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Upon encounter with antigen, the B lymphocyte population responds by
producing a diverse set of antigen-specific antibodies of various isotypes.
The vast size of the responding populations makes it very difficult to study
clonal evolution and repertoire composition occurring during these
processes in humans. Here, we have explored an approach utilizing the
H-EPSILON-encoding transcriptome to investigate aspects of repertoire
diversity during the season of antigen exposure. We show through
sequencing of randomly picked transcripts that the sizes of patients'
repertoires are relatively small. This specific aspect of the transcriptome
allows us to construct evolutionary trees pinpointing features of somatic
hypermutation as it occurs in humans. Despite the small size of the
repertoires, they are highly diverse with respect to VDJ gene usage,
suggesting that the H-EPSILON-encoding transcriptome is a faithful mimic
of other class-switched isotypes. Importantly, it is possible to use antibody
library and selection technologies to define the specificity of clonotypes
identified by random sequencing. The small size of the H-EPSILON-
encoding transcriptome of peripheral blood B cells, the simple identification
of clonally related sets of genes in this population, and the power of library
and selection technologies ensure that this approach will allow us to
investigate antibody evolution in human B lymphocytes of known
specificity. As H-EPSILON repertoires show many of the hallmarks of
repertoires encoding other isotypes, we suggest that studies of this type will
have an impact on our understanding of human antibody evolution even
beyond that occurring in the IgE-producing B cell population.
© 2006 Elsevier Ltd. All rights reserved.
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conditions providing appropriate signals including
those from antigen-activated T cells. In this way, the
nature of the antibody response can be regulated to
produce, in many cases, a response appropriate for
the particular antigen. In all, the antibody response
of an individual is very complex involving such a
large number of different and unrelated clones that
it is impossible to grasp but a small fraction of the
entire population. It is thus very difficult to get an
overall picture of the composition and evolution of
an entire antibody repertoire. Nevertheless, many
studies have taken on to identify the overall
features of such repertoires, including e.g. gene
usage,1–4 mutational patterns5–10 and in some cases
also the composition of antigen specific antibody
responses.11–21 Such studies help us not only to
define basic rules related to antibody development
d.
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but also to understand e.g. why certain populations
fail to respond properly to challenge with certain
antigens (see e.g. Feeney et al.22). The development
of tools in genetic engineering and bioinformatics
has greatly aided in these efforts. Nevertheless, the
analysis of humoral immune repertoires in humans
still suffers from a lack of data. Altogether the
characterized repertoires still make up only a
minuscule part of the entire immunoglobulin (Ig)
response as it occurs in vivo. We therefore set out to
explore a system based on a defined fraction of the
antibody repertoire, more specifically IgE, which
we considered to have hallmarks suggesting that it
could be mastered experimentally. This isotype is a
very minor component of the humoral immune
response but one that is of extensive medical
importance as it is the major mediator of type I
hypersensitivity. We believe in the first place that
studies of such repertoires will improve our knowl-
edge of these diseases, as they will tell us how
diverse the repertoires are with respect to composi-
tion and target recognition. Importantly for this
investigation, the low amounts of IgE found in
serum suggest that relatively few B lymphocytes
populate the pool of cells that actually produce
these antibodies. We therefore hypothesised that
they represent a set of clones of manageable size for
the study of antibody repertoire composition and
evolution. Developments in the toolbox that com-
prises the area of molecular biology now allow us to
approach these issues in a rational manner. In
particular PCR technology and the complete
sequencing of the germline immunoglobulin gene
loci have facilitated the analysis of the origin of
antibodies in general and as a consequence also of
IgE encoded by B lymphocytes. Furthermore, the
development of combinatorial library approaches
allows us to link given members of a repertoire with
antigen specificity. Many studies23–35 have
addressed aspects of one or the other of these
approaches in relation to IgE repertoires but not
tried to combine them into a unit that investigates
both aspects. We have now validated an approach
comprised of methods to carry out random sequen-
cing of the immunoglobulin heavy epsilon chain
(H-EPSILON)-encoding transcriptome and isolation
of allergen-specific sequences by combinatorial
antibody library technology. We demonstrate the
appropriateness of using the IgE repertoire to study
antibody repertoire composition. We also confirm
our hypothesis that the IgE repertoire at a given
point in time is populated by a small set of
clonotypes, which nevertheless has many of the
characteristics of other, complex immunoglobulin
repertoires. Furthermore, we demonstrate how the
selection of antigen-specific antibody fragments
from a library made from genes encoding the H-
EPSILON can be used not only to identify allergen-
specific antibody fragments, but importantly also
that selected clonotypes can be placed into the
context of the overall H-EPSILON-encoding reper-
toire. We thus conclude that the human IgE
repertoire represents a population of molecules
that can be explored to investigate antibody
repertoires and repertoire development as it occurs
in vivo and we suggest that this combination of tools
will help us to understand processes involving
immune responses in the future.
Results

Basis and validity of the sequencing process

To assess the composition of the H-EPSILON-
encoding transcriptome in allergic patients, we
obtained mRNA from approximately 2×108 mono-
nuclear cells from a number of allergic donors. To
ensure specific amplification of variable heavy chain
domain (V-D-J-REGION) (VH) genes encoding the
H-EPSILON repertoire, cDNA was obtained by
reversed transcription using primers specific for
the IGHE constant gene.36 Specificity was further
enhanced in the subsequent PCR process as we used
primers specific for the IGHE CH1 sequence in
addition to primers specific for all IGHV gene
subgroups. Several such cDNAs repeatedly pro-
duced PCR products of the estimated size, and
samples obtained from two donors, A3 and A4, that
were a part of a separate study of the immunology
of allergy,37 were used for further sequence analysis.
An assessment of sequences at the 3′-end of the
amplification products confirmed that these
sequences indeed originated from an H-EPSILON-
encoding transcript, demonstrating the validity of
the procedure and ruled out the possibility that the
products were encoding isotypes other than IgE.
Only 3/114 sequences (A4-30, A4-63 and A4-154)
carried stop codons, that may have originated not
only from an aberrant gene rearrangement or
mutational process occurring in vivo, but also as an
in vitro-artefact by the introduction of rare mutations
during the PCR process. Nevertheless, the rarity of
sequences not carrying an open reading frame
suggested that the amplified sequences largely
encoded functional IgE, i.e. they had the required
origin, as expected from the experimental set-up.
A critical feature of our approach is whether our

system behaves predictably in comparison to other
previously described methodologies, or not. To
assess this issue, we sequenced a set of gene
products amplified from the immunoglobulin
heavy gamma chain (H-GAMMA)-encoding tran-
scriptome as well. Since much information is
available in the literature2,3,11 with regards to its
composition we could assess to what extent our
procedure produced similar products. Among the
sequenced genes (n=21), we got an appropriate set
originating from 17 different germline genes repre-
senting diverse IGHV subgroups (Table 1). Even in
this small set of products, all IGHJ subgroups and all
IGHD subgroups apart from the rarely used IGHD7
subgroup38,39 were identified. Thus, our amplifica-
tion and cloning approach allowed us to identify
sets of genes that compared well with what is



Table 1. Frequency of IGHV subgroups and genes used in H-EPSILON repertoires as calculated on data of clonally
unrelated sequences in comparison to other immunoglobulin repertoires

IGHV
subgroup

Donor
A3

(n=33)
(%)

Donor
A4

(n=39)
(%)

Overall
frequency
(n=72)
(%)

Germline genes
used in these IgE
repertoires (IGHV)

Frequency
in IgG

repertoire
(n=21) (%)

Previously reported repertoire frequencies (%)

Mononuclear
cells1

Antibodies
specific for
proteins11

IgG-producing
B cells2

IgG-producing
B cells3

1 24 41 33 1-02, 1-18, 1-46, 1-58,
1-69

33 11 26 14.9 12

2 0 0 0 None 0 3 4 1.3 1
3 52 49 50 3-07, 3-11, 3-15, 3-21,

3-23, 3-30, 3-33, 3-43,
3-48, 3-53

48 52 40 54.5 62

4 9 3 6 4-31, 4-39 5 19 22 21.1 18
5 9 8 8 5-51, 5-a 14 10 8 7.7 6
6 0 0 0 None 0 5 0 0.3 2
7 6 0 3 7-4.1 0 Not reported Not

reported
0.3 Not reported
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known regarding the composition of antibody
repertoires. Altogether, we demonstrated that the
amplification and cloning methodology yielded
products relevant for the study of antibody reper-
toire composition.

