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Abstract

The diversity in antibody repertoire relies on different B cell
populations working efficiently to fulfil distinct specific func-
tions. We recently described an innate-like CD19*CD45R~"°
(19*45R"°) cell population in postnatal unstimulated adult
mice, a heterogeneous population containing cells express-
ing immunoglobulin M (IgM) and others behaving as differ-
entiated mature B lymphocytes (intracytoplasmic IgGT,
AID*, Blimp-1*RAG27). In the present study, we characterized
the Ig repertoire expressed by splenic 19+45R° cells, assum-
ing that they would bear a restricted repertoire biased for
germline rearrangements and low mutation rates similar to
other innate-like cells. Sequences from 19*45R" cells dis-
played a variety of V, D and J regions, and the analysis of the
CDR-H3 region revealed an intermediate overall CDR-H3
lengthand moderate hydrophobicity.Both IgMand switched
sequences of PD15 1945R cells had shorter CDR-H3 region
and fewer non-template N nucleotides than adult sequenc-
es, as expected for profiles that correspond to an immature
phenotype. Regarding the mutation rate in the VH regions,
IgG1 sequences already carried a high rate of replacement
mutationsat PD15, which increased further in the sequences
obtained from adult mice. Moreover, statistical models sug-

gest that a proportion of the switched sequences in adult
19*45R'° cells had experienced antigen selection, unlike oth-

er innate-like B cell compartments. ©2014 S. Karger AG, Basel

Introduction

The first committed B lymphocytes arise in the fetal
liver early in embryonic development (11 days post co-
itum) as CD19*CD45R™° (19*45R!) pro-B cells [1].
Soon after birth, 19*45R° cells colonize the spleen, ac-
counting for up to 11% of the total B lymphocyte popula-
tion by postnatal day (PD) 7, and their numbers stabilize
from PD30 onwards [2]. The first IgG-secreting plasma
cells are found at PD15 among 19*45RY cells [3], suggest-
ing the early differentiation of these cells. The differentia-
tion of mature peripheral B lymphocytes to plasma cells
requires the coordinated activity of different transcrip-
tion factors, including B lymphocyte-induced maturation
protein-1 (Blimp-1), X-box-binding protein 1 (Xbp-1)
and activation-induced cytidine deaminase (AID). AID is
required to introduce diversification through somatic hy-
permutation (SHM), somatic hyperconversion and class
switch recombination (CSR) [4-6]. During the course of

B. de A. and M.L.G. contributed equally to this study.

© 2014 S. Karger AG, Basel
1662-811X/14/0064-0499$39.50/0

KARGER

E-Mail karger@karger.com
www.karger.com/jin

Dr. Belén de Andrés and Dr. Maria Luisa Gaspar

Unidad de Inmunobiologia, Centro Nacional de Microbiologia

Instituto de Salud Carlos III, Carretera de Majadahonda a Pozuelo, km 2.5
ES-28220 Majadahonda, Madrid (Spain)

E-Mail bdandres @isciii.es and mlgaspar @isciii.es


http://dx.doi.org/10.1159%2F000358237

the reactions that take place in the germinal center, AID
is activated after B lymphocyte encounter with antigen
(Ag) with the help of T cells [7, 8]. However, AID activa-
tion and SHM can occur independently of T cells, outside
the germinal center, in response to TLR ligation in an Ag-
independent context [6, 9-11].

We previously demonstrated thatadult splenic 19*45R%
cells display features of innate-like B lymphocytes such as
B1 cells and marginal zone (MZ) B lymphocytes. Indeed,
not only are they preferentially derived from embryonic
liver hematopoietic precursors but they also exhibit a pre-
activated status (CD43*, CD44"), have a high turnover
rate (Ki-67"; 5-BrdU uptake in vivo), and are maintained
and expanded in immune-deficient mice [2, 3]. These cells
form a heterogeneous population with around 60% of the
cells expressing surface immunoglobulin M (IgM), as well
as exhibiting some traits of pre-plasmablasts (CD138¥,
Xbp-1*), and a pronounced ability to release IgG1 and IgA
[3]. Furthermore, we found that 19745R cells were lo-
cated perifollicularly in the spleen close to the MZ metal-
lophilic macrophages and not in the red pulp. This distri-
bution suggests they have a potential role in the initial
phases of Ag recognition, as described for MZ B lympho-
cytes. More recently, we demonstrated that the surface
phenotype, functional features and molecular signature of
19*45R cells separate them from B1 cells [2]. These cells
can undergo CSR in vitro after TLR-dependent and B cell-
activating factor and IL-4 activation [2], and they can se-
crete IL-10. By contrast, other innate-like B cell subsets,
such as innate response activator B cells and age-associat-
ed B cells, display a distinct cytokine secretion pattern and
do not secrete isotype-switched Igs after in vivo or in vitro
stimulation [12, 13].

B lymphocytes from the innate-like branch of the im-
mune system secrete low affinity Igs, mainly of the IgM
isotype bearing germ-line IgH rearrangements. In the
present study, we examined the IgH repertoire expressed
by 19745R% cells under homeostatic conditions and we
compared it with that of naive CD19*CD45R* (19*45R")
cells from PD15 and adult (PD60) mice. Our results dem-
onstrate that the repertoire of the V/D/J region in 19*45R%
cells is not restricted and underwent SHM, and that at
PD60, this region accommodated N insertions. AID ex-
pression was detected in 19¥45R" cells, increasing at
PD60. An analysis of isotype-switched V region sequenc-
es in 19745R cells revealed the accumulation of replace-
ment mutations, mainly in CDRs, suggesting the selec-
tion of these mutations through Ag encounters. Finally, a
detailed analysis of the features of CDR-H3 in adult
splenic 19*45R" cells revealed an unrelated auto-anti-
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body (auto-Ab)-prone profile, which distinguishes this
population from those in other recently described innate-
like B cell compartments.

Materials and Methods

Ethics Statement

All procedures were carried out in accordance with protocols
and guidelines established by the Institutional Animal Care and
Use Committee of the Instituto de Salud Carlos III.

