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Abstract
The immune systems of all mammals include populations of B cells producing antibodies with incredibly diverse specificities.
Repertoire diversity has been described as the Bmiracle of immunology,^ and it was long thought to be the result of essentially
stochastic processes. Recently, however, analysis of high throughput gene sequencing data has shown that hard-wired biases in
these processes result in antibody repertoires that are broadly predictable. The repertoires of mice and humans are both predict-
able, but they are strikingly different. In this review, features of the naïve antibody repertoires of the two species are contrasted.
We show that the mouse repertoire includes a conspicuous population of public clonotypes that are shared by different individuals
of an inbred strain. These clonotypes are the result of gene rearrangements that involve little gene processing. By skewing
repertoire formation toward such sequences, which probably target commonly encountered pathogens, it may be that the
relatively small mouse repertoire is appropriate and effective despite its size. Species like the mouse face challenges that are a
direct consequence of their small body sizes and the limitations this places on the antibody arsenal—particularly early in
ontogeny. We propose that it is the differences in the naïve repertoires of mice and humans, and the differences in the ways
these repertoires are used, which ensure that the very different biological needs of the two species are met. The processes that
contribute to repertoire formation may appear to be stochastic, but in both species, evolution has left little to chance.

Keywords Antibody repertoires . Comparative immunology . Public clonotypes . Scaling and the immune system . V(D)J
recombination . Humoral immunity

Species size and scaling of the immune
system

All mammals have the ability to generate protective antibodies
with enormously varying specificities. This miraculous diver-
sity is made possible by multiple sets of highly similar
germline genes that recombine to form functional genes
encoding the immunoglobulin heavy and light chain polypep-
tides (Nossal 2003; Tonegawa 1983). The pairing of these
chains creates the B cell receptors (BCR) that are expressed
on the surface of B cells, and the secretion of these molecules
forms a pool of free antibodies in the blood. In this review, the

term Brepertoire^ is used to refer to the complete set of
rearranged antibody genes that are carried by an individual,
at a moment in time, as well as the complete set of BCR and
free antibodies that these genes encode. The number of unique
BCR/antibody sequences that are found within an individual’s
repertoire is described here as the Bdiversity^ of the repertoire.

It has been estimated that the human immune system is able
to generate at least 1026 different antibody molecules (Saada
et al. 2007). This estimate can serve as an approximation of
the potential repertoire of any mammalian species, and it far
exceeds the number of lymphocytes that is found in any spe-
cies. There are only about 5 × 106 B cells in a neonatal house
mouse (Mus musculus), and the number of cells only rises to
about 108 in an adult (Spear et al. 1973). Even in a larger
species like the human, the adult B cell population may be
fewer than 1012 cells, as the total cell population of a human
has been estimated to be just 3.7 × 1013 cells (Bianconi et al.
2013). The repertoires of all species are therefore small sam-
plings of the potential repertoire. If the nature of the antibody
repertoire is to be understood, we need to determine how
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stochastic processes and constraints that affect such processes
ensure that each small individual sampling is a useful one.
This is something that may vary with the size of the species.

The ways in which the sizes of species affect anatomical
features and physiological processes have been a focus of
interest for many centuries. The consequences for skeletal
structure of the square-cube law were first described by
Galileo Galilei in 1638. He noted that a bone’s strength is
proportional to its cross-sectional area. Doubling the dimen-
sions of an organism increases its weight eightfold, but bone
strength only increases fourfold. Larger and heavier species
therefore require broader bones (Galilei 1638). During the late
nineteenth century, scaling lawswere first described to explain
the relationships between species’ mass and brain size (Snell
1892). In the twentieth century, the relationships between
mass and other fundamental biological variables including life
span and metabolic rate were reported (Haldane 1926;
Hoffman 1983; Kleiber 1947). These relationships can be de-
scribed by simple power laws that are multiples of one fourth
(Kleiber 1947), and this has now been explained by reference
to the fractal-like networks from which the circulation and
respiratory systems are built (West et al. 1999).

We are aware of only three groups that have considered
scaling and the immune system. Early investigations by Hsu
and colleagues showed that the antibody response in Xenopus
tadpoles becomes more complex after their metamorphosis
into frogs (Hsu and Du Pasquier 1984; Flajnik et al. 1987).
Stage-specific features of the antibody response appeared to
remain after adults and tadpoles were manipulated to be of
similar size. The authors concluded that features such as the
higher affinity of adult antibodies were not a consequence of
the larger repertoire of adult frogs, but were the result of
metamorphosis-associated changes in the nature of the anti-
body repertoire (Hsu and Du Pasquier 1992).

Langman and Cohn argued that it would be absurd for
different immune systems to have evolved to meet the differ-
ing needs of species of varying sizes (Langman and Cohn
1987). Instead, they proposed that the immune repertoire is
modular, with each Bprotecton^ being made up of about 107

cells targeting 106 different antigens. A hummingbird might
carry one such modular protecton, while an elephant could
carry 107 protectons.

Wiegel and Perelson proposed that many features of the
immune system scale with species mass (M) (Wiegel and
Perelson 2004). They assumed that a repertoire is made up
of many clones of equal size, and by reference to models of
lymphocyte trafficking, the metabolic rate of the lymphocyte
population, and other variables, they deduced that clone size
scales as M. They also concluded that the diversity of the
repertoire, which they described as repertoire size, scales as
ln(cM), where c is a dimensionless constant, and cM is the
lifetime number of infections faced by an organism (Wiegel
and Perelson 2004). The total number of B cells would

therefore scale as M ln(cM). On the assumption that the life-
time total number of infections faced by a mouse is 10, they
suggested that there is five times as much diversity in the
human repertoire as in the mouse repertoire, and that mouse
and human clone sizes are 10 and 100,000 cells, respectively.

The theoretical equations derived by Wiegel and Perelson
were informed by very little experimental repertoire data, be-
cause almost no suitable data was available at the time. The
situation is now changing, as a result of the development of
high throughput sequencing (HTS), and its application to the
study of antibody genes (Boyd et al. 2009; Boyd et al. 2010;
Weinstein et al. 2009). Sets of germline genes are being re-
ported for many different species (Corcoran et al. 2016; Guo
et al. 2011; Walther et al. 2015), and repertoire studies will
surely follow. For the moment, extensive repertoire datasets
for mammalian species are largely confined to the C57BL/6
and BALB/c strains of inbred mouse and to the human.
Although few of these studies explicitly address issues like
clone size, or calculate repertoire diversity, they allow many
features of the repertoire to be described. These features in
turn allow the architectures of different immune repertoires
to be seen. In this review, we will outline key differences
between the naïve repertoires of the two mouse strains, and
between the two species.

