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CD27 expression has been used to distinguish between memory and naive B cells in
humans. However, low levels of mutated and isotype-switched CD27—IgD— cells are seen
in healthy adults, and these are increased in some autoimmune diseases and in the elderly.
Thus CD27 is not a universal marker of memory B cells in humans. Various hypotheses have
been put forward as to the function of the CD27— memory population. Since we have pre-
viously found high-throughput /GHV repertoire analysis useful to distinguish “innate-like”
memory B cells (CD27+IgD+), we have employed similar analyses to elucidate the rela-
tionship between CD27— and CD27+ memory B cells. IgM+IgD— memory cells in both
the CD27+ and CD27— compartments share the unique characteristics of the “innate-like”
IgM+1gD+CD27+ cells. The switched CD27+ and CD27— memory cells share a similar
IGHV repertoire, having more in common with each other than with “innate-like” memory
cells, although it is interesting that IgG2 and IgA2 subclasses of antibody in both switched
memory populations have a more “innate-like” repertoire. Clonality analysis shows evi-
dence of a close clonal relationship between the two populations in that both CD27— and
CD27+ switched memory cells can be found in the same genealogical tree. The expres-
sion of CD27 does not appear to occur in a linear developmental fashion, since we see
CD27— cells as precursors of CD27+ cells and vice versa. Despite the similarities, the
CDR-H3 repertoire of the CD27— cells is significantly different from both the CD27+1gD+
and CD27+IgD— populations, indicating that perhaps the lack of CD27 might be related to
binding properties of the |g CDR-H3 region.
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INTRODUCTION

Immunological memory in the humoral immune system is main-
tained by a very diverse pool of antibody-producing plasma cells
(PCs) and memory B cells, which can respond more rapidly to
challenge than do naive B cells of the same specificity (Blanchard-
Rohner et al., 2009). In this way not only are antibodies available
immediately for prevention of infection upon secondary challenge,
but the improved B cell receptors that result from the costly and
complex process of affinity maturation are preserved. Since naive
and memory B cells react very differently to exogenous stimuli
(Agematsu et al., 1997; Tangye et al., 2003) and have a different
repertoire of IGHV gene use (Wu et al., 2010), it is important
to distinguish between the two in experiments. Morphologically,
memory B cells are larger and of higher granule density than naive
B cells (Tangye et al., 1998; Ma et al., 2006). It is well documented
that the cell surface phenotypes are distinct between naive and
memory B cells (Tangye et al., 1998; Wirths and Lanzavecchia,
2005). However, finding a precise and tractable method to identify
memory B cells can be somewhat problematical.

Affinity maturation of B cells in a germinal center (GC) reac-
tion results in cells carrying immunoglobulin (Ig) genes that have
mutated variable regions as a result of the somatic hypermuta-
tion (SHM) process. Thus one-way in which memory and naive

cells can be distinguished is by the mutation status of the Ig
genes, although the procedures required to determine this are
not such that they can be used to sort cells. Since a large frac-
tion of memory B cells also undergo class switch recombination
(CSR) to switch their isotype from IgM and IgD to IgA, IgG, or
IgE, it was once thought that the presence of IgM or IgD was
a good marker of naive cells. However, the discovery of a sig-
nificant population of IgM+ IgD+ cells that have mutations in
their Ig genes eliminated this option (Dunn-Walters et al., 1995;
Klein et al., 1997). The alternative proposal was to use CD27 as
a marker of memory B cells in humans on the basis that CD27
expression correlates with SHM in IgM+IgD+ cells (Klein et al.,
1998). CD27 was found to be constitutively expressed in approx-
imately 40% of peripheral blood B cells in humans (Klein et al.,
1998). It is a member of TNF- receptor family and is an important
marker of activation contributing to B cell expansion, differenti-
ation, and antibody production (Kobata et al., 1995; Lens et al.,
1996; Agematsu et al., 1997; Arens et al., 2004) via the interac-
tion with its ligand, CD70, expressed on the surface of activated
T cells (Hintzen et al., 1994). CD27-CD70 signaling is thought to
orchestrate CD40-CD154 signaling in GCs to maintain long term
immunological memory against T cell dependent (TD) antigens
(Agematsu et al., 1997).
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Although it was later found that memory cells can be distin-
guished from naive cells by their absence of the ATP-binding cas-
sette (ABCB1) transporter (Wirths and Lanzavecchia, 2005), the
rhodamine staining protocol required for this is less tractable than
simple surface staining protocols. Hence surface CD27 and IgD
markers are still widely used to separate B cells into memory and
naive subsets. The four main populations that are distinguished
are: CD27— IgD+ antigen-inexperienced cells, two subsets of
CD27+ memory cells (IgD+/IgD—) and CD27—IgD— memory
cells. The existence of the latter population, containing B cells with
class switched and mutated Ig genes that share similar morphol-
ogy with CD27+ cells and have no ABCBI transporter (Wirths
and Lanzavecchia, 2005; Fecteau et al., 2006), calls into question
the feasibility of using CD27 as a memory B cell marker. CD27—
memory cells are present at birth (Van Gent et al., 2009), and in
healthy adult subjects they account for approximately 5% of the
healthy peripheral B cell population (Sanz et al., 2008). An alter-
native sorting strategy for separating B cells is to use CD24 and
CD38, but the relationship with this strategy and that of using
CD27/1gD is not clear cut and multiple subpopulations have dif-
ferential expression of CD27, IgD, CD24, CD38, and B220 (Sanz
et al., 2008). Recently, markers such as CD45RBMEMSS (Kethe
etal., 2011) and CD330a (Silva et al., 2011) have been reported as
alternative markers to help define human memory B cells. Whether
they will prove more useful than current strategies remains to be
determined.