Mice

BALB/c mice were bred and maintained in the specific patho-
gen-free animal facilities at the Instituto de Salud Carlos III. The
mice were housed individually in ventilated cages and sacrificed by
cervical dislocation to obtain cell suspensions from the spleen.

Flow Cytometry and Cell Sorting

Single cell suspensions were prepared in staining buffer (2.5%
FCS in Dulbecco’s phosphate-buffered saline; BioWhittaker, Lon-
za Group, Switzerland) and non-specific binding was blocked with
Fc-Block™ (BD Biosciences, San Jose, Calif., USA). Staining was
performed using standard protocols with the following Abs and
secondary reagents: phycoerythrin-labelled anti-CD19 (clone
1D3, Affymetrix eBiosciences, San Diego, Calif., USA), FITC-la-
belled anti-CD45R (clone RA3-6B2) and biotinylated anti-IgG1
(clone A85-1), anti-IgG2a/2b (clone R2-40), anti-IgA (clone C10-
1), anti-Ig light chain k (clone 187.1), goat anti-mouse Ig light
chain A and isotype controls (clone R3-34, goat Igs), and allophy-
cocyanin-labelled streptavidin (BioLegend, San Diego, Calif,,
USA). FITC-labelled and biotinylated Abs were obtained from BD
Biosciences, and polyclonal antisera were purchased from South-
ernBiotech (Birmingham, Ala., USA). The cells were analysed on
a FACSCanto-I (BD Biosciences) using the FlowJo v6.3.4 (Tree
Star, Ashland, Oreg., USA) and Infinicyt (Cytognos SL, Salaman-
ca, Spain) software packages, and they were FACS purified using a
FACSAria-I apparatus with DIVA v6.1 software (BD Biosciences).
For intracytoplasmic Ig detection, fresh adult cells were stained for
CD19 and CD45R surface expression. Stained cells were fixed/per-
meabilized using the Cytofix/Cytoperm kit (BD Biosciences) and
they were assayed with the Live/Dead Exclusion Fixable Violet
Dead Cell Stain kit (Invitrogen, Carlsbad, Calif., USA) prior to in-
tracellular staining with anti-IgG1, anti-IgG2a/2b, anti-IgA and
the isotype control.

RT-gPCR, Cloning and V Region Sequencing

Total RNA was extracted from sorted splenic 19*45R1°, 19745R*
and CD19"°CD45R® (19°45R) cells, and oligo(dT)-primed
c¢DNA samples were prepared with avian myeloblastosis virus re-
verse transcriptase as described previously [1]. Quantitative real-
time PCR (RT-qPCR) was performed on a CFX96™ Real-Time
System using the SsoFast™ Supermix EvaGreen (Bio-Rad, Hercu-
les, Calif., USA), as indicated elsewhere [14]. Bio-Rad CFX Man-
ager software was used to calculate the Cy of each reaction and the
relative amount of specific cDNA in each sample was determined
by the ACt method. The results are presented as the expression of
each transcript relative to that of the hypoxanthine phosphoribosyl
transferase 1 gene (HPRT). The primers used for Blimp-1, AID,
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Table 1. Summary of the sequences

Total  Functional  Sequence functionality =~ Unique  Sequence diversity Clonotypes  Clonotypic diversity
(functional/total) (unique/functional) (clonotypes/functional)

PD15

IgM 19+45Rl 36 32 0.89 32 1.0 30 0.94

IgM 19745R* 48 45 0.94 42 0.93 42 1.0

Switched 19745Rl° 118 91 0.77% 67 0.73 23 0.34%

Switched 19*45R* 16 9 0.56* 8 0.88 6 0.75
PD60

IgM 19+45Rl 72 68 0.94 64 0.94 58 0.96

IgM 19*45R* 66 62 0.94 61 0.98 61 1.0

Switched 19*45Rl 81 55 0.68% 51 0.92 42 0.82

Switched 19°45R® 45 22 0.49* 22 1 21 0.95

Sequence functionality represents the number of functional sequences divided by the total number of sequences. Sequence diversity
is defined as the number of unique sequences divided by the number of functional sequences. Each clonotype includes sequences that
use the same VH gene, and that have a highly homologous CDR-H3 and an identical CDR-H3 length. Clonotypic diversity is defined
as the number of clonotypes divided by the number of functional sequences.

3 p < 0.05: data were compared in contingency tables with the x? test.

TdT, RAG2 and HPRT have been described previously [3, 4, 14,
15].

To detect VDJ-C rearrangement, preparations of 19*45R!° and
19745R* cells were subjected to PCR amplification with 1 U of Fast-
Start DNA polymerase (Roche, Mannheim, Germany) in a PTC-200
DNA Engine cycler (Bio-Rad). Rearranged alleles were amplified
using a degenerate V primer (5-AGGTSMARCTKCWSSAGTC
WGG-3": [16] and CH-specific primers: Cp (5'-GGGAAATGGT
GCTGGGCAGGAA-3": [1], Cy1R (5'-GGATCCAGAGTTCCAG
GTCACT-3") and CaR (5'-GAGCTGGTGGGAGTGTCAGTG-3')
[4]. The reaction products were resolved by electrophoresis on 2%
agarose gels and visualized by Pronasafe Nucleic Acid Staining
(Condalab, Madrid, Spain). The PCR products were cloned using
the Dual Promoter TA cloning kit (PCR® I vector; Invitrogen) and
transformed into JM109 Escherichia coli competent cells (Promega,
Madison, Wisc., USA). After plating, the plasmids from IPTG se-
lected colonies [17] were PCR amplified and the products were sep-
arated by electrophoresis to identify positive clones. The PCR prod-
ucts were cleaned with PCR clean-up kits (Mo Bio Laboratories,
Carlsbad, Calif., USA) and the purified plasmids were sequenced in
an ABI3500 automatic sequencer using the BigDye sequencing mix-
ture (Applied Biosystems, Carlsbad, Calif., USA). The background
error rate of the Taq polymerase was estimated as 1 x 107> by se-
quencing clones expressing HPRT.

