhibited higher binding affinities for hemagglutinins derived from prior years’ seasonal influenza
as compared to their affinities for the immunization strains. Our results show that influenza
vaccination induces the recall of memory B cells that express antibodies that previously underwent
affinity maturation against prior years’ seasonal influenza, suggesting that ‘original antigenic sin’
shapes the antibody response to influenza vaccination.
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1. Introduction

Despite the availability of seasonable influenza vaccination, influenza continues be a major
cause of morbidity and mortality in the US and worldwide [1, 2]. Even the healthy adult
population is vulnerable, as highlighted by the significant morbidity and mortality during the
1918 and 2009 pandemics [3, 4]. Although influenza vaccination can reduce influenza-
associated morbidity and mortality, a meta-analysis of available data indicate that the
trivalent inactivated influenza vaccine (TIV) is only effective in approximately 60% of
young adults [5], and the protection afforded is significantly lower in those over age 65 [6].
As a result, there is great need to better understand the mechanisms underlying effective vs.
non-effective vaccination for influenza.

TIV induces neutralizing antibodies that mediate protection against infection [2, 7], and
there are likely a variety of mechanisms underlying effective vs. non-effective vaccination.
Because immune responses wane with advancing age, vaccination may not offer sufficient
protection in the elderly, who account for >90% of influenza-related deaths [1]. The
inadequacy of protection in the elderly is in part due to their mounting an inferior antibody
response [8]. Compared to those in young adults, antibody repertoires in elderly individuals
have a lower number of lineages and a higher pre-vaccination mutation load [9]. Deep
sequencing of the immunoglobulin heavy chain RNA present in peripheral blood
mononuclear cells following repeat yearly influenza vaccinations demonstrated direct
genetic measurement of memory B-cell recall responses [10].

The immune history of individuals, specifically prior infections with related pandemic
H1N1 influenza strains, can shape the specificity of the pandemic HIN1 influenza antibody
responses to viral regions with shared homology [11]. Further, the antibody response to
influenza vaccination can include antibodies that react to a greater extent with influenza
strains present in prior years seasonal influenza to which an individual has been exposed
(and not present in the current influenza strain), a phenomenon known as “original antigenic
sin” (OAS) [12-15].

Secreted antibodies are produced by plasma cells and their B-cell precursors, termed
plasmablasts [16-18]. After becoming activated and undergoing antigen-dependent affinity
maturation, naive and memory B cells differentiate into plasmablasts which proliferate,
undergo affinity maturation, and then traffic via the blood to infected tissues and secondary
lymphoid organs [19]. Although plasmablast frequencies in peripheral blood are low before
and after an immune response (~0.1% of circulating B cells), they can account for 1 — 5% of
peripheral blood B cells in response to influenza vaccination [17, 20] and over 30% of
circulating B cells during an immune response to an infection [16, 21]. Further, it has been
demonstrated that the majority of plasmablasts generated in response to influenza
vaccination express influenza-reactive antibodies [14, 17, 20]. In this study we characterized
the antibody repertoires of peripheral blood plasmablasts to provide a 'snapshot' of the
ongoing antibody response.

To investigate antibody responses to vaccinations, microbial infections, in autoimmunity,
and in other immune responses, we developed a novel DNA barcoding method that
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combines high-throughput sequencing and barcode-enabled pairing of cognate heavy- and
light-chain antibody sequences expressed by individual B cells. This method enables the
comprehensive analysis of antibody repertoires, followed by the direct and efficient
production of endogenous monoclonal antibodies.

We describe use of this novel DNA barcoding method to characterize the plasmablast
antibody response to influenza vaccination. We focused our analysis on the antibodies
expressed by plasmablasts circulating in the bloodstream following influenza vaccination.
We bioinformatically generated phylogenetic trees of the antibody response and rationally
selected key antibodies for cloning, expression, and characterization of their binding and
functional properties. Greater than 75% of the rationally selected plasmablast antibodies
bound and neutralized influenza, and antibodies from clonal families (sharing heavy chain
V(D)J and light chain VJ sequences) do so most effectively. Some vaccine-induced
antibodies exhibited higher binding affinities for hemaglutinins derived from prior years’
seasonal influenza as compared to their affinities for the immunization strains.