Composition of the H-EPSILON-encoding
repertoire

A total of 114 sequences (representing 72 inde-
pendent clonotypes, see below) originating from
the H-EPSILON-encoding transcriptome were ana-
lysed by sequencing (GenBank accession nos.
DQ065615–DQ065728). Sequences belonging to the
major IGHV subgroups 1, 3, 4 and 5 were found in
both donors and subgroup 7 was also found in
donor A3. Thus, of the seven IGHV subgroups,36 all
subgroups but IGHV2 and IGHV6, which are used
only rarely in immunoglobulin repertoires,1,2 could
be identified among the sequenced genes. No
striking overrepresentation of the IGHV5 subgroup,
that has been reported in some H-EPSILON
repertoires,25,26 was seen among peripheral blood
H-EPSILON-producing B cells. A slight apparent
over-representation of subgroup 1 and an under-
representation of subgroup 4 were, however, noted
(Table 1). The latter finding correlates with the fact
that IGHV4 subgroup although frequently used in
immunoglobulin heavy mu chain (H-MU) reper-
toires, is more rarely recruited into class-switched
repertoires, like H-GAMMA.3 The fact that the
small population of H-GAMMA-encoding reper-
toire showed similar frequencies of IGHV1 and
IGHV4 as the H-EPISLON-encoding repertoire,
however, suggests that there is a slight bias in the
PCR amplification process affecting the observed
frequency of these transcripts. In general though,
several IGHV genes often found in other immuno-
globulin repertoires were also identified as being
frequently used in these H-EPSILON-encoding
repertoires. For instance, among the ten most
commonly used IGHV genes in H-GAMMA
repertoires,2 eight were found in the herein studied
H-EPSILON-repertoire accounting for 57% of all
independent clones. The same ten genes accounted
for 58% of gene usage in H-GAMMA repertoires. In
contrast, among the 30 least commonly used genes in
the H-GAMMA repertoire, only eight were used in
the assessed H-EPSILON repertoire accounting for
31% of independent clones. These very same 30
genes encoded 30% of the H-GAMMA repertoire.2

Thus, H-EPSILON-encoding gene usage had exten-
sive similarities with H-GAMMA-encoding gene
usage. Similarly, the length of the H chain third
complementarity determining region CDR3-IMGT
(14.8 residues (range 7–26) as assessed on the 72
independent clonotypes) was close to that reported
for other human immunoglobulin repertoires (15.1-
15.3 residues4,40). J gene usage (Table 2) also showed
distribution mostly resembling the distribution of
gene usage in other immunoglobulin populations,
with IGHJ4 being the most frequently used gene.
Only IGHJ5 was less frequently used in the herein
investigated H-EPSILON repertoire. Similarly,
IGHD genes used in H-EPSILON-encoding reper-
toires distributed essentially as expected from
studies of other immunoglobuin repertoires38,39

between different subgroups (Table 2) and included
at a high frequency e.g. IGHD2-2, IGHD3-3, IGHD3-
22 and IGHD6-19. In fact, IGHD-gene usage was
indeed very diverse as not less than 18/27 IGHD
genes could be identified among the 72 clonotypes.
Furthermore, preferences for IGHD gene reading
frames for the most frequently used genes (Table 3)
was similar to that reported for other antibody
repertoires.38 We thus conclude that peripheral H-
EPSILON repertoires are diverse with respect to
gene usage and represent a set of sequences with
features of IGHV, IGHDand IGHJ gene usage similar
to other immunoglobulin populations. Studies of H-
EPSILON-encoding transcriptomes are thus likely to
provide information on antibodies representative
not only of itself but also of other isotypes
participating in adaptive immune responses, as well.

Mutations in the H-EPSILON repertoire

An analysis of the H-EPSILON-encoding
sequences demonstrated that they were largely
somatically hypermutated as expected from genes



Table 2. Frequency of usage of IGHD and IGHJ genes in H-EPSILON transcripts in comparison to previously published
studies

Locus Subgroup

Frequency
in donor

A3 (n=33) (%)

Frequency
in donor

A4 (n=39) (%)
Compiled
data (%)

Other antibody repertoires (%)

Corbett
et al.38

Souto-Carneiro
et al.39

Yamada
et al.4

D IGHD1 9 15 13 3.4 13
IGHD2 15 31 24 8.1 12
IGHD3 52 31 40 19.8 36
IGHD4 3 5 4 4.1 8
IGHD5 0 3 1 4.7 7
IGHD6 15 10 13 9.5 17
IGHD7 0 0 0 0.9 1

Unidentified/others 6 5 6 49.5 5
J IGHJ1 3 3 3 1

IGHJ2 3 0 1 0
IGHJ3 6 11 8 9
IGHJ4 67 45 55 53
IGHJ5 3 3 3 15
IGHJ6 18 39 30 22
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that have undergone the evolutionary processes
occurring in germinal centers. Indeed, independent
clonotypes had mutated more than 2% of their
bases. Individual clones carried 3–52 (median value:
14; n=114) mutations in the part of the V-REGION
between the 5′-PCR primer and the start of CDR3-
IMGT (codons 8–104, nucleotides 24–312, according
to the IMGT unique numbering for V-DOMAIN36).
An analysis of the composition of such mutations
(Table 4) indicated a preference for C mutating to T,
A mutating to G, G mutating to A and C, while T
mutated mostly to C or G. The most frequently
mutated residues were C and G, probably reflecting
the targeting of these bases in the major hot spot
motif8 by activation-induced cytidine deaminase.41

The impact of mutations originating from Taq
polymerase-induced sequence errors was thus not
strong as there was no extreme overrepresentation
of T→C and A→G mutations, that are typical
hallmarks of such errors,42 in comparison to muta-
tions found in other immunoglobulin repertoires.43

Importantly, G bases were much more readily
mutated if they were present in typical hot-spots
of mutation whether represented by the classical
RGYW9 or alternative DGYW8 sequence motives
(Table 5). We thus conclude that the pattern of
mutations in these H-EPSILON repertoires was not
an artefact of the PCR amplification procedure but
rather that it is a true reflection of the situation in the
H-EPSILON-encoding gene population. Clonal evo-
Table 3. IGHD reading frame in H-EPSILON-transcripts and

IGHD
gene

H-EPSILON repertoire

Number of
sequences

Frequency of reading framesa (%)

Stop Hydrophilic Hydrophobi

2-2 7 14 71 14
3-3 12 25 58 17
3-22 7 0 100 0
6-19 7 14 43 43

a As defined by Corbett et al.38
lution patterns and mutations in members of the
identified repertoires, be them randomly picked or
identified after selection on allergen, are thus likely
to represent sequences actually found in vivo.