We recognize that the naive repertoire emerges from the
pre-B cell repertoire as a result of negative selection against
non-productive and self-reactive specificities (Gu et al. 1991;
Larimore et al. 2012; Meng et al. 2011; Wardemann et al.
2003), but selection will not be a focus here. Analysis of
millions of antibody gene sequences has shown that despite
selection, measureable features of the expressed repertoire are
relatively stable between individuals and allow predictive
models to be constructed (Briney et al. 2012; Elhanati et al.,
2015; Glanville et al. 2011; Greiff et al. 2017; Rubelt et al.
2016). In addition, it is the diversity of this selected repertoire
and clone sizes within the repertoire that are critical determi-
nants of how the repertoire serves the biological needs of the
species. Our focus is therefore upon the expressed naïve
repertoire.

The generation of antibody diversity

Functional immunoglobulin heavy chain genes, called VDJ
genes, are the product of genes that recombine early in B cell
development. Within each developing B lymphocyte, geno-
mic rearrangement brings together one IGHV gene from the
set of heavy chain variable (V) genes, one IGHD gene from
the set of diversity (D) genes, and one IGHJ gene from the set
of heavy chain joining (J) genes (Bassing et al. 2002; Lieber
2008; Tonegawa 1983). Intervening sequences are lost from
the genome. Each VDJ gene that forms encodes the variable
part of the immunoglobulin heavy chain polypeptide, and it is
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expressed in association with one gene from the set of immu-
noglobulin heavy chain constant region genes. These constant
region genes determine the functional class or isotype of each
antibody (Schroeder and Cavacini 2010). As the naïve reper-
toire is the focus of this review, discussion will be largely
confined to the IgM isotype.

There are two classes of light chain—kappa and lambda—
and these are both the product of recombining light chain V
and J genes. Kappa chains are encoded by IGKV and IGKJ
genes, while lambda chains are encoded by IGLV and IGLJ
genes. The rearranged VJ genes are expressed in association
with kappa or lambda constant region genes, but in contrast to
the heavy chain, no distinct functions are associated with the
different light chain isotypes.

Heavy chain genes rearrange during the pro-B cell stage of
B cell development. After association of the expressed heavy
chain with the surrogate light chain, these pro-B cells may
undergo limited rounds of cell division. This gives rise to
clones of cells with shared heavy chains that we will refer to
here as pro-B cell clones. In the mouse, it has been shown that
four to six cell divisions often take place (Decker et al. 1991;
Hess et al. 2001), but the expansion appears to vary depending
upon the expressed IGHV gene (Meng et al. 2011). This may
be a consequence of variable pairing efficiencies of different
IGHV genes with the surrogate light chain. The extent of pro-
B cell expansion in the human is unclear, but the larger size of
humans could easily allow greater clonal expansion than is
seen in the mouse.

Light chain genes rearrange at the pre-B cell stage of B cell
development, and heavy and light chain association then leads
to the expression of native antibody on the surface of the cells.
The heavy chain of a pro-B cell clone therefore comes to be
expressed in association with a variety of light chains, and it
may be that there is subsequently a limited homeostatic ex-
pansion of some, or all, of these clonotypes (Fig. 1). Certainly,
such homeostatic expansion has been reported for T lympho-
cytes (Haluszczak et al. 2009; Hogan et al. 2015), and the end
result is a T cell repertoire made up of clonotypes and sets of
clonotypes that target different antigens with a range of fre-
quencies (Alanio et al. 2010; Blattman et al. 2002; Lythe et al.
2016).

The permutations and combinations of the sets of heavy
and light chain V, D, and J genes give rise to diversity that is
referred to as combinatorial diversity. The diversity of the
repertoire is further expanded as a result of imprecise joining
at the V(D)J junctions during the recombination processes.
The contribution of imprecise joining to the overall diversity
of the immunoglobulin genes is referred to as junctional di-
versity. The processes that contribute to combinatorial and
junctional diversity are often characterized as being essentially
random in nature; however, this is not the case. It is now clear
that the architecture or shape of the antibody repertoires of
mice and humans—that is, the frequency distributions of

different rearrangements within the repertoire—are pre-
determined by biases in the recombination processes (Briney
et al. 2012; Elhanati et al. 2015; Glanville et al. 2011; Greiff
et al. 2017; Rubelt et al. 2016). A genetic basis for these biases
has been strikingly demonstrated in pairs of identical human
twins, for the repertoires of twins are significantly more sim-
ilar than the repertoires of unrelated individuals (Glanville
et al. 2011; Rubelt et al. 2016; Wang et al. 2015). An individ-
ual’s pattern of gene usage has also been shown to be stable
over time (Laserson et al. 2014), and if an individual is treated
with lymphocyte ablation therapy, the repertoires seen before
and after lymphocyte ablation are highly similar (Glanville
et al. 2011). Genetics influences both combinatorial diversity
and junctional diversity and gives rise to the contrasting archi-
tectures of the human and murine repertoires.

The germline immunoglobulin genes of mice
and humans

The complete human heavy chain locus was first described in
1998 (Matsuda et al. 1998), but the existence of substantial
structural variation in the human locus only became apparent
with more recent reports of heavy chain gene haplotypes.
Most humans appear to carry 45–51 functional heavy chain
germline genes (Boyd et al. 2010; Kidd et al. 2012; Watson
et al. 2013), but until we havemore data from disparate human
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Fig. 1 Development of pre-B cells from pro-B cells involves clonal
expansion of particular heavy chain rearrangements. A chance sharing
of a heavy chain rearrangement is shown (H1). Public clonotypes may be
present at high copy number, and these can develop when cells of
expanded heavy chain pro-B cell clones associate by chance with
commonly expressed light chains (broad arrows). Such clonotypes may
also increase in abundance through homeostatic expansion. Only a
limited number of pathways to heavy and light chain pairings are shown
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populations, the extent of structural variation in the human
heavy chain locus will remain uncertain (Watson and Breden
2012).