2. Materials and Methods

2.1 Single-cell sorting of plasmablasts

We collected blood from three individuals (Suppl. Table 1) vaccinated 7 days earlier with
the 2010/2011 seasonal trivalent influenza vaccine (Sanofi Pasteur), which consists of 3
strains of inactivated influenza: HIN1 A/California/7/2009, H3N2 A/Perth/16/2009, and B/
Brisbane/60/2008. Samples were collected after obtaining informed patient consent and
under human subject protocols approved by the Investigational Review Board (IRB) at
Stanford University. PBMCs were stained with CD3-V450 (BD 560365), IgA-FITC (AbD
Serotec STAR142F or Miltenyi #130-093-071), IgM-FITC (AbD Serotec STAR146F), IgM-
APC (BD 551062) or IgM-PE (AbD Serotec STAR146PE), CD20-PerCP-Cy5.5 (BD
340955), CD38-PE-Cy7 (BD 335808), CD19-APC (BD 340437) or CD19-Brilliant Violet
421 (Biolegend 302233), and CD27-APC-H7 (BD 560222). We sorted cells with a BD
FACSAria Il or 11, achieving purities of >80% from the first bulk sort. We gated on
CD19*CD20~CD27*CD38**IgA~IgM~ cells for the bulk plasmablast sort, and then single-
cell sorted them into 96-well PCR plates containing a hypotonic buffer (10mM Tris-HCI pH
7.6) comprised of 2 mM dNTPs (NEB), 5 uM oligo(dT),gVN, and 1 unit/uL of Ribolock
(Fermentas), an RNase inhibitor.

2.2. Reverse transcription with well-ID-containing adaptor

We added 1 uM final concentration of the appropriate reverse transcription (RT) adapter
molecule (each containing a unique well-1D barcode; listed in Suppl. Table 2) to each well,
including the negative-control wells (containing no cells). We performed RT at 42°C for 120
minutes in buffer containing 6 mM MgCl, with Ribolock and Superscript 111 (Life
Technologies). Following RT, the cDNA products from all wells of each plate were pooled
together, extracted with phenol-chloroform-isoamyl alcohol followed by chloroform, and
concentrated and desalted them in 5-minute spins at 14 000g with Amicon Ultra-0.5 30 kDa
(Millipore) units.
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2.3. Polymerase Chain Reaction (PCR)

We used Phusion Hot Start Il DNA polymerase (NEB/Fermentas) for both the first PCR
(PCR1) and the nested PCR (PCR2). Primers and adapter molecules are listed in Suppl.
Table 2. Reaction conditions were as follows: 200 uM of dNTPs, 0.2 uM of primers, 0.2 U
of Phusion polymerase, 4% DMSO, and 2 pL of RT product. Forward (FW) primers used in
PCR1 were the FW long primerl and the FW short primerl. We added FW long primerls
containing different plate-1Ds to different samples. We used gene-specific (GSP) reverse
primers GSP1, lambda GSP1, and gamma GSP1, to amplify the kappa, lambda, and gamma
chains, respectively. FW primer for PCR2 was FW primer2, and reverse primers were RV
primer2 and GSP long primer2. We used kappa GSP long primer2, lambda GSP long
primer2, and gamma long primer2 to amplify their respective amplicons. We added a
different GSP long primer2s with plate-specific plate-IDs to each pooled samples from each
plate.

2.4. 454 sequencing

For 454 sequencing, we pooled the amplified DNA, gel purified them, and then purified
them with Ampure XP beads (Beckman Coulter). We determined DNA concentrations by
using Picogreen DNA assay kits (Invitrogen) and sent the amplicons to Roche for 454
Titanium sequencing. Sequences are available at GenBank (accession numbers KF994033-
KF994563).

