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Summary
To test whether mechanisms controlling the range of diversity of the developing antibody
repertoire in C57BL/6 mice (IgHb) operate similarly to those identified in BALB/c mice (IgHa),
we compared the sequences of VH7183-containing H-chain transcripts from sorted adult bone
marrow C57BL/6 B-cell subsets with those previously obtained from BALB/c mice. Patterns of
VDJ gene segment utilization and CDR-H3 amino acid composition, charge, and average length in
C57BL/6 pro-B cells were similar, although not identical, to BALB/c pro-B cells. However,
C57BL/6 mature, recirculating B cells failed to demonstrate the reduction in the use of VH81X
and the narrowing in the range of variance of CDR-H3 hydrophobicity that characterizes B-cell
maturation in BALB/c mice. To further test the ability of the C57BL/6 strain to discard B cells
expressing highly charged CDR-H3s, we introduced a mutant IgHa DH allele that forces use of
arginine, asparagine and histidine. Unlike BALB/c mice, C57BL/6 mice congenic for the charged
DH maintained normal numbers of mature, recirculating B cells that were enriched for charged
CDR-H3s. Together; these findings indicate that the mature C57BL/6 B-cell pool permits
expression of immunoglobulins with antigen binding sites that are typically discarded during late
stage bone marrow B-cell development in BALB/c mice.
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Introduction
The ability to create a diverse immunoglobulin repertoire permits the immune system to
produce specific responses to a broad range of ancient and novel antigens [1, 2]. Each
individual immunoglobulin is produced by a complex series of V(D)J gene rearrangement
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events. V(D)J rearrangement is hierarchical, typically beginning with heavy (H) chain
DH→JH joining followed by VH→DJH and then light (L) chain VL→JL recombination. B-
cell development is marked by passage through successive checkpoints for function. Early
checkpoints test the structure of the immunoglobulin products, whereas later ones evaluate
antigen-binding properties. The site at which immunoglobulin typically binds antigen is
created by the juxtaposition of three hypervariable loops from the H chain and three from
the L chain. Of these six loops, termed complementary determining regions (CDRs) [3], the
most diverse is CDR-H3 because it is created de novo by V(D)J gene recombination and N
addition [1, 2, 4]. CDR-H3 is located at the center of the antigen-binding site where it often
plays a critical role in defining antibody specificity [5–7].

In order to gain insight into the mechanisms used to regulate the formation of the antibody
repertoire [8]; we previously analyzed the pattern of CDR-H3 repertoire development in the
bone marrow of BALB/c mice. We found that constraints on length, amino acid composition
and hydrophobicity could readily be identified in pro-B cells and reflected germline
sequence imposed constraints on VDJ diversity. Passage through successive checkpoint
stages appeared to accentuate these constraints, with enhancement of amino acid preferences
and a decrease in the variance of the distribution of lengths and average hydrophobicities.

Although many classic studies of the immune response have been performed using BALB/c
mice [9, 10], the sequencing of the C57BL/6 genome and the creation of multiple gene-
altered C57BL/6 variants has made it a favored strain for immunologic studies. In part, this
preference for the use of C57BL/6 mice also reflects its seemingly reduced resistance to the
production of anti-dsDNA antibodies when certain autoimmune susceptibility alleles are
introduced [11, 12]. One notable characteristic of these pathogenic anti-dsDNA
autoantibodies is the frequent presence of arginine in their antigen binding sites [13].

By evaluating the composition of VH7183-containing H chain transcripts as a function of B-
cell development in the bone marrow, we sought to test whether the natural (germline) and
somatic (clonal selection) mechanisms used to regulate the composition of the BALB/c
antibody repertoire, which is the product of the IgHa H chain allele, were operating to the
same extent and outcome in C57BL/6 mice, which carry the IgHb H chain allele. C57BL/6
IgHb differs from BALB/c IgHa in VH, DH and JH gene numbers and sequences [14].

Our comparative study revealed that the constraints on initial VDJ gene segment utilization,
amino acid composition, charge, and average CDR-H3 length as observed in C57BL/6 pro-
B cells were similar, although not identical, to the constraints introduced by germline VDJ
sequence in BALB/c pro-B cells. However, examination of the mature, recirculating B-cell
pool in C57BL/6 wild-type and DH-altered mice suggests that the somatic mechanisms of
clonal selection that act to focus the repertoire by reducing the variance in CDR-H3 length
and hydrophobicity in BALB/c mice appear to operate differently in C57BL/6 mice,
permitting increased expression of antigen binding sites enriched for hydrophobic and
charged CDR-H3s, including those enriched for arginine residues.

Results
Isolation of B-cell subsets and cloning of H-chain transcripts

We used a combination of the schemes of Melchers [15] and Hardy [16] to sort bone
marrow B lineage cells into progenitor (B), early (C) and late (D) precursor, immature (E),
and mature (F) B-cell fractions. We then sequenced and analyzed the composition of cloned
VH7183DJCμ transcripts expressed in these cells, with a focus on CDR-H3. We chose to
study mRNA transcripts as most representative of the expressed, and thus functional, Ig
repertoire. We focused on the VH7183 family because it represents a manageable
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component of the active repertoire, because we and others had previously established
patterns of VH7183 utilization during ontogeny and development in BALB/c mice, and
because VH7183 gene segments have been shown to be components of antibodies with both
self and non-self reactivities (reviewed in [8]).