The number of functional IGHV genes in the C57BL/6
mouse strain is also unclear, despite the fact that the genome
of this strain serves as the reference sequence for the species.
The ImMunoGeneTics database recognizes 114 functional
IGHV genes in the C57BL/6 strain, based upon an analysis
of the mouse genome reference sequence and the association
of these genes with intact recombination signal sequences
(RSS) (Johnston et al. 2006; Lefranc et al. 2009; Riblet
2003). It is possible, however, that not all these genes are
functional. Only 99 IGHV genes from the IMGT database
could be identified in a set of 20,925 unique VDJ rearrange-
ments generated from C57BL/6 splenocytes (Collins et al.
2015). Four additional IGHV genes were also seen in the
VDJ dataset. IMGT considers two of these to be open reading
frames of dubious functionality. The two other sequences were
first reported by Johnston and colleagues (2006). One of these
(musIGHV211) was recently incorporated into the IMGT da-
tabase as IGHV2-9-1*01. The other (musIGHV269) is listed
as a pseudogene in the VBASE2 database, because of the
presence of a stop codon at codon 106 (Retter et al. 2005),
but exonuclease removal of the final two nucleotides of the
sequence (see below) can create an open reading frame.

The number of functional IGHV genes in other mouse
strains is even less certain, but it is known that there are sub-
stantial differences between the number of IGHV genes in the
C57BL/6 and BALB/c strains. In an analysis of 15,103 unique
BALB/c VDJ genes, the existence of 162 distinct IGHV
germline gene sequences was inferred, including 82 se-
quences that are absent from the IMGT database (Collins
et al. 2015). Only 5 of the 162 sequences are shared with the
C57BL/6 strain (Collins et al. 2015). The differences between
the strains appear to be a consequence of the early breeding
histories of the classical inbred mouse strains. This has

resulted in the genomes of inbred mice having a mosaic struc-
ture, with different blocks of genes being derived from the
three subspecies of the house mouse (Yang et al. 2011). The
heavy chain locus of the BALB/c strain is derived from Mus
musculus domesticus and the locus of the C57BL/6 strain is
derived from Mus musculus (Fig. 2). The loci have therefore
evolved in different parts of the world, under differing selec-
tion pressures, since the emergence of the three subspecies
from a common ancestor 350,000 years ago (Geraldes et al.
2011).

There are a number of uncertainties regarding the human
and murine IGHD loci. The human IGHD locus was first
described byCorbett and colleagues and was shown to include
25 unique sequences that are found as 27 IGHD genes
(Corbett et al. 1997). The IGHD4-4*01 and IGHD4-11*01
coding sequences are identical, as are IGHD5-5*01 and
IGHD5-18*01. The IMGT database defines four IGHD se-
quences as ORFs of dubious functionality because of their
association with aberrant RSS (Lefranc et al. 2009).
However, two of these sequences (IGHD4-23*01 and
IGHD5-24*01) are frequently identified in VDJ rearrange-
ments, while the supposedly functional IGHV6-25*01 is not
(Lee et al. 2006). There therefore appear to be 23 unique and
functional IGHD sequences in the standard human germline
IGHD repertoire.

Seventeen murine IGHD genes have been reported in the
BALB/c strain that are recognized by IMGT as functional
genes. Nineteen C57BL/6 genes are also recognized by
IMGT, including 13 functional genes, 1 pseudogene, and 5
open reading frames (Lefranc et al. 2009). In an analysis of
the C57BL/6 genome reference sequence, Ye identified only
ten functional genes and six additional Bpotential D genes^
(Ye 2004). In a recent analysis of murine VDJ rearrangements,
we could only infer the existence of 9 functional C57BL/6
IGHD genes and 12 functional BALB/c IGHD genes
(Collins et al. 2015). Some of these are duplicate sequences,

Mus musculus domesticus
Mus musculus musculus
Mus musculus castaneus

positions based on NCBI assembly, SNP data by Yang et al. (Nature 2011), graphic by Mouse Phylogeny View by Wang et al. (BMC Bioinformatics 2012) [http://msub.csbio.unc.edu]

Igh (chr 12:114.5-117.3 MB) Igk (chr 6:67.5-70.7 MB) Igl (chr 16:19.0-19.3 MB)
129P1/ReJ
129P3/J
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Fig. 2 SNP analysis of immunoglobulin genes in classical inbred and wild-derived mouse strains. The lower three strains shown are wild-derived, with
genomes that are representative of the three subspecies. Data from Yang et al. 2011. Graphics by Mouse Phylogeny Viewer (Wang et al. 2012)
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so most if not all D gene diversity in the strains is the product
of just eight and ten unique sequences.

Six functional IGHJ genes are found in the human and four
functional IGHJ genes are found in the mouse (Lefranc et al.
2009). The mouse IGHJ1, IGHJ2, IGHJ3, and IGHJ4 genes
are orthologues of human IGHJ2, IGHJ4, IGHJ5, and IGHJ6.
Interestingly, the utilization frequencies of the orthologous
genes are quite different. For example, musIGHJ1*03 is seen
in 16% of C57BL/6 VDJ rearrangements (Collins et al. 2015),
but humIGHJ2*01 is seen in just 1% of human rearrange-
ments (Kidd et al. 2016).

The human IGK locus includes two domains spaced ap-
proximately 800 kb apart. The IGK proximal domain includes
40 IGKV genes, pseudogenes, and open reading frames
(ORFs) as well as IGKJ genes and IGK constant region genes.
The distal domain is essentially a duplication of the IGKV
genes of the proximal domain and contains an additional 36
IGKV genes, pseudogenes, and ORFs (Zachau 1989; Zachau
1993). Overall, the kappa locus includes 63 distinct functional
IGKV sequences and 10 additional ORFs. In comparison to
the heavy chain locus, there are relatively few allelic variants
of the light chain genes (Collins et al. 2008; Hoi and Ippolito
2013; Jackson et al. 2012), and although recent studies have
highlighted previously unrecognized structural variation in the
loci, the variation is much less than is seen at the heavy chain
locus (Watson et al. 2015).

There is greater kappa germline gene diversity in the
mouse. Genomic sequencing of the C57BL/6 mouse
identified 93 functional or potentially functional IGKV
genes (Thiebe et al. 1999), but a recent analysis of over
250,000 C57BL/6 VJ rearrangements inferred the exis-
tence of 101 functional IGKV genes (Aoki-Ota et al.
2012). These include ten sequences defined by IMGT
as ORFs of unknown functionality. Many of these genes
are also carried by the BALB/c strain, and both the

kappa and lambda loci of each strain are derived from
Mus musculus domesticus (Fig. 2).

The structure of the mouse lambda locus is different from
all other loci of the mouse and human. It contains just two
small gene clusters which each contain IGLV, IGLJ, and con-
stant region genes (Lefranc and Lefranc 2004). Together they
provide just four possible lambda VJ rearrangements (see
Table 1).