2.5. Barcode assignment and assembly of sequences

Sequencing data were analyzed by 454 GS FLX data analysis software, and we received
filter-passed, high-quality sequences. We made plate and well assignments for sequencing
reads by comparing the sequence to the plate- and well-1Ds. We used Newbler 2.6 to
assemble all the sequence reads that were assigned the same well-1D and thereby obtain
consensus sequences that correspond to the heavy- and light-chain mMRNA sequences
expressed by the sorted plasmablasts. Sff output files from 454 sequencing, containing
sequences and quality scores for each nucleotide, were read into Python by using the
Biopython package, and sequences were grouped and parsed into separate sff files on the
basis of their compound ID (plate-ID + well-ID). Newbler assembled forward reads by using
the "-cdna", "-ud" and "-urt" options, using a minimum threshold of 8 reads. Where multiple
assemblies occurred per well, which is common with oversampling (>100 reads), an
assembly was accepted if it contained >50% of all reads in a well, and was 3x more
abundant than the next read. Otherwise, we assumed that the well contained more than one
plasmablast, and we disregarded the sequence reads from that well.

2.6. VJ and clonal family assignment

We analyzed heavy- and light-chain sequences with HighV-QUEST[22], software that
compares an antibody-chain sequence to a database of known alleles of germline sequences
and predicts which germline alleles the antibody uses, how the germline sequences were
recombined, and the number of mutations the antibody has relative to the germline sequence
(including all mutations, silent mutations, and non-silent mutations). Clonal family
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antibodies were defined as antibodies with shared heavy chain VVJ and light chain VJ usage
and >20% shared mutations as compared to the corresponding germline sequence.

2.7. Clustering of sequences

Heavy- and light-chain sequences were binned according to their VV-gene usage and then
concatenated and aligned with Muscle[23]. They were clustered with PhyML[24]
maximume-likelihood clustering, together with their germline V gene, and rooted by their
germline V gene. Trees were drawn using ETE[25].

2.8. Cloning antibody genes

For selection of antibodies representative of clonal families, we bioinformatically aligned,
compared and selected either the most frequent member and/or heavy and light chain pair
most representative of the consensus sequence of the clonal family. Using PCR cloning or
direct gene synthesis (Lake Pharma), we generated and inserted kappa and lambda light
chains into vector pEE12.4 (Lonza), and the gamma heavy chain into vector pEE6.4
(Lonza). For PCR cloning, we used well-ID-specific forward primers and constant region-
specific reverse primers to selectively amplify cDNA for insertion into the expression
vectors.

2.9. Expression of monoclonal antibodies

We performed transient, dual transfections of paired light-chain-containing pEE12.4 and
heavy-chain-containing pEE6.4 constructs in 293T cells by using Lipofectamine 2000
according to the manufacturer’s protocol. We purified the expressed antibodies from the
culture supernatants by using Protein A Plus agarose beads (Pierce).

2.10. Influenza vaccine ELISA

We used ELISA to determine whether the monoclonal antibodies derived from vaccinated
individuals bind to the influenza vaccine itself. We coated Nunc Maxisorp plates with the
trivalent influenza vaccine diluted 100x in a pH 9.0 carbonate buffer, blocked the plates with
PBS containing 1% BSA, added 100 ng/ml of expressed monoclonal antibodies, and
detected antibody binding using an HRP-labeled detection antibody.

2.11. Surface plasmon resonance (SPR) determination of antibody affinities

We analyzed the binding of monoclonal antibodies to hemagglutinins at 25°C by using a
ProteOn SPR biosensor (Bio-Rad Laboratories). We coupled the antibodies (25 nM in pH
4.5 acetate buffer) to a GLC sensor chip with amine coupling using EDAC-NHS chemistry,
attaining a target density that yielded 500-800 resonance units (RU) in the test flow cells.
We quenched unreacted active ester groups with ethanolamine. Recombinant
hemagglutinins H3 (HA(ATM)(H3N2/Perth/16/2009), H3s from other strains used in
experiments shown in Fig. 4, and H1 (HA(ATM)(A/California/07/2009)(H1N1)) from
Immune Technology Corp. (New York, NY) were diluted to 100, 50, 25, 12.5, 6.25 nM and
injected separately into the ProteOn System at a flow rate of 30 uL/min, with 120 seconds of
contact time and 2000 seconds of dissociation time. As a control, we injected a buffer
without H3 or H1. We analyzed binding Kinetics with Bio-Rad ProteON Manager software
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and calculated affinities by using the bivalent analyte algorithm (because HA consists of
several repeating units). We verified the accuracy of the fitted curves by ensuring that the
x 2 values for each fit were <10% of the value of maximal binding (Rmax).