A total of 577 unique, in-frame, open transcript sequences were obtained including 72 from
B (pro-B), 133 from C (early pre-B), 75 from D (late pre-B), 78 from E (immature B), and
219 from F (mature, recirculating B).

Failure to counter select use of the VH81X gene segment in C57BL/6 mature B-cells
The C57BL/6 mouse genome contains only nine VH7183 family gene segments with open
reading frames (Figure 1), or ~half that of the BALB/c mouse genome. Of these nine, only
seven were identified in our sample of bone marrow transcripts (Figure 2). As in the case of
BALB/c mice, the usage of the C57BL/6 VH81X (IGHV05-2, IMGT) gene segment
declined four-fold during early B-cell development (28% in B versus 7% in D, p=0.0008).
However, unlike BALB/c mice where there was a further five-fold late stage reduction
between fractions D or E to F (p<0.02), in C57BL/6 mice the prevalence of VH81X usage
did not change between fractions D, E and F (Figure 2).

Increasing dominance of IGHV05-17 with development
The most JH distal VH, IGHV05-17 (IMGT), exhibited a doubling of usage in the transition
from pro B cell to immature B cell and beyond (B→ F, p<0.05), ultimately contributing to
almost one-third of the VH7183-containing transcripts from the mature B-cell pool (Figure
2). The closest BALB/c VH7183 homologue to IGHV05-17, VH7183.18, exhibited a similar
increase in usage with development, but contributed to only 10% of the final repertoire. Use
of the remaining five C57BL/6 VH gene segments did not vary statistically with
development, also following the same pattern as their BALB/c homologues (Figure 1).
However, the VH gene segment most commonly used in BALB/c mice at all stages of
development, VH7183.10, has no C57BL/6 VH7183 homologue; and thus its structure and
binding activity is missing in C57BL/6 mice.

Increased use of the DH DFL16.1 gene segment in C57BL/6 mice
Significant differences in the complement of DH gene segments were observed between
C57BL/6 and BALB/c mice. The C57BL/6 genome has only one DFL family gene segment,
two DST family gene segments and six DSP family gene segments; whereas the BALB/c
genome has two DFL family gene segments, one DST family gene segment and nine DSP
family gene segments. Both strains of mice had a single DQ52 gene segment that was
conserved in sequence. In total, therefore, the C57BL/6 genome contains three fewer
functional D gene segments than the BALB/c genome (Figure 1).

If DH usage were primarily a function of gene number, one might expect C57BL/6 mice to
halve their use of the DFL family and double the use of DST family. However, while use of
the DST family did increase, use of the single DFL gene segment in C57BL/6 mice
increased to match the combined usage of the two DFL gene segments in BALB/c mice.
Indeed, use of this single DFL gene segment matched the usage of the combined
complement of all six C57BL/6 DSP gene segments (Figure 3). The percentage of sequences
whose DH progenitor could not be identified (NoD) due to exonucleolytic nibbling of the D
and N addition was also more prominent in C57BL/6 fraction B, when compared to BALB/c
fraction B (p<0.02). However, the usage of the developmentally regulated DQ52 gene
segment in these young adult C57BL/6 mice was essentially the same as in BALB/c mice
(Figure 3).
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A decrease in the use of reading frame 2 in the transition from fractions B/C to D
In previous studies of BALB/c B lineage cells [8], we observed a stair-step increase in the
use of RF1, which tends to express neutral amino acids including tyrosine, serine and
glycine, versus RF2, which expresses hydrophobic amino acids including valine, among
CDR-H3 sequences as B lineage cells transition from the progenitor (fraction B) stage to the
late pre-B (fraction D) stage (67% RF1, 19% RF2 versus 76% RF1, 11% RF2; p<0.002)
(Figure 3). A similar stair-step shift was observed in C57BL/6 B lineage cells (p<0.01) with
reading frame 1 usage increasing from 61% in B to 78% in D and reading frame 2
decreasing from 20% to 12% respectively. Thus, both the genetic and somatic mechanisms
regulating reading frame choice appeared to be operating similarly in the developing B-cells
of these two mouse strains.

A more random use of JH in developing C57BL/6 B-cells
A directional rank order of JH utilization is commonly observed in developing BALB/c B-
cells, with increasing usage among JH gene segments that are increasingly distal to the DH
locus. This rank order was much less apparent in developing C57BL/6 B-cells. Use of JH1
appeared increased and use of JH4 decreased when compared with that in BALB/c mice
(Figure 3). These differences achieved statistical significance for JH1 in Fractions C and E
(p<0.05 and p<0.003 respectively); and for JH4 in Fraction E (p<0.04).

