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Clones are the fundamental building blocks of immune repertoires. The
number of different clones relates to the diversity of the repertoire, whereas
their size and sequence diversity are linked to selective pressures. Selective
pressures act both between clones and within different sequence variants of
a clone. Understanding how clonal selection shapes the immune repertoire
is one of the most basic questions in all of immunology. But how are individual
clones defined? Here we discuss different approaches for defining clones,
starting with how antibodies are diversified during different stages of B cell
development. Next, we discuss how clones are defined using different experimental methods. We focus on high-throughput sequencing datasets, and
the computational challenges and opportunities that these data have for
mining the antibody repertoire landscape. We discuss methods that visualize
sequence variants within the same clone and allow us to consider collections of
shared mutations to determine which sequences share a common ancestry.
Finally, we comment on features of frequently encountered expanded B cell
clones that may be of particular interest in the setting of autoimmunity and
other chronic conditions.

1. Introduction
B cell clones comprise the fundamental units of selection in the humoral immune
response. But what defines a clone? Clonally related cells derive from a common
progenitor cell. All cells in the body initially derive from the zygote, but saying
that all of the cells in the body are clonally related is not a satisfying answer for
B cells. B cells undergo somatic recombination events and somatic hypermutation
(SHM) to create a diverse repertoire of clones. To find a better answer to this question, we need to think of differentiation events and how they limit downstream
cell fates. Therefore, in §2, we begin by reviewing basic checkpoints in B cell development where the antibody repertoire is generated, diversified and selected.
Clones, or collections of genetically similar cells (as defined by similarities in
their antibody heavy chain, light chain or a combination of both), emerge at
these different checkpoints. How clones are defined is also profoundly influenced
by the kind of experiment that is performed. In §3, we review four basic kinds of
repertoire experiments and comment on the advantages and disadvantages of
each with respect to clone identification and characterization.
Next, we come to the computational problem of identification and analysis of
clones in high-throughput sequencing data. In §4, we describe different methods
for defining clones and some of the errors that arise with these different approaches.
We emphasize the need for trying different methods and using different parameters
for defining clones to determine if clonal lineages are robust. In §5, we comment on
clonal expansion, diversity and overlap. Here, we focus primarily on the diversity of
the repertoire as a whole (inter-clonal diversity). In §6, we comment on two general
metrics of repertoire skewing: heavy chain V gene (VH) usage and third
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Figure 1. Clonal definitions at different stages of B cell development. Different stages of B cell differentiation are marked by different types of genetic recombination
of antibody genes. These recombination events are retained in the genomic DNA of the B cell and can be used as markers of common ancestry for clonally related B
cells (see text). At the pro-B cell stage, antibody heavy (H) chain gene rearrangement occurs. Different coloured circles correspond to B cells with different H chain
rearrangements. At the pro-B to pre-B1 transition, H chains are selected. For ease of illustration, we show only a single kind of H chain (indicated by a green circle)
that is favourable and B cells with this particular rearrangement undergo multiple rounds of cell division in the pre-B1 stage. In the pre-B2 stage, light (L) chain
rearrangement occurs, indicated by different shades of green. Fully formed antibodies are subjected to further selection in the naive B cell stage. In the periphery,
antigen-reactive B cells can undergo activation, proliferation and somatic mutation (GC, germinal centre). Somatic mutations are indicated by different coloured
circles. Mutations at different branch levels are marked by different coloured circles around each ‘cell’. An appropriate lineage is constructed based on the
number of common mutations in each of the expressed mutant types, leading, in this particular example, to the suggestion of a lineage with a common
trunk (orange inner circle), two branch levels, and two inferred nodes (intermediary mutants).

complementarity-determining region (CDR3) length distribution. In §§7 and 8, we turn to diversification within individual
clones and discuss some of the computational approaches and
challenges when analysing clonal lineages for evidence of selection. We leave some of the details of clonal lineage analysis to the
separate article in this theme issue by Steve Kleinstein [1].
Although many clones are unique, one of the most surprising findings in the literature is that certain kinds of antibodies
recur—they appear to be independently generated. In §9,
we review some examples of recurrent expanded B cell
clones and stereotyped receptors. We comment on why
such clones may be enriched in the repertoires of individuals
with autoimmunity and other chronic conditions, as well as
why multireactive clones may serve beneficial functions in
healthy individuals. In §10, we discuss some ideas regarding
clonal evolution and speculate that many expanded and persistent clones are multireactive in some of their members/
progeny, at one or more times during their lifespans.

2. Definitions of clones that focus on different
stages of B cell development
During somatic B cell development, there are several developmental stages where clones could be separated from

other clones. An overview of B cell maturation is provided
in figure 1 and is based mostly upon mechanistic studies in
the mouse and in cell lines [2,3]. Figure 1 summarizes the corresponding antibody gene rearrangements and other forms
of diversification. Heavy chain (H chain) gene rearrangement
occurs in the pro-B cell stage [4]. Developing B cells with
different H chain gene rearrangements are represented by
different colours. In the large cycling pre-B cell stage ( preB1), cells with favourable H chains undergo more rounds of
cell division than cells with less favourable H chains [5,6].
Favourable H chains could be those that are expressed at
higher levels and/or pair more effectively with the surrogate
light chain and/or signal better [5]. B cells that fail to make a
productive H chain rearrangement altogether die [7]. For simplicity, we show only the fate of B cells that express a
particular H chain rearrangement (denoted by dark green
shading) that have successfully emerged following the preB1 selection checkpoint. After signalling through the pre-B
cell receptor ( pre-BCR) and a few rounds of cell division,
these B cells are ready to enter the small resting pre-B2
stage of development, in which light chain (L chain) gene
rearrangement occurs [8]. Because there is more than one B
cell with the same H chain rearrangement entering the preB2 stage, we presume that these cells can in principle
undergo independent rearrangement to different L chains
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and have indicated the range of different L chains with different shades of green at the pre-B2 cell stage. The next stage of
B cell differentiation is the naive B cell stage, sometimes also
referred to as the transitional B cell stage. These cells are the
first to display the B cell receptor on the cell surface, in the
form of an IgM molecule. Based largely on data in inbred
strains of mice, transitional B cells appear to be short-lived
and most die [9– 11]. For illustrative purposes, we have therefore contracted our repertoire from many different H þ L
pairs in the pre-B2 stage to a single cell in the transitional
stage (that has already survived the selection checkpoint
within the transitional cell pool). For many surviving peripheral B cells, the next major round of selection occurs mainly in
the germinal centre, where B cells are exposed to antigen and
T cell help, and undergo multiple rounds of proliferation,
SHM and selection for high-affinity binders [12]. Sequence
variants of the clone emerge and either expand or contract,
based upon their affinity for antigen(s) [13 –15].
Based upon this simplified overview of B cell maturation,
one realizes that there are several checkpoints at which expanded
clones could be molecularly defined. If one focuses on the pro-B
to pre-B cell transition, clones can be identified on the basis of
having shared functional H chain rearrangements (VDJþ), as
well as shared non-functional rearrangements (VDJ2) or partial
rearrangements (DJ). If instead, one focuses on the pre-B2 to
transitional B cell checkpoint, one could use not only the H
chain rearrangement(s), but the L chain rearrangements as
well. L chain rearrangements can include V–J rearrangement
at the kappa and lambda loci as well as rearrangements to the
non-coding recombining sequence (RS) on the kappa locus.
Finally, if one focuses on the mature B cell repertoire, one
could not only use the combinatorial and junctional diversity
of the H and L chain gene rearrangements generated in the
preceding stages, but also the diversity that arises due to SHM.

3. Different experimental approaches for
antibody repertoire analysis
Table 1 shows four different experimental approaches that are
used to analyse B cell clones. There are of course other
approaches, such as Southern blotting of bulk repertoires
[16,17], V gene arrays [18] and mass spectrometry of secreted
antibodies [19], but we chose these four methods because
they are the most frequently used.

(a) Hybridoma panels
Hybridomas are non-secretory myeloma cells fused to normal
B cells [20]. They provide virtually unlimited amounts of
genetic material, and because they secrete the antibody of
the normal B cell, they provide a facile means of studying
that antibody. Because of the abundance of available genetic
material, the gene rearrangements at all of the antibody loci
can be studied in hybridomas. The variety of antibody gene
rearrangements that can be used to identify and track
expanded B cell clones are shown in figure 2. To define clonally
related hybridomas, one can readily generate full-length
sequences of the expressed H and L chains. The analysis of
these sequences can yield information about the hypervariable
third complementarity-determining region (CDR3), the H þ L
chain pair, and even about SHMs within the variable region
genes of the H and L chains. The sizes of the DNA fragments that
contain various gene rearrangements by Southern blotting can
be used as another clone-specific genetic feature of hybridomas.
One can also perform polymerase chain reactions (PCRs) to
genotype the expressed H and L chain rearrangements, and
the non-productive or deletional rearrangements (such as nonproductive VDJ rearrangements on the non-expressed H chain
allele or RS rearrangements at the kappa locus). One can also
characterize reciprocal products, such as Vk–Jk rearrangements
that are retained on the chromosome when a subsequent inversional rearrangement occurs between an upstream Vk and a
downstream Jk gene segment. Although nearly all of these
other rearrangement products are not as diverse as the H
chain CDR3, finding concordance among them in two different
hybridomas is a powerful indication that the hybridomas are
clonally related [21].
The major drawback of using hybridomas for antibody
repertoire analysis is that they only represent a very small
portion of the total B cell repertoire. There are several reasons
for this. First, some kinds of B cells are easier to fuse than
others. For example, in some cases, B cell mitogens such as
lipopolysaccharide (LPS) are used to enhance the recovery
of hybridomas and some cells, such as marginal zone cells,
are more responsive to LPS than others [22]. Second, the
yield of generating hybridomas in our experience is at best
several hundred per mouse. Because only one in several thousand B cells successfully fuses with the myeloma cell and is
propagated in culture, there is limited sampling of the repertoire. Third, hybridomas are typically selected by binding to
antigen. On the one hand, this is an advantage, because

Phil. Trans. R. Soc. B 370: 20140239

method

3

rstb.royalsocietypublishing.org

Table 1. Repertoire experiment types. Shown are four different types of repertoire experiments. Each experiment is classiﬁed on the basis of the type of
information it provides on the antibody repertoire starting with whether full (heavy þ light chains) or single chains (heavy or light, unlinked) are studied. The
information generated by the different approaches is classiﬁed into that which is readily available (yes), not available in all instances or only with difﬁculty
(partial) or unavailable (no), see text. H, antibody heavy chain; L, antibody light chain; Ab, antibody.
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Figure 2. Schematic of antibody H and L chain gene rearrangements. The full range of rearrangement products that can be generated at the H chain and L chain
loci is shown. In the case of the heavy chain locus (IgH), there are three kinds of rearrangements: D to J rearrangements, V to DJ rearrangements and VH replacements (VHR). Note that all H chain rearrangements are deletional and that once a complete VDJ rearrangement has taken place, all of the D gene segments are
consumed. During VH replacement, an upstream VH gene can invade into a pre-existing VDJ rearrangement via a cryptic heptamer (white triangle) that is located in
the 30 end of most VH genes. VH replacement has the potential to elongate the CDR3, because the 30 end of the preceding VH gene is usually retained in the
rearrangement. For the L chain loci (IgL), the kappa locus can undergo primary Vk– Jk rearrangement, leapfrogging rearrangement or recombining sequence (RS)
deletional rearrangement. In the case of the leapfrogging rearrangement shown, rearrangement of an upstream Vk gene to a downstream Jk gene occurred by
inversion. Inversional rearrangement retains the original Vk – Jk rearrangement on the chromosome in an inverted orientation. This remnant rearrangement is
referred to as a reciprocal product. The k locus can also undergo deletion by rearrangement to RS, a non-coding sequence that is approximately 25 kb downstream
of Ck. RS rearrangement can occur via the cryptic heptamer in the JC intron (i-RS) or by deletional rearrangement of a Vk gene to RS. Both types of rearrangements
inactivate the k locus by deletion of the constant region exon, Ck. Finally, lambda (l) L chain rearrangement can occur. Most l-expressing B cells have undergone
RS deletion on one or both k alleles. All of these rearrangements can be tracked and used to evaluate clonality, particularly in hybridoma studies (see text). Squares
indicate exons, triangles recombination signal sequences, fused triangles represent signal joins and fused boxes indicate coding joins. Dashed lines indicate regions
where recombining gene segments come together.
multiple rounds of selection can be used to not only select for
binding to a particular antigen but also to select against binding to other antigens. But a disadvantage of screening clones
for the antigens they bind is that one may inadvertently discard members of the same clone that have accumulated
somatic mutations that have caused their specificity to drift.
Discarding clones or sequence variants within clones that
bind to antigens other than the antigen of interest may
result in the selective loss of B cells that are multireactive.
Another difficulty is that selection for antigen binders further
reduces the number of clones from several hundred to at best
a few dozen per mouse. Yet even at this level of sampling, it
is remarkable how many fundamental insights into clonal
selection have been gained from hybridoma analysis [23– 25].