2.12. Influenza microneutralization assay

Influenza microneutralization assays were performed by an external CRO, Virapur, LLC
(San Diego). In brief, various amounts of monoclonal antibody were mixed with an equal
volume of ~100 TCIDsq infectious units of titered stock influenza HIN1 or H3N2 strains in
quadruplicate in wells of a 96-well plate. Virus-antibody solutions were incubated for 2
hours and then the mixture was transferred to a 96-well plate containing 80% confluent
MDCK cells. Cells, antibody, and virus were incubated for an additional 2 hours at 37°C,
after which the virus was removed, the cells rinsed, and viral growth media added to each
well. Influenza infection of the cells was assessed microscopically after 72 hours.

3. Results

3.1. Sequencing the paired heavy- and light-chain antibody sequences expressed by
individual B cells derived from influenza-vaccinated individuals

Our approach consists of tagging all cDNA generated from an individual B cell with a
unique DNA barcode before sequencing the cDNA; we then use these unique barcodes to
match the heavy- and light-chain antibody sequences that derive from the same cell. In this
way, we uncover the sequences of the specific heavy and light chains that make up each
antibody, information that we use to generate phylogenetic trees of the antibody response
and to clone and express the antibodies encoded by these sequences.

We collected blood from 3 individuals (Suppl. Table 1) 7 days after they received the
trivalent influenza vaccine, a time at which the plasmablast response is at its peak [17], and
single-cell sorted IgG™ plasmablasts into four to eight 96-well plates on the basis of cell-
surface staining for CD197CD20~CD27*CD38*IgA~IgM~. (Plasmablasts generated in
response to influenza vaccination are predominantly 1gG expressing [14, 17].) We
performed reverse transcription with an MMLV H~ reverse transcriptase that has 3'-
tailing[26] and template-switching activity in order to synthesize cDNA and tag it with a
‘well-1D barcode’ sequence unique to each well (and hence unique to each cell). By adding
a universal priming sequence 5' of the well-ID barcode, we obviate the need for degenerate
V-gene primers and the attendant bias in amplification of V-region genes. We pooled the
well-ID-tagged cDNAs from each plate and tag them with plate-1D barcodes using nested
PCR and primers specific to the constant regions of the heavy and light chains; in this way
we uniquely tagged all cDNA derived from the same plate and add titanium primers for 454
sequencing. Thus, each amplicon contains two barcodes, one identifying the plate from
which the amplicon derives (the plate-1D) and another identifying the individual well within
that plate (the well-ID). We pooled the double-barcoded amplicons from all plates and
sequence them by 454 sequencing.

Through in silico analysis of the sequences obtained, we identify cognate heavy- and light-
chain pairs expressed by individual plasmablasts, generate phylogenetic trees representing
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the antibody response, and rationally select antibodies for functional characterization. This
was achieved by first assigning the well-1D barcode and plate-1D barcode contained in each
read, thereby assigning all reads to individual plasmablasts, and thereby identified the
cognate heavy- and light-chain pairs expressed by individual plasmablasts. For all reads
derived from a single plasmablast, we averaged the sequence for all heavy chain reads, and
independently all light chain reads, to obtain consensus reads and thereby average-out errors
arising from PCR or sequencing error. We determined their heavy and light chain VJ usage
by analyzing them with IMGT HighV-QUEST [22]. Maximum likelihood clustering of
heavy and light chains sequences grouped by heavy chain VV-gene usage yielded
phylogenetic trees that revealed clonal families of antibodies that use the same heavy-chain
V(D)J and light-chain VJ sequences for each of the 3 influenza vaccine recipients (Figs. 1A-
C).