The contributions of combinatorial diversity
to repertoire formation

A first estimate of the contributions of combinatorial diversity
to the naïve repertoires of the mouse and the human can be
made by simply calculating the permutations and combina-
tions that can be achieved given the number of unique and
functional germline gene sequences in each recombining gene
set. By this measure, heavy chain combinatorial diversity is
very similar in the human and mouse. A lower number of
IGHV genes in the human is balanced by a higher number
of IGHD and IGHJ genes (see Table 1).

Combinatorial diversity is expanded in the human because
IGHD genes can be read in all three reading frames. Although
it is true that selection creates strong biases against certain
reading frames of some human genes (Benichou et al. 2013),
the human-expressed repertoire is still substantially increased
by the alternative reading frames. This is not true in the
mouse. There is a single very strongly preferred reading
frame for each mouse IGHD gene. Although this likely
reflects negative selection of particular mouse rearrange-
ments (Schelonka et al. 2008; Zemlin et al. 2008), it
may also reflect positive biases that result from the
joining of murine IGHD and IGHJ genes via short ho-
mologous sequences at their gene ends (Feeney 1992b).

Table 1 The numbers of functional germline immunoglobulin heavy and light chain genes in the human and mouse. Data is as reported by IMGT
(Lefranc et al. 2009), unless otherwise shown

Variable genes Diversity genes Joining genes No. of possible
V(D)J combinations

Human IGH 45–51 25 (23)a 6 6210–7176

BALB/c IGH (Collins et al. 2015) 162 12 (10)a 4 6480

C57BL/6 IGH (Collins et al. 2015) 103 (99)a 9 (8)a 4 3168

Human kappa 63 (57)a 5 280

BALB/c kappa ? ?

C57BL/6 kappa 101 4 404

Human lambda 29–33 5 145–165

BALB/c lambda 3 3 4b

C57BL/6 lambda ? ?

a The numbers in parentheses show unique sequences, as some sequences are present as duplicates (Lefranc et al. 2009)
b The structure of the mouse lambda locus limits the VJ combinations that can form
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The contribution of IGHD genes to diversity is further re-
duced in the mouse, compared to the human, because of the
relatively short lengths and the similarities of the mouse
IGHD genes. The human IGHD genes come from seven dis-
parate gene families, while the mouse genes come from four
families. In the C57BL/6 mouse, six of the nine expressed
IGHD sequences are highly similar members of the IGHD2
family, and these are all very similar to the IGHD1-1*01 gene.

Combinatorial diversity varies between outbred individuals
as a result of gene deletions and gene duplications. In the
human, IGHV deletion polymorphisms and gene duplications
are common (Boyd et al. 2010; Chimge et al. 2005; Kidd et al.
2012; Pramanik and Li 2002; Watson et al. 2013). Substantial
IGHD gene polymorphisms involving multiple contiguous
genes have also been identified within the human population
(Kidd et al. 2012). Data on such structural variation is unavail-
able for the mouse. Because the IGH loci of the BALB/c and
C57BL/6 strains appear to have come from different M.
musculus subspecies, direct comparisons cannot be made be-
tween their gene sets. Meaningful comparisons will only be
possible when the complete locus of the BALB/c strain has
been sequenced, and when the loci of other M. musculus
domesticus and M. musculus musculus-derived strains can
be compared to the C57BL/6 and BALB/c germline gene sets.
This will likely lead to a major revision of the current murine
IGHV gene nomenclature, which assumes the common evo-
lutionary descent of all inbred mouse strains.

Combinatorial diversity is expanded by gene polymor-
phisms that lead to heterozygosity at some loci within an out-
bred individual. In the human, alternative alleles are typically
seen at six to eight IGHV gene loci (Kidd et al. 2012), but
individuals have been seen in whom virtually every locus is
heterozygous (Scheepers et al. 2015). Such allelic variation
increases combinatorial diversity, and despite the fact that al-
lelic variants are often highly similar, the differences can be
biologically significant (Liu and Lucas 2003; Avnir et al.
2016).

Calculations of combinatorial diversity say little
about the contribution each heavy and light chain rear-
rangement makes to the expressed repertoire, for this is
determined by the highly variable utilization frequencies
of the different recombining genes, by the extent of pro-
B cell clonal expansion, by homeostatic expansion of
naïve B cells, and by the size of the naïve lymphocyte
compartment. Heavy chain V, D, and J genes are used
at frequencies that range through three or even four
orders of magnitude (0.001–10%) in mice (Collins
et al. 2015; Greiff et al. 2017) and in humans (Boyd
et al. 2010; Glanville et al. 2011). The frequency of
expression of most genes is highly predictable, but the
utilization of a few human genes such as IGHV3-23*01
and IGHV1-69*01 appears to be more variable. This is
a consequence of the presence of varying numbers of

identical copies of these gene sequences within the ge-
nomes of different individuals (Sasso et al. 1996;
Watson et al. 2013).

In a high throughput sequencing (HTS) study of human
kappa chains, the dominance of one particular IGKV gene
was extreme. The IGKV3-20*01 gene was present in 16 and
17% of rearrangements of two individuals. In two other indi-
viduals, the same sequence was present in 31 and 32% of
rearrangements (Jackson et al. 2012). The higher utilization
in these individuals is likely to be a consequence of gene
duplication. IGKV1-5*03, IGKV1-39*01/IGKV1D-39*01,
IGKV2-30*01, IGKV3-11*01, and IGKV3-15*01 also are
prominent in the human repertoire (Foster et al. 1997;
Jackson et al. 2012). Although no murine gene has been seen
that is as highly utilized as human IGKV3-20*01, seven
IGKV genes together account for over 40% of all mouse kap-
pa rearrangements (Aoki-Ota et al. 2012).

Both in vitro and in vivo studies have shown that variation
in utilization frequencies is partly a consequence of differ-
ences in the RSS that promote interaction between the
recombining genes and the recombination machinery
(Cowell et al. 2004; Feeney et al. 2000; Williams et al.
2001). Nevertheless, highly utilized genes and rarely utilized
genes can be associated with identical RSS, as well as identi-
cal promoter sequences (Brekke and Garrard 2004).

Chromosomal location is also an important determinant of
gene utilization (Choi et al. 2013), and this is particularly true
during the development of the fetal repertoire (see below). A
clear example of location-based bias in the expressed reper-
toire of the adult is the pairing bias that is seen in human heavy
chain DJ recombination. We and others have reported that 3′
human IGHD genes preferentially pair with 5′ IGHJ genes,
while 5′ IGHD genes tend to pair with 3′ IGHJ genes (Kidd
et al. 2016; Souto-Carneiro et al. 2005; Volpe and Kepler
2008). Pairing frequencies differ in individuals with IGHD
gene haplotypes that include deletion polymorphisms (Kidd
et al. 2016), perhaps as a consequence of the resulting varia-
tions in distances between IGHD and IGHJ genes within the
genome. Despite homology between human and murine IGHJ
genes, DJ pairing bias has not been reported in the mouse.