An increase in average CDR-H3 length with B-cell development
A key feature of repertoire development in BALB/c mice is an incremental increase in the
average length of CDR-H3 with B lineage maturation. A similar increase, statistically
indistinguishable from that of BALB/c B lineage cells, was observed in C57BL/6 B lineage
cells with an average CDR-H3 length of 11.7 ± 0.3 amino acids in fraction B increasing to
12.3 ± 0.2 in fraction F (p=0.05) (Fig. 4a).

In BALB/c B lineage cells [8], the increase in length from fraction B to fraction F reflected,
in part, a reduction in the prevalence of sequences whose CDR-H3 length was less than nine
amino acids (Fig. 5). Due to the larger number of sequences available for analysis, this
phenomenon was best observed in a comparison between fraction C and F. Of the 192
sequences in fraction C, 24 encoded CDR-H3 of eight amino acids or less (13%); whereas
only three of 109 sequences (3%) were eight amino acids or less in fraction F (p < 0.01) [8].
This also led to a significant narrowing in the variance of the distribution of lengths (p =
0.01, Levene's test).

In C57BL/6 B lineage cells, we did not observe a narrowing of the variance in CDR-H3
length with development (p=0.55, Levene's test). Among 133 C57BL/6 fraction C
sequences, 16 (12%) were eight amino acids or less; and among 219 fraction F 19 (9%) of
sequences exhibit a similar range of short lengths (p=0.81).

A closer examination revealed that the greatest single contributor to the increase in lengths
in CDR-H3s of the more mature C57BL/6 B lineage populations was the increase in the use
of the single DFL gene segment, DFL16.1, with B-cell development (DFL16.1 is six
nucleotides longer than DSP and DST gene segments and 12 nucleotides longer than DQ52).
Although there were some slight differences in the extent of N addition and in terminal DH
nibbling, none of these achieved statistical significance. In contrast, in BALB/c B lineage
cells the increase in the distribution of lengths between fraction B and fraction F reflected
increased use of JH4, which is longer. This increase in JH4 usage did not occur in C57BL/6
B lineage cells.
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Increased use of serine and asparagine in CDR-H3 loops due to alterations in DH content
and usage

C57BL/6 B lineage cells demonstrated the same preference for tyrosine and glycine in CDR-
H3 loops as BALB/c cells (Figure 6); and the use of tyrosine and glycine increased with
maturation as in BALB/c bone marrow. However, the C57BL/6 CDR-H3 loop amino acid
repertoire differed from the BALB/c repertoire in its increased use of serine and of
asparagine. For example, serine contributed to 10% of the total amino acids in C57BL/6
fraction F CDR-H3 loops versus only 6% in BALB/c fraction F CDR-H3 (p=0.0002) [8].
Use of serine in C57BL/6 B lineage cells was also increased in fractions B (p<0.03) and D
(p<0.002). These changes reflected the increased use of the DFL16.1 gene segment [17] and
the contribution of a variant DSP gene segment, DSP2.x, which is not present in the BALB/
c genome. None of the DSP sequences in the BALB/c genome encode serine in RF1, with
DSP2.11 in the BALB/c genome, the closest homologue to DSP2.x in the C57BL/6 genome,
reading Tyr Tyr Arg Tyr Asp, in RF1. In the C57BL/6 genome, RF1 of DSP 2.x reads Tyr
Tyr Ser Asn Tyr, increasing the use of both serine and asparagine.

Failure to reduce the variance of CDR-H3 hydrophobicity with development
A second prominent feature of repertoire development in BALB/c B lineage cells is the
slow, progressive reduction in the variance of average hydrophobicities of the repertoire
with development [8]. This shift in variance in the BALB/c CDR-H3 repertoire is most
apparent in a comparison between fractions C and F (p<0.01, Levene's test) (Figure 4b).
This shift reflects, in part, a decrease in the prevalence of both highly hydrophobic and
highly charged sequences among fraction F CDR-H3s when compared to fraction C (Figure
7). For example, 3.8% of BALB/c fraction C CDR-H3 loop sequences were highly
hydrophobic (average hydrophobicity >0.6 by Kyte-Doolittle hydrophobicity scale) and
4.6% were highly charged (average hydrophobicity ≤ −0.7); but only 0.39% of fraction F
sequences were highly hydrophobic (p=0.006) and 0.39% of fraction F sequences were
highly charged when using the same comparison points (p<0.0001) [18].

In contrast, in the developing C57BL/6 CDR-H3 repertoire there was no decrease in
variance between fractions C and F (p=0.50, Levene's test) (Figure 4b). Only two of 133
fraction C sequences (1.5%) were highly hydrophobic and five (3.8%) were highly charged;
whereas in fraction F seven of 217 CDR-H3 loops (3.2%) were highly hydrophobic (p=0.49)
and five of 217 (2.3%) were highly charged (p=0.54). Indeed, the prevalence of highly
hydrophobic sequences appeared increased. When compared directly between strains, the
increased prevalence of highly hydrophobic CDR-H3s in C57BL/6 mature, recirculating B-
cells versus BALB/c mature, recirculating B-cells proved significant (p=0.04). Highly
charged CDR-H3 loops were also more prevalent C57BL/6 in mature, recirculating B cells
versus BALB/c mature, recirculating B cells, although statistical significance was not
achieved with this sample size (p=0.09) (Figure 7). Taken as a whole, the difference
between the average charge of all CDR-H3 loops from C57BL/6 Fraction E compared with
those from BALB/c Fraction E achieved significance at p=0.02 (Figure 4b), indicating an
altered pattern of selection at that developmental stage, as well. Together these findings
raised the possibility that the failure of the C57BL/6 mature, recirculating B-cell pool to
reduce the variance in average hydrophobicity in the transition from pre-B to mature B-cell
stage might reflect greater tolerance or increased survival of developing B cells bearing IgM
B-cell receptors with disfavored highly hydrophobic or highly charged CDR-H3s, or both.