The antibodies contained in each clonal family derive from distinct plasmablasts that are all
the progeny of a single B cell; such antibodies therefore share mutations acquired through
the multiple rounds of somatic hypermutation that occur in tandem with B-cell clonal
expansion and lead to the generation of affinity-matured plasmablast. Indeed, sequence-
alignment analyses confirmed that the amino acid and nucleotide sequences of antibodies
from the same clonal family not only use the same V(D)J but also have a common set of
mutations (data not shown). Missense mutations were concentrated in the complementarity
determining regions, suggesting that the plasmablasts were functionally selected. The
antibody response showed a high degree of clonality, which accounted for approximately
one-third of the plasmablast antibodies sequenced in each of the individuals.

3.2. Singleton antibodies and antibodies from clonal families are both highly mutated

Relative to their predicted germline sequences, the plasmablast antibodies produced during
the acute response to the influenza vaccine had means of >20 mutations in their heavy
chains, >10 mutations in their light chains, and >30 mutations overall (Fig. 2). Mutations in
the variable regions of antibody genes result from somatic hypermutation, a process that
leads to affinity maturation of antigen-activated B cells in germinal centers[27]. Because the
rate of somatic hypermutation in vivo is approximately 1073 bp~2 division™2, with an
assumed division time of 18 hours [28, 29], we estimate that, in the 7 days after vaccination,
the heavy chains would undergo an average of 6 mutations and the light chains an average
of 4 mutations. That only a small fraction of the antibodies had fewer than 20 mutations
suggests that the influenza vaccination activated predominantly memory B cells, which are
already affinity matured (and may undergo further affinity maturation in the process of
forming plasmablasts). Memory B cells may dominate the response to vaccination because
their activation threshold is lower than that of naive B cells, and they also proliferate faster
[30, 31].

Despite the fact that somatic hypermutation leads to affinity maturation, there were no
significant differences in frequency of overall or of non-silent mutations between the
antibodies from the identified clonal families, which had picomolar binding affinities for
H3N2/Perth/16/2009 influenza, and the singleton antibodies, which had significantly lower
affinities (Figs. 2, 3B). In fact, among antibodies from one of the vaccinated individuals,
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singleton antibodies had a higher frequency of overall mutations than antibodies from clonal
families (Fig. 2C).

3.3. Recombinant plasmablast antibodies bind components of the influenza vaccine

We investigated whether the antibodies encoded by the sequences identified can bind to
components of the trivalent influenza vaccine that elicited the antibody response. We used
PCR or gene synthesis to clone, and transient transfection in 293T cells to express, the
paired heavy and light chains of antibodies representative of clonal families, as well as
‘singleton’ antibodies, i.e., antibodies using heavy-chain V(D)J and/or light-chain VJ
sequences that are not used by any other antibody in an individual’s plasmablast antibody
repertoire (Fig. 1). Of the 8 antibodies from clonal families 7 bound to components of the
influenza vaccine (87.5%), while only 8 of the 12 singleton antibodies bound (66%, Fig.
3A). That the majority of the antibodies exhibited reactivity to influenza is consistent with
findings from previous studies examining the specificity of plasmablasts derived from
influenza-vaccinated individuals [17].

3.4. Antibodies from clonal families bind hemagglutinin from the immunizing influenza
strain with higher affinity than do singleton antibodies

All 6 analyzed clonal family antibodies, and 5 of the 8 singleton antibodies, bound
hemagglutinin H3 (from the H3N2/Perth/16/2009 influenza A strain present in the trivalent
vaccine) (Fig. 3B). None of the antibodies from clonal families, and only 1 of the singleton
antibodies, bound hemagglutinin H1 (from the H1N1/California/07/2009 influenza A strain
present in the trivalent vaccine) (Fig. 3B). Using surface plasmon resonance, we assessed
the affinity with which the recombinant plasmablast antibodies bind to influenza
hemagglutinin (a major target of antibodies that neutralize influenza A virus [32]),
measuring the on/off rates and dissociation constants (Fig. 3B). Compared to singleton
antibodies, antibodies from clonal families bound H3 with 10-1,000-fold higher affinities
(P=0.0043, Mann Whitney test). This finding is consistent with the current paradigm that
centrocytes (nondividing, activated B cells expressing membrane-bound antibodies) that
have higher affinities for their antigen compete more successfully for positive selection in
germinal centers and are therefore more likely to undergo antigen-driven clonal
expansion[27].