A very limited size of the H-EPSILON-encoding
repertoire

With access to an immunoglobulin-encoding
transcriptome faithfully copied into DNA, we
were able to address matters related to its composi-
tion. To validate or abandon our initial hypothesis,
i.e. the existence of a very limited size of the H-
EPSILON-encoding transcriptome in a given indi-
vidual, we looked for evidence in favour or against
this notion. Although the H-EPSILON-encoding
repertoires of the two individuals were, as we
have seen above, quite diverse with respect to gene
usage, several observations suggested that they
were quite limited in size. In fact, among the 63 and
51 sequences derived from donors A3 and A4, we
repeatedly identified clonally related sequences.
This set of 114 sequences contained only 72 unique
clonotypes as 23 sets of clonally related sequences,
as evidenced by the occurrence of sequences
sharing an origin in the same V gene and harbour-
ing highly homologous CDR3 sequences, were
found. These sets were populated by two to six
members each. Thus, a single clonotype could
represent up to approximately one tenth of all
in a large set of other, rearranged human H chain genes

Corbett et al.38

Number of
sequences

Frequency of reading frames (%)

c Stop Hydrophilic Hydrophobic

33 6 67 27
43 19 58 23
34 3 88 9
42 12 43 45



Table 5. Mutational frequencies of G nucleotides in
intrinsic hot spots (RGYW or DGYW or their complements)
in comparison to G found elsewhere in the gene sequence

In RGYW/
WRCY

In rest
of the

sequence

In
DGYW/
WRCH

In rest
of the

sequence

Number of G/C 176 1024 264 936
Mutations of G/C 43 52 55 40
Frequency 24% 5% 21% 4%

Results were calculated on eight independent sequences encoding
H-EPSILON derived from donors A3 and A4 and originating
from germline gene IGHV3-23. The hot spot residue as found on
the sense strand that was analysed is indicated in bold type.

Table 4. Frequency of mutations in clonally unrelated
genes that originated from IGHV3-23 (n=8)

From

To
Number of
mutations

Frequency
of mutated
bases (%)T C A G

T – 0.37 0.21 0.42 19 4.2
C 0.60 – 0.12 0.28 38 7.0
A 0.28 0.08 – 0.65 28 6.0
G 0.10 0.44 0.46 – 57 8.7
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sequences derived from the transcriptome of a
single donor. Importantly, members of each clono-
type usually differed in sequence. Thus, they did
not represent repeated cloning of cDNA derived
from a few cells with a high mRNA content, but
rather represented the transcripts found in multiple
cells with a common origin that to different degrees
had undergone somatic hypermutation. The sets of
sequences of H-EPSILON-encoding genes found in
this study that were represented several times had
their origin in all five IGHV subgroups (1, 3, 4, 5
and 7). Together, these results demonstrate that the
pool of lymphocytes that populates the peripheral
H-EPSILON-producing population is very
restricted in its size but that diversification of
these clonotypes as expected enhances the diversity
of the produced antibodies. As the H-EPSILON-
encoding repertoire is small it can be handled
experimentally. This transcriptome thus has fea-
tures appropriate for the analysis of antibody
evolution as it occurs in humans.

Occurrence of similar but independent
clonotypes in H-EPSILON repertoires

Further analysis of the amplified sequences
indicated that the rearrangements were largely
different in-between individuals. Similarly, these
rearrangements were largely different from those
found in the H-EPSILON-encoding repertoire of
three individuals investigated in another study.7

Thus, chance events and/or differences in antigens
and epitopes recognised by the H-EPSILON
repertoire of different individuals results in differ-
ences in repertoire makeup in-between individuals.
This is to be expected from polyclonal responses
targeting a multitude of antigens (in this case:
allergens). Nevertheless, the small sizes of the H-
EPSILON transcriptomes aided in the identifica-
tions of important exceptions to the general rule.
This is best exemplified by the occurrence of a
similar rearrangement based on the IGHV4-39
germline gene in donors A3 (clones A3-EQCA17
and A3-EE24) and A4 (clone A4-48) (Figure 1).
Thus, even when sequencing a relatively small
number of sequences (63 and 51, in donors A3 and
A4, respectively), it was possible to identify a
definitive overlap between repertoires recruited
into the IgE-producing B cell population of
different individuals. BLAST analysis against Gen-
Bank did not identify this type of rearrangement in
the database, suggesting that it is not a common
rearrangement found in immunoglobulin popula-
tions in general. Rather these sequences very likely
target an, to us unknown, immunodominant aller-
gen, that is preferentially recognised by a very
specific rearrangement. Similarly, within a given
individual, sequences originating from different V
genes (belonging to the same IGHV subgroup) but
having very similar CDR3-IMGTsequences occurred
(Figure 1(c)). We believe that the small size of the H-
EPSILON repertoire not only facilitates the identifi-
cation of these sets of similar but independent
sequences, butwill also allow us to approachmatters
of antigen-specific repertoire diversity and diversi-
fication in humans in a way not easily achievable
with very large H-GAMMA repertoires. As a
consequence, we can sequence a sizable fraction
not only of an antigen-specifically selected reper-
toire, as further outlined below, but also of the
overall population, and potentially connect the two
populations on a sequence level.

Selection of Phl p 5-specific antibody fragments

Having established the nature of the H-EPSILON
repertoire, we envisaged that the relatively small
size of the repertoire would facilitate library
construction and use. As relatively few members
populated the IGHV repertoire, even a small library
would cover many permutations of these members
with respect to light (L) chain pairing and allow for
selection of allergen-specific antibody specificities.
We constructed a single chain antibody fragment
(scFv) library using the H-EPSILON VH repertoire.
These genes were combined with V light chain
domain (V-J-REGION) (VL) genes (with an origin
in B cells producing antibodies of a variety of
isotypes). As the lymphocyte donors were allergic
to grass pollen including that from timothy, and as
the lymphocytes from which the library was
established were obtained during the grass pollen
season, we believed that timothy-specific antibo-
dies were among the specificities encoded for by
this repertoire. Selection on Phleum pratense extracts
and on the major timothy grass pollen allergen Phl
p 5A, an allergen recognised by serum IgE of the
two donors, enriched for clones of which many



Figure 1. Analysis of randomly picked H-EPSILON VH derived from two individuals identified clones that display a
high degree of sequence similarities. (a) Sequences of H-EPSILON VH transcript derived from donor A3 and A4. CDR-
IMGT is underlined and five highly conserved residues in VH domains are indicated by their unique sequence number.
Residues encoded by primers used for amplification are shown in lower case and grey lettering, as they do not necessarily
represent that sequence occurring in vivo. The H-EPSILON encoding genes all have an identical genetic origin based on
the IGHVand IGHJ gene usage and they use IGHD genes that encode highly similar residues in part of their sequences.
The sequences even display a high frequency of identities or similarities including an identical length of the third
hypervarable loop. In addition, several substitutions have occurred and been tolerated or even selected for (*) in the
affinity maturation process in antibodies derived from the two different donors. The nucleotide sequences of CDR3-IMGT
of the three sequences and their germline origins (b) show that sequence similarity does not only have its origin in the
germline gene usage but also that N/P nucleotide insertions (lower case letters), as proposed by an IMGT/V-QUEST44

and IMGT/Junction Analysis,45 or extensive hypermutation in CDR3-IMGT have contributed to the similarity in V
domain sequence. The parts of the D-REGION that apparently were not included in the rearrangements are shown in
grey. (c) Sequences and proposed genetic origin of two clonally unrelated but similar sequences found in one individual.
These sequences originate from IGHV1-18 (A4-54) and IGHV1-69 (A4-EQCA3) but have very similar CDR3 sequences.
Note that the CDR3-IMGT is encoded almost entirely by the IGHV, IGHD and IGHJ genes and carries few, if any, N/P
nucleotides.
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showed specificity for the selecting allergens.
Sequencing of these clones identified seven unique
sequences while the remaining represented multi-
ple examples of two, dominant, clones (Table 6).
Five out of the seven selected clones bound both to
P. pratense allergen extracts and to recombinant Phl
p 5A, while the remaining scFv (clones 4.1 and 4.2)
bound the pollen extract poorly while they bound
strongly to recombinant Phl p 5A. The failure of
scFv 4.1 and 4.2 to bind pollen extracts seemed to
be related to the ELISA blocking agent used, as
they bound to pollen extracts (of which only a
fraction is the various isoforms of Phl p 5) when
using BSA as blocking agent in the assay (data not
shown). In conclusion, the specificity of the seven
selected scFv were in all cases Phl p 5, a major
allergen of timothy grass pollen. Three of the seven
clones (4.1, 4.3 and 4.10) were clonally related in
that they were encoded by identical VH genes in
combination with different light chains (Table 6)
while other clones were unrelated in sequence. We
could show that the scFv specific for Phl p 5
originated from several different germline IGHV,
IGHD and IGHJ genes and subgroups, demonstrat-
ing that the IgE response against epitopes on this
important allergen involves a diverse set of genes
that is not clonally restricted. Thus, the approach
allowed us to identify a set of allergen-specific
human members that are representative of the IgE
population in vivo.