Sequence Analysis

The sequences analysed in this study have been deposited in the
EMBL database with theaccession numbers HF569379-HF569839.
The sequences obtained were aligned and studied using Ig-
BLASTN® (http://www.ncbi.nlm.nih.gov/igblast/) and the Immu-
nogenetics (IMGT) information system® (http://www.imgt.org/
HighV-QUEST/) [18]. Comparative sequence analysis between
populations and CDR-H3 amino acid alignments were performed
using the Immunoglobulin Analysis Tool software (IgAT) [19].

Immunoglobulin Repertoires Expressed
by CD19*CD45RY Cells

Ambiguous sequences and repeated rearrangements with an iden-
tical V region and CDR-H3 segments were excluded, as we could
not ascertain whether they corresponded to clonal expanded cells
bearing such rearrangements or to PCR-amplified transcripts in
rare cell populations. The features of the sequences are summa-
rized in table 1. Sequences are considered clonally related when
they use the same VH gene, and when they have a highly homolo-
gous CDR-H3 and an identical CDR-H3 length. The individual
amino acid usage was compared among the different groups of
sequences using the x” test, as described elsewhere [20]. The Shan-
non entropy value [21] was used to analyse the amino acid vari-
ability in the CDR-H3 region. Phylogenetic trees of the sequences
were generated using the neighbour-joining method with BioEdit
v7.2.0  (http://www.mbio.ncsu.edu/bioedit/bioedit.html) and
MEGAS5 (http://www.megasoftware.net) software.

Statistical Analysis

The data are presented as the means + SEM. Statistical analyses
were performed with Prism 5.0 (GraphPad) software after testing
the data distribution using Kolmogorov-Smirnov, Shapiro-Wilk
and D’Agostino-Pearson normality tests. Comparisons were per-
formed with the two-tailed Student t test and the x? test for contin-
gency tables.

Results

Unstimulated Adult Splenic 19*45R" Cells Include Ig

Class-Switched Cells

We previously demonstrated that 19745R% cells colo-
nize the spleen soon after birth and that they already re-
lease IgG by PD15. Moreover, adult splenic 19¥45R! cells
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express transcription factors and phenotypic features
characteristic of a highly differentiated B cell compart-
ment [3]. RT-qPCR for Blimp-1, AID, RAG2 and TdT in
FACS-sorted splenic 19*45R" cells, and in conventionally
purified 19*45R" cells, revealed similar transcript expres-
sion in both cell populations at PD15 (fig. 1a). However,
there was a stronger increase in the expression of AID
and Blimp-1 transcripts between PD15 and PD60 in
19*45R"° than in 19*45R* cells. As expected, TdT and
RAG2 transcripts were detected in PD15 samples, and
they disappeared progressively with age. Nevertheless,
there were more TdT transcripts in adult 19¥45R" cells
than in adult 19*45R* cells, while RAG2 was undetectable
in both adult B cell subpopulations (online suppl. fig. 1a;
for all online suppl. material, see www.karger.com/
doi/10.1159/000358237). We next quantified the Ig class-
switched 19*45R! cells present in the spleen under ho-
meostatic conditions using intracytoplasmic and surface
detection of Igs by flow cytometry (fig. 1b). We found that
around 60% of the 19*45R™ cells expressed a surface IgM,
which is in agreement with our previous data [3], and 96%
of these cells expressed either k or A light chains, indicating
that most of them were mature B cells or pre-plasmablasts.
Accordingly, the frequency of clonal progenitors that
could be established in stromal cultures in the presence of
IL-7 was extremely low (online suppl. fig. 1b), as described
previously [22]. However, we cannot completely exclude
that 19*45R" cells contain small fractions of pre-B cells,
B1 cell progenitors (bearing a 19*45R"® phenotype, as re-
cently described in the bone marrow and spleen [23, 24])
or even rare CD19" dendritic cells [25]. Finally, there was
moreintracytoplasmicIgG1,1gG2a/2band IgA in 19*45R!°
than in 19745R" cells, with the latter expressing only min-
imal intracytoplasmic levels of these Igs. Together, these
data show that 19*45R cells undergo Ig class switching in

Fig. 1. 19%45RY cells display traits of highly differentiated B lym-
phocytes. a Bar graphs show the RT-qPCR analyses for the genes
indicated in sorted 19*45R!° and 19*45R* cells at PD15, PD30 and
PD60. The results represent the expression of each transcript rela-
tive to that of HPRT as the mean + SEM (n = 4 performed in du-
plicates). Bio-Rad CFX Manager software was used to calculate the
Cr of each reaction, and the relative amount of specific cDNA in
each sample was determined using the ACp method. LPS, spleno-
cytes stimulated with LPS (25 ug/ml) for 72 h. * p < 0.05: represent
the statistical significance calculated by an unpaired two-tailed
Student t test. b Flow cytometry analyses of surface and intracyto-
plasmic Igs from PD60 splenocytes stained with anti-CD19, anti-
CD45R and the indicated isotype-specific Abs. The dot plot shows
representative staining to indicate the gates for 19745R cells (el-
lipse) and 19*45R* cells (circle). Histograms of IgM (p), kappa (),
and lambda () surface expression are shown in the top panels.
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homeostatic conditions and that these cells possess the
molecular machinery responsible for generating Ig vari-
ability, including CSR, SHM and N nucleotide insertion.

Clonotypic Diversity in the IgH Repertoire of

Class-Switched 19*45R" Cells

To analyse the IgH repertoire of postnatal and adult
19+45R" cells in an unbiased manner, we amplified the
VDJ-C rearrangements from 19*45R" cells by RT-PCR
using a mixture of degenerate 5'-primers from the VH-
leader regions and 3'-primers specific to each C region
isotype analysed (IgM, IgG1 and IgA). IgM-specitfic prod-
ucts were detected in samples from both 19*45R" and
19*45R* cells at PD15 and PD60 (fig. 1c). IgG1- and IgA-
specific products were also detected in PD15 and PD60
19*45R cells, yet they were detected only weakly or not
at all in adult 19745R" cells. Based on this observation, we
used cDNA samples from PD60 19'°45R" cells for com-
parisons, which yielded strong IgG1- and IgA-specific
PCR signals (fig. 1c, right panel).