3.5. Antibodies from clonal families neutralize influenza more effectively than do singleton

antibodies

Testing the functionality of the antibody binding in a microneutralization assay, we found
that 9 of the 12 antibodies tested could neutralize the H3N2/Perth/16/2009 influenza strain.
In line with their differential affinities for influenza hemagglutinins, the antibodies from
clonal families neutralized H3N2 at lower titers than did the singleton antibodies (Fig. 3C).
Of the antibodies tested, only the singleton antibody that bound H1 hemagglutinin in the
affinity-binding assay neutralized the H1N1/California/07/2009 influenza strain (Fig. 3B,C).
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3.6. Influenza vaccination induces plasmablasts expressing antibodies that bind to prior
year’s hemagglutinins with high affinity

To determine the binding affinity of the recall response to influenza vaccination, we
evaluated the binding of the recombinant plasmablast antibodies to H3 hemagglutinins
derived from different H3N2 influenza A strains. Of the antibodies from clonal families,
some bound with greater affinity to H3 from the influenza strain present in the vaccine they
were responding to (H3N2/Perth/16/2009), some bound with greater affinity to H3 from
influenza strains prevalent in previous influenza seasons, and others bound to the H3N2/
Perth/16/2009 H3 and to previous seasons’ H3 with similar affinity (Fig. 4). The singleton
antibodies either bound with greater affinity to previous seasons’ H3 or did not bind to any
of the H3s tested (perhaps because they are specific for an influenza antigen other than
hemagglutinin H3, e.g., a different hemagglutinin subtype (as shown for antibody F21) or
neuraminidase [32]) (Fig. 4).

Pre-vaccination serum from the subject whose plasmablast repertoire is shown in Fig. 1A
was tested by ELISA against influenza hemagglutinin H3N2 A/Perth/16/2009 (vaccine
strain) and H3N2/A/Christchurch/1/1985 (prior seasonal influenza strain). These strains are
representative of cases where binding of a recombinant antibody to HA from a previous year
(Christchurch/1985) had higher affinity than binding to the vaccine strain (Perth/2009) (Fig.
4), suggesting original antigenic sin shaped the response to influenza vaccination. ELISA
analysis demonstrated that this individual did in fact have high pre-vaccination serum
antibody reactivity to Christchurch/1985 (data not shown), which supports our hypothesis
that vaccine-induced antibody responses are shaped by OAS.

4. Discussion

We describe use of a new method to sequence the paired heavy and light chains expressed
by individual B cells, and its application to sequence the antibody repertoire of peripheral
blood plasmablasts following influenza vaccination. Specifically, we combined cDNA
barcoding with high-throughput sequencing to determine the sequences of the antibody
heavy and light chains expressed by individual plasmablasts. The sequence datasets enable
the identification of clonal families of antibodies that share HC V(D)J and LC VJ sequences.
The identification of clonal families enabled rationale bioinformatic selection, and hence
efficient production, of the antibodies that likely to be integral to the response.

We used this DNA barcoding technology to obtain a 'shapshot' of the functional antibody
response to influenza vaccination. Focusing our analysis on the antibody repertoires of
circulating plasmablasts, we generated phylogenetic trees of the santibody response, and
bioinformatically selected and recombinantly produced antibodies that could bind to and
neutralize influenza. We found that antibodies from clonal families bound influenza with
greater affinity and neutralized it more effectively, consistent with the current understanding
of affinity maturation, i.e., that B cells expressing antibodies with higher affinity for their
antigen out-compete B cells expressing lower affinity antibodies in the germinal center, and
are thus more likely to undergo antigen-driven clonal expansion[27]. This finding confirms
the utility of the phylogenetic trees and the identification of clonal families in guiding
selection of the critical antibodies for recombinant production. Moreover, the extent of
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clonality, the proportion of recombinant plasmablast antibodies that bound influenza, and
the predominance of a recall response in our studies are all consistent with previous findings
on the antibody response to influenza vaccination [17].