Table 6. Genetic origin of genes encoding scFv (GenBank accession numbers DQ065729-DQ056735) specific for Phl p 5

ScFv
clone

Heavy chain germline
gene origin

CDRH3
length

Light
chain

Light chain germline
gene origin

CDRL3
length

Frequency of clone
after selection

(n=16)IGHV IGHD IGHJ IGLV IGLJ

4.1 IGHV3-11 IGHD1-1 IGHJ3 15 κ IGKV1D-39 or
IGKV1-39

IGKJ3 9 1

4.3 IGHV3-11 IGHD1-1 IGHJ3 15 λ IGLV2-14 IGLJ3 10 7
4.10 IGHV3-11 IGHD1-1 IGHJ3 15 λ IGLV2-14 IGLJ3 or

IGLJ2
11 1

4.4 IGHV3-23 IGHD3-3 IGHJ6 21 λ IGLV1-44 IGLJ1 11 4
4.2 IGHV5-a IGHD2-15 IGHJ4 20 λ IGLV1-44 IGLJ3 11 1
4.12 IGHV1-69 IGHD6-19 IGHJ4 20 κ IGKV4-1 IGKJ4 9 1
4.13 IGHV1-18 IGHD3-22 IGHJ6 23 λ IGLV1-44 IGLJ1 11 1
Clone 5a IGHV3-30 or

IGHV3-30-3
IGHD1-1 IGHJ3 17 κ IGKV1-12 IGKJ2 9

a Data are also given for a previously described Fab (clone 5) specific for Phl p 534 (GenBank accession number X95750).
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Epitope specificity and genetic origin of Phl p
5-specific antibody fragments

As outlined above, five independent clonotypes
(with respect to H-EPSILON sequence) specific for
Phl p 5 were identified among the sequences
selected from the herein described scFv library
(Table 6). Having defined the extensive sequence
diversity of the Phl p 5-binding population it
became important to establish the diversity of
epitope specificity within Phl p 5, if any. A
combination of various techniques defined, as
summarized in Table 7 (experimental evidence is
provided as Supplementary Data), that these scFv
and the previously defined clone 5 Fab34 recognise
at least five different epitopes on this allergen. The
first epitope (#1) is recognised by scFv 4.3.
Although not strictly confirmed, it is very likely
that its close sequence relatives, scFv 4.1 and 4.10
(Table 6), specifically recognise this epitope, too.
The previously described clone 5 Fab recognises a
different epitope (#2) that, just as epitope #1, is
found on the residue 56–165 fragment of Phl p 5A.46

Both of these epitopes are found on other group 5
antigens like that found in Lolium perenne. ScFv 4.2
binds yet another epitope (#3) on the same antigenic
fragment of Phl p 5, but one that, in contrast to
Table 7. Specificity behaviour of Phl p 5-specific antibodies/an
5 antigens

Specificity

Binding specific

rPhl p 5A

P. pratense
pollen
extractsa

L. perenne
pollen
extracts

λ gt11-enco
Phl p 5

4.1 + − +/− +
4.2 + − − +
4.3 + + + +
4.4 + + − +
4.12 + + + +
4.13 + + + +
Clone 5 +34,46 +34 +46 ND

a All scFv bound pollen extracts specifically when the assay was bl
b ND, not determined.
epitopes #1 and #2, is not found on Lol p 5. Epitope
#3, however, overlaps with epitope #1 detected by
scFv 4.3 and epitope #2 detected by clone 5 Fab.
Other scFv bind epitopes not found on the Phl p 5A
56-165 fragment. Among these, scFv 4.4 binds an
epitope that cannot be detected on Lol p 5 while
scFv 4.12 and 4.13 detect one or two epitopes also
found on Lol p 5. Thus, we have demonstrated that,
despite the fact that overall IgE repertoires are
small, they are not confined in their recognition of a
single or a few immunodominant epitopes. Rather,
the diversity in IgE repertoires is large enough to
ensure that antibodies against a given allergen are
diverse with respect to epitope specificity.

Clonal relationship of members of the
H-EPSILON-encoding variable domains in
peripheral blood lymphocytes

Having access to sets of H-EPSILON sequences,
we had, as outlined above, been able to identify
clonally related sets of sequences in the popula-
tions, suggesting that the repertoire is populated
by a relatively small set of clones. Indeed, 23
clonally related sets of sequences were identified,
15 of them in the transcripts derived from donor
A3. In several cases, these sets were represented by
tibody fragments as determined by the recognition of class

ity

Inhibited in Biacore
analysis after

preincubation with

ded λ gt11-encoded
Lol p 5 fragment 81

rPhl p 5
fragment 4.3 IgG

Clone 5
Fab

− +/− NDb ND
− + Yes Yes
+ + Yes No
− − ND ND
− − ND ND
− − ND ND
+46 +46 No Yes

ocked by 1% BSA instead of 1% skim milk powder.
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several products allowing us to construct evolu-
tionary trees (Figure 2). Mutational paths involved
either those sharing several mutations prior to
clonal divergence or those that apparently
diverged early during molecular evolution. Impor-
tantly, one such set of sequences was also related
to the Phl p 5-specific scFv 4.2 selected by phage
display, identifying a larger set of human VH
domain (V-D-J-REGION) sequences with a likely
identical and known specificity (Figure 2(c)). We
were thus able to show the evolutionary paths
taken by a clonotype of known specificity. In order
Figure 2. Proposed clonal relationship and mutations
of randomly picked sequences encoding H-EPSILON that
originated from IGHV3-23 (a) and IGHV4-31 (b) and that
harbour related CDRH3 sequences suggesting an origin in
a common precursor. (c) Clonal relationship of a set of
sequences that in addition to randomly picked H-
EPSILON-encoding sequences also include a Phl p 5A-
specific scFv (4.2) (GenBank accession no. DQ065730), all
of which originate from germline gene IGHV5-a. The
numbers of base mutations found in-between the 5′-
primer used for amplification and the first codon in
CDRH3 are shown next to each arrow.
to show the validity of the relationship between
these sequences we utilized several approaches.
Firstly, we identified that the sequences shared
several mutations (Figure 3(a)), suggesting that they
originated from common evolution and selection
events. Furthermore, an attempt to confirm the
specificity of these randomly picked VH sequences
for Phl p 5 was made. For this purpose two of these
sequences were produced as complete H-GAMMA1
chains together with a lambda light chain compris-
ing the VL of scFv 4.2, to obtain intact IgG1. This
approach created antibodies that in both cases
retained specificity for Phl p 5A (Figure 3(b)),
supporting the notion that all these VH-genes had
evolved through a common affinity maturation
process aimed at developing high affinity antibo-
dies against Phl p 5 or a similar group 5 allergen.
Thus, the specific features of H-EPSILON-encoding
transcriptomes and our ability to identify allergen
specificities of clones from them by library technol-
ogy, as demonstrated here, strongly suggest that
they are highly appropriate for the further analysis
of the evolution of antigen-specific responses in
humans.
Discussion