Mature B cells forcibly enriched for charged CDR-H3s are better tolerated in C57BL/6 bone
marrow

To test the hypothesis that C57BL/6 bone marrow might be more tolerant of producing B
cells bearing IgM with charged CDR-H3 loops, including those enriched for arginine, than
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BALB/c bone marrow; we performed a 22 generation backcrossing into C57BL/6 of an IgHa

locus allele, ΔD-iD, which magnifies both the charge and arginine content of the CDR-H3
loops. B-cell progenitors using the ΔD-iD IgHa allele undergo VDJ recombination, pass
through all the typical checkpoints of B-cell development and can also undergo class
switching. In BALB/c mice, use of the ΔD-iD allele creates a polyclonal repertoire
displaying a gradient or more highly charged and arginine-enriched CDR-H3s. These types
of antibodies are present in the normal wild-type repertoire, but can be difficult to study due
to their very low prevalence [19].

We evaluated the average absolute number of B lineage cells by developmental stage in a
cohort of homozygous C57BL/6 ΔD-iD female mice, and compared these numbers with
those obtained from a companion cohort of wild type C57BL/6 female littermate controls, as
well as to companion historical studies in BALB/c wild-type and ΔD-iD female mice
(Figure 8, Supporting Information Figure 1). Among developing C57BL/6 ΔD-iD B cells, a
nearly similar number of pro-B (Hardy fraction B-equivalent) cells was followed by a
significant decrease of the early pre-B (Hardy fraction C-equivalent) population (p=0.02)
when compared to C57BL/6 wild type mice. The late pre-B (fraction D) and immature B
(fraction E) compartments had a ~40% and ~50% decrease in numbers when compared to
wild type controls (p<0.001 and p=0.002, respectively). This pattern of reduction in cell
numbers matched that which we had previously observed at comparable stages of B-cell
development on a BALB/c background [19]. However, unlike BALB/c IgHa.ΔD-iD mice
where the absolute numbers of mature fraction F B cells in the bone marrow is halved when
compared with those of wild-type; in C57BL/6 IgHa.ΔD-iD mice the absolute numbers of
fraction F B cells was fully normalized when compared with those from wild-type C57BL/6
control mice (p=0.67) (Table 1).

In order to distinguish between normalization of mature B-cell numbers due to the enhanced
prevalence of B cells bearing IgM with charged, arginine-enriched CDR-H3s versus
selection and increased survival for mature B cells that bear IgM with a more neutral CDR-
H3 repertoire that could result from DH inversion or increased N addition (potential somatic
selection for `normality'); we evaluated 52 in-frame VDJCμ transcripts isolated from
C57BL/6 ΔD-iD bone marrow fraction F B cells (Supporting Information Table 2). This
permitted direct comparisons between the CDR-H3 loops of fraction F B cells using the
same IgHa.ΔD-iD allele, but differing by C57BL/6 versus BALB/c genetic background.

The pattern of reading frame usage, the prevalence of sequences lacking identifiable DH
sequence, and the prevalence of N addition was statistically indistinguishable between the
IgHa.ΔD-iD repertoires expressed by the two mouse strains. Additionally, both the global
prevalence of arginine, tyrosine and valine in CDR-H3 and the relative distribution of CDR-
H3 sequences containing one or more of these representative amino acids were statistically
indistinguishable (Figure 9A, 9B). The prevalence of neutral CDR-H3 loop sequences did
not increase. To the contrary, the prevalence of highly charged and highly hydrophobic
CDR-H3 loops in fraction F on the C57BL/6 background proved higher than on the BALB/c
background (12.5% vs 9.2% and 3.8% vs 0; respectively) (Figure 9C, 9D). We conclude that
the normalization of IgHa.ΔD-iD fraction F B-cell numbers in C57BL/6 mice reflected an
increase in the numbers of mature, recirculating cells bearing both highly charged, arginine-
enriched CDR-H3 loops and highly hydrophobic CDR-H3 loops (derived from alternative
reading frames) when compared with those in BALB/c mice.