There is evidence of positional biases in kappa VJ recom-
bination. Kappa rearrangements in the mouse are biased to-
ward rearrangement of the 5′ IGKJ1 gene (Yamagami et al.
1999). If this rearrangement is unproductive, additional
rounds of secondary rearrangement are triggered. This process
is known as receptor editing (Prak and Weigert 1995; Retter
and Nemazee 1998), and its potential is maximized by the
targeting of IGKJ1 in primary murine rearrangements. This
targeting is a consequence of the action of the proximal IGKJ
germline transcript promoter, which is one of two IGKJ pro-
moters in the mouse genome (Vettermann et al. 2015).

The process of secondary rearrangement has complex ef-
fects upon the ultimate frequency of different productive
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murine VJ pairings. Many murine IGKV genes are present
within the genome in the same transcriptional orientation as
the IGKJ and IGKC genes. IGKV rearrangement with these
IGKJ genes involves the loss of intervening genes. As these
lost genes are unavailable for secondary rearrangement, the
net result of large numbers of primary rearrangements of this
kind, and of subsequent secondary rearrangements, should be
an elevation in the frequency of 5′ IGKVand 3′ IGKJ pairings.
A complication affecting the detection of this kind of VJ bias
in the kappa repertoire of the mouse is that some IGKV genes
have the opposite transcriptional orientation to the IGKJ and
IGJC genes. Their recombination is associated with the inver-
sion of intervening IGKV genes rather than their deletion. The
mix of gene orientations may explain why preferential
pairings of 5′ IGKV and 3′ IGKJ have not been reported.
There are, however, other detectable biases including a biased
use of murine IGKJ1 by most of the highly utilized IGKV
genes (Aoki-Ota et al. 2012). In contrast, many of the most
rarely utilized IGKV genes preferentially pair with IGKJ5,
probably as a result of secondary rearrangements (Aoki-Ota
et al. 2012).

One clear consequence of the process of secondary kappa
VJ rearrangement in the mouse is that it increases the likeli-
hood that productive kappa chain rearrangements will form. It
therefore must increase the relative abundance of kappa-
bearing antibodies compared to lambda-bearing antibodies.
The nature and meaning of this ratio was a subject of debate
for many years (Langman and Cohn 1992; Langman and
Cohn 1995).

Theoretical kappa to lambda ratios can be calculated from
the likelihood that any VJ rearrangement is productive, and
from knowledge of the order in which the kappa and lambda
loci rearrange. Functional rearrangements must maintain the
required reading frame of downstream J genes and constant
region genes, and consequently two thirds of random rear-
rangements are out-of-frame and unproductive. If a kappa
locus rearrangement is unproductive, the second kappa locus
can rearrange. If rearrangement of this chromosome is also
unproductive, one of the two lambda gene loci can rearrange.
Finally, if this rearrangement is unproductive, the second
lambda gene locus offers a last chance for a productive
rearrangement.

In the absence of secondary rearrangements, the ratio of
kappa to lambda rearrangements should be 69:31 (1/3 + 2/
3 × 1/3: 4/9 × 1/3 + 4/9 × 2/3 × 1/3). The ratio that is seen in
the mouse is quite different (95:5) (Langman and Cohn 1992),
and the relative abundance of kappa rearrangements is almost
certainly a consequence of secondary rearrangements. We
know of no formal demonstration that secondary rearrange-
ment occurs in the human. The observed human kappa to
lambda ratio is about 60:40, suggesting that the human kappa
repertoire is dominated by primary rearrangements.
Interestingly, in each species, the expressed kappa to lambda

ratio closely matches the ratio of the number of germline kap-
pa genes to the number of germline lambda V genes (see
Table 1).

Stable expression of paired heavy and light chains on the B
cell surface is an important checkpoint during the develop-
ment of each cell. Early studies of human monoclonal anti-
bodies suggested that the stability of different heavy and light
chain pairs was highly variable (De Preval and Fougereau
1976). This suggested that biases in pairings could shape the
antibody repertoire. The development of single-cell PCR
allowed the issue to be more extensively explored
(Brezinschek et al. 1998; de Wildt et al. 1999; Ghia et al.
1996), and these studies as well as more recent studies in
humans using HTS have failed to identify any such biases
(DeKosky et al. 2016).

If the stability of heavy and light chain pairings has the
potential to be so variable, the sets of heavy and light chain
genes would have to co-evolve. The fact that the heavy chain
genes and light chain genes of the C57BL/6mouse are derived
from different subspecies of the house mouse (Fig. 2) raises
the possibility that many pairings could be relatively unstable
in this strain. This would make pairing biases readily detect-
able. HTS has now been applied to the study of C57BL/6
heavy and light chain pairs, but no biases have been observed
(Busse et al. 2014; Tiller et al. 2009).

The contribution of junctional diversity
to repertoire formation

V(D)J recombination is described as an imprecise process
because during recombination, nucleotides can be both lost
and gained by each of the joining gene ends. Recombination
begins when RSS are recognized by the recombination acti-
vation gene proteins RAG-1 and RAG-2, which first nick one
of the DNA strands between the RSS and the coding region of
each of the joining genes, then introduce double-stranded
breaks in the DNA (Schatz and Swanson 2011). This results
in covalently sealed hairpins at each coding end. Asymmetric
opening of hairpinned coding ends is then mediated by the
Artemis:DNA-protein kinase catalytic subunit (DNA-PKCS)
complex (Lu et al. 2007; Ma et al. 2002). This contributes to
diversity because it results in inverted repeat nucleotide over-
hangs that can be incorporated into the junction region as
palindromic (P) nucleotides. Often, these overhangs are re-
moved by exonuclease activity, which can also remove vary-
ing numbers of nucleotides from the germline-encoded gene
ends. This further expands diversity. The nucleases responsi-
ble have yet to be identified, though it is likely that the
Artemis:DNA-PKCS complex is involved (Chang and Lieber
2016; Ma et al. 2002).

Prior to the joining of the recombining genes, non-
template-encoded N nucleotides are added to the gene ends
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by the enzyme terminal deoxynucleotidyl transferase (TdT)
(Basu et al. 1983). This arguably makes the greatest contribu-
tion to repertoire diversity, though diversity is constrained by a
strong TdT bias for additions of Gs and Cs (Basu et al. 1983),
and for the formation of homopolymer tracts (Gauss and
Lieber 1996; Jackson et al. 2007; Murugan et al. 2012).
Glycine, encoded by GGN codons, is the amino acid that is
most frequently added to the junction by N nucleotides (Hofle
et al. 2000).