The extensive diversity of the receptors and
effector molecules produced by the adaptive
humoral immune system is supposed to be of
paramount importance for its ability to respond to
the wide array of potential threats that the organ-
ism faces. Consequently, a complex system to
establish such diversity has developed. Different
species approach this matter in different ways.
Some, like man and rodents, harbour in their
genome several different germline genes that are
recombined in different ways to produce a multi-
tude of different proteins. Others, such as sheep,
have fewer functional genes but diversify the
receptors by hypermutation early in B cell devel-
opment (prior to antigen exposure). Yet another
approach is to use gene conversion to expand on
the initially created diversity established from the
few available germline genes. All these different
systems and the potential for conformational iso-
merism of paratopes48 create a vast diversity of
antigen binding sites that are able to recognise
virtually any substance. Further molecular evolu-
tion through somatic hypermutation diversifies and
perfects these binding surfaces with respect to
antigen recognition. Developments in genetic engi-
neering and the determination of protein structure
has over the past decades allowed us to begin to
understand how these processes occur and which
underlying driving forces directs these processes.
Much of importance is, however, still to be learned,
in particular as it may aid our understanding of the
development of humoral immunity, either when it
develops to combat disease49 or when it develops in
a way that by itself causes disease. Importantly,
differences in-between species with respect to the



Figure 3. Clonally related VHs and their allergen specificity. (a) Sequences of VH in scFv 4.2 as well as in A3-EE50 and
A3-EE50B are shown in comparison to relevant germline IGHV and IGHD genes. The clonal relatedness of these VH
sequences (Figure 2), as evidenced by a high level of identical residues in their sequences including many identities in the
otherwise very variable CDR3, and the existence of common or very closely related substitutions (stars) is evident. (b)
Reactivity with Phl p 5 of 4.2 in the IgG1 format (open squares), and variants of this antibody carrying the A3-EE50
(triangles) and A3-EE50B (circles) VH together with 4.2 VL. An irrelevant antibody (SG20) specific for the SKBR3 cell
line47 (filled squares) was included as negative control. The specificity of the reaction was confirmed by the inability of
these antibodies to bind to immobilised BSA under the same conditions (data not shown).
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germline repertoire and the establishment and
evolution of diversity suggest that animal systems
are not always appropriate models of immune
responses as they occur in humans.
The analysis of immune repertoires and recruit-

ment of specificities has been a long-standing issue in
immunology. Many reports have outlined the com-
position of naïve and antigen-selected repertoires
in general but also the composition of antigen-
specific repertoires. The latter is in particularly the
case with murine antibody responses where reper-
toires and their development have been elucidated.
In the case of human antibody repertoires less is
known with respect to the composition of reper-
toires with known specificities. Developments in the
fields of germline immunoglobulin loci and periph-
eral immunoglobulin gene sequencing, human
monoclonal antibody technology and combinatorial
library technologies, have, however, recently pro-
vided new insights into the makeup of specific
human antibody repertoires. Much of these efforts
have gone into attempts to isolate human anti-
bodies, mostly from non-immune antibody reper-
toires, for the treatment of human diseases. Other
studies have, however, also begun to unravel the
nature of specific repertoires in general2,5,11 or
demonstrated features associated with given speci-
ficities including polysaccharide and complex pro-
teinaceous targets12–21 as they develop in vivo. Most
of these investigations are made on large peripheral
lymphocyte repertoires and thus evaluate only a
small fraction of the entire specific repertoire. We
have now used existing technologies in an approach
to investigate overall repertoires of a single isotype
that, we believed, had features facilitating human
antibody repertoire analysis.
Firstly, we observed that the peripheral H-EPSI-

LON repertoire, as defined by the transcriptome in



221Human IgE Antibody Repertoire Analysis
two individuals during the grass pollen season, was
complex as it originated from a wide variety of
IGHV, IGHD and IGHJ genes. In fact, the composi-
tion was in many respects very similar to that found
in H chain repertoires of other isotypes. The
members of the H-EPSILON repertoires also showed
evidence of somatic point mutations similar to other
repertoires. In addition, the presence of other
mechanisms for antibody diversification like inser-
tion of codons not encoded by the germline
repertoire50,51 has been seen in other studies.52 In
conclusion, H-EPSILON repertoires in general repre-
sent a normal part of the total immunoglobulin
repertoire. Thus, the evidence from our study
supports the notion of extensive diversity in H-
EPSILON repertoires27–29 over the idea suggesting
that H-EPSILON repertoires are highly restricted
with respect to V gene usage.23–26 In fact, there is
nothing particular about the composition of H-
EPSILON repertoires as identified during active
disease and B cells are in this phase not in general
preferentially selected into the H-EPSILON-produ-
cing population based on e.g. a specific IGHV gene
usage per se.
Secondly, we observed that the size of the

peripheral blood H-EPSILON-encoding transcrip-
tome was very limited as clonally related sequences
were frequently encountered. This is in general not
observed when sequencing polyclonal reperoires of
heavy chain of other isotypes, like H-GAMMA.
Such clonally related sets of sequences in H-
EPSILON-encoding transcriptomes have, however,
previously been identified by others29–31,53 as well,
suggesting that they are not a result of the
particular experimental approach used by us, but
rather a factual circumstance. Thus, a very limited
number of B cells populate the IgE-producing
peripheral B cell population in allergic individuals
during active disease. Nevertheless, as outlined
above, H-EPSILON-encoding repertoires are com-
plex in their genetic origin. Furthermore, as clonally
related sequences show evidence of divergent
somatic hypermutation, it is evident that either
different members originating from the same clone
are recruited into the IgE-producing population, or
the few recruited clones that undergo H-EPSILON
class switch are further diversified after being
committed to IgE production. Findings probably
made possible through the limited size of H-
EPSILON repertoires are the identification of
similar H-EPSILON-encoding sequences in two
individuals and the occurrence of similar rearran-
gements in the H-EPSILON-encoding transcrip-
tome of a single individual. Indeed, the induction
of a response against a given epitope may be
favoured by the occurrence of similar V-D-J gene
rearrangements. This may not be such a rare event
as it may sound to be, as it turns out that similar
rearrangements are strongly favoured in other
immune responses as well and seem to occur
independently in different individuals or repeat-
edly in a given individual.21,53,54 Similar rearrange-
ments have also been observed in certain B cell
tumours,55–57 suggesting the involvement of a
common antigen stimulus as a driving force in the
development of these diseases, too. Thus despite
the extensive capacity to create diversity in the B
cell compartment, very similar rearrangements
occur at a significant frequency and a given antigen
recruits similar sequences into a humoral response
at an observable frequency, also in the case of H-
EPSILON repertoires.
The availability of V-D-J genes representing the H-

EPSILON transcriptome allows us not only to study
the makeup of the transcriptome as such but also to
recreate functional binding sites and to identify
specific binders by using any one of the many
available combinatorial library and display technol-
ogies. The experimental setup makes use of the
importance of the H chain and in particular the third
hypervariable loop in determining many antibody
specificities.58 Such libraries, based on the H-
EPSILON VH genes derived from the two indivi-
duals studied herein, identified several different
specific sequences originating from three different
IGHV subgroups recognising the allergen Phl p 5.
The antigen selected for these initial studies was
chosen as it is an important clinical allergen targeted
by H-EPSILON repertoires found in many grass
pollen allergic individuals.59–61 Delineation of the
composition of this type of specific repertoire may
therefore have clinical implications in addition to its
contribution to basic knowledge. Our approach
allowed us to vastly expand on the knowledge of
the diversity of human H-EPSILON repertoires
targeting this allergen in comparison to previous
studies.34 We concluded that despite the very
limited overall sizes of these H-EPSILON repertoires
they were populated by very different sequences
targeting even a single allergen.
Importantly, we were able to define a Phl p 5-