(b) Phage display
DNA that encodes antibodies (typically the single chain
variable fragment) can be inserted into the genome of the
bacteriophage (a virus that infects bacteria) and expressed
on the surface of the virion [26]. Phage particles that express
antibodies that bind to the antigen of interest are selected by
panning and then propagated in bacteria. Multiple rounds of
panning can be used to recover bacteriophages that harbour
antibodies with the specificities of interest. Thus, phage display is a powerful tool for recovering antibodies that bind
to specific antigens.

Unlike hybridomas, antibody phage display is easily
adapted to recover antibodies that have different H chain isotypes and sorted subsets of B cells can be used to generate
phage display antibody libraries. However, current methods
have not yet resulted in the engineering of phage in which the
H and L chains of the antibodies produced by single B cells
are associated. Thus, phage display may generate a broader
repertoire of antibodies (with random H þ L pairs) than the
true antibody repertoire (in which the association of specific
H þ L pairs can occur).

(c) Single cell cloning
In single cell cloning, suspensions of single cells of interest
(e.g. influenza-specific plasmablasts, [27]) are sorted into
individual wells, RNA is extracted, and antibody H and L
chain V genes are amplified. The amplified V genes are
then cloned into expression vectors, transfected into cell
lines and secreted antibodies are purified and analysed
(further details of the protocol can be found in Tiller et al.
[28]). Drawbacks of the method are that it is low throughput
and arduous to go from H þ L sequences to cloning antibodies, expressing them and testing their specificities.
However, recently, some groups have developed methods
for moderate- to high-throughput sequencing of H þ L
chain pairs from the same cell, which may substantially
improve future repertoire studies with this method [29,30].
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(d) Bulk sequencing of H chains or L chains

Most single chain bulk sequencing experiments focus on the
antibody H chain. H chains are more diverse than L chains, providing a more reliable signature for clonal relatedness. H chains
are more diverse than L chains because they have two
rearrangement junctions in the CDR3 and these junctions are
more diverse because the enzyme terminal deoxynucleotidyl
transferase, which creates N additions, is more active during
H chain rearrangement [40]. The H chain CDR3 also includes
the D gene segment (which L chains lack). D genes can be
read in up to six different reading frames and can occasionally
undergo D–D fusion [41]. Finally, H chains also may undergo
higher rates of SHM than L chains, particularly if there is concomitant peripheral L chain editing [42]. Higher mutation
frequencies in H chains can make it easier to establish clonal
association of sequences based upon shared mutations using
H chain, rather than L chain sequences.
After the identification of primer sequences that indicate
which sample each read corresponds to, sequences are subjected to quality control. One can use software to trim the
ends of the read based upon the Fastq score, and/or introduce
Ns into sequences that have likely errors (low-quality scores) in
the middle [43]. Next, reads are subjected to V, D and J identification using various tools such as the ImMunoGeneTics high
V-QUEST server, Ig-BLAST or others [44–48]. At this point,
sequences that are identical (or sufficiently similar, based
upon the frequency of sequencing errors, to be considered
identical) are grouped together into ‘unique sequences’. Each
unique sequence has an associated number of copies or times
that it has occurred. In samples with large clonal expansions
(for example in B cell malignancies), the top copy number
clone will be many times more frequent than the next most frequent clone. Conversely, with highly diverse repertoires, such
as naive IgM þ B cells in the peripheral blood [37], clones will
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Several recent studies of the antibody repertoire have relied
upon high-throughput sequencing of antibodies from populations of B cells [31–35]. The major advantage of this
approach is that very large numbers of clones can be studied
and large numbers of variant sequences can be evaluated
within expanded clones. When coupled with flow cytometry,
this technique can also be used to evaluate B cell repertoires
in different B cell subsets [36] or in B cells that bind to a particular antigen [37]. The potential to study both antigen-selected
and unselected cells from the same individual and survey up
to millions of different antibody gene rearrangements provides
insights into the repertoire in an unprecedented level of detail.
Unlike hybridomas and antibody phage display, antigenic
selection of B cells analysed by bulk sequencing is limited to a
single round of selection because once the cells are selected,
they are destroyed in the process of nucleic acid extraction.
If antibody H chains or L chains are sequenced separately,
it is impossible to recreate the H þ L pairs that are associated with single cells, although bioinformatic approaches are
being used to try to match H chains with L chains based
upon their frequencies and other properties [38]. Technical
developments using emulsion PCR-based approaches now
bring moderate-throughput next-generation sequencing of full
antibody (H þ L chain pairs) from single cells within reach [39].

tend to have more uniform copy number distributions and
replicate sequencing of the same DNA sample will yield minimal clonal overlap. With unmutated lymphocyte populations,
the number of unique sequences approximates the number of
clonotypes. But with B cells that have undergone SHM, this
assumption is no longer valid. Expanded B cell clones with
mutations may include sequence variants that differ by several
mutations from one another. Accurate clonal assignment is
critical for understanding inter- and intra-clonal repertoire
diversity and selection and involves complex data analysis.
A common definition of clonal relatedness is to consider
all sequences with the same germline V and J identification
and some similarity in the CDR3 regions as being clonally
related. One of the challenges with using the CDR3 sequence
for this purpose is that the germline CDR3 sequence is
unknown. Not only are the junctional sequences between V
and D and between D and J generated somatically, but the
D gene itself is often extensively nibbled during the recombination process, making identification of all but the longest D
gene segments unreliable [49]. Current methods have 50% or
lower D identification rates at 10% somatic mutation frequencies [50], which is the equivalent of approximately two amino
acid positions not being identical to the germline at an average CDR3 length of 14 amino acids. For these reasons,
features of the CDR3 sequence, such as its length and
sequence similarity, are used as indicators of clonal relatedness. CDR3 length is typically identical for clonally related
sequences, although sequencing errors and naturally occurring mutations including insertions and deletions [51 –53]
can cause clonally related sequences of differing lengths to
be misclassified as separate clones. If VH identity is used as
a criterion for clonal assignment, sequences with ambiguous
VH assignments can be misclassified. VH assignment ambiguities (so-called V ties) are more likely for certain VHs, such as
the VH 4 family, and occur more frequently with shorter
read lengths. Another challenge with any method of clonal
assignment that uses nucleotide or amino acid similarity in
the CDR3 or VH or both, is that different thresholds may be
required when the CDR3 length is very short and/or there is
a high degree of somatic mutation in the rearrangements
under study. Shorter CDR3 sequences can arise more easily
by chance, leading to erroneous inclusion of multiple clones
into a single clone with a short CDR3 sequence.
One further challenge when comparing many sequences
to each other is deciding which sequence should be compared first. All clonal identification methods that rely upon
one or more metrics of sequence similarity, such as percent
sequence similarity, Hamming distances or shared somatic
mutations, suffer from this problem. For example, if one randomly starts to identify a clone with the first encountered
unique sequence, the ‘edges’ of the clone may wind up in a
different place than if one uses the highest copy number
sequence within the clone, which could be closer to the
centre of the clone. An alternative approach is to take all
the potential members of a clone, i.e. all the sequences with
the same germline V gene, J gene and CDR3 length, and to
create a lineage of their common mutations. While in this
instance we also consider some comparisons to be ‘first’,
i.e. we are comparing all the sequences in a clone to the
putative germline root of the lineage, this decision is based
on a specific set of assumptions and data. Under these
assumptions of clonal relatedness, all those sequences that
share some threshold level of mutation are considered to be
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Figure 3. Illustration of the different outcomes for clonal identification under different thresholds of CDR3 and VH sequence identity. (a) CDR3s and their amino acid
(AA) characteristics: the CDR3 amino acid (AA) sequence-to-sequence Hamming distances, their CDR3 AA sequences, copy numbers and clonal association using 65%
versus 85% sequence identity in the CDR3, starting with the highest copy number sequence. (b) Clones in the genotype space of CDR3s: sequences are represented
as numbered nodes. Node size corresponds to the copy number and colour reflects 85% CDR3 identity. The position of the consensus CDR3 of clones 1– 3 is marked
with an arrow. Space is to scale for the mutations between each sequence as in (a). Single and double mutations away from the consensus CDR3 positions of clones
1 – 3 are marked with dashed lines. (c) Lineage of all sequences with the same germline V and J and CDR3 length: on the left, we see the lineage of all the
sequences from a single putative germline precursor (same V, and J and CDR3 length; CDR3 positions are ignored in generating the lineage as we have no consensus
for these positions). On the right, we see the clonal division when the threshold of a minimal number of common mutations is set to 4. In both cases, nodes are
colour coded as in (a). Note: each node may contain multiple sequences if they share all the mutations in V. Thus, clone 3 (green) sequences appear to share all
mutations and do not diverge in this representation as they do in (a).
members of the same clone. For example, four or fewer
mutations from the germline were empirically shown to be
a level of shared mutation that was possible to achieve by
chance [38,49]. However, it is important to note that for
different types of immune responses the threshold level of
mutation that indicates common clonality may need to be
changed (i.e. a higher threshold may need to be used in
highly mutated repertoires, for instance in those found in
people chronically infected with HIV [54]).
In figure 3, we show how different thresholds and methods
suggested above can lead to differences in clone assignments.
We consider 11 sequences that we cluster by their CDR3s at
85% identity into four clones (figure 3a—clone 1, red; clone 2,
blue; clone 3, green and clone 4, black). In every clone, all of
the sequences are 85% similar in the CDR3 to all of the
others (i.e. they differ from all other members of the clone by
up to two mutations in CDR3; figure 3b). If we consistently
assign sequences to clones starting with the largest copy
number sequence, we get a reproducible order of clones,
which we can compare with the sets of clones formed from
these 11 sequences by other means. Next, we consider the
same sequences under less stringent demands of CDR3 identity (65%) and this leads to a different division of the
sequences into two clones (figure 3a,b). Alternatively, we

consider all the mutations from the germline and use them to
create a lineage. This method has the advantage that it considers the entire length of the sequence to assess similarity
[49]. However, it cannot consider the CDR3 regions (as we
do not know to distinguish germline positions in the CDR3).
In this example, the lineages suggest three clones that match
most of the clones from the 85% CDR3 method (figure 3c).
Thus, we can see that decisions on which part of the sequence
data to use, and how the threshold of similarity is set, change
the clonal assignment of sequences. However, even with different methods, the identity of the big clones remains quite
constant (figure 3). One way to potentially overcome sequence
comparison ordering issues in clone identification is to
empirically perform clone identification using different seed
sequences, different cut-offs for similarity and/or different or
iterative clustering approaches to determine if robust clonal
lineages exist [38,55].