The isotype-specific VDJ-C rearrangements detected
by RT-PCR from sorted 19*45R™, 19*45R* and 19'°45R%
cells at PD15 and PD60 were cloned and sequenced. A
total of 482 sequences were analysed (table 1), of which
307 corresponded to 19*45R° cells and 175 to
19*45R*/19!°45R° cells. We obtained sequences for IgM
(n = 222), IgG1 (n = 165) and IgA rearrangements (n =
95). Due to the limited number of IgA sequences obtained
in some of the groups, they were analysed jointly with
those of IgG1 (referred to henceforth as switched se-
quences) to obtain more robust comparisons, unless oth-
erwise indicated. Nevertheless, since IgG1 was amplified
from only 3 of the 13 sorted PD15 19745R" samples and
no IgA was detected, the number of sequences analysed
from this group was low when compared to switched se-

Fluorescence intensity of the indicated parameters is shown (S Ig).
Isotype background fluorescence is indicated by the vertical lines.
The panels below represent the intracytoplasmic staining of the
gated populations displayed as the so-called parameter band dot
plots (Infinicyt software, Cytognos SL), which represent events as
dots distributed along an arbitrarily short y-axis (33% height of the
x-axis length) for each parameter analysed, with the corresponding
fluorescence intensity displayed in the x-axis (IC Ig). Positive
events are those to the right of the vertical line and the numbers
represent the frequencies as percentages (mean + SEM, n = 6).
*p <0.05, ** p < 0.01. c Scheme of the PCR design used to analyse
IgM, IgG1 and IgA rearrangements, with the primers used indi-
cated below. A representative example of the results obtained for
purified 19*45R!°, 19*45R* and 19'°45R cells at PD15 and PD60
is shown (n = 4 different samples per population).

(For figure see next page.)
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quences from 19*45R!° cells, and therefore we cannot per-
form a meaningful statistically analysis in this case. Most
IgM sequences were functional and very diverse (se-
quence diversity defined as the proportion of unique se-
quences among all the functional sequences). By contrast,
a large number of switched sequences were non-func-
tional and although they exhibited considerable sequence
diversity, clonotypic diversity (the number of clonotypes
relative to the number of functional sequences) was sig-
nificantly lower at PD15 than for the IgM sequences.

Broad V and D Region Gene Family Usage in IgH

Sequences from 19*45R" Cells

We compared the V region usage in 19*45R° cells
from PD15 and PD60 spleens with that of 19¥45R* or
19'°45R cells at the same ages (fig. 2a). Genes in the V1
family were those most often used in each group of se-
quences, except in the adult IgM sequences from 19*45R%
cells. However, V2 (VHX24 and Q52), V3 and V12 were
also used often at PD15 in the IgM sequences, and V3 and
V14 accumulated in switched sequences at PD15. By con-
trast, the V4 and V1 families were preferentially used by
IgM sequences from PD60 19745RY cells, whereas the
V2/V12 gene families were almost totally excluded from
these IgM sequences. Interestingly, V2 usage was pre-
served in switched sequences from PD60 19*45R cells.
We also observed little usage of other V region families,
including the most J-proximal V5 segment (VH7183)
family and the V14 family, which are frequently expressed
in newborn IgM sequences and in B1 cells [26], as well as
V11 (the latter detected by specific V11-Cu RT-PCR am-
plification; data not shown).

Analysis of B cell repertoires based on PCR amplifica-
tion of Ig cDNAs may introduce a bias in favour of cells
expressing large amounts of Igs, such as the plasmablasts
that are prevalent among 19*45R™ cells, thereby hamper-
ing the interpretation of the frequency data. Yet, our re-
sults reveal a diverse profile of V region usage in sequenc-
es from 19*45RY cells, which varies with age and isotype
switching and is distinct from that of 19745R* and
19'945R™ cells. This reflects a different scenario from the
initial hypothesis of a restricted repertoire.

We generated phylogenetic trees to better define the
genetic relationships between the postnatal and adult
19745Rb cells (fig. 3a). As expected, the samples clustered
into different V region clonotypes, with more branches
and duplications in the adult samples, and there was a
more restricted clonotype diversity for switched postna-
tal samples, as described above. Phylogenetic trees gener-
ated for postnatal and adult samples of the V1 group
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(fig. 3b) revealed that the IgM repertoires expressed by
them were closely related, indicating a progression in the
repertoires and the generation of new branches in adult
samples. Switched repertoires exhibited some clusters
that were expressed in either postnatal (groups IGHV1-
82 and IGHV1S81) or adult IGHV1-53 and IGHV1-64)
samples, suggesting that the primarylow-affinity switched
repertoire [27] is progressively replaced by other more
operative Abs. Interestingly, individualization of IgGl
and IgA sequences revealed that some of them belonged
to the same clusters as IgM-bearing sequences and, there-
fore, they could have originated through a sequential
switch process (online suppl. fig. 2).

Between 10 and 20% of the sequences in all the groups
contained no identifiable D region gene segments, indi-
cating that exonucleolytic nibbling occurred to a similar
extent in all groups [28, 29]. The most frequently used D
regions were those of the D1 and D2 groups (fig. 2b). As
expected, comparing switched sequences from PD15 and
PD60 19745R" cells revealed that D1 (mostly D1-1,
DFL16.1) predominated at PD15, whereas a broadening
of the other D region groups was evident in PD60 sam-
ples, as observed in the other sequence groups analysed
(data not shown). Interestingly, 25% of PD15 switched
sequences from 19*45R"° cells contained a DFL16.1-
DST4 rearrangement, in which the second D region is
inverted (online suppl. fig. 3). These sequences used ]2
and the IGHV1-82.01 V region, and they correspond to
one of the postnatal switched 19*45R¥ cell clonotypes. In
fact, the preferential use of ]2 in PD15 switched sequenc-
es from 19*45R" cells (fig. 2c) mostly corresponds to
these sequences. Apart from that, no differences in J re-
gion usage were observed in any of the other groups ana-
lysed. Taken together, our data show that 19+45R cells
display a broad profile of V, D and ] region genes and that,
interestingly, postnatal switched sequences displayed
lower clonotypic diversity and a predominant use of J2.