The function of CD27— memory cells and their relationship
to CD27+ cells is not clear. It is important to gain a better under-
standing of the CD27— cell population because they occur at
greater frequency in immunosenescence, systemic lupus erythe-
matosus (SLE), rotavirus infection, and human immunodeficiency
virus (HIV) infection (Wei et al., 2007; Moir et al., 2008; Rojas
etal.,2008; Colonna-Romano et al.,2009). Colonna-Romano et al.
(2009) suggest they are exhausted memory cells that have down-
regulated CD27. However, if this were the case one might expect
that they would carry equal or greater amounts of SHM in the
Ig genes, while the CD27— IgG+ cells actually seem to have a
lower level of mutation overall (Fecteau et al., 2006) which might
suggest that they are precursors of memory cells that have not
yet acquired CD27. It has also been noted that the proportions
of I1gG2 to 1gG3, and IgAl to IgA2 vary between CD27— and
CD27+ populations (Fecteau et al., 2006; Berkowska et al., 2011),
so the CD27— cells may be a different population of cells entirely,
developed in response to different stimuli. In addition, analyses of
replication history have shown differences between CD27— and
CD27+ populations, leading to the hypothesis that a combination
of CD27 expression and class switched status represents differ-
ences between T-independent (TI), primary TD responses and
secondary TD responses (Berkowska et al., 2011).

We have previously used IGHV repertoire analysis to distin-
guish different populations of memory cells. The rationale being
that if negative (tolerance) and positive (antigen activation) selec-
tion events result in the loss of some Ig genes and expansion of
others, then a population of cells responding to different antigens
will be distinguished by a different Ig gene repertoire. In this way
we showed that the unswitched CD27+4IgD+ repertoire could be
distinguished from both CD27—IgD+ antigen-inexperienced cells

and class switched CD274IgD— memory cells by IGHV 1 family
and IGHV 3-23 gene usage (Wu et al., 2010). The CD27+IgD+
population has been termed “IgM memory,” “Innate-like B cells”
or “Natural Effector B cells” and it does not appear to require
classical GCs or conventional T cell help for development, since it
is present in individuals suffering from X-linked hyper-IgM syn-
drome where GCs and switched memory cells are absent due to
the lack of CD40-CD154 signaling (Weller et al., 2004). It has been
suggested that CD274IgD+ cells represent an innate-like reper-
toire, equivalent to splenic marginal zone (MZ) cells that can be
mobilized from the MZ into the peripheral blood in response to
a TI challenge (Weller et al., 2004). In support of this, it has been
shown that they play a key role in the protection against Strep-
tococcus pneumoniae infections (Kelly et al., 2006; Langley et al.,
2010). Hence the distinguishing IGHV'1 and IGHV 3 family char-
acteristics of the CD27+IgD+ repertoire may reflect selection by
a TI challenge.

In order to investigate the relationship between the CD27—
and CD27+ memory B cell populations, we studied their Ig heavy
chain (IgH) repertoire using high-throughput sequence analysis.
We found a high degree of similarity between the two switched
CD27+ and CD27— populations, both being distinct from the IgM
memory cells. We also saw evidence of related B cells within clones
that differed in their expression of CD27. These findings support
the hypothesis that the two populations have a common origin,
and that changes in CD27 expression are not always as a result of
ordered progression through development. Crucially however, the
present study also indicates heterogeneity of repertoire between
different subclasses of switched memory cells, indicating that
regardless of CD27 status there are different selection pressures
on cells with different subclass-specific effector functions.