5. Evaluation of the clonal landscape: clone
identification and tracking
Once the sequences have been collapsed into clones, the next
step is to study the frequency distribution of clones in the
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In addition to the relative or absolute quantification of top
copy number clones, one can also study the repertoire as a
whole. Global metrics of the repertoire landscape include
evaluations of how ‘skewed’ the repertoire is. One relatively
simple and commonly employed metric is VH gene usage.
VH usage can be quantified by calculating the percentage
of clones that use a particular VH. One can also evaluate

7. Distinguishing somatic mutation from
sequencing errors
Another general metric of the repertoire is to evaluate the
level of SHM, which can provide insights into the general
composition of the repertoire. If a high fraction of clones
has mutations, this indicates that many of the cells that
were sequenced were memory cells and/or may have entered
into a germinal centre reaction and received T cell help. The
quantification of somatic mutations seems simple, but for
this method to be robust, one has to control for technical
errors that produce mutations.
A significant challenge with bulk high-throughput
sequencing approaches is that sequencing has a significant
error rate. How do we distinguish somatic mutations from
sequencing errors and other mistakes? Most methods for
doing this with DNA-based sequencing protocols involve
running samples in replicates and looking for the presence
of the same sequence variants in more than one replicate.
Within the same sample, one can also institute a copy
number cut-off. Sequencing errors are less likely to be found
in higher copy number sequences, because the same error
has to recur. However, with high-depth sequencing experiments, it is surprisingly easy to regenerate the same
sequencing errors. Therefore, stringent filtering of highthroughput data is important for reducing spurious mutations.
Fortunately, certain types of errors are more common and can

7
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6. Metrics of repertoire skewing

VH usage on the basis of clone copy numbers. A comparison
of the VH usage of clonotypes (where each clone is only
counted once) with VH usage with total copies provides
insights into the effects of high copy number clones on the
repertoire. VH usage is frequently shown as a heat map,
and various types of clustering algorithms can be used to
compare VH usage in different sequencing libraries, similar
to what investigators use for microarray data.
Another general metric of repertoire skewing is the size
distribution of antibody CDR3 lengths. In a diverse repertoire, we expect the distribution of the CDR3 sizes to
resemble a truncated and discretized Gaussian distribution
[62]. If the size distribution of CDR3s in the repertoire exhibits kurtosis or skewing, this can be an indication of an
unexpected over-abundance of clones undergoing abnormal
development or perhaps reacting to a specific antigen. For
instance, antibody sequences with short CDR3 lengths may
derive from B1 B cells, which develop in fetal life and tend
to have fewer N additions because the enzyme that creates N
additions (terminal deoxynucleotidyl transferase) is less active
during fetal life [40]. Conversely, human antibody sequences
with long CDR3 lengths may have an increased frequency of
JH6 usage (JH6 has a series of tyrosine residues at the 50 end
that contribute towards the CDR3 length, as was observed in
early stage B-cell precursors [63]). Another potential molecular
mechanism for CDR3 elongation is VH replacement. In VH
replacement, an upstream VH gene invades into a pre-existing
VDJ rearrangement on the same allele [64,65]. VH replacement
can elongate the CDR3, because the invasion occurs into a cryptic heptamer sequence that is upstream of the V–J junction.
Thus, in some cases, the 30 end of the VH gene in the replaced
allele not only contains the original V–J junction, but also
a few nucleotides from the 30 end of the VH gene itself, the
so-called VH replacement ‘footprint’ [66].
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repertoire. For example, histogram plots can be created to show
the copy numbers of all of the clones in the repertoire. The copy
number refers to the number of times the sequences that comprise the clone appear in the sequencing dataset. In a very
diverse repertoire, as occurs in the naive B cell pool within
the peripheral blood of healthy humans, the copy number distribution is fairly flat, with the highest copy number clones
being minimally more frequent than the next most frequent
clone. In contrast, if the repertoire contains one or more very
large expanded clones, as occurs in the setting of some autoimmune diseases, such as Sjogren’s syndrome [56] or
systemic lupus erythematosus (SLE) following rituximab
therapy [57], or B cell malignancies such as chronic lymphocytic leukaemia (CLL) [58], there will be a few or even just one
highly dominant high copy number clone that is many times
more frequent than the next most frequent clone.
Because clonal expansion is a fundamental feature of an
immune response, we are very interested in learning whether
expanded clones can be identified and tracked over time in
individuals with immunologic disorders such as SLE.
To begin to address these questions, we need to have a
reliable means of quantifying the clone copy numbers, so
that different sequencing libraries can be compared with
each other. Some have approached this problem by using
calibrators that are amplified along with the endogenous
rearrangements. The ratio of the copy numbers from the calibrators versus the cells in the sample provides a means of
normalizing the copy number [59]. But in the case of IgH
rearrangements, such normalization procedures may be
insufficient because SHM can affect the efficiency of PCR
amplification and not every single somatic variant can realistically be captured in the calibrators. Alternatively, one could
start from RNA and use primers that are in the constant
region to circumvent mutation. But with RNA from bulk
populations, one has to correct for differences in transcript
abundance in different cell types or perform amplifications
on sorted or single cells. In addition to using calibrators or
some other normalization technique, one can generate replicate sequencing datasets from the same sample [60]. By
performing multiple replicate amplifications from independent DNA aliquots of the same sample, one can determine
the maximal expected clonal overlap within a given sample,
determine which clones are reliably identified in the replicates
(including the reproducibility of their copy number rankings)
and, with adequate sampling, perform a rarefaction analysis
to empirically determine which clones can be identified
reliably [61]. A final method to assess the relative extent of
clonal expansion is to count the number of unique sequences
in a given clone, counting every variant of mutant sequence
in a clone only once. While this is not a direct measurement
of all expansion as it depends on mutation, it is nonetheless
quite reliable, when mutations are present.
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be filtered from reads using computational approaches, some
of which are sequencing platform-specific [43,67–73]. Because
true somatic mutations are often shared among clonally related
sequences, this is another approach that can be used to
distinguish real mutations from sequencing errors.
One of the most rigorous experimental ways of addressing sequencing errors is to employ a technique known as
molecular barcoding [74]. Barcoding involves using primers
that contain stretches of random nucleotides to label amplifications of single molecules. Mutations that are shared in the
majority of sequences with the same barcode are likely to
be real, whereas mutations found in single sequences are
likely to be due to sequencing error. Another promising
approach to obtaining high-quality reads is a single molecule
circular amplification technique. This moderate-throughput
method generates very high fidelity sequences at very long
reads up to several thousand nucleotides in length and
recently was used to demonstrate novel splicing isoforms in
human antibody heavy chain transcripts [75].

8. Evaluation of inter- and intra-clonal diversity:
where are the boundaries of a clone?
Intra-clonal diversity is generated by and large through SHM.
The first step of mutation analysis is the identification of the
closest germline source. It is important to identify which sets
of sequences and mutations come from the same clonal
source, otherwise when studying the mutations in a repertoire we will be mixing both independent and dependent
events. For example, if a mutation occurs in five different
sequences in a single clone, we can deduce that they are siblings that shared a single mutation in an ancestor, whereas if
the same mutations had occurred in five different clones, we
would count it as a mutation that appears multiple times in
the repertoire. The analysis of unique mutations per clone
has been used to detect selection pressure [23,76,77]. The
unique mutations in a clone can be considered together to
create a lineage of mutations that describes the process of
clonal development (figure 4). Analysing the patterns of
these lineages can give insights into the diversification and
selection processes that lead to clonal evolution [78,79].
Different lineage analyses have led to the calculation of the
mutation rate of SHM [80] and as metrics of the specific selection pressure on a set of mutations in a given branch or at the
root of the lineage [81,82].

One issue in creating and analysing clonal lineages is that
we cannot be certain of our identification of mutations. Errors
in identification can stem from experimental error, but also
because of inherent real limitations of our knowledge.
While the recombined heavy and light chains are diverse, V
genes, D genes and J genes are quite similar and can generate
mutants that are closer to germline genes that are not their
true origin. In principle, as germline identification is errorprone, it may be better to identify sets of clonally related
genes by showing that they minimize some function of cosimilarity rather than aligning every sequence first to the
germline and using that characteristic to identify clones.
While we cannot do this across all sequences, it may be feasible to do so to verify existing indications of clonality (much
as we describe above in our lineage method for clonal identification). In this instance, the comparison with a germline
gene is not used just to identify mutated positions in every
sequence, but rather is also treated as a context under
which we check if the differences between sequences in the
clone are minimized [83]. Thus, we can estimate the efficacy
of different clonal identifications in an analysed repertoire
and potentially identify instances when clones are not well
defined and should be further analysed or compared. A
recently described algorithm for constructing lineage trees,
called ImmuniTree, explicitly models SHMs, sequencing
errors and iteratively evaluates internal nodes of the tree in
an effort to generate robust clonal lineages [38].
There has been a heightened interest in using metrics
from ecology to study the inter-clonal diversity of clones in
immune repertoires [84,85]. However, at present such experiments can only reliably evaluate highly expanded clones, for
instance by focusing only on the Ig G subset of the response
to the hapten (4-hydroxy-3-nitrophenyl)acetyl [60]. Diversity
is most commonly measured using indices such as the Shannon entropy or by using the ‘true’ diversity, which, when
counted so as not to be biased by small or large clones, is
equivalent to the exponential of the Shannon entropy
[60,86]. There are also various statistical methods to ascertain
the minimal clone size (in terms of sequence number or fraction of the sequenced repertoire) at which diversity can be
estimated reliably. These include estimates of re-sampling likelihood ( per clone of a given size, [87]). When sampling an
environment (or the antibody repertoire) one can construct
an accumulation curve of the species (or clones) identified.
This curve is either based on the tracking of individual
sequences, when considering a single sample where each
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Figure 4. When is a clone not a clone? Illustration of three clones, each starting from a different heavy and light chain combination, as marked by the circles at the
root of each lineage. Members of each clone exhibit different numbers of shared and unique mutations, marked by small coloured lines at each branch. Colours
indicate how close to the root mutations are. Orange, mutations from root; blue or brown one level up from root; other colours represent leaves.
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As the number of independent sequences that are sampled
increases, the chances of finding similar sequences that may
arise independently increases. Similar to the parlour game
where one is asked to estimate the probability of any two
people in the room sharing a birthday, we can determine
the probability of any two clones sharing a particular H
chain rearrangement by chance. To make this calculation,
we need to estimate how many different (heavy chain)
CDR3 sequences can be generated. If we assume that the
whole CDR3 is determined by 49 V, 27 D and 6 J genes
alone, that the frequencies of V/D/J gene usage are uniformly distributed, that the same outcome cannot be
achieved through multiple combinations of different Vs, Ds
or Js, and that D segments can be read in six reading
frames (three forward and three reverse), then the probability
of having the same heavy chain is 1/49*1/6*1/(27*6). In a
single experiment with 10 000 sequences, this translates to
an approximately 20% probability of finding at least one
instance of the same CDR3 twice by chance. However, the
addition of non-templated nucleotides and exonucleolytic
nibbling at the junctions between the recombining gene segments makes the probability much smaller. If there is even
one amino acid not accounted for by the germline genes,
the probability of encountering two different clones with
the same CDR3 is reduced to approximately 1% and with
two amino acids, it is further reduced to approximately 5 in
10 000. This is probably still an overestimate of how many
independently generated similar clones we will find.
Statistical estimates of CDR3 sharing have been described
for T cell receptor (TCR) sequencing data [91– 93]. However,
it is difficult to extrapolate from T cell repertoire diversity to B
cell repertoire diversity because of differences in rearrangement (such as the frequency of D–D fusion events, which
occur in approx. 2% of productive TCRb rearrangements
[94] but in only approx. 1/800 IgH rearrangements [95]),
potential differences in the extent of clonal expansion, and
differences in that only B cells undergo SHM. Estimates of
BCR diversity have been made indirectly using phage display
to provide high-quality DNA libraries for deep sequencing
and reveal that not only the hypervariable CDR3 sequence
but also somatic mutations in CDR1 and CDR2 of the V
gene contribute substantially to the overall BCR repertoire
diversity, which was estimated to be at least 3.5  1010 different clonotypes [96]. More recently, the frequency of shared
CDR3 sequences in memory B cells from different individuals
was observed to occur at a frequency of approximately one in
4000 clonotypes [74]. Most of these recurrent instances of
clones were likely the result of rare recurrent recombination
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9. When is a clone really more than one clone?