CDR-H3 Sequences in Postnatal 19*45R Cells Are

Shorter and Contain Fewer N Insertions

In adult mice, the average length of the CDR-H3 seg-
ment increases during development, from that found in
immature pro-B progenitors to that of the mature Hardy
fraction F in the bone marrow [20]. The distribution of
CDR-H3 length has been used as a measure of the diver-
sity of the Ig repertoire. Indeed, the presence of a long
CDR-H3 segment (above 45 nucleotides), more aromat-
ic residues and an elevated isoelectric point have been
reported in auto-Abs and in pathogenic autoimmune
disorders [30, 31]. Innate-like B cell subsets (B1 and MZ
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Fig. 2. Analysis of the IgH repertoires expressed by 19*45Rl,
19*45R* and 19'°45RP cells. Sorted PD15 and PD60 samples were
examined by RT-PCR isotype-specific amplification as in fig. 1c.
The procedure for cloning and sequencing has been described in
Materials and Methods. The results for IgM and switched (IgG1
and IgA) sequences are represented as percentages of the unique
sequences (white bars, PD15 sequences; black bars, PD60 sequenc-
es). The data shown on the left correspond to the sequences from
19*45R cells, while those on the right correspond to 19*45R* cells
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(PD15 and PD60 IgM and PD15 switched sequences) and 19l045Rle
cells (PD60 switched sequences). The total numbers analysed are
indicated in table 1. a V region family usage. b D region usage.
c]J region usage. Statistical analysis was performed using the ¥ test
comparing the groups indicated by the brackets. ] region use com-
parison was performed in a contingency table of the 4 ] regions
among the different groups. * p < 0.05, ** p < 0.01, *** p < 0.001:
represents statistical significance.
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Fig. 3. Phylogenetic trees of the sequences from 19*45R™ cells. Se-
quences were analysed using the BioEdit and MEGA5 software.
a The phylogenetic relationship is shown for the IgM (upper trees)
and switched (bottom trees) sequences from PDI15 and PD60
19745R™ cells. b Overlaid analysis of the V1 family results for the

cells) have been associated with the generation of natural
polyreactive Abs in response to internal auto-Ag recog-
nition and early encounters with common bacterial Ags
[32-34]. To determine whether the sequences obtained
from the innate-like 19*45R™ cells might also be related
to the circulating pool of auto-Abs, we analysed
the length and amino acid composition of the CDR-H3
domain.

The mean CDR-H3 length in 19*45R cells was below
35 nucleotides in all the groups analysed (fig. 4a). More-
over, the CDR-H3 length in both the IgM and switched
sequences from PD15 1945R" cells was 1 and 2 amino
acids shorter, respectively, than in all the other sequences
analysed. A normal distribution of CDR-H3 lengths was
observed in IgM and switched sequences from
19*45R*/19"°45R cells, and in those from adult 19745R®
cells (fig. 4b). By contrast, the sequence distributions
from PD15 19*45R! cells were skewed towards shorter
lengths than in all the other groups analysed (only 5% of
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IgM and switched sequences from PD15 and PD60 19*45RY cells.
Black squares indicate IgM, red triangles indicate IgG1 and blue
circles show IgA sequences (PD15 and PD60 samples are shown as
empty and filled symbols, respectively). Bars represent the nucleo-
tide substitutions per site.

the IgM and 8% of the switched sequences were longer
than 36 nucleotides; fig. 4b). This was mainly due to the
shorter N nucleotide insertions at both the V-D and D-J
junctions, as depicted in the deconstructed CDR-H3
schemes shown for D region-containing sequences
(fig. 4¢; online suppl. fig. 4). However, the shorter J re-
gions observed in PD15 switched sequences also influ-
ence the short CDR-H3 length in these switched 19*45R"
cells. The D region could also contribute to the differ-
ences in length between sequences, given that the DFL16
D1-1 gene is larger than other genes and it is used differ-
entially among the groups analysed. Surprisingly, no sig-
nificant differences in the CDR-H3 length were found in
sequences containing either DFL16.1 or other D region
families (online suppl. table I), as the variation in D region
length was compensated for by N nucleotide addition or
V or ] region deletions (online suppl. table IT). Finally, and
as expected, the few sequences that did not contain an
identifiable D region were shorter (online suppl. table I).
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Fig. 4. Analysis of the CDR-H3 region of IgM and switched se-
quences. nt = Nucleotides; aa = amino acids. a Average length
(£SEM) of the CDR-H3 segment. Left scale is in nucleotides and
right scale in amino acids from PD15 (white bars) and PD60 (black
bars) sequences. Significance was calculated using an unpaired
two-tailed Student t test. * p < 0.05, *** p < 0.001. b Length distri-
bution (in nucleotides) of the unique and functional sequences an-
alysed. The results are displayed as in figure 2 and the statistical
analyses were performed using the x? test for contingency tables as
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indicated below the histograms. * p < 0.05, ** p < 0.01, *** p < 0.001.
The frequencies of sequences larger than 36-nucleotide sequences
are boxed (this limit is indicated by the thick horizontal line). ¢ De-
construction of the components of the CDR-H3 segment in se-
quences containing identifiable D regions. Sequences from 19*45R!°
cells are shown in white and those from 19*45R*/19°45R cells in
grey. The numbers indicate the average length of each segment in
nucleotides. Comparisons among the values were performed using
an unpaired two-tailed Student t test. *** p < 0.001.
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Table 2. RF usage of the sequences bearing an identifiable D region

Population Productive sequences Non-productive sequences
total number®  RF1 RF2 RF3 total number RF1 RF2 RE3
PD15
IgM 19*45Rl° 26 22 (84.6) 1(3.8) 3(11.5) 3 0 0 3(100)
IgM 19745R* 37 28 (75.7) 5(10.8) 4(16.7) 1 0 0 1 (100)
Switched 19745Rle 54 27 (50) 4(7.4)  23(42.6)° 15 3 (20) 3 (20) 9 (60)
Switched 19745R* 8 4 (50) 1(12.5) 3(37.5) 1 1(100) 0 0
PD60
IgM 19*45Rl° 55 42 (76.4) 9(16.4) 4(7.3) 3 0 0 3(100)
IgM 19745R* 55 33 (60) 18 (33) 4(7.3) 1 0 0 1 (100)
Switched 19745R° 42 32(76.2) 5(11.9) 5(11.9) 15 1(7) 0 14 (93)
Switched 19°45R 18 13 (72.2) 2(11.1)  3(16.7) 13 2 (15) 1(8) 10 (77)

RF values are presented as number of sequences (with percentage in parentheses).
2 Note that in table 1, the numbers correspond to all sequences, including those without an identifiable D region gene segment.