The processes that generate junctional diversity are com-
mon to the human and the mouse, but the contributions to
repertoire diversity are very different in the two species.
In vitro studies show that the efficiency of action of the
Artemis:DNA-PKCS complex varies for different human
(Ezekiel et al. 1997; Lu et al. 2007) and mouse (Nadel and
Feeney 1995; Nadel and Feeney 1997) gene ends, and most of
the gene ends of the two species are different. The primary
hairpin opening sites are also sequence dependent. In the hu-
man, the dominant IGHVopening site is 2 nts 3′ of the hairpin
tip, but 3′ overhangs of variable length are generated (Lu et al.
2007). As many as seven P nucleotides can be added to a
human heavy chain gene (Ohm-Laursen et al. 2006), but most
human genes show little P addition (Jackson et al. 2004). In
contrast, P addition is common in mouse rearrangements,
though additions of more than four P nucleotides are very rare,
and most additions are of just one or two nucleotides (Collins
et al. 2015). P additions are particularly common at the 3′ ends
of the murine IGHVand IGHD genes. P nucleotides not only
contribute to the murine VDJ junctions, but they also influ-
ence repertoire development by promoting recombination at
regions of short homology (see below).

Exonuclease trimming of joining gene ends has rarely been
studied and is poorly understood. Studies in the mouse sug-
gest that DNA polymerase mu may antagonize exonuclease
activity and act to limit nucleotide removals during light chain
gene rearrangement (Bertocci et al. 2003). The extent of re-
movals is also affected by the gene end sequences. High G/C
content seems to limit removals, while A/T-rich ends are sus-
ceptible to nucleotide loss (Gauss and Lieber 1996; Jackson
et al. 2004; Nadel and Feeney 1995). It is likely that this
explains why there are generally more exonuclease removals
from human IGHD and IGHJ genes than from IGHV genes,
and more removals from the 5′ ends of IGHD genes than from
the 3′ IGHD gene ends (Souto-Carneiro et al. 2005). We are
aware of no study that has compared exonuclease removals in
the human with removals in the mouse.

Non-template-encoded N addition is a major driver of
repertoire diversity, but it makes very different contribu-
tions to the heavy and light chain repertoires and very
different contributions to the repertoires of the human
and mouse. An average of 7.7 nucleotides are added
to the VD junctions of the human heavy chain and
6.5 nucleotides are added to the DJ junctions (Jackson

et al. 2007). On average, just 4.0 and 2.9 nucleotides
are added to these regions in the C57BL/6 mouse, and
there is even less addition in the BALB/c strain: 3.4
and 2.7 nucleotides, respectively (Collins et al. 2015).
As no attempt was made in these studies to distinguish
between P and N nucleotides, and as P nucleotides are
more common in the mouse, this disparity in the num-
ber of N nucleotides in the two species is probably
underestimated.

TdT is expressed in bonemarrow pro-B cells prior to heavy
chain variable region gene rearrangement, and its expression
persists until the pre-B cell stage. It is barely detectable by the
time that light chain rearrangement is taking place (Li et al.
1993). Light chain variable region genes therefore normally
display minimal N addition in the mouse (Benedict et al.
2000; Bentolila et al. 1999; Richl et al. 2008) and the human.
An analysis of human kappa sequences found an average of
just 1.2 N additions per sequence (Jackson et al. 2012).

Few murine heavy or light chain gene sequences, and few
human light chain gene sequences, contain N nucleotides that
fully encode any amino acid in the polypeptide chains. The N
nucleotides that are added to these sequences mainly function
to complete codons that are partially encoded by germline
nucleotides. Redundancy in the genetic code also means that
the amino acids encoded by such codons are often entirely
determined by the germline-encoded nucleotides. In particu-
lar, exonuclease removals of 3′ IGHD nucleotides very often
have no consequences for the resulting amino acid sequence
(Jackson et al. 2013). This can be illustrated by an analysis of
human sequences that include the IGHD6-6*01 gene in its
preferred reading frame. In this reading frame, the six 3′ nu-
cleotides of IGHD6-6*01 encode two serine residues. In al-
most 70% of sequences, where these 3′ serine codons are
affected by exonuclease removals of nucleotides, the comple-
tion of the codon by either N nucleotide additions or by
germline-encoded IGHJ nucleotides results in another serine
codon (unpublished).

Public clonotypes: a predictable outcome
of repertoire formation

The biases in the generation of combinatorial and junctional
diversity are so profound that the likelihood of the formation
of different heavy and light chain pairs must vary by at least
ten orders of magnitude. In a sufficiently large repertoire, cer-
tain heavy and light chain pairs may be relatively abundant,
while other sequences may be so unlikely to form that they are
never seen. Sequences that are more likely to form in one
individual are also likely to form in other individuals. Such
sequences are likely to be what can be described as public
clonotypes. Public clonotypes have been an important focus
of studies of the Tcell receptor repertoire, and in these studies,
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public clonotypes are usually defined as sequences with iden-
tical amino acid CDR3 regions that are shared by different
individuals (Price et al. 2009; Quigley et al. 2010). Here, we
define B cell public clonotypes as V(D)J rearrangements that
are shared by different individuals, which utilize identical
germline V genes and J genes, and which share CDR3 amino
acid sequences.

Studies of public clonotypes mostly focus on either heavy
chains, or light chains, though a true public clonotype must
share both chains. However, the light chain repertoire is so
lacking in diversity that a heavy chain that is shared in small
samplings of the repertoires of different individuals will al-
most certainly be a true IGH/IGL public clonotype. It will
likely be found as such a clonotype when the heavy chain is
associated with the more commonly expressed light chain
rearrangements.

A handful of VJ combinations dominate the light chain
repertoires of humans and mice, for light chains lack both
combinatorial diversity and junctional diversity. The mouse
kappa chain repertoire is hardly expanded at all by N addi-
tions, and expression of the polymerase Pol mu may further
restrict kappa diversity by limiting exonuclease removals of
the ends of the recombining genes (Bertocci et al. 2003;
Bertocci et al. 2006). It has been calculated that there is only
a tenfold increase in the diversity of the murine kappa chain
repertoire as a result of gene processing and N addition (Aoki-
Ota et al. 2012).