and not selection as they were mostly un-switched, un-mutated
and had short CDR3s [74].
These estimates appear to indicate that occurrences of independently generated overlapping CDR3 sequences are quite
rare, although if we consider multiple samples from multiple
experiments, the number will increase. However, it is important
to note two caveats to this low estimate: (i) these calculations
assume full knowledge of the source of the CDR3 positions.
In reality, owing to sequencing errors and the difficulty in
identifying D gene associations [49], we must be satisfied
with identifying all sequences that have a CDR3 that is ‘close
enough’. (ii) To make our calculation, we assume that all combinations are equally likely to occur (that they are uniformly
distributed), but this is not true. For example, some VH genes
(such as the 30 VHs in fetal life, [97]) rearrange more frequently
than others. Moreover, repertoires from mature or memory B
cells have undergone additional rounds of selection; IgH
rearrangements that are positively selected will be more
numerous owing to clonal expansion.
The erroneous classification of two independent clones as a
single clone can also occur. The generation of clonally distinct
yet highly similar antibodies may be more likely under certain
circumstances. B1 B cells tend to harbour shorter CDR3
sequences, exhibit skewed VH gene usage and at least a
subset of B1 cells can have low levels of SHM [98,99]. All of
these properties make it easier for B1 B cells to harbour
highly similar antibodies than B2 B cells. A second circumstance could arise if different L chains rearrange in different
clones that actually share the same antibody H chain. This
hypothetical scenario is possible because pre-B1 cells undergo
multiple rounds of cell division prior to the initiation of L chain
rearrangement [5]. In a clone with a favourable H chain, there
could be as many as seven rounds of rearrangement, generating up to 128 pre-B cells with the same H chain. If L chain
rearrangements in B cells with the same H chain gene
rearrangement occur independently, then the same H chain
could be found in combination with many different L chains.
Consistent with this idea, studies with the E12 cell line,
which can differentiate from the pro-B stage all the way to B
cells in culture, demonstrate that subclones with the same
VH rearrangement can have different L chain rearrangements
[100]. An interesting prediction of this theory is that, independent of the H chain specificity, the number of rounds of
pre-B cell division could dictate how many different L chain
partners a given H chain can have. A third setting in which
similar or identical H chains could be independently created
occurs when there is positive selection for independent B cell
clones with shared amino acid sequence motifs that bind to
one or more particular antigens. Such sharing has been given
a variety of names including ‘public CDR3s’ and ‘stereotyped
receptors’ and has been documented in many different chronic
disorders ranging from infections and autoimmunity to cancer.
A few examples are highlighted in table 2. Table 2 is not an
exhaustive list of stereotyped receptors from the literature.
Here, we have decided to focus on cancer and autoimmunity
as these represent chronic responses to internal or modified
self-antigens. However, there are other examples of sharing
of antibody sequence motifs, for example in responses to
repetitive polysaccharides such as the Haemophilus influenza
type B polysaccharide [114,115] or to viruses such as influenza
[27,55]. Some of these immune responses could be chronic
as well and/or use antibodies that are positively selected for
binding to some other (unknown) self-antigen.
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individual sequence is acquired separately, or by sample if we
consider multiple sampling experiments in which a subset of
individual sequences are taken at once. In both cases, we can
calculate the estimated or rarefaction curve of the order free
sampling of the environment in our samples [61,88,89]. If the
rarefaction curve plateaus, we can reliably estimate the
diversity. Rarefaction is a better and more computationally
efficient method for estimating if sampling is sufficient than
performing random re-sampling by simulation [87,90], as
these latter methods are simply a numerical approximation
of the estimate that rarefaction calculates directly.
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disease

H1L

comments

references

oxidation-induced malonedialdehyde
on LDL, apoptotic blebs and some

VH1 – 69/D3 – 3/J6
VH3 – 23

mutational status as well as speciﬁc
rearrangements are associated with

[101– 105]

B cell malignancies
CLL

microbes;
non-muscle myosin H chain IIa
associated with apoptotic cells;
S. pneumo;

VH3 – 21 þ Vl3 – 21
VH4 – 34 þ Vk2 – 30

disease prognosis; stereotypy can
involve the speciﬁc VDJ, H þ L chain
pair and/or CDR3 sequences, or some
combination of all three

H. inﬂuenzae;
Gram-negative bacteria;
anti-DNA, N-acetyl-lactosamine
Burkitt’s
lymphoma

epitope recognized by VH4 – 34 Abs
staphylococcal protein A, I/i

hydrophobic patch in FR1

VH3 – 21
VH4 – 34

zone
lymphoma

[107]

VH1 – 8
VH3 – 23
rheumatoid factors that bind to IgG-Fc;
presence of these RFs in patients
with Sjogren’s syndrome

VH1 – 69/JH4 (Wa Id)
VH3 – 7/JH3
VH4 – 59/JH2

autoimmune conditions
Sjogren’s
anti-Ro52 (TRIM21) antibody
SLE

proteomes
I/i blood group antigens; FR1 binds
NAL;

ADAMTS13

[108]

mismatched RBCs

VH3 – 23 or VH3 – 7

[109]

paired with Vk3 – 20
VH4 – 34 (9G4Id)
L chain differences

apoptotic self-Ag dsDNA, chromatin,
cardiolipin
TTP

stereotyped RFs can also be seen in HCV
patients with cryoglobulinemia or
lymphoma, donors immunized with

is associated with increased risk of
B-NHL

syndrome

[106]

antigens (NAL)

splenic
marginal

MALT
lymphomas

VH4 – 34

hydrophobic patch in FR1 of VH4 – 34
L chains A3/A19, A27, O11a, 2– 8,

[18,110]

3 – 2 and 5 – 1 are more common in
SLE than controls
VH1 – 3
VH4 – 28

[111]

VH1 – 69
VH3 – 30
shared motifs in CDR3
ITP

anti-platelet

VH3 – 30

many anti-platelet antibodies bind to
GPIIb/IIIa

[112]

pemphigus

desmoglein 3

VH1 – 69

DFDHW motif in CDR3

[113]

vulgaris

VH1 – 46

Some of the most fascinating and well-characterized
shared antibody motifs occur in CLL. Up to one-third of
patients with CLL have ‘stereotyped’ antibodies [101,102].

Stereotypy can refer to sharing of the VDJ genes of the H
chain V region or VJ of the L chain, or to specific H þ L
chain pairs and/or to specific amino acid motifs within
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reported speciﬁcities
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Table 2. Shared sequence motifs in clonally unrelated antibodies from humans. Recurrent antibody speciﬁcities and/or structural features are summarized in this
table and some examples (CLL) are discussed in more detail in the text. The examples are meant to be illustrative rather than exhaustive and represent only a
small fraction of shared antibody motifs and heavy and/or light chain restriction that can be found in the literature. ADAMTS13, a distintegrin and
metalloproteinase with a thrombospondin type 1 motif, member 13; B-NHL, B cell non-Hodgkin lymphoma; CLL, chronic lymphocytic leukaemia; FR1, framework
region 1; HCV, hepatitis C virus; I/i antigens, red blood cell antigens (I has a linear chain of N-acetyllactosamine units); ITP, immune thrombocytopenic purpura;
MALT, mucosa-associated lymphoid tissue; NAL, N-acetyllactosamine; LDL, low density lipoprotein; RBC, red blood cell; RF, rheumatoid factor; SLE, systemic lupus
erythematosus; TRIM21, tripartite motif-containing protein 21; TTP, thrombotic thrombocytopenic purpura; Wa Id, Wa idiotype.