®p < 0.05: comparisons and significance as in table 1.

Functional Sequences from Postnatal Switched

19745R" Cells Exhibit an Unusual Use of Reading

Frame 3

In agreement with the literature [20], there was a pre-
ponderance of reading frame 1 (RF1; table 2) in the se-
quences. Nevertheless, although we performed these
analyses using only functional and unique sequences,
there was a striking frequency of RF3 use in switched
PD15 samples (240%), largely due to the aforementioned
D-D region rearrangement in the sequences of 19*45R"
cells (online suppl. fig. 3). Switched sequences from
19*45R" cells also use RF3, although the low number of
sequences obtained at PD15 precludes performing statis-
tical analysis, as mentioned above. RF3 is used less fre-
quently in productive IgH transcripts as it is associated
with stop codons [28]. Accordingly, a large number of
the non-functional sequences initially included in the
study (from both 19745R! and 19'°45R" cells) used RF3
(table 2).

Amino Acid Variability and Mild Hydrophobicity in

the CDR-H3 Loop Region of 19*45R% Cells

We analysed the amino acid composition and hydro-
phobicity of the CDR-H3 loop. Tyrosine (ranging from
22 to 37%) and glycine (from 12 to 18%) were highly fre-
quent amino acids (fig. 5a), which is in agreement with
published results from different B cell populations [20,
35, 36]. In our study (fig. 5a), the overall amino acid com-
parison of IgM sequences differed significantly between
PD15 19*45R! cells and PD15 19*45R* cells and between
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PD15 19*45RY cells and PD60 19*45R® cells (p = 0.0108
and p = 0.0496, respectively, x* test, 19 d.f.). This was
mainly due to the significantly higher proportion of tyro-
sine residues used by PD15 19*45R!° sequences (61 tyro-
sine residues of 165 amino acid residues = 36.97%) than
by sequences from PD15 19*45R* cells (68/304, 22.36%,
p < 0.001, x2 test). However, this change did not reach
significance for PD60 19745R cells (124/426, 29.11%).
On the other hand, switched sequences from PD15
19745RP cells and PD60 1945R " cells also had a different
overall amino acid composition (p = 0.0264, x* test, 19
d.f.), in this case primarily due to a higher use of leucine
in PD15 19*45R" cells (24/269 = 8.92%) than PD60
19*45R cells (12/335 = 3.58%, p < 0.01, X2 test). Other
changes in individual amino acid usage did not achieve
significance.

We used a normalized Kyte-Doolittle scale [37] to cal-
culate the average hydrophobicity of the CDR-H3 loops
(fig. 5b). In all groups, the average hydrophobicity of the
sequences was close to neutral, in contrast to the more
hydrophilic pattern described for self-reactive repertoires
[38]. However, IgM sequences in PD15 19*45R1 cells
were more hydrophilic than the switched sequences. To
measure the amino acid variability we calculated the
Shannon entropy of the CDR-H3 loop sequences from
positions 105 to 117 (according to the IMGT unique
numbering; fig. 5¢). There was less CDR-H3 variability in
the Shannon entropy pattern in the IgM sequences of
PD15 19"45R! than in those of 19745R" cells, while com-
parable values were obtained for both these groups at
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Fig. 5. Amino acid frequencies, hydrophobicity and variability
profiles of the CDR-H3 region. The CDR-H3 loop was defined by
amino acids 107-114, according to the IMGT unique numbering
system. a Overall amino acid frequency distributions in the CDR-
H3 loop of the indicated samples. Amino acids are arranged by
polarity from arginine (left) to isoleucine (right). PD15 IgM se-
quences (red), PD60 (black), PD15 switched sequences (green)
and PD60 switched (blue). b Left: average hydrophobicity of the
CDR-H3 loop from the groups shown in the figure was calculated
using the normalized Kyte-Doolittle index [37]. Right: histograms
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by CD19*CD45RY Cells

show the hydrophobicity distribution profile of the CDR-H3 loop
of the indicated 19*45R! sequences. The dashed vertical lines
mark the preferred range in average hydrophobicity described for
Hardy’s fraction F [20]. The dotted lines indicate the zero value.
p values were calculated using the unpaired two-tailed Student t
test. ** p < 0.01. ¢ CDR-H3 region variability represented by the
Shannon entropy [21] was calculated for each position using the
12 amino acid long CDR-H3 sequences (positions 105-117). Over-
laid representations of the PD15 and PD60 results are shown for
the groups indicated. The colour code is as in a.
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PD60. Interestingly, the variability in the Shannon en-
tropy pattern of the CDR-H3 in switched sequences from
PD15 19*45R!° and 19!°45R cells was very low compared
with the corresponding values obtained at PD60.

In summary, our data show that IgM and switched se-
quences from postnatal 19*45R cells frequently use ty-
rosine and leucine, respectively. Likewise, although all the
sequences have low overall hydrophobicity, those from
IgM are more hydrophilic. Moreover, these cells exhibit
weak variability in CDR-H3 loops at PD15. Together with
the short CDR-H3 length, these observations define a
pattern that differs from that associated with autoim-
mune and other known pathological disorders. In addi-
tion, the amino acid variability of adult switched sequenc-
es from 19*45R! cells suggests an increasing diversity of
the Ig repertoire of this innate-like cell population.