Discussion
Although the potential diversity of the CDR-H3 component of the immunoglobulin H chain
repertoire is astronomical, previous evaluation of the developing repertoire in BALB/c mice
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has allowed us and others to identify several key elements where there is strong evidence of
either developmental or ontological constraints on this diversity (reviewed in [20]). These
include differential patterns of V, D and J gene segment usage; the extent of N addition, P
junctions and terminal nucleotide loss; the non-random use of DH reading frame; the non-
random distribution of amino acids in the CDR-H3 loop; and the close focusing of the
distribution of CDR-H3 hydrophobicity. These previous studies in BALB/c mice suggested
that the initial constraints regulating CDR-H3 content reflected germline sequence content;
i.e., the product of natural selection. Superimposed upon these germline restrictions in
diversity were a series of somatic, presumably clonal, selective events that sequentially
produced a CDR-H3 repertoire that had undergone `trimming' of apparently `disfavored'
sequence content. This process included a reduction in the use of a specific VH gene
segment, VH81X; a reduction in the use of very short CDR-H3s; enhanced use of reading
frame 1; enhanced use of tyrosine and glycine in the CDR-H3 loop; and a sequential
elimination of highly charged or heavily hydrophobic CDR-H3s with development.

The present analysis of immunoglobulin repertoire development in the bone marrow of
C57BL/6 mice again demonstrates the effects of germline-imposed restrictions on the range
of initial diversity in the H chain repertoire; but would point to significant differences in
either the efficiency, the ability or the direction of the late stage somatic, clonal selective
events in the bone marrow and the periphery. The end result is a mature, recirculating B-cell
repertoire characterized by including IgM BCRs that bear antigen-binding sites that seemed
to be not just `disfavored', but commonly `discarded' by the mature, recirculating B cells in
BALB/c mice.

At the progenitor B-cell stage, the influence of the germline on the C57BL/6 repertoire is
obvious. VH, DH and JH usage in C57BL/6 H-chain transcripts appears to differ from
BALB/c H-chain transcripts both due to changes in number as well as the sequence of
homologous gene segments. Germline variation appeared to be associated with changes in
VDJ rearrangement frequency, although this latter point needs to be confirmed through the
analysis of non-functional sequences. Among the features of the C57BL/6 repertoire that
most closely matched the BALB/c repertoire were similarities in the initial distribution of N
addition, lengths, charge and the usage of 18 of the 20 different potential amino acids. One
of the features that varied between the two strains reflected the diminished number of
functional VH gene segments, including the absence of the most commonly used VH in the
BALB/c genome, VH7183.10. Others included the enhanced use of serine-enriched
DFL16.1; the presence of a DSP2.11 homologue, DSP2.x, that encodes serine in RF1; and
an increased use of JH1 in place of JH4. Of these changes, the most apparent effect in early
B-cell progenitors was on VH content, again due to the absence of many of the VH7183
variant sequences available to BALB/c mice.

The differences between VH and DH gene segment numbers and sequence in the C57BL/6
and BALB/c genomes lead to an alteration in the representation of VH-specific CDR-H1 and
–H2 structures and induce a DH-specific enrichment for serine and asparagine in the CDR-
H3 loop. It is theoretically possible that the differences in the prevalence of non-neutral
CDR-H3s observed in the mature, recirculating B-cell pool reflect the changes in the
complement of VH in C57BL/6 B-cells when compared to BALB/c B-cells. However, in
previous studies of BALB/c mice we have shown that changes in the global repertoire of
CDR-H3 due to changes in DH content had no effect on VH utilization [17, 19, 21]. Thus,
this possibility seemed less likely in C57BL/6 mice.

One of the first, critical somatic, clonal selective steps in repertoire development depends on
the interaction between the H chain and the surrogate light chain λ5 and VpreB [22, 23].
Successful passage through this checkpoint permits early pre-B fraction C cells to clonally
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expand and then transition to the late pre-B-cell fraction D stage at which light chain
rearrangement occurs. Most of the selective influences that we had observed in developing
BALB/c B lineage cells during this transition were also apparent in developing C57BL/6 B
lineage cells. This included a decline in the use of VH81X, a decrease in the use of DH RF2
with a compensatory increase in the use of RF1 and a stabilization of average length and
average charge [8]. The latter two values in particular were indistinguishable between
BALB/c fraction D and C57BL/6 fraction D (Figure 4), suggesting that both mouse strains
share similar preference for mechanistic regulation at the step where the interaction between
the nascent heavy chain and the surrogate light chain components determine the efficiency
of pre BCR formation. For reasons unknown, BALB/c mice carrying the μMT mutation are
leaky and can produce some B cells while C57BL/6 mice with the same mutation are not
leaky and do not produce B cells suggesting a different timing in the B-cell generation
process [24]. Thus it is possible that differences in the timing of Dμ protein or pre-B-cell
receptor expression between the two strains could have a downstream effect on repertoire
development.

A second selective step is the testing of the reactivity of the nascent IgM in fraction E.
Failure at this step can lead to receptor editing, anergy, or cell death, reducing the likelihood
of entry or survival of cells bearing `disfavored' IgM in the fraction F pool. Nussensweig
and colleagues have clearly demonstrated that this step selects against potentially pathogenic
self-reactivity [25]. CDR-H3 sequences obtained from C57BL/6 fraction E cells showed a
significant difference in the average hydrophobicity compared to BALB/c fraction E cells
suggesting a difference in the intensity or consequences of self-antigen recognition at that
stage between the two strains (Figure 4b).