MATERIALS AND METHODS

SEPARATION AND ANALYSIS OF B CELL SUBSETS

PBMCs were isolated using Ficoll-Paque Plus (GE Healthcare, UK)
and Leucosep tubes (Greiner Bio-One Ltd., UK) from nine young
healthy donors (2145 years), after obtaining written consent as
approved by the Guy’s Hospital Research ethics committee. Four
B cell subsets were isolated as previously reported (Wu et al,
2010). Briefly, CD19+ B cells were isolated from PBMCs using
the MACS B cell Isolation Kit (Miltenyi Biotec, Germany) and
stained with CD27-FITC and IgD-PE (BD Biosciences Pharmin-
gen, UK) before sorting into subsets (Figure 1A) on a FACSAria
machine (BD) and being separately collected into 180 L sort-lysis
RT buffer (SLyRT).

HIGH-THROUGHPUT SEQUENCING OF IG GENES

cDNA synthesis was performed by adding 500 U SuperScript IIT
reverse transcriptase (Invitrogen, UK) in a volume of 20-180 uL
cell sample, followed by the RT reaction at 42°C (10 min), 25°C
(10 min), 50°C (60 min), and 72°C (15 min). The estimated num-
bers of cells used from each sample is given in Table 1. Ig genes
were PCR amplified by a semi-nested, isotype-specific reaction
as previously reported (Wu et al., 2010). Briefly, a 25-wL PCRI
reaction mix contained 6.25 pLL of cDNA, 0.625 U Phusion DNA
polymerase (NEB, UK), 200 uM each dNTP, 41.75 nM each of 5’
IGHYV gene family primer and 250 nM constant region primer (for
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either IgA, IgG, or IgM). Twenty microliters of PCR2 reaction mix
comprised 2 uL PCR1 products, 0.5 U Phusion DNA polymerase,
200 wM each dNTPs, 41.75 nM each of 5 IGHV gene family, and
250 nM nested constant region primer where all primers contained
matched multiplex identifiers (MIDS). PCR conditions are as fol-
lows: 98°C for (30s), 15 (PCR1) or 20 (PCR2) cycles of 98°C (10s);
58°C(15s);72°C(305s),and 1 cycle of 72°C (5 min). Purification of
PCR products in sufficient quantity for high-throughput sequenc-
ing on the Roche Titanium platform, and the downstream data
processing are as previously published (Wu et al., 2010).

SEQUENCE ANALYSIS

Ig gene usage, CDR-H3 junction regions and degree of hyper-
mutation (by percentage match to the equivalent germline IGHV
gene) were determined using V-QUEST (Wilkins et al., 1999). Sub-
classes of sequences were further identified by internal motifs in
the constant regions of each sequence. ProtParam (Brochet et al.,
2008) was used to determine the physicochemical properties of
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FIGURE 1 | Identification of B cell subsets and analysis for cellular
morphology. (A) Human peripheral blood CD19+ B cells were stained with
CD27 and IgD and separated into four subsets: antigen-inexperienced (Q1:
CD27—-1gD—), IgM memory (Q2: CD27+IgD+), classical memory (Q3:
CD27+IgD-), and CD27— (Q4: CD27—IgD-) cells, as indicated by four
quadrants. The plot is one representative of nine. The mean fluorescence
intensity (MFI) of (B) forward scatter (FSC) and (C) side scatter (SSC),
measured by flow cytometry, were used to compare the cellular size and
granularity, respectively, between cell subsets. Error bars indicate SEM. p
Values for one-way ANOVA comparisons are indicated as *p < 0.05 and
**¥p <0.0005 (n=9).

the CDR-H3 peptide between the conserved first (cysteine) and
last amino acid (tryptophan). Clonotype clustering was performed
based on the DNA sequence of the CDR-H3, as previously reported
(Ademokun et al., 2011). Genealogic trees of sequences were con-
structed after alignment of Ig sequences with putative germline
genes using DNAstar alignment and editing software (Laser Gene).

STATISTICS

Statistics were performed with GraphPad Prism 4.0. Three meth-
ods were used: One-way ANOVA (parametric, with Bonferroni
post-test), Kruskal-Wallis comparisons (non-parametric, with
Dunn’s post-test), and chi-square (with Bonferroni post-test).