Downloaded from http://rstb.royalsocietypublishing.org/ on July 27, 2015

10. Markers of clonal evolution/distinctive
selection under conditions of autoimmunity
We have described herein how diversification of the genes
encoding the BCR can be used for clonal definition and can
be analysed to make observations about clonal development.
Here, we would like to discuss the limitations of clonal thinking in terms of its impact on repertoire change and functional
specificity. By segregating sequences based upon their history
of diversification, it is implied that they share some function
or purpose. This assertion need not be true, however. When
we measure a repertoire of mutant B cells, we are querying
the history of cells that have already survived selection.
When thinking of a prototypical example of how a clone
develops, we would expect all surviving mutants of the
same clone to share a set of common mutations at their
origin which would later diverge with a few individual
mutations for each mutant (figure 4a). This divergence
occurs either because not enough time has passed to select
only one outcome or because, following these initial key
mutations, survival is not dependent on a gain of affinity,
but only on maintaining it, and so a wide range of neutral
mutations can sustain it [135].
However, this is not the only possible scenario of how a
clone can diverge by mutation. Other options lead to outcomes
where the common function of members of the expanded clone
is less clear. The first such example arises when there are two
sub branches of a clone that share the same germline source
but no common mutations (figure 4b). In most cases, we
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respond in a T cell-independent manner to bacterial antigens,
serving a protective role in early life [128]. But T15 also binds
to self-lipids, including oxidized LDL and has amino acid
motifs that resemble other self-antigens associated with inflammation including C reactive protein, which is an acute phase
reactant [129]. T15 can even bind to itself (it is an ‘autobody’
[130]), which could have autoregulatory functions and/or
allow B cells to undergo BCR signalling in the absence of antigen
engagement. In genetically engineered mice, the T15 antibody is
anti-inflammatory, promoting apoptotic clearance, reducing
atherosclerosis and suppressing TLR responses [126,131,132].
In addition to forming at high frequencies in the primary
repertoire, where they are sometimes termed ‘natural’ autoantibodies, multireactive antibodies can also be created and
selected for by SHM. For example, the well-known 3H9 antibody binds not only to DNA, but also to cardiolipin [23]
and dioleoyl phosphatidylserine [133]. Phosphatidylserine is
normally confined to the inner leaflet of the cytoplasmic membrane, but becomes expressed on the cell surface in apoptotic
cells, where it is recognized by phagocytic cells [134]. Increased
binding to phosphatidylserine was observed in sequence variants of 3H9 that had arginine residues that had been shown
previously to enhance DNA binding, suggesting that DNA
binding and phospholipid binding are co-selected [133].
When dysregulated in autoimmunity, multireactive B cells
may be very hard to eliminate because of the selected functions
of their healthy ‘natural’ counterparts in apoptotic cell clearance, reduction of inflammation and protective immunity.
Multireactive B cells may also benefit from several different
means of survival, through interaction with various self- and
non-self-ligands and through different activation pathways
that may involve or circumvent T cell help.
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the V, particularly but not exclusively in the CDR3 [103].
The sharing of motifs suggests that there may be common
antigens that drive the disease. Consistent with this idea,
three-dimensional modelling based upon publicly available
structural data on H þ L chain variable region pairs from
over 300 CLL patients revealed a restricted series of predicted
antigen-binding sites [116]. While this suggests that the repertoire of potential antigens is limited, there is also evidence to
suggest that CLL B cells with stereotypic antibodies share
many features with B1-like cells, including multireactivity
[117]. For example, in TCL transgenic mice (an animal
model for CLL) expanded B cell clones are often polyreactive
and harbour specificities for phospholipids, lipoproteins
and/or polysaccharides [118]. In human CLL patients with
subgroup 1 antibodies, the BCRs recognize oxidized LDL,
but fail to respond fully to BCR crosslinking in vitro [119].
Other CLL antibodies recognize antigens on apoptotic cells,
similar to multi- and autoreactive B cells [104]. In fact, some
VH4–34 antibodies in CLL look very similar to VH4–34 antibodies in lupus: they can have a hydrophobic patch in
framework region 1 that binds to N-acetyllactosamine (NAL)
[110,120]. Also resembling VH-4–34 antibodies in lupus,
some of the VH4–34 antibodies in CLL can have positively
charged residues (arginine, lysine) in the CDRs, reminiscent
of anti-DNA antibodies in lupus [121]. Intriguingly, some
CLL cases have more than one functional L chain rearrangement, which could be due to failed feedback inhibition of
rearrangement or to active (auto)antigen-induced receptor
editing [105].
Many examples of public or stereotyped receptors are
multireactive. Why is this so? One possibility is that many
antibodies are multireactive, once we fully characterize their
specificities. Multireactive antibodies are readily created
during primary B cell maturation [63,122], and are also created
by clonal selection and SHM [123]. It is also conceivable that B
cells that produce multireactive antibodies can rely on several
different potential mechanisms for survival, some of which
may be co-opted or enhanced by chronic infections, cancer
or autoimmunity. For example, in the case of autoimmune
disease, multireactive B cells may respond to self-antigens
expressed by dead or dying cells, contribute to inflammation
and cell injury, thereby creating a feedforward loop of selfantigen, immune stimulation and further self-injury [124]. By
binding to complex (auto)antigens that may simultaneously
engage pattern receptors such as TLR9 and/or TLR7, multireactive B cells may be able to circumvent traditional
tolerance mechanisms. Furthermore, some of the antigens
that these cells bind (such as nucleic acid, or other antibodies
in the case of rheumatoid factors) can form complexes that
can link with a much broader diversity of antigens, permitting
the multireactive B cells to present a wider array of peptides
that can be used to recruit (inappropriate) T cell help [125].
But all of this begs the question of why multireactive antibodies are not only easily generated, but frequently observed
also in healthy individuals with properly regulated immune
systems. In health, B cells with multireactive antibodies
appear to have protective as well as anti-inflammatory functions
[126]. A famous example of an anti-inflammatory antibody is
the T15 idiotype (encoded by the murine S107/TEPC15 V1
gene), which is an IgA antibody that binds to Pneumococcus C
polysaccharide, and was shown by immunodiffusion to bind
to lipids containing phosphorylcholine [127]. B cells expressing
the T15 idiotype have very limited junctional diversity and can
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Figure 5. The common affinity of a clone: somatic mutation and selection can be considered as a movement on genotype space that leads to reciprocal changes in a
related shape space. Thus, through mutation members of a clone traverse regions of different antigen specificity and affinity, from regions of more multireactive
binding (light blue) to areas of greater specificity to particular antigens ( pink or yellow). We can envision two scenarios of clonal evolution. (a) Clones start and
continue in the same vein either improving their affinity to specific antigens (more opaque pink nodes on right) or maintaining some level of general (low)
cross-reactivity (left lineage with blue nodes). (b) A clone that shifts it affinities and specificity over its lifetime.
would consider this to indicate that there are actually two
clones that arose independently and were mistakenly identified as being one. In our final example (figure 4c), we see a
clone in which all members share a few origin mutations but
then diverge extremely. In this instance, the divergence is
exemplified by ten mutations shared by all of the sequences
in the left subclone. However, the divergence could be a deletion found in only a subset of sequences in a clone, or a
different pattern of mutation types in different regions of the
lineage. These differences could be linked to different clonal
outcomes, such as cancer or autoimmunity, in which cells
either expand or persist without sufficient constraints.
While this last example is extreme, it probably exemplifies
some basic characteristic of most large expanded clones in
immune repertoires. As we can now observe with highthroughput sequencing, clones can be widely dispersed.
Even if they share substantial mutation backgrounds, their
end branches can be quite divergent. We would suggest that
this is linked to a functional divergence. When we consider
how clones expand and improve their affinity with time we
can consider two scenarios: (i) each clone has a specific affinity
or is multireactive (figure 5, yellow- and pink- versus blueshaded lineages), and mutation and selection improve this affinity or (ii) all clones start being multireactive but have a weak
affinity of interaction for one or more specific antigens, and
this specific interaction is selected for over time, making the
antibody more specific and potentially less multireactive.
As with theories of evolution, it may be naive to think of
affinity maturation as being simply a matter of ‘survival
of the fittest’. Only clones and mutants that have survived previous rounds of central and peripheral selection will participate
in further rounds of affinity maturation and so we can predict
that the shape space they occupy should be relatively flat, i.e.

there is some baseline level of responsiveness that is robust to
mutation [136]. How does this translate to antigen receptor
repertoire selection? It has been suggested that to avoid negative selection, TCRs should be comprised many weak
interacting amino acids that bind to strongly interacting
amino acids in the antigen, creating a set of moderate strength
interactions that are needed to create a strong overall avidity of
binding [137]. Because even the difference of one amino acid in
the antigen can degrade this type of binding, it leads to high
specificity. In B cells, however, the receptor–antigen interactions are more complex, making it hard if not impossible to
predict exact amino acid interactions in the BCR. Yet, in spite
of this, the overarching need to avoid negative selection and
maintain a repertoire that can change without mutating into
an unusable form remains. Thus, although we cannot predict
exactly how mutations will change the contact positions of
the antibody [138], we can speculate that many successful
clones that persist over time may at some point in their lifespan
be multireactive.
Ethics. No primary data were generated for this study. There were no
human or animal study subjects.
Data accessibility. This is a review paper and does not contain primary data.
Authors’ contributions. U.H. and E.L.P. wrote the manuscript together,
worked on several drafts and revisions, conceived of the original
ideas in the review and both authors approve of the final version
to be published.

Competing interests. We have no competing interests.
Funding. Effort for U.H. and E.L.P. to work on this review was funded
by the Lupus Research Institute (ELP) and the NIH (P01 AI106697,
E.L.P. and U.H.).

Acknowledgements. We thank Wenzhao Meng, Bochao Zhang and Aaron
Rosenfeld for helpful discussions and for all of their hard work on
antibody repertoire analysis.

References
1.

Yaari G, Benichou JIC, Vander Heiden JA, Kleinstein
SH, Louzoun Y. 2015 The mutation patterns in

B-cell immunoglobulin receptors reflect the
influence of selection acting at multiple time-scales.

Phil. Trans. R. Soc. B 370, 20140242. (doi:10.1098/
rstb.2014.0242)

Phil. Trans. R. Soc. B 370: 20140239

genotype space

rstb.royalsocietypublishing.org

(a)

Downloaded from http://rstb.royalsocietypublishing.org/ on July 27, 2015

2.

4.

6.

7.

8.

9.

10.

11.

12.

13.

14.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

infection. J. Exp. Med. 208, 181 –193. (doi:10.1084/
jem.20101352)
Tiller T, Meffre E, Yurasov S, Tsuiji M, Nussenzweig
MC, Wardemann H. 2008 Efficient generation of
monoclonal antibodies from single human B cells
by single cell RT-PCR and expression vector cloning.
J. Immunol. Methods 329, 112 –124. (doi:10.1016/j.
jim.2007.09.017)
Busse CE, Czogiel I, Braun P, Arndt PF, Wardemann
H. 2014 Single-cell based high-throughput
sequencing of full-length immunoglobulin heavy
and light chain genes. Eur. J. Immunol. 44,
597–603. (doi:10.1002/eji.201343917)
Georgiou G, Ippolito GC, Beausang J, Busse CE,
Wardemann H, Quake SR. 2014 The promise and
challenge of high-throughput sequencing of the
antibody repertoire. Nat. Biotechnol. 32, 158 –168.
(doi:10.1038/nbt.2782)
Schanz M, Liechti T, Zagordi O, Miho E, Reddy ST,
Gunthard HF, Trkola A, Huber M. 2014 Highthroughput sequencing of human immunoglobulin
variable regions with subtype identification. PLoS
ONE 9, e111726. (doi:10.1371/journal.pone.
0111726)
Stern JN et al. 2014 B cells populating the multiple
sclerosis brain mature in the draining cervical lymph
nodes. Sci. Transl. Med. 6, 248ra107. (doi:10.1126/
scitranslmed.3008879)
Boyd SD et al. 2010 Individual variation in the
germline Ig gene repertoire inferred from variable
region gene rearrangements. J. Immunol. 184,
6986– 6992. (doi:10.4049/jimmunol.1000445)
Wu YC, Kipling D, Dunn-Walters DK. 2012 Agerelated changes in human peripheral blood IGH
repertoire following vaccination. Front. Immunol. 3,
193. (doi:10.3389/fimmu.2012.00193)
Wu YC, Kipling D, Leong HS, Martin V, Ademokun
AA, Dunn-Walters DK. 2010 High-throughput
immunoglobulin repertoire analysis distinguishes
between human IgM memory and switched
memory B-cell populations. Blood 116,
1070– 1078. (doi:10.1182/blood-2010-03-275859)
Mroczek ES et al. 2014 Differences in the
composition of the human antibody repertoire by B
cell subsets in the blood. Front. Immunol. 5, 96.
(doi:10.3389/fimmu.2014.00096)
Laserson U et al. 2014 High-resolution antibody
dynamics of vaccine-induced immune responses.
Proc. Natl Acad. Sci. USA 111, 4928–4933. (doi:10.
1073/pnas.1323862111)
Sok D et al. 2013 The effects of somatic
hypermutation on neutralization and binding in
the PGT121 family of broadly neutralizing HIV
antibodies. PLoS Pathog. 9, e1003754. (doi:10.1371/
journal.ppat.1003754)
DeKosky BJ, Kojima T, Rodin A, Charab W, Ippolito
GC, Ellington AD, Georgiou G. 2015 In-depth
determination and analysis of the human paired
heavy- and light-chain antibody repertoire. Nat.
Med. 21, 86 –91. (doi:10.1038/nm.3743)
Thai TH, Kearney JF. 2005 Isoforms of terminal
deoxynucleotidyltransferase: developmental aspects

13

Phil. Trans. R. Soc. B 370: 20140239

5.