Given the apparent increased susceptibility to the production of anti-dsDNA antibodies by
C57BL/6 mice [11], it is remarkable that the reduction in variance of CDR-H3
hydrophobicity that occurs during bone marrow B-cell development in BALB/c mice was
much less apparent in C57BL/6 mice. Indeed the mature recirculating B-cell pool in C57BL/
6 mice appeared to be retaining both highly hydrophobic and highly charged CDR-H3
sequences. We have previously shown that selection against these types of sequences can be
thwarted, to a certain extent, by forcing increased bone marrow production of charged or
hydrophobic CDR-H3s [20]. In BALB/c mice, late selective steps appear to ameliorate the
effect of the change in the repertoire by reducing the number of B cells that have reached the
final maturation step in the bone marrow. This clearly does not occur in C57BL/6 mice, as
evidenced by significant increase in hydrophobic CDR-H3 bearing sequences in fraction F B
cells as well as the inability of C57BL/6 IgHa.ΔD-iD mice to reduce the numbers of fraction
F B cells with highly charged, arginine enriched CDR-H3s when compared with BALB/c
IgHa.ΔD-iD mice and wild-type controls (Figures 8 and 9). This apparent inability to
efficiently perform late-stage somatic, clonal selection against `disfavored' sequence occurs
in parallel with the apparent inability of C57BL/6 wild-type mice to reduce the use of the
VH81X gene segment in the transition from fraction E to fraction F. Differences in
mechanism could include differences in receptor editing in fraction E, or differences in the
consequences of antigen receptor influenced signaling after exposure to antigen in the
periphery. These and other mechanisms are currently being studied in our laboratory.
Whether or not the difference in the outcome of late stage selection is contributing to the
increased propensity of C57BL/6 to produce potentially pathogenic auto-reactive antibodies
[26] is unclear. However, as analogous to the comparison of the auto-immune prone C57BL/
6 strain to the auto-immune resistant BALB/c strain, previous studies comparing MRL mice
to their sister, autoimmune-resistant C3H strain have demonstrated a similar lack of control
in the auto-immune prone MRL strain [27]. In either case, it appears that while the C57BL/6
VH7183 repertoire contains reduced diversity of CDR-H1 and CDR-H2 due to decreased
numbers of functional VH gene segments, there is increased diversity of CDR-H3 due to
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altered patterns of somatic selection. This appears to permit mature, recirculating C57BL/6
B-cells to create a subset of antibodies within their repertoire with antigen binding sites that
are considerably less common, and potentially even non-existent, in mature, recirculating
BALB/c B-cells. The role of these differences in creating a propensity for self-reactivity or
other alterations in the immune response is a focus of ongoing investigations in our
laboratory.

Materials and Methods
Mice

We obtained bone marrow from C57BL/6 mice with either a wild-type or ΔD-iD [19] DH
locus. The latter is the result of gene targeting in the DH locus to force use of a DH gene
segment enriched for arginine in reading frame 1. The C57BL/6 mice analyzed represent the
progeny of C57BL/6J mice bred in the UAB vivarium. The ΔD-iD DH allele mutation,
which had been generated in BALB/c mice [19], was backcrossed onto C57BL/6 mice for
22 generations. Both strains of mice were maintained in a specific pathogen free barrier
facility. All experiments with live mice were approved by and performed in compliance with
Institutional Animal Care and Use Committee regulations.

Flow cytometry and cell sorting
Flow cytometric analysis and cell sorting of bone marrow mononuclear cells was performed
as previously described [8, 17, 19, 28, 29]. Developing B lineage cells were identified on the
basis of the surface expression of CD19, CD43, IgM, BP-1, and/or IgD (Supporting
information Figure 1). Due to the decreased expression of CD43 on early C57BL/6 B-cell
progenitors when compared to BALB/c B-cell progenitors, the scheme of Melchers was
used to isolate the equivalent of Hardy fractions B (B220+ cKit+,CD25−, BP-1−) and C
(B220+ cKit− CD25+ and BP-1+). .

The following sets of monoclonal antibodies were used: For the equivalent of Hardy
fractions B and C, anti-B220 (PerCP) [BD Pharmingen, San Diego, CA], anti-BP-1 (PE) (a
gift from JF Kearney), and anti-IgM (Cy5) [Jackson ImmunoResearch], West Grove, PA],
anti-cKit (allophycocyanin) [BD Pharmingen, San Diego, CA] and anti-CD25 (FITC) [BD
Pharmingen, San Diego, CA]. For Hardy fractions D, E and F, anti-CD19 (SPRD) [Southern
Biotech, Birmingham, AL], anti-CD43 (FITC) [BD Pharmingen], anti-IgD (PE) [Southern
Biotech, Birmingham, AL], and anti-IgM (Cy-5) [Jackson ImmunoResearch].