Increased Somatic Mutations in the V region of

Sequences from Adult 19*45R" Cells

The SHM process is driven by both AID and CSR. As
we found that 19¥45R" cells actively produce IgG and
IgA, and that AID is expressed by these cells, we analysed
the mutations in their V regions. For the ease of interpre-
tation, we classified the sequences as low-mutated (0-9
mutations in the V region), intermediate-mutated (10—
19 mutations) and highly mutated (220 mutations;
fig. 6a). As expected, the mutation profile of the IgM se-
quences was skewed towards germline/low-mutated, and
these sequences had an overall mutation rate ranging
from 2.9 x 107 to 9 x 10~ nucleotides. By contrast, 47%
of the switched sequences from PD15 1945R cells were
intermediate/highly mutated, with a mutation rate of
18.7 x 107% nucleotides and a maximum mutation rate
reached at PD60 (34 x 10~® nucleotides). Interestingly,
the highest mutation rate corresponded to PD15 and
PD60 IgG1 sequences.

The number of replacement mutations in CDRs
(Rcpr) relative to the total number of mutations in the V
region (M,) can be used to identify sequences undergo-
ing antigenic selection [19]. We plotted the Rcpr/M, ra-
tio against the M, and calculated the 95% confidence in-
terval of the distributions, as described previously [39,
40]. Sequences lying outside these limits (see light grey
shading in fig. 6b) were considered to be undergoing an-
tigenic selection, while those in the origin of the axes are
non-mutated germline sequences. For 19745R" cells at
PD15 and PD60, this analysis revealed that 71.9 and
60.9% of the IgM sequences were germline and non-mu-
tated, whereas 23.8 and 11.7% of the switched sequences
were non-mutated (p < 0.05 and p < 0.001 for PD15 and
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PD60 sequences, respectively), confirming the results ob-
tained for the complete V region. Moreover, most of
PD15 sequences were located within the confidence lim-
its of the plots, as would be expected if antigenic selection
did not occur and as observed for adult IgM sequences.
By contrast, 11.7 and 9.1% of the switched sequences
from PD60 19*45R and 19'°45R" cells, respectively, ex-
ceeded the 95% limit, indicating that sequences from
adult switched cells were Ag selected. In fact, this was
preferentially due to IgG1 mutated sequences, 16.2 and
11% of which were situated above the 95% limit. Based
on these findings, we conclude that the adult IgG1 reper-
toire of 19*45R! cells from normal unmanipulated mice
is established by positive selection.

Discussion

In this study, we sought to characterize the immuno-
globulin repertoire expressed by novel innate-like
19745RP cells at postnatal and adult stages under homeo-
static conditions. Innate-like lymphoid cell compart-
ments differ from conventional lymphoid cell popula-
tions in terms of their generation, maintenance, activat-
ing pathways and immunoregulatory functions [12, 13,
41]. We previously described the 19¥45R" cell population
as a pre-plasmablast compartment that develops in peri-
follicular areas within the primary lymphoid follicles
from the first week of age, and that has a pronounced ca-
pacity to secrete IgG1 and IgA [3]. Moreover, we recently
demonstrated the ability of these cells to respond to TLR
ligands and to secrete IL-10 but not IL-6 or IL-12 proper-
ties that may confer specific functions to this population
[2]. Because other innate-like B cell compartments share
some of the features exhibited by 19*45R! cells and as
they are present only minimally in CBA/CaHN (Btk)
mice [3], we speculated that genetic restrictions may po-
tentially restrict V region usage and germline rearrange-
ments in 19*45R cells, as described for the B1 compart-
ment [42]. Alternatively, these cells may receive different
antigenic signals that induce a more open Ig repertoire in
unmanipulated mice.

In PD15 mice, cellular components are still immature
and the responses of germinal centres have not yet fully
developed [43]. Nevertheless, ELISPOT assays of sorted
purified 19*45R! and 19*45R" cells have demonstrated
that it is mainly 19*45R! cells that can release IgG1 at
PD15,implying that the first IgGs are secreted by 19*45R!°
cells [3]. In the present study, we found that the clono-
typic diversity of switched postnatal sequences was lower
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Fig. 6. Quantitative analysis of the mutations found in the V and
CDR-H3 regions of PDI5 and PD60 from 19*45R and
19*45R*/19'°45R ! sorted cells, as indicated in table 1. a Vertical
bars represent the frequency of the mutated sequences in each
group, classified as low-mutated (0-9 mutations in the V region),
intermediate-mutated (10-19 mutations) and highly mutated
(=20 mutations). The numbers inside the bars indicate the cor-
responding somatic mutation rates, determined as the number
of mutations x 10~ nucleotides. The numbers below show the
mutation rates of IgG1 and IgA samples. ND = Not determined.
b Inference of Ag selection in sequences from 19745R!, 19*45R*
and 19'°45R ! at PD15 and PD60. The ratio of replacement muta-
tions on CDR-H1 and CDR-H2 (R¢pgr), relative to the total num-
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ber of mutations in the V region (M,), is shown plotted against
M. The 90-95% confidence interval is shown in light grey. Data
points are accompanied by their observed frequencies. Upper
plots (black dots) represent results for IgM sequences and lower
plots represent results for switched sequences (red dots, IgGl
sequences; blue dots, IgA sequences). Bottom far right plot
shows the results obtained from adult switched 19'°45R! cells.
The dots above the upper confidence limits represent the se-
quences with a high proportion of R mutations in the CDR, and
the probability that this is a random process is <0.05. Boxed
numbers represent the frequency of Ag selected sequences
(black, IgM or switched sequences, respectively; red, IgGl se-
quences).
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than that of adult sequences, suggesting an immature and
limited Ig repertoire in switched postnatal sequences. The
Ig repertoire of 19*45RY cells at PD15 is characterized by
a short CDR-H3 segment and few N nucleotides, sugges-
tive of an immature repertoire as described previously in
neonates [27, 44]. Moreover, the differential usage of
V/D/] regions in switched sequences from 19*45R% cells
(V3, D1, tandem D-D and J2) may reflect the initial low
affinity IgG repertoire thatis enriched in the adult through
the generation of a variety of new specificities.