15. Shlomchik MJ, Weisel F. 2012 Germinal center
selection and the development of memory B and
plasma cells. Immunol. Rev. 247, 52 –63. (doi:10.
1111/j.1600-065X.2012.01124.x)
16. Brodeur PH, Riblet R. 1984 The immunoglobulin
heavy chain variable region (Igh-V) locus in the
mouse. I. One hundred Igh-V genes comprise seven
families of homologous genes. Eur. J. Immunol. 14,
922 –930. (doi:10.1002/eji.1830141012)
17. Coleclough C, Perry RP, Karjalainen K, Weigert M.
1981 Aberrant rearrangements contribute
significantly to the allelic exclusion of
immunoglobulin gene expression. Nature 290,
372 –378. (doi:10.1038/290372a0)
18. Schoettler N, Ni D, Weigert M. 2012 B cell receptor
light chain repertoires show signs of selection with
differences between groups of healthy individuals
and SLE patients. Mol. Immunol. 51, 273–282.
(doi:10.1016/j.molimm.2012.03.028)
19. Boutz DR, Horton AP, Wine Y, Lavinder JJ, Georgiou
G, Marcotte EM. 2014 Proteomic identification of
monoclonal antibodies from serum. Anal. Chem. 86,
4758 –4766. (doi:10.1021/ac4037679)
20. Kohler G, Milstein C. 1975 Continuous cultures of
fused cells secreting antibody of predefined
specificity. Nature 256, 495 –497. (doi:10.1038/
256495a0)
21. Litwin S, Shlomchik M. 1990 A test for
clonal relatedness in a set of lymphocytes.
J. Exp. Med. 171, 293 –297. (doi:10.1084/jem.
171.1.293)
22. Snapper CM, Yamada H, Smoot D, Sneed R, Lees A,
Mond JJ. 1993 Comparative in vitro analysis of
proliferation, Ig secretion, and Ig class switching by
murine marginal zone and follicular B cells.
J. Immunol. 150, 2737–2745.
23. Shlomchik MJ, Aucoin AH, Pisetsky DS, Weigert MG.
1987 Structure and function of anti-DNA
autoantibodies derived from a single autoimmune
mouse. Proc. Natl Acad. Sci. USA 84, 9150–9154.
(doi:10.1073/pnas.84.24.9150)
24. McKean D, Huppi K, Bell M, Staudt L, Gerhard W,
Weigert M. 1984 Generation of antibody diversity in
the immune response of BALB/c mice to influenza
virus hemagglutinin. Proc. Natl Acad. Sci. USA 81,
3180 –3184. (doi:10.1073/pnas.81.10.3180)
25. Reth M, Hammerling GJ, Rajewsky K. 1978 Analysis
of the repertoire of anti-NP antibodies in C57BL/6
mice by cell fusion. I. Characterization of antibody
families in the primary and hyperimmune response.
Eur. J. Immunol. 8, 393–400. (doi:10.1002/eji.
1830080605)
26. Burton DR, Barbas 3rd CF, Persson MA, Koenig S,
Chanock RM, Lerner RA. 1991 A large array of
human monoclonal antibodies to type 1 human
immunodeficiency virus from combinatorial libraries
of asymptomatic seropositive individuals. Proc. Natl
Acad. Sci. USA 88, 10 134–10 137. (doi:10.1073/
pnas.88.22.10134)
27. Wrammert J et al. 2011 Broadly cross-reactive
antibodies dominate the human B cell response
against 2009 pandemic H1N1 influenza virus

rstb.royalsocietypublishing.org

3.

Reth MG, Ammirati P, Jackson S, Alt FW. 1985
Regulated progression of a cultured pre-B-cell line
to the B-cell stage. Nature 317, 353 –355. (doi:10.
1038/317353a0)
Miosge LA, Goodnow CC. 2005 Genes, pathways and
checkpoints in lymphocyte development and
homeostasis. Immunol. Cell Biol. 83, 318–335.
(doi:10.1111/j.1440-1711.2005.01353.x)
Hardy RR, Carmack CE, Shinton SA, Kemp JD,
Hayakawa K. 1991 Resolution and characterization
of pro-B and pre-pro-B cell stages in normal mouse
bone marrow. J. Exp. Med. 173, 1213 –1225.
(doi:10.1084/jem.173.5.1213)
ten Boekel E, Melchers F, Rolink AG. 1997 Changes
in the V(H) gene repertoire of developing precursor
B lymphocytes in mouse bone marrow mediated by
the pre-B cell receptor. Immunity 7, 357–368.
(doi:10.1016/S1074-7613(00)80357-X)
Meng W et al. 2011 Selection of individual VH
genes occurs at the pro-B to pre-B cell transition.
J. Immunol. 187, 1835 –1844. (doi:10.4049/
jimmunol.1100207)
Hardy RR, Hayakawa K. 2001 B cell development
pathways. Annu. Rev. Immunol. 19, 595–621.
(doi:10.1146/annurev.immunol.19.1.595)
Li YS, Hayakawa K, Hardy RR. 1993 The regulated
expression of B lineage associated genes during B
cell differentiation in bone marrow and fetal liver.
J. Exp. Med. 178, 951–960. (doi:10.1084/jem.178.
3.951)
Allman D, Lindsley RC, DeMuth W, Rudd K, Shinton
SA, Hardy RR. 2001 Resolution of three
nonproliferative immature splenic B cell subsets
reveals multiple selection points during peripheral B
cell maturation. J. Immunol. 167, 6834– 6840.
(doi:10.4049/jimmunol.167.12.6834)
Carsetti R, Kohler G, Lamers MC. 1995 Transitional B
cells are the target of negative selection in the B
cell compartment. J. Exp. Med. 181, 2129 –2140.
(doi:10.1084/jem.181.6.2129)
Levine MH, Haberman AM, Sant’Angelo DB,
Hannum LG, Cancro MP, Janeway Jr CA, Shlomchik
MJ. 2000 A B-cell receptor-specific selection step
governs immature to mature B cell differentiation.
Proc. Natl Acad. Sci. USA 97, 2743 –2748. (doi:10.
1073/pnas.050552997)
Jacob J, Kelsoe G, Rajewsky K, Weiss U. 1991
Intraclonal generation of antibody mutants in
germinal centres. Nature 354, 389–392. (doi:10.
1038/354389a0)
Zuccarino-Catania GV, Sadanand S, Weisel FJ,
Tomayko MM, Meng H, Kleinstein SH, GoodJacobson KL, Shlomchik MJ. 2014 CD80 and
PD-L2 define functionally distinct memory B cell
subsets that are independent of antibody
isotype. Nat. Immunol. 15, 631– 637. (doi:10.1038/
ni.2914)
McHeyzer-Williams LJ, Milpied PJ, Okitsu SL,
McHeyzer-Williams MG. 2015 Class-switched
memory B cells remodel BCRs within secondary
germinal centers. Nat. Immunol. 16, 296–305.
(doi:10.1038/ni.3095)

Downloaded from http://rstb.royalsocietypublishing.org/ on July 27, 2015

42.

44.

45.

46.

47.

48.

49.

50.

51.

52.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

chain-negative (null) pre-B cells results in
heavy-chain production. Nature 322, 840 –842.
(doi:10.1038/322840a0)
Meng W, Jayaraman S, Zhang B, Schwartz GW,
Daber RD, Hershberg U, Garfall AL, Carlson CS,
Luning Prak ET. 2014 Trials and tribulations with VH
replacement. Front. Immunol. 5, 10. (doi:10.3389/
fimmu.2014.00010)
Shugay M et al. 2014 Towards error-free profiling of
immune repertoires. Nat. Methods 11, 653–655.
(doi:10.1038/nmeth.2960)
Aita T, Ichihashi N, Yomo T. 2013 Probabilistic
model based error correction in a set of various
mutant sequences analyzed by next-generation
sequencing. Comput. Biol. Chem. 47, 221 –230.
(doi:10.1016/j.compbiolchem.2013.09.006)
Molnar M, Ilie L. 2014 Correcting Illumina data.
Brief. Bioinform. (doi:10.1093/bib/bbu029)
Bragg LM, Stone G, Butler MK, Hugenholtz P, Tyson
GW. 2013 Shining a light on dark sequencing:
characterising errors in Ion Torrent PGM data. PLoS
Comput. Biol. 9, e1003031. (doi:10.1371/journal.
pcbi.1003031)
Pattnaik S, Gupta S, Rao AA, Panda B. 2014 SInC: an
accurate and fast error-model based simulator for
SNPs, Indels and CNVs coupled with a read
generator for short-read sequence data. BMC
Bioinformatics 15, 40. (doi:10.1186/1471-210515-40)
Prabakaran P, Streaker E, Chen W, Dimitrov DS. 2011
454 antibody sequencing - error characterization
and correction. BMC Res. Notes 4, 404. (doi:10.
1186/1756-0500-4-404)
Sleep JA, Schreiber AW, Baumann U. 2013
Sequencing error correction without a reference
genome. BMC Bioinformatics 14, 367. (doi:10.1186/
1471-2105-14-367)
Vollmers C, Sit RV, Weinstein JA, Dekker CL, Quake
SR. 2013 Genetic measurement of memory B-cell
recall using antibody repertoire sequencing. Proc.
Natl Acad. Sci. USA 110, 13 463 –13 468. (doi:10.
1073/pnas.1312146110)
Vollmers C, Penland L, Kanbar JN, Quake SR. 2015
Novel exons and splice variants in the human
antibody heavy chain identified by single cell and
single molecule sequencing. PLoS ONE 10,
e0117050. (doi:10.1371/journal.pone.0117050)
Hershberg U, Uduman M, Shlomchik MJ, Kleinstein
SH. 2008 Improved methods for detecting selection
by mutation analysis of Ig V region sequences. Int.
Immunol. 20, 683– 694. (doi:10.1093/intimm/
dxn026)
Yaari G, Uduman M, Kleinstein SH. 2012 Quantifying
selection in high-throughput Immunoglobulin
sequencing data sets. Nucleic Acids Res. 40, e134.
(doi:10.1093/nar/gks457)
Barak M, Zuckerman NS, Edelman H, Unger R, Mehr
R. 2008 IgTree: creating Immunoglobulin variable
region gene lineage trees. J. Immunol. Methods
338, 67– 74. (doi:10.1016/j.jim.2008.06.006)
Steiman-Shimony A et al. 2006 Lineage tree
analysis of immunoglobulin variable-region gene
mutations in autoimmune diseases: chronic

14

Phil. Trans. R. Soc. B 370: 20140239

43.

53.