The human light chain repertoire has little more diversity
than the mouse repertoire. We have calculated that the entire
human kappa repertoire may include fewer than 104 unique
amino acid sequences (Jackson et al. 2012). Within this very
small repertoire, some public kappa chain clonotypes are so
commonly expressed that they were repeatedly identified, by
independent laboratories, even in the era of Sanger sequencing
(Collins et al. 2008). HTS has shown that the lambda reper-
toire is similarly rich in public clonotypes (Hoi and Ippolito
2013).

Paradoxically, it is in the small antibody repertoire of the
mouse, rather than in the larger repertoire of the human, that
heavy chain public clonotypes are conspicuous. Analysis of
hundreds of thousands of human VDJ rearrangements from
four individuals found that just 1 in 4000 sequences shared
CDR3s (Vollmers et al. 2013). By contrast, in a HTS study
involving relatively small samplings of the repertoires of
C57BL/6 and BALB/c mice, we observed that 4–6% of se-
quences included CDR3 sequences that were shared by two or
more mice from the same strain (Collins et al. 2015). A HTS
study with a much larger sampling of the expressed repertoire
reported that 14% of CDR3 sequences were shared by indi-
viduals from the same strain (Greiff et al. 2017). In a re-
analysis of data from our 2015 study, 2% of sequences were
public clonotypes, with shared IGHVand IGHJ genes, as well
as shared CDR3 regions (unpublished).

The abundance of public clonotypes in the mouse helps
explain early observations of the mouse antibody response
to simple chemically defined haptens. The anti-hapten re-
sponses of different mice often include the expression of
shared antibodies encoded by particular V(D)J rearrange-
ments (Cumano and Rajewsky 1985; Siekevitz et al. 1983).
Some of the antibodies that were identified in these early
studies are known to carry essential specificities. For example,
the public T15 idiotype is protective against pathogenic strep-
tococcal infections (Vale et al. 2013). The presence of such
critical specificities in the mouse repertoire can be almost
guaranteed by the biases that shape the repertoire, and the
immune system has evolved to ensure that these specificities
are even available to the newborn mouse (Briles et al. 1982;
Feeney 1991).

The presence of public clonotypes in the mouse and human
can be explained by the same biases that shape their overall
repertoires. Since only a handful of heavy chain public
clonotypes have been identified in the human, there is no data
reporting N addition in these sequences. On the other hand,
public kappa chain clonotypes are common in the human.
They have an average of 0.4 N nucleotides in the VJ junction,
while private clonotypes have an average of 2.5 N additions
(Jackson et al. 2012).

There is less N addition in the mouse than in the human,
and many of the murine sequences with the least amount of N
addition seem to be public clonotypes. In a re-analysis of data
from our 2015 study (Collins et al. 2015), public clonotypes
had an average of 2.0 and 2.1 nucleotides in the VD and DJ
junctions, respectively, while private clonotypes had 4.0 and
2.9 additions (unpublished).

The challenge of the neonatal repertoire

The neonatal B cell compartment is very small, and the for-
mation of a suitable neonatal repertoire is therefore a special
challenge. This is particularly true for the mouse, as a newborn
mouse can weigh just 0.5 g. The neonatal mouse appears to
meet this challenge by its reliance on a phenotypically distinct
population of cells called B1 B cells (Baumgarth 2011;
Baumgarth 2013), and it may be that this cell population has
evolved to meet the challenges posed by very small reper-
toires. Controversy surrounds this cell population in the hu-
man, and the unequivocal identification of a counterpart to the
murine population has proven difficult (Covens et al. 2013).

Antibodies that are generated in the neonatal mouse are
overwhelmingly encoded by germline gene-derived nucleo-
tides. Eighty-four percent of productive rearrangements lack
N nucleotides as a result of a lack of TdT expression during
the fetal and neonatal periods (Richl et al. 2008). This lack of
N nucleotides is also an outcome of the joining of V(D)J genes
at regions of short sequence homology. Eighty percent of the
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VD and DJ junctions of neonatal mouse heavy chains are the
result of such joining (Feeney 1992a; Feeney 1992b), and this
also helps ensure that recombination favors joining of the
IGHD gene in the preferred reading frame.

In the mouse, VDJ joining at short homologous sequences
is promoted by both germline gene ends and by germline-
derived palindromic sequences. For example, all sequences
of the dominant murine IGHV1 gene family end with the 3′
motif CAAGA, and these and other IGHV sequences are
therefore capable of forming the P nucleotide motifs T, TC,
and TCT. This promotes joining without N addition to the T-
rich 5′ end of the highly expressed IGHD1-1*01 gene, as well
as to the TCTAC motif that is present at the 5′ end of most
members of the dominant IGHD2 gene family. Joining at short
homologous sequences is equally common at the DJ junction.
Most murine IGHD genes end with the 3′motif CTAC, which
is also found at the 5′ end of the IGHJ1 and IGHJ2 genes.

In the human, neonatal sequences are also more germline-
oriented than sequences that are generated later in life. Human
sequences can join at regions of short sequence homology, but
human gene ends share fewer motifs than gene ends of the
mouse, and this joining process is seen less often in the human
(Bauer et al. 2007). N nucleotide addition is also limited in
human fetal and newborn sequences (Feeney 1990; Feeney
1992a; Zemlin et al. 2001).

Positional biases in gene usage are evident in the neonatal
repertoire of both species. Early studies of heavy chain gene
rearrangements during fetal development found a bias toward
the use of 3′ murine IGHV genes (Perlmutter et al. 1985;
Yancopoulos et al. 1984), and the most 3′ human IGHV gene
is similarly prominent in the fetal repertoire (Rogosch et al.
2012; Schroeder and Wang 1990). The most 3′ IGHD gene is
also conspicuous in the fetal repertoire of both species
(Rogosch et al. 2012; Schelonka et al. 2010; Shiokawa et al.
1999; Zemlin et al. 2001), and interestingly, this IGHD gene
sequence is identical in both species (Corbett et al. 1997).

Repertoires in action: how the contrasting
repertoires of humans and mice serve their
varying biological needs

The human and the murine B cell repertoires appear to be
shaped by the same biased processes, but differences in the
repertoires emerge from the differing strengths of the biases in
the two species. In comparison to the human repertoire, the
mouse repertoire is skewed toward B cells that express recep-
tors with more germline-encoded specificities. This is the re-
sult of the lack of N addition, as well as a greater reliance on P
nucleotide addition in the generation of the murine repertoire.
This limits the diversity of the CDR3 region, which is further
limited by the small number of highly similar IGHD genes
that are available to the mouse. The germline-focused

repertoire that results is one that can deliver critical specific-
ities, even in the tiny repertoire of the neonate. As an individ-
ual mouse matures and ages, these critical specificities will be
maintained. This is partly the result of the self-renewing nature
of the B-1 B cell population (Baumgarth 2013), but it is also
the result of the fact that throughout life, these germline-
encoded antibodies will be generated in the bone marrow at
relatively high frequencies.