specific clonotype also among the clones picked at
random for sequencing. This, in our view, under-
scores the importance of the very limited size of H-
EPSILON repertoires, allowing us to connect the
overall makeup of repertoires encoding IgE with
those targeting a specific antigen. This clonotype,
although being commonly represented in donor A3,
was rarely found among selected clones in phage-
displayed libraries. In contrast, another set of clones,
harbouring a single VH in combination with
different V-KAPPA or V-LAMBDA, was repeatedly
selected from the library despite the fact that it was
never found among randomly picked clones. It is
likely that this effect is caused by different depen-
dencies or promiscuities of different VH with
respect to their VL partner. Indeed, many antibody
binding sites as they develop in vivo are very
dependent on a given VH-VL pairing for efficient
antigen recognition, for instance as described by
us.62 As highlighted by this observation of ours,
random combinatorial library construction is likely
to skew the selected repertoire towards those that
are more promiscuous with respect to their VL
partner. Consequently, we believe that the herein
proposed approach would further benefit from
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incorporating technologies like flow cytometry (to
select for IgE-producing B cells) in combination with
in-cell PCR63 or single cell-PCR and VH-VL re-
assembly in vitro to recreate VH-VL pairs that exist
in vivo (e.g. Symplex technology64). As the H-
EPSILON-encoding repertoires are so small in vivo,
such an experimental mode of action is likely to
allow us to circumvent the display and selection
approach altogether and to rely solely on high
throughput screening approaches65 to identify anti-
gen-specific binders.
Irrespective of the potential for future methodo-

logical developments, the current approach allows
us to follow somatic evolution of a human antigen-
specific repertoire as it occurs in vivo. We suggest
that a combination of tools allowing for identifica-
tion of antigen-specific clones by display technology
from, and coincident isolation of clonally related
sequences defined by random sequencing of, a
small, diverse transcriptome like that encoding H-
EPSILON, will be a powerful mode to investigate
human antibody repertoires and their evolution as it
occurs in vivo at the molecular level. This approach
will further our understanding of human antibody
responses in health and disease.
Materials and Methods

Patient samples and allergens

Two individuals, A3 and A4, suffering from grass pollen
allergy, donated blood during the grass pollen season as a
part of an extensive study of the immunology of allergy.37

The local ethical committee had approved these studies.
These patients were both timothy (P. pratense) extract skin
prick test positive, showed symptoms of rhinitis at the
time of blood sampling and had timothy extract-specific
IgE titers above 50 kUA/l.37 A3 and A4 were also positive
in clinical skin prick tests for cat and birch (Betula
verrucosa) allergens (A3) and mugwort (Artemisia vulgaris)
and birch allergens (A4). In addition, both showed
evidence of serum IgE against Phl p 5A in an in-house
enzyme-linked immunosorbent assay (ELISA) (data not
shown). Recombinant Phl p 5Awas obtained from Biomay
(Vienna, Austria) while timothy pollen extracts were kind
gifts from Dr P. A. Würtzen (ALK-Abelló, Hørsholm,
Denmark).

Amplification and cloning of variable domains
encoding the H-EPSILON repertoire

Peripheral blood mononuclear cells were isolated by
gradient centrifugation on Lymfoprep (Axis-Shield PoCA.
S., Oslo, Norway). Monocytes were depleted with
microbead-conjugated anti-CD14 antibodies (Miltenyi
Biotec, Bergisch Gladbach, Germany) and magnetic cell
separation columns (Miltenyi Biotec) and cells were
resuspended and frozen in Trizol (Sigma Chemical Co.,
St Louis, MO, USA). The samples used in these studies
contained 200×106 (A3) and 190×106 (A4) lymphocytes.
mRNAwas prepared from the Trizol-solubilized samples
after extractionwith chloroform andprecipitationwith ice-
cold isopropanol. A high quality of the RNA preparations
was confirmed by use of a Nanodrop spectrophotometer
and a 2100 BioAnalyzer (Aglient Technologies, Palo Alto,
CA, USA) (A260/A280 ratio > 1.96; 1.54 < 18 S/28 S
ratio>2.05). cDNA was prepared by using the Endo Free
RT™ Primer Specific Reverse Transcription Kit (Ambion,
Austin, TX, USA). Primers specific for the immunoglobu-
lin-encoding gene sequences (Table 8) were synthesised by
MWG-Biotech (Ebersberg, Germany). PCRwas carried out
using AmpliTaq® DNA Polymerase (Applied Biosystem,
Foster City, CA, USA) in combination with seven primers
annealing to the 5′-end of the seven different IGHV
subgroups and one of two different primers annealing
within the part of the IGHE gene36 encoding the constant
domains of IgE. Two consecutive nested PCR were
performed employing the same 5′-primers, and a 3′-
primer annealing inside the 3′-primer used in the previous
PCR step but still within the CH1 of the IGHE gene. The
transcriptome encoding the H-GAMMA repertoire was
amplified by an approach including a primary PCR and
one nested PCR using IGHG gene-specific 3′-primers
(Table 8). PCR-products were cloned directly into
pCR®2.1 vector, and transformed into One Shot® Escher-
ichia coli Top 10F' chemically competent cells, according to
procedures described for the Original TA Cloning® Kit
(Invitrogen). Independent colonies were picked and
plasmid was purified.
Library construction

To construct antibody libraries encoding scFv, VH-
encoding genes adapted for cloning in phagemid vectors
were amplified from the PCR product obtained above
from H-EPSILON transcripts. Primers annealing to all
IGHV gene subgroups and all IGHJ genes were used
(Table 8). Sequences encoding V-KAPPA and V-LAMBDA
were similarly amplified from cDNA prepared using
primers annealing to sequences encoding IGKJC and
IGLC (Table 8) by using primers annealing to the major
gene subgroups (IGKV1-IGKV4, IGLV1-IGLV3, IGKJ1-
IGKJ4, IGLJ1-IGLJ3, IGLJ6 and IGLJ7). This procedure
ensures amplification of VL-encoding genes but does not
ensure their origin in the IgE-encoding population. VH
and VL products obtained in this way were assembled in a
six-cycles overlap extension PCR procedure into genes
encoding VH-VL fusion proteins with a (glycine4-serine)3-
linker in-between the two domains. The assembled
products were amplified using primers specific for each
end of the scFv-encoding gene (Table 8). The PCR-
products were cleaved with NotI and SfiI (New England
BioLabs, Inc, Beverly, MA, USA) and cloned into a
modified version of the pFab5c.His phagemid vector.66

Ligated DNA was electroporated into E. coli Top 10F'.
Sequencing of randomly picked clones (n=6 (A3), n=6
(A4)) confirmed that the library carried members with a
different genetic background including VL domains with
subgroups IGKV1-IGKV3 and IGLV1-IGLV3. Phage
stocks were prepared by using VCSM13 helper phage.
This technology, although it generally establishes vectors
encoding functional, well-folded proteins, does not ensure
faithful recombination of VH-VL pairs as they occurred in
immunoglobulins in vivo, a problem associated to most
conventional library development modes used today.
Nevertheless, as much of the specificity of paratopes
resides in the heavy chain variable domain and its third
hypervariable loop,58 and as these were obtained by a
stringent PCR amplification process from the H-EPSI-
LON-encoding transcriptome, this procedure in combina-
tion with an antigen-specific selection process provides an



Table 8. Primers used for (1) cDNA synthesis, (2) for amplification of VH from H-EPSILON cDNA, (3) for amplification of VH, V–KAPPA and V-LAMBDA and complete scFv for scFv combinatorial
library construction, and (4) for amplification of VH and VL for cloning in eukaryotic expression vectors

Purpose

Immunoglobulin
nucleotides and
amino acidsa Primer specificity Primer sequenceb,c

cDNA synthesis Nt 18-34, AA 6-12 IGHE CH2 CGACTGTAAACTAGTCACGGTGGGCGGGGTGd

Nt 262-285, AA 88-95 IGHG1-IGHG4 CH1 GTCCACCTTGGTGTTGCTGGGCTT
Nt 298-318, AA 100-106 IGKC AGACTCTCCCCTGTTGAAGCTCTT
Nt 292-313, AA 98-105 IGLC1-IGLC2 TGAAGATTCTGTAGGGGCCACTGTCTT