Immunol. 35, 233–238. (doi:10.1016/S01615890(98)00030-3)
Wilson PC, de Bouteiller O, Liu YJ, Potter K,
Banchereau J, Capra JD, Pascual V. 1998 Somatic
hypermutation introduces insertions and deletions
into immunoglobulin V genes. J. Exp. Med. 187,
59 –70. (doi:10.1084/jem.187.1.59)
Zhu J et al. 2013 Mining the antibodyome for HIV1-neutralizing antibodies with next-generation
sequencing and phylogenetic pairing of heavy/light
chains. Proc. Natl Acad. Sci. USA 110, 6470–6475.
(doi:10.1073/pnas.1219320110)
Jackson KJ et al. 2014 Human responses to
influenza vaccination show seroconversion
signatures and convergent antibody
rearrangements. Cell Host Microbe 16, 105–114.
(doi:10.1016/j.chom.2014.05.013)
Hershberg U et al. 2014 Persistence and selection of
an expanded B-cell clone in the setting of rituximab
therapy for Sjogren’s syndrome. Arthritis Res. Ther.
16, R51. (doi:10.1186/ar4481)
Sfikakis PP, Karali V, Lilakos K, Georgiou G,
Panayiotidis P. 2009 Clonal expansion of B-cells in
human systemic lupus erythematosus: evidence
from studies before and after therapeutic B-cell
depletion. Clin. Immunol. 132, 19 –31. (doi:10.
1016/j.clim.2009.02.010)
Logan AC et al. 2011 High-throughput VDJ sequencing
for quantification of minimal residual disease in
chronic lymphocytic leukemia and immune
reconstitution assessment. Proc. Natl Acad. Sci. USA
108, 21 194–21 199. (doi:10.1073/pnas.1118357109)
Carlson CS et al. 2013 Using synthetic
templates to design an unbiased multiplex PCR
assay. Nat. Commun. 4, 2680. (doi:10.1038/
ncomms3680)
Greiff V, Menzel U, Haessler U, Cook SC, Friedensohn
S, Khan TA, Pogson M, Hellmann I, Reddy ST. 2014
Quantitative assessment of the robustness of nextgeneration sequencing of antibody variable gene
repertoires from immunized mice. BMC Immunol.
15, 40. (doi:10.1186/s12865-014-0040-5)
Simberloff D. 1972 Properties of the Rarefaction
Diversity Measurement. Am. Nat. 106, 414–418.
(doi:10.1086/282781)
Miqueu P, Guillet M, Degauque N, Dore JC, Soulillou
JP, Brouard S. 2007 Statistical analysis of CDR3
length distributions for the assessment of T and
B cell repertoire biases. Mol. Immunol. 44,
1057 –1064. (doi:10.1016/j.molimm.2006.06.026)
Wardemann H, Yurasov S, Schaefer A, Young JW,
Meffre E, Nussenzweig MC. 2003 Predominant
autoantibody production by early human B cell
precursors. Science 301, 1374 –1377. (doi:10.1126/
science.1086907)
Kleinfield R, Hardy RR, Tarlinton D, Dangl J,
Herzenberg LA, Weigert M. 1986 Recombination
between an expressed immunoglobulin heavy-chain
gene and a germline variable gene segment in a Ly
1þ B-cell lymphoma. Nature 322, 843–846.
(doi:10.1038/322843a0)
Reth M, Gehrmann P, Petrac E, Wiese P. 1986 A
novel VH to VHDJH joining mechanism in heavy-

rstb.royalsocietypublishing.org

41.

and function. Adv. Immunol. 86, 113–136. (doi:10.
1016/S0065-2776(04)86003-6)
Klonowski KD, Primiano LL, Monestier M. 1999
Atypical VH-D-JH rearrangements in newborn
autoimmune MRL mice. J. Immunol. 162,
1566 –1572.
Brard F, Shannon M, Luning Prak ET, Litwin S,
Weigert M. 1999 Somatic mutation and light chain
rearrangement generate autoimmunity in antisingle-stranded DNA transgenic MRL/lpr mice.
J. Exp. Med. 190, 691–704. (doi:10.1084/jem.190.
5.691)
Vander Heiden JA, Yaari G, Uduman M, Stern JN,
O’Connor KC, Hafler DA, Vigneault F, Kleinstein SH.
2014 pRESTO: a toolkit for processing highthroughput sequencing raw reads of lymphocyte
receptor repertoires. Bioinformatics 30, 1930– 1932.
(doi:10.1093/bioinformatics/btu138)
Wang X, Wu D, Zheng S, Sun J, Tao L, Li Y, Cao Z.
2008 Ab-origin: an enhanced tool to identify the
sourcing gene segments in germline for rearranged
antibodies. BMC Bioinformatics 9(Suppl. 12), S20.
(doi:10.1186/1471-2105-9-S12-S20)
Alamyar E, Duroux P, Lefranc MP, Giudicelli V. 2012
IMGT((R)) tools for the nucleotide analysis of
immunoglobulin (IG) and T cell receptor (TR) V-(D)J repertoires, polymorphisms, and IG mutations:
IMGT/V-QUEST and IMGT/HighV-QUEST for NGS.
Methods Mol. Biol. 882, 569 –604. (doi:10.1007/
978-1-61779-842-9_32)
Gaeta BA, Malming HR, Jackson KJ, Bain ME, Wilson
P, Collins AM. 2007 iHMMune-align: hidden Markov
model-based alignment and identification of
germline genes in rearranged immunoglobulin gene
sequences. Bioinformatics 23, 1580 –1587. (doi:10.
1093/bioinformatics/btm147)
Volpe JM, Cowell LG, Kepler TB. 2006 SoDA:
implementation of a 3D alignment algorithm for
inference of antigen receptor recombinations.
Bioinformatics 22, 438 –444. (doi:10.1093/
bioinformatics/btk004)
Ye J, Ma N, Madden TL, Ostell JM. 2013 IgBLAST: an
immunoglobulin variable domain sequence analysis
tool. Nucleic Acids Res. 41, W34–W40. (doi:10.
1093/nar/gkt382)
Benichou J, Glanville J, Luning Prak ET, Azran R, Kuo
TC, Pons J, Desmarais C, Tsaban L, Louzoun Y. 2013
The restricted DH gene reading frame usage in the
expressed human antibody repertoire is selected
based upon its amino acid content. J. Immunol.
190, 5567 –5577. (doi:10.4049/jimmunol.1201929)
Munshaw S, Kepler TB. 2010 SoDA2: a hidden
Markov model approach for identification of
immunoglobulin rearrangements. Bioinformatics 26,
867–872. (doi:10.1093/bioinformatics/btq056)
de Wildt RM, van Venrooij WJ, Winter G, Hoet RM,
Tomlinson IM. 1999 Somatic insertions and
deletions shape the human antibody repertoire.
J. Mol. Biol. 294, 701 –710. (doi:10.1006/jmbi.
1999.3289)
Ohlin M, Borrebaeck CA. 1998 Insertions and
deletions in hypervariable loops of antibody heavy
chains contribute to molecular diversity. Mol.

Downloaded from http://rstb.royalsocietypublishing.org/ on July 27, 2015

81.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Crespo M. 2014 Analysis of the IGHV region in
Burkitt’s lymphomas supports a germinal center
origin and a role for superantigens in
lymphomagenesis. Leukemia Res. 38, 509 –515.
(doi:10.1016/j.leukres.2014.01.001)
Zibellini S et al. 2010 Stereotyped patterns of B-cell
receptor in splenic marginal zone lymphoma.
Haematologica 95, 1792 –1796. (doi:10.3324/
haematol.2010.025437)
Bende RJ, Aarts WM, Riedl RG, de Jong D, Pals ST,
van Noesel CJ. 2005 Among B cell non-Hodgkin’s
lymphomas, MALT lymphomas express a unique
antibody repertoire with frequent rheumatoid factor
reactivity. J. Exp. Med. 201, 1229 –1241. (doi:10.
1084/jem.20050068)
Arentz G, Thurgood LA, Lindop R, Chataway TK,
Gordon TP. 2012 Secreted human Ro52
autoantibody proteomes express a restricted set of
public clonotypes. J. Autoimmunity 39, 466–470.
(doi:10.1016/j.jaut.2012.07.003)
Cappione AJ, Pugh-Bernard AE, Anolik JH, Sanz I.
2004 Lupus IgG VH4.34 antibodies bind to a 220kDa glycoform of CD45/B220 on the surface of
human B lymphocytes. J. Immunol. 172, 4298 –
4307. (doi:10.4049/jimmunol.172.7.4298)
Schaller M, Vogel M, Kentouche K, Lammle B,
Kremer Hovinga JA. 2014 The splenic autoimmune
response to ADAMTS13 in thrombotic
thrombocytopenic purpura contains recurrent
antigen-binding CDR3 motifs. Blood 124, 3469–
3479. (doi:10.1182/blood-2014-04-561142)
Roark JH, Bussel JB, Cines DB, Siegel DL. 2002
Genetic analysis of autoantibodies in idiopathic
thrombocytopenic purpura reveals evidence of
clonal expansion and somatic mutation. Blood 100,
1388– 1398.
Yamagami J, Payne AS, Kacir S, Ishii K, Siegel DL,
Stanley JR. 2010 Homologous regions of
autoantibody heavy chain complementaritydetermining region 3 (H-CDR3) in patients with
pemphigus cause pathogenicity. J. Clin. Invest. 120,
4111– 4117. (doi:10.1172/JCI44425)
Silverman GJ, Lucas AH. 1991 Variable region
diversity in human circulating antibodies specific
for the capsular polysaccharide of Haemophilus
influenzae type b. Preferential usage of two types
of VH3 heavy chains. J. Clin. Invest. 88, 911 –920.
(doi:10.1172/JCI115394)
Scott MG, Tarrand JJ, Crimmins DL, McCourt DW,
Siegel NR, Smith CE, Nahm MH. 1989 Clonal
characterization of the human IgG antibody
repertoire to Haemophilus influenzae type b
polysaccharide. II. IgG antibodies contain VH genes
from a single VH family and VL genes from at least
four VL families. J. Immunol. 143, 293–298.
Marcatili P et al. 2013 Igs expressed by chronic
lymphocytic leukemia B cells show limited bindingsite structure variability. J. Immunol. 190, 5771–
5778. (doi:10.4049/jimmunol.1300321)
Agathangelidis A, Ntoufa S, Stamatopoulos K. 2013
B cell receptor and antigens in CLL. Adv. Exp. Med.
Biol. 792, 1–24. (doi:10.1007/978-1-4614-80518_1)

15

Phil. Trans. R. Soc. B 370: 20140239

82.