Sorting, RNA preparation, RT-PCR and sequencing
Total RNA isolation, VH7183 specific VDJCµ RT-PCR amplification, cloning, sequencing,
and sequence analysis was performed as previously described [8, 17, 19]. A listing of the
577 wild-type C57BL/6 VDJCμ unique, in-frame sequences used for analysis in this work is
provided in supporting information Table1. A listing of 52 VDJCμ sequences from the
congenic C57BL/6 IgHa ΔD-iD mature, recirculating fraction F bone marrow B-cell subset
are provided in supporting information Table 2.

Statistical analysis
Differences between populations were assessed where appropriate by Student's t test, two
tailed; Fisher's exact test, two tailed; χ2; or Levene's test for the homogeneity of variance.
Analysis was performed with JMP version 8 (SAS Institute, Inc., Cary, NC), or with
GraphPad Prism 5.03 (GraphPad Software, Inc., La Jolla, CA). Means are accompanied by
the standard error of the mean.

Khass et al. Page 9

Eur J Immunol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A comparison of the complement of VH7183, DH and JH gene segments in C57BL/6
and BALB/c mice
The germline complement of BALB/c VH7183 is based on the report of Feeney and
colleagues [30]. The germline complement of DH gene segments is depicted as reported by
Kurosawa and Tonegawa [31] and modified by Feeney and Riblet [32]. The precise order of
DSP2.2, 2.5, 2.6, 2.9 and 2.11; 2.7 and 2.8 are undetermined [31]. The order and content of
the C57BL/6 locus is based on Genbank accession number AC090887 [33]. The closest
homologues by amino acid sequence are linked by arrows. Also shown is the percent of
amino acid sequence identity between the homologues.
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Figure 2. VH 7183 gene segment usage during B-cell development in C57BL/6 8 week bone
marrow
VH gene segments are arranged according to their position relative to the JH locus in the
genome. IGHV05-2 (VH81X), the most JH proximal functional gene segment, is at the right.
The percent of unique, in-frame sequences using the specified VH gene segment in adult
C57BL/6 bone marrow from Hardy fractions B and C Melchers equivalents and from Hardy
fractions D, E, and F (Table 1) are displayed and compared with BALB/c bone marrow. The
data are obtained from 2 sorts with 2 mice each for a total of 4 mice. Cells from each mouse
were not pooled. The number of unique sequences from each fraction is noted with 577 total
unique sequences reported. Differences were evaluated using Student's t test. Significance is
illustrated as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p < 0.0001.
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Figure 3. DH, JH, and DH reading frame usage during B-cell development in C57BL/6 vs BALB/
c 8-week bone marrow
The percent of C57BL/6 sequences using members of the specified DH family (top left); the
percent of sequences using DSP or DFL DH gene segment family members in reading
frames 1, 2, or 3 (top middle); and percent of sequences using JH1, 2, 3, or 4 displayed by
the specified developmental stage (top right) are shown. An equivalent analysis of sequences
cloned from 8-week-old BABL/c bone marrow is displayed (bottom, [20]). The divergence
in the percentage of DH gene family, DSP and DFL (top), reading frame (middle), and JH
between C57BL/6 and BALB/c bone marrow (right) is displayed (middle row). The
sequences are drawn from the data set reported in Figure 2. Differences were evaluated
using chi square or Fisher's exact test. Significance values are marked as reported in Figure
2.