In contrast to previous findings [17], we found that a substantial proportion of the
plasmablast antibodies bound with higher affinity to influenza strains prevalent during prior
seasons than to the strain contained in the vaccine. It is possible that our technology enables
identification of such antibodies by characterizing the antibody repertoire to a greater depth
than previously attained. Nevertheless, we found that other antibodies, from clonal families
specifically, exhibited high binding affinities for the immunizing hemagglutinin. Thus,
vaccination against influenza activates a combination of B cells expressing high-affinity and
low-affinity antibodies against the immunizing strain. This diversity of antibody specificity
may partly explain why influenza vaccination induces antibodies that are broadly
neutralizing [33-35].

According to the theory of original antigenic sin (OAS), the immune response to a newly
encountered variant of a pathogen will be compromised if it is dominated by memory B cells
whose antibodies have a higher affinity for a previously encountered variant [36]. OAS
could be one potential explanation for the low affinity of certain highly mutated singleton
antibodies for H3 from the H3N2/Perth/16/2009 immunizing strain. This is supported by our
observation that singleton antibodies had a higher frequency of mutations than clonal family
antibodies. Singletons may represent sequences that affinity matured in previous responses
to influenza infection and/or vaccination, and that represent recall responses to the current
year’s vaccine. Although previous findings suggest that OAS does not occur in response to
influenza vaccination [17], it is possible that our method enables identification of OAS-
constrained antibodies by characterizing the antibody repertoire to a greater depth than
previously attained. Further in-depth studies are necessary for clarifying the contribution of
OAS to the antibody response to influenza vaccination.

Several approaches to sequencing the immunoglobulin genes expressed by B cells have been
described, but have significant limitations [37, 38]. Deep sequencing of immunoglobulin
RNA expressed by bulk B cells does not allow for the accurate pairing of the heavy and light
chains expressed by individual B cells [39, 40], while RT-PCR analysis of single B cells is
low-throughput. Recently, several high-throughput methods were described for pairing of
heavy- and light-chain immunoglobulin genes expressed by individual B cells, these
approaches have shortcoming. One approach involves use of mass spectrometry to obtain
the amino acid sequences of isolated antibodies, and is used in conjunction with
combinatorial expression of heavy and light chain antibody genes and functional screening
[40]. Another approach utilizes deep sequencing to analyze the paired CDR3s, but PCR
cloning and Sanger sequencing with custom primers is then necessary to isolate the entire
heavy and light chain V regions [41]. Further, these methods are unable to accurately assess
the frequency of individual antibody clones due to PCR biases. These other methods also
cannot readily distinguish between sequencing errors and closely related antibody sequences
that differ due to somatic hypermutation that occurs during affinity maturation. Finally,
these approaches utilize degenerate VV-region PCR primers that fail to amplify all antibody
genes and do not provide sequences encoding the entire V regions.
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In contrast, the DNA barcoding approach used in this manuscript utilizes a universal 5’
adapter to provide full-length sequences of the V region and unbiased sequencing of
antibody repertoires. In addition, the DNA barcodes enable repeat-sequencing of multiple
independent barcoded amplicons derived from each individual plasmablast, thereby enabling
the resulting sequences to be averaged to yield the true, error-free consensus sequence for
the heavy and light chain antibody genes expressed by each plasmablast. Without the use of
such barcodes, sequence differences arising from somatic hypermutation cannot be
differentiated from artificial mutations arising from PCR or sequencing error, or re-
sequencing of previously amplified antibody gene products due to PCR contamination.
Finally, our barcoding approach enables accurate determination of clonal family size even in
the presence of PCR bias that results in relative over- or under-amplification of the antibody
cDNA in certain wells. Specifically, the unique barcodes attached to the heavy and light
chain genes expressed by each individual B cell ensure that each antibody derived from an
individual B cell is counted once and only once.

Limitations of the present study include the small number of individuals sequenced, the
limited depth of sequencing performed, and the limited comparisons made between
singleton antibodies and antibodies belonging to clonal families. Further studies will be
necessary to fully assess the predictive utility of bioinformatic identification of clonal
families in identifying functional antibodies that are key to the protective immune response
against influenza.