93. Qi Q et al. 2014 Diversity and clonal selection in
the human T-cell repertoire. Proc. Natl Acad. Sci.
USA 111, 13 139 –13 144. (doi:10.1073/pnas.
1409155111)
94. Liu P et al. 2014 Characterization of human abTCR
repertoire and discovery of D-D fusion in TCRb
chains. Protein Cell 5, 603–615. (doi:10.1007/
s13238-014-0060-1)
95. Briney BS, Willis JR, Hicar MD, Thomas 2nd JW,
Crowe Jr JE. 2012 Frequency and genetic
characterization of V(DD)J recombinants in the
human peripheral blood antibody repertoire.
Immunology 137, 56 –64. (doi:10.1111/j.13652567.2012.03605.x)
96. Glanville J et al. 2009 Precise determination of the
diversity of a combinatorial antibody library gives
insight into the human immunoglobulin repertoire.
Proc. Natl Acad. Sci. USA 106, 20 216–20 221.
(doi:10.1073/pnas.0909775106)
97. Yancopoulos GD, Malynn BA, Alt FW. 1988
Developmentally regulated and strain-specific
expression of murine VH gene families. J. Exp. Med.
168, 417 –435. (doi:10.1084/jem.168.1.417)
98. Hayakawa K, Hardy RR. 2000 Development and
function of B-1 cells. Curr. Opin. Immunol. 12,
346 –353. (doi:10.1016/S0952-7915(00)00098-4)
99. Roy B, Shukla S, Lyszkiewicz M, Krey M, Viegas N,
Duber S, Weiss S. 2009 Somatic hypermutation in
peritoneal B1b cells. Mol. Immunol. 46, 1613–
1619. (doi:10.1016/j.molimm.2009.02.026)
100. Wang YH, Zhang Z, Burrows PD, Kubagawa H,
Bridges Jr SL, Findley HW, Cooper MD. 2003 V(D)J
recombinatorial repertoire diversification during
intraclonal pro-B to B-cell differentiation. Blood
101, 1030–1037. (doi:10.1182/blood-200206-1828)
101. Agathangelidis A et al. 2012 Stereotyped B-cell
receptors in one-third of chronic lymphocytic
leukemia: a molecular classification with
implications for targeted therapies. Blood 119,
4467 –4475. (doi:10.1182/blood-2011-11-393694)
102. Messmer BT et al. 2004 Multiple distinct sets of
stereotyped antigen receptors indicate a role for
antigen in promoting chronic lymphocytic leukemia.
J. Exp. Med. 200, 519 –525. (doi:10.1084/jem.
20040544)
103. Darzentas N, Stamatopoulos K. 2013 The significance
of stereotyped B-cell receptors in chronic lymphocytic
leukemia. Hematol. Oncol. Clin. N. Am. 27, 237–250.
(doi:10.1016/j.hoc.2012.12.001)
104. Chu CC et al. 2010 Many chronic lymphocytic
leukemia antibodies recognize apoptotic cells with
exposed nonmuscle myosin heavy chain IIA:
implications for patient outcome and cell of origin.
Blood 115, 3907 –3915. (doi:10.1182/blood-200909-244251)
105. Hadzidimitriou A et al. 2009 Evidence for the
significant role of immunoglobulin light chains in
antigen recognition and selection in chronic
lymphocytic leukemia. Blood 113, 403–411.
(doi:10.1182/blood-2008-07-166868)
106. Baptista MJ, Calpe E, Fernandez E, Colomo L,
Cardesa-Salzmann TM, Abrisqueta P, Bosch F,

rstb.royalsocietypublishing.org

80.

activation, normal selection. Cell Immunol. 244,
130–136. (doi:10.1016/j.cellimm.2007.01.009)
Kleinstein SH, Louzoun Y, Shlomchik MJ. 2003
Estimating hypermutation rates from clonal tree
data. J. Immunol. 171, 4639 –4649. (doi:10.4049/
jimmunol.171.9.4639)
Uduman M, Shlomchik MJ, Vigneault F, Church GM,
Kleinstein SH. 2014 Integrating B cell lineage
information into statistical tests for detecting
selection in Ig sequences. J. Immunol. 192,
867–874. (doi:10.4049/jimmunol.1301551)
Liberman G, Benichou J, Tsaban L, Maman Y,
Glanville J, Louzoun Y. 2014 Estimate of within
population incremental selection through branch
imbalance in lineage trees. bioRxiv (doi:10.1101/
002014)
Kepler TB. 2013 Reconstructing a B-cell clonal
lineage. I. Statistical inference of unobserved
ancestors. F1000Research 2, 103. (doi:10.12688/
f1000research.2-103.v1)
Michaeli M et al. 2014 Immunoglobulin gene
repertoire diversification and selection in the
stomach—from gastritis to gastric lymphomas.
Front. Immunol. 5, 264. (doi:10.3389/fimmu.2014.
00264)
Venturi V, Kedzierska K, Turner SJ, Doherty PC,
Davenport MP. 2007 Methods for comparing the
diversity of samples of the T cell receptor repertoire.
J. Immunol. Methods 321, 182–195. (doi:10.1016/j.
jim.2007.01.019)
Jost L. 2006 Entropy and diversity. Oikos 113,
363–375. (doi:10.1111/j.2006.0030-1299.14714.x)
Menzel U, Greiff V, Khan TA, Haessler U, Hellmann I,
Friedensohn S, Cook SC, Pogson M, Reddy ST. 2014
Comprehensive evaluation and optimization of
amplicon library preparation methods for highthroughput antibody sequencing. PLoS ONE 9,
e96727. (doi:10.1371/journal.pone.0096727)
Jung SP, Kang H. 2014 Assessment of microbial
diversity bias associated with soil heterogeneity and
sequencing resolution in pyrosequencing analyses.
J. Microbiol. 52, 574–580. (doi:10.1007/s12275014-3636-9)
Chiarucci A, Bacaro G, Rocchini D, Fattorini L. 2008
Discovering and rediscovering the sample-based
rarefaction formula in the ecological literature.
Commun. Ecol. 9, 121– 123. (doi:10.1556/ComEc.9.
2008.1.14)
Gotelli NJ et al. 2009 Patterns and causes of species
richness: a general simulation model for
macroecology. Ecol. Lett. 12, 873– 886. (doi:10.
1111/j.1461-0248.2009.01353.x)
Murugan A, Mora T, Walczak AM, Callan Jr CG. 2012
Statistical inference of the generation probability of
T-cell receptors from sequence repertoires. Proc. Natl
Acad. Sci. USA 109, 16 161 –16 166. (doi:10.1073/
pnas.1212755109)
Robins HS, Campregher PV, Srivastava SK, Wacher A,
Turtle CJ, Kahsai O, Riddell SR, Warren EH, Carlson
CS. 2009 Comprehensive assessment of T-cell
receptor b-chain diversity in ab T cells. Blood
114, 4099 –4107. (doi:10.1182/blood-200904-217604)

Downloaded from http://rstb.royalsocietypublishing.org/ on July 27, 2015

133.

134.

135.

136.

137.

138.

lpr mice protects from lupus nephritis and improves
survival. J. Immunol. 188, 3628– 3638. (doi:10.
4049/jimmunol.1102859)
Cocca BA, Seal SN, D’Agnillo P, Mueller YM, Katsikis
PD, Rauch J, Weigert M, Radic MZ. 2001 Structural
basis for autoantibody recognition of
phosphatidylserine-b2 glycoprotein I and apoptotic
cells. Proc. Natl Acad. Sci. USA 98,
13 826 –13 831. (doi:10.1073/pnas.241510698)
Fadok VA, Bratton DL, Frasch SC, Warner ML, Henson
PM. 1998 The role of phosphatidylserine in
recognition of apoptotic cells by phagocytes. Cell
Death Differ. 5, 551–562. (doi:10.1038/sj.cdd.
4400404)
Anderson SM, Khalil A, Uduman M, Hershberg U,
Louzoun Y, Haberman AM, Kleinstein SH, Shlomchik
MJ. 2009 Taking advantage: high-affinity B cells in
the germinal center have lower death rates, but
similar rates of division, compared to low-affinity
cells. J. Immunol. 183, 7314– 7325. (doi:10.4049/
jimmunol.0902452)
Smith JM. 1970 Natural selection and the concept
of a protein space. Nature 225, 563– 564. (doi:10.
1038/225563a0)
Kosmrlj A, Jha AK, Huseby ES, Kardar M,
Chakraborty AK. 2008 How the thymus designs
antigen-specific and self-tolerant T cell receptor
sequences. Proc. Natl Acad. Sci. USA 105, 16 671–
16 676. (doi:10.1073/pnas.0808081105)
Burkovitz A, Sela-Culang I, Ofran Y. 2014 Large-scale
analysis of somatic hypermutations in antibodies
reveals which structural regions, positions and
amino acids are modified to improve affinity. FEBS J.
281, 306–319. (doi:10.1111/febs.12597)

16

Phil. Trans. R. Soc. B 370: 20140239

125. Marshak-Rothstein A. 2006 Toll-like receptors in
systemic autoimmune disease. Nat. Rev. Immunol.
6, 823– 835. (doi:10.1038/nri1957)
126. Shaw PX, Horkko S, Chang MK, Curtiss LK, Palinski
W, Silverman GJ, Witztum JL. 2000 Natural
antibodies with the T15 idiotype may act in
atherosclerosis, apoptotic clearance, and protective
immunity. J. Clin. Invest. 105, 1731 –1740. (doi:10.
1172/JCI8472)
127. Potter M, Lieberman R. 1970 Common individual
antigenic determinants in five of eight BALB-c IgA
myeloma proteins that bind phosphoryl choline. J. Exp.
Med. 132, 737–751. (doi:10.1084/jem.132.4.737)
128. Benedict CL, Kearney JF. 1999 Increased junctional
diversity in fetal B cells results in a loss of protective
anti-phosphorylcholine antibodies in adult mice.
Immunity 10, 607– 617. (doi:10.1016/S10747613(00)80060-6)
129. Kieber-Emmons T. 1992 Structural aspects of
recognition motifs contributing to autoimmune
responses. DNA Cell Biol. 11, 199– 206. (doi:10.
1089/dna.1992.11.199)
130. Kang CY, Cheng HL, Rudikoff S, Kohler H. 1987
Idiotypic self binding of a dominant germline
idiotype (T15). Autobody activity is affected by
antibody valency. J. Exp. Med. 165, 1332–1343.
(doi:10.1084/jem.165.5.1332)
131. Chen Y et al. 2009 Regulation of dendritic cells and
macrophages by an anti-apoptotic cell natural
antibody that suppresses TLR responses and inhibits
inflammatory arthritis. J. Immunol. 183,
1346 –1359. (doi:10.4049/jimmunol.0900948)
132. Mannoor K, Matejuk A, Xu Y, Beardall M, Chen C.
2012 Expression of natural autoantibodies in MRL-

rstb.royalsocietypublishing.org

118. Bichi R, Shinton SA, Martin ES, Koval A, Calin GA,
Cesari R, Russo G, Hardy RR, Croce CM. 2002 Human
chronic lymphocytic leukemia modeled in mouse by
targeted TCL1 expression. Proc. Natl Acad. Sci. USA
99, 6955 –6960. (doi:10.1073/pnas.102181599)
119. Bergh AC, Evaldsson C, Pedersen LB, Geisler C,
Stamatopoulos K, Rosenquist R, Rosen A. 2014
Silenced B-cell receptor response to autoantigen in
a poor-prognostic subset of chronic lymphocytic
leukemia. Haematologica 99, 1722 –1730. (doi:10.
3324/haematol.2014.106054)
120. Murray F et al. 2008 Stereotyped patterns of somatic
hypermutation in subsets of patients with chronic
lymphocytic leukemia: implications for the role of
antigen selection in leukemogenesis. Blood
111, 1524–1533. (doi:10.1182/blood-2007-07099564)
121. Radic MZ, Weigert M. 1995 Origins of anti-DNA
antibodies and their implications for B-cell
tolerance. Ann. N.Y. Acad. Sci. 764, 384–396.
(doi:10.1111/j.1749-6632.1995.tb55853.x)
122. Chang S et al. 2009 Anti-nuclear antibody reactivity
in lupus may be partly hard-wired into the primary
B-cell repertoire. Mol. Immunol. 46, 3420 –3426.
(doi:10.1016/j.molimm.2009.07.014)
123. Shlomchik MJ, Marshak-Rothstein A, Wolfowicz CB,
Rothstein TL, Weigert MG. 1987 The role of
clonal selection and somatic mutation in
autoimmunity. Nature 328, 805 –811. (doi:10.1038/
328805a0)
124. Shlomchik MJ, Craft JE, Mamula MJ. 2001 From T to
B and back again: positive feedback in systemic
autoimmune disease. Nat. Rev. Immunol. 1,
147–153. (doi:10.1038/35100573)