The transition to adult life leads to major changes in
the Ig repertoire of 19*45R!° cells. For example, we found
that levels of AID and Blimp-1 were significantly higher
in adult as opposed to postnatal 19*45R* cells, favouring
CSR events. Likewise, we observed differences in V, D
and ] region usage in adult and postnatal sequences (V4
in IgM and V1 in switched, few D1 and random J region
ratios in both IgM and switched sequences). As indicated
above, the population of splenic 19745R" cells is hetero-
geneous, and it may include pre-lambda 5 progenitors
and B1 cell progenitors that have been described in bone
marrow and spleen as 19*45R" [23, 24, 45]. However,
96% of the 19*45R1° cells are mature B cells since they ex-
press surface light chains. Splenic 19*45R" cells are close
to the B1 lineage since they share some features: their em-
bryonic origin, their absence from the spleens of adult
CBA/CaHN mice, constitutive IL-10 expression and
spontaneous ERK phosphorylation. Nevertheless,
19745Rb cells differ from B1 cells not only in the sponta-
neous release of isotype-switched Igs but also, because
they exhibit no CD5 or CD11b expression in the adult
spleen, they are found in Peyer’s patches, in the circula-
tion, and also in the spleen of young CBA/CaHN mice,
and they present a distinctive transcriptional fingerprint
[2]. Furthermore, unlike 19*45R cells, the CDR-H3 fea-
tures described for early B cell progenitors and B1 cells
involve a prevalence for VH7183 and DFL16.1 together
with a shorter CDR-H3 (on B cell progenitors) and high
DQ52, RF2 usage and a hydrophobicity profile (on Bl
cells) [20, 35]. Therefore, although we cannot exclude
that the samples analysed in this paper contain different
cell subsets, sequences derived from B1 cells and B cell
progenitors do not seem to contribute fundamentally to
our results. Finally, RF1 was the preferred RF in all the
groups analysed, followed by RF2, which is frequently
used in the MZ and the peritoneal cavity [46], and lastly
RF3. RF3 contains stop codons [28], although it is used
heavily in switched PD15 cells but not in adult switched
sequences. Interestingly, many of these switched PD15
sequences from 19745R! cells bear a specific V/D/D/J2
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rearrangement that may contribute to the function of
these sequences. It has also been proposed that in fetal/
neonatal samples, an Ag-independent mechanism can in-
duce a random pattern of RF usage in the D region [29],
which may explain the RF3 frequencies observed in
switched functional PD15 samples.

The presence of circulating polyreactive auto-Abs has
been attributed to encounters with common bacterial Ags
or to internal auto-Ag recognition [34, 47]. The B1 lin-
eage and the MZ compartments have been associated
with the generation of these natural auto-Abs [32, 33],
which have a large hydrophilic CDR-H3 loop [48]. By
contrast, a detailed analysis of the CDR-H3 loop from
19*45R1 cells defined a non-autoimmune pattern in IgM
and switched Igs in terms of CDR-H3 length, amino acid
content and hydrophobicity (close to neutral). Restric-
tions on Ig rearrangements and low levels of SHM have
classically been described in the B1 compartment [42] but
not in MZ [49] or 19*45R" cells (data herein). Nonethe-
less, the CSR ability of B1 and MZ cells was limited com-
pared to that of 19*45R" cells [48]. The CDR-H3 analysis
of another recently described innate-like B cell popula-
tion associated with autoimmune events [13] is still un-
known, although they differ from 19*45R" cells in terms
of their cytokine and Ig isotype secretion.

PD15 switched sequences exhibited more V region mu-
tations than the corresponding IgM sequences, suggesting
postnatal selection. The same was found for Rcpr muta-
tions in 19¥45R™ cells at PD15, which probably constitutes
the initial baseline mutation rate. IgG1 sequences from
PD60 19*45R™ cells contained a remarkable number of se-
quences with high mutation rates in CDRs, which may in-
dicate Ag-driven selection. Although this ratio was lower
than that obtained for IgE in allergic children (29%) using
the same analytical IgAT software [50], it still indicates that
a significant degree of Ag selection takes place in 19*45R"
cells under homeostatic conditions. The increased muta-
tional rate of 19745R!° cells and their ability to secrete IgG1
and IgA are also characteristics of the memory cell com-
partment. However, their pre-activated status and high
turnover rate under homeostatic conditions [3] distin-
guish these cells from classical memory cells [51].

Several conclusions can be drawn from the data pre-
sented here. Firstly, it appears that 19*45R! cells exhibit
no genetic restrictions at the level of IgH rearrangements
between PD15 and adulthood, in contrast to what occurs
in other innate-like B cell compartments. In addition,
SHM appears to be driven by AID expression in 19*45R!°
cells, as witnessed by the mutational rate of switched se-
quences, indicating that Ag selection occurs actively in

Prado/Rodriguez/Cortegano/Ruiz/Alia/
de Andrés/Gaspar


http://dx.doi.org/10.1159%2F000358237

19*45R cells. We hypothesize that the driving force be-
hind mutations in innate-like 19*45R! cells is the early
and continuous contact with common microbial Ags,
TLR ligands, or a combination of both. Indeed, 19*45R!
cells can respond to TLRs by inducing IgG1, IgA and IL-
10 secretion [2], suggesting that this population is in-
volved in conventional bacterial and viral recognition
through the induction of a rapid and efficient isotype-
switched Ab response. In summary, here we describe
unique features displayed by innate-like 19*45R cells,
and we propose that these cells represent a new ‘first line’
working B cell population that specializes in the secretion
of IgG and IgA under the control of immunoregulatory
cytokines like IL-10. Moreover, we propose that the main-
tenance of homeostasis involves the active participation
of different innate-like cell populations (e.g. 19*45R°

cells) that can respond to tonic antigenic encounters by
activating the genetic machinery controlling SHM and
CSR expression and by generating a broad spectrum of
Abs.
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