VH amplification for
TA-cloninge

Nt 1-23, AA 1-8 IGHV1 FR1 CAGGTGCAGCTGGTGCAGTCTGG
Nt 1-23, AA 1-8 IGHV2 FR1 CAGRTCACCTTGAAGGAGTCTGG
Nt 1-23, AA 1-8 IGHV3 FR1 GAGGTGCAGCTGGTGGAGTCTGG
Nt 1-23, AA 1-8 IGHV4 FR1 CAGGTGCAGCTGCAGGAGTCGGG
Nt 1-23, AA 1-8 IGHV5 FR1 GAGGTGCAGCTGGTGCAGTCTGG
Nt 1-23, AA 1-8 IGHV6 FR1 CAGGTACAGCTGCAGCAGTCAGG
Nt 1-23, AA 1-8 IGHV7 FR1 CAGGTGCAGCTGGTGCAATCTGG
Nt 175-198, AA 59-66 IGHE CH1 ver. 1 ATAGTGACCAGAGAGCGTGAGGGT
Nt 49-72, AA 17-24 IGHE CH1 ver. 2 GGAGGTGGCATTGGAGGGAATGTT
Nt 9-32, AA 3-11 IGHE CH1 ver. 3f AAGGGGAAGACGGATGGGCTCTGT
Nt 10-32, AA 4-11 IGHE CH1 ver. 4f AAGGGGAAGACGGATGGGCTCTG
Nt 166-192,
AA 56-64

IGHG1-IGHG4
CH1 ver. 1

GGAGTAGAGTCCTGAGGACTGTAGGAC

Nt 91-114, AA 31-38 IGHG1-IGHG4
CH1 ver. 2

CGTCACCGGTTCGGGGAAGTAGTC

VH amplification for
library construction

Nt 1-23, AA 1-8 IGHV1 FR1 GGCCGATTCATTAATGCAGCTGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGGTGCAGTCTGG
Nt 1-23, AA 1-8 IGHV2 FR1 GGCCGATTCATTAATGCAGCTGGCCCAGCCGGCCATGGCCCAGRTCACCTTGAAGGAGTCTGG
Nt 1-23, AA 1-8 IGHV3 FR1 GGCCGATTCATTAATGCAGCTGGCCCAGCCGGCCATGGCCGAGGTGCAGCTGGTGGAGTCTGG
Nt 1-23, AA 1-8 IGHV4 FR1 GGCCGATTCATTAATGCAGCTGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGCAGGAGTCGGG
Nt 1-23, AA 1-8 IGHV5 FR1 GGCCGATTCATTAATGCAGCTGGCCCAGCCGGCCATGGCCGAGGTGCAGCTGGTGCAGTCTGG
Nt 1-23, AA 1-8 IGHV6 FR1 GGCCGATTCATTAATGCAGCTGGCCCAGCCGGCCATGGCCCAGGTACAGCTGCAGCAGTCAGG
Nt 1-23, AA 1-8 IGHV7 FR1 GGCCGATTCATTAATGCAGCTGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGGTGCAATCTGG
Nt 36-52, AA 12-17 IGHJ CCGCCGGATCCACCTCCGCCTGAACCGCCTCCACCTGAGGAGACGGTGACC

V-KAPPA amplification
for library construction

Nt 1-22, AA 1-8 IGKV1 FR1 GGAGGCGGTTCAGGCGGAGGTGGATCCGGCGGTGGCGGATCGGACATCCAGATGACCCAGTCTC
Nt 1-22, AA 1-8 IGKV2 FR1 GGAGGCGGTTCAGGCGGAGGTGGATCCGGCGGTGGCGGATCGGATATTGTGATGACYCAGWCTC
Nt 1-22, AA 1-8 IGKV3 FR1 GGAGGCGGTTCAGGCGGAGGTGGATCCGGCGGTGGCGGATCGGAAATTGTGWTGACRCAGTCTC
Nt 1-22, AA 1-8 IGKV4 FR1 GGAGGCGGTTCAGGCGGAGGTGGATCCGGCGGTGGCGGATCGGACATCGTGATGACCCAGTCTC
Nt 18-37, AA 6-12 IGKJ1,4 GCCTTTAGCGTCAGACTGTAGTGCGGCCGCTTTATCATCATCATCTTTATAATCTCGTTTGATYTCCACCTTGGTCC
Nt 18-37, AA 6-12 IGKJ2 GCCTTTAGCGTCAGACTGTAGTGCGGCCGCTTTATCATCATCATCTTTATAATCTCGTTTGATCTCCAGCTTGGTCC
Nt 18-37, AA 6-12 IGKJ3 GCCTTTAGCGTCAGACTGTAGTGCGGCCGCTTTATCATCATCATCTTTATAATCTCGTTTGATATCCACTTTGGTCC

V-LAMBDA amplification
for library construction

Nt 1-19, AA 1-7 IGLV1 FR1 GGAGGCGGTTCAGGCGGAGGTGGATCCGGCGGTGGCGGATCGCAGTCTGTGCTGACKCAGC
Nt 1-19, AA 1-7 IGLV2 FR1 GGAGGCGGTTCAGGCGGAGGTGGATCCGGCGGTGGCGGATCGCAGTCTGCCCTGACTCAGC
Nt 1-19, AA 1-7 IGLV3 FR1 GGAGGCGGTTCAGGCGGAGGTGGATCCGGCGGTGGCGGATCGTCCTATGAGCTGACWCAGC
Nt 17-36, AA 6-12 IGLJ GCCTTTAGCGTCAGACTGTAGTGCGGCCGCTTTATCATCATCATCTTTATAATCACCKAGGACGGTCAGCTTGGTSCC

Amplification of intact
scFv-encoding genes

5′-end GGCCGATTCATTAATGCAGC
3′-end GCCTTTAGCGTCAGACTGTAG

Amplification of VH and
VL for eukaryotic
expression vectors

VH 5′-end GCGATGGTGTGCATTCCGAGGTGCAGCTGGTGCAGTCTGG
VH 3′-end GCGGATGACGTACGACTCACCTGAGGAGACGGTGACC
VL 5′-end GCGATGGTGTGCATTCCTCCTATGAGCTGACACAGCC
VL 3′-end GCGAGAGACGTACGTTCTACTCACCTAGGACGGTCAGCT

a Primers anneal to these nucleotides (Nt) and encodes these amino acids (AA).
b Restriction enzyme sites are underlined, other nucleotides unrelated to immunoglobulin or scFv-encoding sequences are indicated in italics.
c K=G or T; R=A or G; S=G or C; Y=C or T; W=A or T.
d Primer originally designed by Steinberger et al.34
e Alternative primers used in different PCR.
f Variant of IGHE CH1 ver. 3 primer to allow for definitive assignment of origin of PCR product in H-EPSILON-encoding transcriptome.

223
H
um

an
IgE

A
ntibody

R
epertoire

A
nalysis



224 Human IgE Antibody Repertoire Analysis
acceptable mimic of antigen-specific antibodies as they
occur in vivo.
Phage display selection of clones specific for timothy
allergens

To identify allergen-specific antibody fragments in the
combinatorial libraries, the libraries were selected against
recombinant Phl p 5A and timothy pollen extract. The
selections were performed after coating the antigens at
5 μg/ml in PBS to ELISA microtitre plates (Costar,
Cambridge, MA, USA). PBS containing 0.05% Tween 20
(TPBS) containing 3% BSA was used as blocking agent.
Unbound phages were washed away and the remaining
phages were eluted with trypsin (Sigma Chemical Co.)
that cleaves a trypsin-sensitive site between the phage
particle and the displayed protein.67 After infection of E.
coli, new phage stocks were prepared for the next round of
selection. The selection procedure was repeated three
times. After the last round of selection, individual colonies
encoding scFv were picked for sequence analysis and
determination of binding specificity.