The relative proportions of public and private clonotypes
are different in mice and humans (Fig. 3). Although the pro-
portion of cells associated with private clonotypes remains to
be determined for each species, it is clear that an ever-
changing population of cells produces private clonotypes that
dominate the human repertoire. Biases in the recombination
process should still ensure that the human repertoire includes a
core of critical public clonotypes. This core will be maintained
throughout life, just as public clonotypes are maintained in the
mouse.

The repertoire of the mouse includes a conspicuous
population of public clonotypes. The diversity of the rep-
ertoire of public clonotypes might even be comparable to
that of the human, though suitable datasets are not yet
available to allow proper comparisons. There is certainly
far less private clonotype diversity in the murine reper-
toire than in the human repertoire. The likelihood of any
particular private clonotype being generated is by defini-
tion very low, and so it is likely that in any individual
mouse, private clonotypes will be carried by just a single
cell. Public clonotypes, on the other hand, are not only
shared by different mice, but because of the likelihood of
their generation, they will often be present at high copy
number in an individual mouse. As has been noted by
others (Hershberg and Laning Prak 2015), this has impli-
cations for the study of B cell clonality, for standard anal-
yses of clone trees assume that any B cells that share
germline antibody gene rearrangements must be related
by descent from a common ancestor (Steiman-Shimony
et al. 2006; Tabibian-Keissar et al. 2008).

The presence in the naïve repertoire of multiple cells that
have independently rearranged genes to express the same pub-
lic clonotype has implications for the kinetics of the immune
response. After invasion by a pathogen, the time to detection
and clonal selection of specific B cells should be determined
by the size of the population of pathogen-specific cells in the
naïve repertoire. If the germline genes of the mouse have
evolved to target important pathogens with public clonotypes
that are present at high copy number, then invasion by these
pathogens should result in a rapid response. This would be an
inevitable consequence of the elevated frequency of pathogen-
specific B cells in the naïve repertoire. T cell studies suggest
that the resulting clonal expansion is also affected by the fre-
quency of precursor cells that become activated (La Gruta
et al. 2010; Quiel et al. 2011; De Boer and Perelson 2013).
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The response to a newly emergent pathogen could be dif-
ferent, as suitable anti-pathogen antibodies are unlikely to be
hardwired in the germline genes of the mouse. It is likely that
such pathogens would trigger a slower response as a result of a
greater dependence upon private rather than public
clonotypes.

In both humans andmice, a response that begins with public
clonotypes could be diversified over time by the recruitment of
private clonotypes. It is possible that this accounts in part for
observations of a shift in the repertoire of responding B cells
over time (Brown et al. 2000; Shannon and Mehr 1999; Wu
et al. 2010). It is also possible that in the response to a persis-
tent infection, private clonotypes carrying advantageous spec-
ificities may not be available at the time of pathogen invasion,
but may be generated over time (Zarnitsyna et al. 2013). This
dynamic aspect of the private repertoire could be particularly
advantageous to a species like the human, which is relatively
resilient by virtue of its size and which requires prolonged
survival to reproduce. Mice, on the other hand, have a high
metabolic rate and lack metabolic reserves. They are vulnera-
ble to both starvation and dehydration (Schmidt-Nielsen
1984). Because a mouse can so quickly sicken and die, the
need for the rapid detection and elimination of microbial in-
vaders may have driven the evolution of the murine repertoire.

A mouse is unlikely to benefit from a dynamic private
repertoire, because there are relatively few useful specificities
available in the private repertoire at any moment in time. The
mouse response, in keeping with the biology of the mouse,
seems to be one that is devoted to speed, and a speedy

response is provided by the public repertoire. Speed may also
be the factor that explains the existence of such large sets of
IGHVand IGKV genes in the mouse. These genes encode the
CDR1 and CDR2 regions of the heavy and light chains. The
abundance of IGHVand IGKV genes may allow the mouse to
quickly respond with relatively high affinity to many
Bexpected^ pathogens, without the need for suitable diversity
to emerge through the process of somatic point mutation of the
CDR1 and CDR2 sequences.

Somatic point mutations accumulate in murine B cells after
clonal selection, but the extent of diversification is not as
impressive as that which is seen in the human. In the human,
clonal selection is followed by massive diversification of the
expanding clones. This diversification bymutation is linked to
isotype switching that in turn is linked to cell division (Tangye
et al. 2002; Tangye and Hodgkin 2004). As a consequence, the
human IgG response involves cells that nearly all carry highly
mutated antibody genes. The mean number of mutations of
human IgG-committed B cells ranges from 16.5 to 21.9, ac-
cording to the IgG subclass, and very few IgG-committed B
cells express unmutated antibody genes (Jackson et al. 2014).
Unmutated genes are seen in just 6% of IgG3-committed cells,
and fewer than 1% of cells that have switched to other IgG
subclasses (Jackson et al. 2014). In contrast, few murine B
cells carry more than seven or eight point mutations, and
unmutated antibody genes are seen in between 27% (IgG1)
and 44% (IgG2c) of sequences in IgG-committed B cells of
the C57BL/6 strain (Collins et al. 2015). This disconnection
between class switching and somatic point mutation suggests

Dynamic repertoire of private clonotypesDynamic repertoire of private clonotypes
New cells from BM

Cell death

HUMAN

Relatively few
private clonotypes

MOUSE

Time to antigen engagement

Very short Longer

Various
clone
sizes

Stable core of 
public clonotypes

Dying cells replaced from BM

Fig. 3 Proposed models of the
human and mouse naïve antibody
repertoires, contrasting their
relative proportions of
public (black) and private (grey)
clonotypes. The overall sizes of
the repertoires shown are not to
scale. The mouse repertoire has a
conspicuous core of public
clonotypes, but the size of the
human core remains uncertain.
Only the human expresses a large
repertoire of private clonotypes
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that the mouse may have evolved to recruit IgG-mediated
effector functions as quickly as possible (Collins 2016).

The extent to which the need for a speedy response to
pathogens has guided the evolution of the mouse antibody
repertoire, and the mouse immune system more generally, is
something that will remain uncertain until our knowledge of
the immune systems of other species can inform our under-
standing. It is our hope that this review will stimulate reper-
toire studies in other species, and that eventually this should
allow the relationships between species size and many aspects
of the immune system to be better understood.
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