Khass et al. Page 14

Eur J Immunol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Average CDR-H3 length and CDR-H3 loop charge as a function of B-cell development
in the bone marrow of adult C57BL/6 mice compared with that of adult BALB/c mice
(A) Average CDR-H3 length and (B) average CDR-H3 loop hydrophobicity of the 577
VH7183DJCμ transcripts from C57BL/6 and 1355 BALB/c adult bone marrow transcripts
[20] by developmental stage. The sequences are drawn from the data set reported in Figure
2. Data are shown as mean + SEM of the sequences obtained from 4 mice pooled from 2
sorts with 2 mice each. Chi square or Fisher's exact test was used for statistical analysis.
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Figure 5. Distribution of CDR-H3 lengths as a function of B-cell development in the bone
marrow of adult C57BL/6 as compared with adult BALB/c mice
Distribution of CDR-H3 lengths in VH7183DJCμ transcripts from adult C57BL/6 bone
marrow is shown (left). Distribution of CDR-H3 lengths in VH7183 DJCμ transcripts from
adult BALB/c bone marrow as a function of B-cell development [20] is shown (middle).
Divergence in the distribution of CDR-H3 length between C57BL/6 and BALB/c bone
marrow B lineage cells is displayed (right). To facilitate visualization of the change in
variance of the distribution, the vertical lines mark the preferred range of lengths in the bone
marrow fraction F. The sequences are drawn from the data set reported in Figure 2. Chi
square or Fisher's exact test was used for statistical analysis.
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Figure 6. Amino acid usage as a function of B-cell development in the bone marrow of C57BL/6
as compared with that of BALB/c mice
The percentage of amino acid use in the CDR-H3 loop of open reading frame, unique
sequences from C57BL/6 (top) and BALB/c (bottom) [20]. The divergence in percentage of
amino acid use in CDR-H3 between the strains is shown (middle). The sequences are drawn
from the data set reported in Figure 2. Chi square or Fisher's exact test was used for
statistical analysis. Significance values are marked as reported in Figure 2. Arrows point to
features of particular interest.
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Figure 7. Distribution of CDR-H3 loop charge as a function of B-cell development in the bone
marrow of C57BL/6 as compared with that of BALB/c mice
Distribution of average CDR-H3 hydrophobicities in VH7183DJCμ transcripts from C57BL/
6 bone marrow as a function of B-cell development is shown (left) Distribution of average
CDR-H3 hydrophobicities in VH7183DJCμ transcripts from BALB/c bone marrow as a
function of B-cell development [20] is shown (middle). Divergence in the distribution of
CDR-H3 loop hydrophobicity between C57BL/6 and BALB/c bone marrow B lineage cells
is displayed (right). The normalized Kyte-Doolittle hydrophobicity scale [34] has been used
to calculate average hydrophobicity. Although this scale ranges from −1.3 to + 1.7, only the
range from − 1.0 (charged) to +1.0 (hydrophobic) is shown. Prevalence is reported as the
percent of the sequenced population of unique, in-frame, open transcripts from each B
lineage fraction. To facilitate visualization of the change in variance of the distribution, the
vertical lines mark the preferred range of average hydrophobicity previously observed in
wild-type fraction F [8]. The sequences are drawn from the data set reported in Figure 2.
Arrows point to features of particular interest.
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Figure 8. Divergence in the absolute numbers of B lineage subpopulations from the bone marrow
of homozygous ΔD-iD mice relative to their littermate C57BL/6 and BALB/c controls
Percent loss or gain in homozygous ΔD-iD mice relative to their specific wild type
littermate controls in the average absolute number of cells in either Melchers equivalents for
bone marrow fractions B and C for C57BL/6 (Table 1) or Hardy fractions B and C [20]; as
well as Hardy fractions D, E and F (Table 1). The standard error of the mean of each B
lineage subpopulation for the littermate controls averaged approximately 10% of the
absolute number of cells in each subpopulation (gray area). Data represent an analysis of 10
mice per group. Student's t test was used for statistical analysis. Error bars depict the
standard error of the mean. Significance values are marked as reported in Figure 2.
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Figure 9. Comparison of the usage of selected amino acids and the distribution of hydrophobicity
of CDR-H3 in mature, bone marrow B cells from congenic C57BL/6 IgHa.ΔD-iD and BALB/c
IgHa.ΔD-iD mice
(A) The percentage of arginine (R), tyrosine (Y) and valine (V) use in the CDR-H3 loop of
open reading frame, unique sequences compared with that of BALB/c congenics. (B) The
percentage of CDR-H3 loop sequences containing `n' copies of the specified amino acids in
the CDR-H3 loop of open reading frame, unique sequences compared with that of BALB/c
congenics. (C) The distribution of charge in the CDR-H3 loop of open reading frame,
unique sequences compared with that of BALB/c IgHa.ΔD-iD congenics. (D) The
prevalence of highly charged and highly hydrophobic (average Kyte-Doolittle
hydrophobicity index value [34] of ≤ −0.700 or > 0.600 respectively). Data shown are from
two mice and were performed on the same sorting machine but at different time intervals.
The cells from each mouse were not pooled. The original sequences are provided in
Supporting Information Table 2.
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Table 1

Cell numbers in bone marrow of normal and mutant C57BL/6 mice

Fraction
c)

Bone Marrow
a) N Total Cells × 106 CD19+ × 108 B × 104 C × 105 D × 105 E × 105 F × 105

wt 10 17.1 (0.7)
b) 4.0 (0.3) 2.2 (0.2) 9.1 (1.1) 19.9 (1.9) 5.7 (1.0) 8.1 (0.6)

Δ D-iD 10 12.0 (0.3)***d) 2.8 (0.1)*** 2.2 (0.3) 5.3 (0.4)* 13.1(0.9)*** 3.0 (0.4)** 7.5 (0.6)

a)
Values shown are cell counts per femur (average cellularity of two femurs collected from each experimental animal) of paired 8-week-old

homozygous ΔD-iD (δD-iD) or homozygous wild-type (wt) DH C57BL/6 littermates, with each study representing analysis of the mean of 10

mice each, performed at the same time and conditions.

b)
The mean standard error is provided in parenthesis.

c)
The number of cells in pro B cells which are equivalent to fraction B (B220+ c-KIT+ CD25− BP-1−), early pre B cells equivalent to fraction C

(B220+ c-KIT− CD25+ BP-1+), Hardy fractions D (CD19+ CD43− IgM− IgD−), E (CD19+ CD43− IgM+ IgD−), and F (CD19+ CD43− IgMlo

IgDhi) was determined from the relative proportion of total cells.

d)
Differences between cell numbers were assessed by Student's t test. Significance is illustrated as

*
p ≤ 0.05,

**
p ≤ 0.01

****
p < 0.0001 versus C57BL/6 wild-type littermates.
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