Genetic analysis

TA-cloned genes encoding VH sequences and genes
encoding scFv were sequenced directly from plasmids at
an external sequencing centre (MWG-Biotech). Their
genetic origin and mutational status was determined by
using the bioinformatics tools IMGT/V-QUEST44 and
IMGT/Junction Analysis45 associated with IMGT, The
International ImIunoGeneTics information system†68

Bases that were defined by the primers used for DNA
amplification were not included in the analysis. The
antibody-encoding gene nomenclature, CDR definitions,
and numbering of residues are in agreement with the
IMGT definitions.36,69 Sequences were considered to be
clonally related to each other if they originated from the
same IGHV germline gene, encoded a CDR3 (between
C104 and W118) of identical length and had at least 80%
nucleotide identity in this part of the gene.

Immunological analysis

Antigens, including Phl p 5A, a recombinant fragment of
Phl p 5A (residues 56–165), Bet v 1, extracts of timothy
grass pollen or L. perenne pollen, and BSA, were coated at
5 μg protein/ml on ELISA microtitre plates (Costar or
Nunc (Roskilde, Denmark)). Phage stocks displaying scFv
obtained from clones picked from the third selection
round were diluted in TPBS containing 1% (w/v) skim
milk powder (Semper, Stockholm, Sweden) and added to
the plates. For detection, HRP-labelled anti-M13 antibody
(Amersham) was used in combination with the chromo-
gen o-phenylenediamine. Plates were read at 490 nm in a
microtitre plate reader. Clones were considered positive
when the absorbance was threefold greater than that seen
on the blank. Allergen-specific phage-displayed scFv were
also assessed for their binding to phage λgt11-encoded
recombinant Phl p 5A and fragments of Lol p 5A and 5B.46

Phage stocks, diluted in TPBS containing 1 % skim milk
powder, were added to filters carrying these proteins.
Bound phages were detected using HRP-labelled anti-M13
and the ECL Plus Western Blotting Detection System
†http://imgt.cines.fr/
(Amersham). Light emission was recorded with a
LAS1000plus cooled CCD camera system (Fujifilm,
Tokyo, Japan) and images was evaluated using Image
Gauge (Fujifilm).
Analysis of the binding of intact recombinant antibodies

was carried out by similar means as those used for the
analysis of antigen-specific binding of scFv. HRP-labelled
antibodies specific for human IgG (Zymed Laboratories
Inc., South San Fransisco, CA, USA) were used to detect
specific binding to immobilised antigen. Human IgG was
quantified as previously described by ELISA using
isotype-specific catcher and HRP-labelled antibodies
(Zymed Laboratories Inc.). The IgG concentration was
determined in comparison to a human immunoglobulin
preparation (Gammagard S/D; Baxter, Chicago, USA) of
known concentration.
To further assess the fine specificity of antibodies and

antibody fragments targeting a major immunogenic
fragment (residues 56–165) of Phl p 5, a blocking assay
was performed employing label-free surface plasmon
resonance detection in a Biacore system. Briefly, rPhl p 5
(approximately 2500 RU) was immobilised on a CM5
sensorchip using the Amine Coupling Kit (Biacore AB,
Uppsala Sweden). Samples were diluted in 10 mM Hepes
(pH 7.4), 3.4 mM EDTA, 150 mM NaCl, 0.005 % P20
surfactant (Biacore AB) and run over the immobilised
allergen at a flow rate of 20 μl/min. The binding of a Phl p
5-specific antibody or antibody fragment was assessed
after injection of buffer alone, non-binding antibodies or
antibodies/antibody fragments specific for Phl p 5 (in the
latter case after saturation of their epitopes on the
immobilised allergen). The system allows for assessment
of both the virtual saturation of the epitopes on the
immobilised antigen by the blocking antibody, and the
residual binding ability of the second antibody under
these conditions. The system was regenerated with
50 mM glycine, 500 mM NaCl (pH 2.55).
Production of intact allergen-specific antibodies

In order to produce intact antibodies (human IgG1)
specific for Phl p 5, VH and VL of scFv 4.2 were amplified
by PCR using primers outlined in Table 8. In addition, two
VH, A3-EE50 and A3-EE50B, that are clonally related to
the VH found in scFv 4.2 and that were found among
randomly picked, TA-cloned H-EPSILON VH sequences
obtained from donor A3, were amplified in the same way.
The products were cloned after BsmI and BsiWI restriction
enzyme cleavage into vectors G1ncmd5 and Lambda-
dhmK7 (BioInvent International AB, Lund, Sweden)
suitable for transient production of intact antibody. DNA
was transfected into CHO-K1 cells, a generous gift from
Professor G. C. Hansson (Department of Medical Bio-
chemistry, Göteborg University, Göteborg, Sweden) with
the aid of Lipofectamine 2000 (Invitrogen). Cell culture
supernatants containing IgG were harvested after 24 and
48 h and used without further treatment.
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Supplementary Figure S1. Specificity of scFv selected on timothy allergens as demonstrated by 
binding of scFv displayed on phage to rPhl p 5A (light grey), BSA (black) and the unrelated 
recombinant allergen Bet v 1 (dark grey). ScFv 8.1 with an unknown specificity was included as a 
negative control. 

Supplementary Figure S2. Binding of scFv displayed on phage to recombinant Phl p 5A or 
fragments thereof and extracts of Lolium perenne. A. ELISA demonstrated the ability of scFv 4.3 
(filled triangle), 4.12 (filled circle), 4.13 (open circle) and to some extent 4.1 (filled squares) to 
recognise epitopes not only in Phl p 5 (solid line) but also in Lolium perenne extracts (broken line), 
presumably on Lol p 5. In contrast, scFv 4.2 (open squares) and 4.4 (open triangles) were unable to 
detect any epitope in Lolium perenne antigen preparations. B. Among the scFv only 4.2 and 4.3 
strongly recognised the Phl p 5A fragment 56-165 (broken line) immobilised onto microtitre plates, 
while scFv 4.1 showed minimal reactivity, although all sFv recognised intact Phl p 5A (solid line). 
Other tested scFv (4.4, 4.12 and 4.13) were non-reactive in this assay for binding to the Phl p 5A 
fragment 56-165. 



Supplementary Figure S3. Specificity of scFv selected against Phl p 5. A. Immunoblot analysis of 
scFv displayed on phage and their binding to bacteria infected with λgt11 encoding Phl p 5A or a 
control vector (blank) without a recombinant insert. All selected scFv bound specifically to bacteria 
producing recombinant Phl p 5A although with different intensities. ScFv 4.10 was not included in 
this assay. B. Immunoblot analysis of scFv displayed on phage and their binding to recombinant 
fragments of Lol p 5. The proteins, the positioning of which are indicated to the right, are those 
described by Flicker et al. (2000). B indicates a vector without an insert. The control antibody 
displayed on phage is specific for human mucin-1 (Persson et al., 2005). ScFv 4.3 was the only 
antibody fragment that gave a positive signal and it did so only with antigen fragment 81 of Lol p 
5B (arrow). ScFv 4.12 and 4.13 did not recognise any fragment despite their strong binding to Phl p 
5 in this assay format. References: (Flicker, S. et al. 2000. J. Immunol. 165: 3849–3859; Persson, J. 
et al. 2005. Mol. Immunol. 42: 1321–1330. 



Supplementary Figure S4. Blocking of binding of 4.2 IgG (A), 4.3 IgG (B) and clone 5 Fab (C) to 
immobilised Phl p 5 after prior binding of clone 5 Fab (red) or 4.3 IgG (green) to allergen as 
assessed by Biacore technology. Binding of the respective antibodies/fragments in the absence of 
the addition of a blocking reagent is also shown (blue). The start (red arrow) and end (blue arrow) 
of the injection of the antibody/Fab fragment under study is highlighted. A bulk effect originating 
from the solution injected in panel A and C is observed during this period but lost immediately after 
the injection phase. The binding of the blocking reagent occurred prior to the events shown in this 
diagram but was evident by an increase in resonance units (RU). As the blocking reagent was 
injected three times an almost complete saturation of its binding sites could be observed during this 
period of time (not shown). 
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