In conclusion, we used a new DNA barcoding method to characterize the plasmablast
antibody response generated in the immune response to influenza vaccination. We show that
more than two-thirds of the rationally selected plasmablast antibodies we expressed bind and
neutralize influenza, and that antibodies derived from clonal families of antibodies sharing
heavy chain V(D)J and light chain VJ sequences do so most effectively. Some vaccine-
induced antibodies exhibited higher binding affinities for hemaglutinins derived from prior
years’ seasonal influenza as compared to their affinities for the immunization strains,
suggesting that “original antigenic sin’ in part shapes the B cell and antibody response to
influenza vaccination. At the sequence level, high-resolution analysis of the clonality and
evolution of the antibody response could be useful for identifying, understanding, and
monitoring protective immune responses induced by influenza vaccination and other
microbial vaccinations.
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Figure 1.

Analysis of the plasmablast antibody repertoire of three individuals vaccinated against influenza. (A-C) The paired heavy-chain
and light-chain antibody sequences expressed by individual plasmablasts were arranged by heavy chain V gene family usage
and clustered to generate the displayed phylogenetic trees. Each phylogenetic tree represents an antibody repertoire from a
different influenza vaccine recipient. Antibodies from clonal families are shown in bold. The letter F followed by a number
denotes an antibody that was selected for cloning and expression; circles denote antibodies that bound components of the
influenza vaccine, and squares denote antibodies that did not (see Fig. 3). The circles and squares are colored green if they
denote antibodies from clonal families, and blue if they denote singleton antibodies.
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Figure 2.

Analysis of mutation rates in antibody repertoires of plasmablasts from influenza-vaccinated individuals. Number of mutations
in the V and J genes relative to the predicted germline sequences in the heavy and light chains of the sequenced antibody
repertoires presented (A) in Fig. 1A, (B) in Fig. 1B, and (C) in Fig. 1C. Left-hand panels show the total number of mutations in
the V and J genes relative to the predicted germline sequences for the heavy chain, light chain, or both of the paired heavy and
light chains (combined) of each sequenced plasmablast antibody. Right-hand panels show a breakdown of the number of
mutations in the V and J genes into total (all), silent, and non-silent mutations, with green circles denoting antibodies from large
clonal families and blue circles denoting singleton antibodies. *P < 0.05 by Student’s T-test.
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Figure 3.
Cloned plasmablast antibodies bind and neutralize influenza. (A) ELISA analysis of the binding of cloned plasmablast

antibodies to a crude preparation of the components of the influenza vaccine. Data are shown as the mean with SEM and are
representative of 3 independent experiments. (B) Affinities of antibody binding to purified, recombinant hemagglutinins H3
(from the H3N2/Perth/16/2009 influenza A strain) and H1 (from the H1N1/California/07/2009 influenza A strain), as assessed
by surface plasmon resonance. Antibodies from clonal families (green lettering) had significantly higher affinity than did
singleton antibodies (blue lettering); *P=0.016, Mann Whitney test. (C) Microneutralization assay analysis of the antibodies’
ability to neutralize influenza A strains contained in the vaccine. Antibodies from clonal families (green lettering) neutralize
H3N2/Perth/16/2009 influenza at lower concentrations than do singleton antibodies (blue lettering).
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Figure 4.
Influenza vaccination induces plasmablasts expressing antibodies that bind to prior year’s hemagglutinins with high affinity.

Plasmablasts responding to influenza vaccination develop from memory B cells and some show original antigenic sin. Heatmap
of the affinity (Kp value) of antibody binding to purified, recombinant H3 hemagglutinins from H3N2 influenza A strains
prevalent in different influenza seasons, as measured by ProteOn SPR. Antibodies cloned from individual plasmablasts are listed
along the top of the heatmap, and the different seasonal H3N2 influenza strains are listed to the right. Red boxes demarcate
stronger antibody binding to H3 from that season’s influenza strain than to H3 from the influenza strain contained in the vaccine
(H3N2/Perth/16/2009), with the numbers in red below the heatmap indicating the fold increase in binding.
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