RESULTS

MORPHOLOGICAL SIMILARITY BETWEEN CD27— AND CD27+ MEMORY
CELLS

Enriched CD19+ B cells from nine healthy donors were separated
into four subsets based on their surface CD27 and IgD expression
(Figure 1A): antigen-inexperienced transitional and naive cells
(CD27—IgD+; 61.0£5.3%), classical memory (CD27+IgD—:
7.7+2.3%), IgM memory (CD27+IgD+; 12.86 +2.8%), and
CD27— memory cells (CD27—-IgD—; 4.9 £ 1.6%). The cellular
size and granularity were measured by FSC and SSC, respec-
tively, using flow cytometry. CD27— cells were 10% larger and
40% more granular than antigen-inexperienced CD27—IgD+
cells (Figures 1B,C; p < 0.0005). However, neither the size nor
granularity of CD27— cells showed a significant difference as
compared with CD27+IgD— or CD27-+IgD+ memory cells.

IG GENE HYPERMUTATION IN CD27— CELLS

Deep-sequencing resulted in a total of 69250 IGH sequences,
which represented 32457 different clonotypes after clustering
by CDR-H3 identity (Table 1). The extent of hypermutation
is estimated by the “percentage similarity to germline” value
returned from V-QUEST. This would include errors introduced
during PCR and sequencing, and therefore we used the level
of “mutation” in the antigen-inexperienced, CD27—IgD+, cells
to estimate the background error rate (1.3 +0.02%, or 1.38 bp
per IGHV gene) as in Figure 2A. The switched (IgA and IgG)
CD27— cells had significantly more mutation in their IGHV
genes (5.84+0.06%, p <0.0005) than CD27—IgD+ antigen-
inexperienced and CD27+IgD+IgM+ memory (3.940.32%)

Table 1 | Numbers of sequences and clonotypes produced by high-throughput sequencing.

Cell subsets CD27+IgD—

CD27-IgD—

CD27+IgD+ CD27-IgD+

Estimate cell numbers for PCR 310200 (9 donors)

232000 (9 donors)

62300 (9 donors) 190000 (7 donors)

Sequence numbers' 3605 (IgA) 4059(IgA) 19799 22986
3626(IgG) 4919(19G)
5640 (IgM) 4616 (IgM)

Clonotype? numbers 1399 (IgA) 1595 (IgA) 11473 9975
1505 (IgG) 2726(1gG)
1299 (IgM) 2485 (IgM)

"The numbers of sequences represent those that passed quality control with full immunoglobulin VDJC gene rearrangement.

2The numbers of clonotypes refer to unique sequences, where only one example of a clonal expansion is counted after CDR-H3 clonotype clustering.
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FIGURE 2 | Somatic hypermutation in IGHV genes from different B cell
subsets. (A) /IGHV genes were identified from the Ig gene sequences by
V-QUEST and the level of IGHV mutation is represented by the % difference
from germline (y-axis) for CD27—IgD+ (n=9975), CD27+IgD+ (n=11473),
switched CD27+IgD— (IgA+IgG; n=2902), CD27+IgD—IgM+ (n=1299)
switched CD27—IgD— (IgA+IgG; n=4315) and CD27—IgD—IgM+ (n = 2485)
clonotypes from all donors combined. The low level of mutation in
CD27—1gD+ was taken to be the background for the method. Kruskal-\Wallis
comparisons (non-parametric, with Dunn's post-test) showed all comparisons
were significant at p < 0.0001 except CD27+IgD—IgM+ compared with
switched CD27—IgD—. (B) The mean /GHV mutation (y-axis;% difference

CD27-IgD+ CD27+igD+ CD27+gD- CD27+igD- CD27-IgD- CD27-IgD-
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from germline) is illustrated for CD27+IgD— (open bars) and CD27—IgD—
(grey bars) clonotypes from all donors combined by different isotypes and
subclasses, indicated as G for IgG, A for IgA, and M for IgM (G1: n=764, G2:
n=764; G3: n=132, A1: n=1063, A2: n=195, M: n=1299 for CD27+IgD—;
G1:n=1777 G2: n=120; G3: n=132, A1: n=1210, A2: n=184, M: n=2485
CD27—IgD—). Error bars indicate SEM. p Values for Kruskal-Wallis
comparisons are indicated as ***p < 0.0005. Pie charts show the IGHV
mutation levels, as indicated by the% difference from germline, for (C)
CD27+IgD—IgM+, (D) CD27—IgD—IgM+. (E) CD27+IgD+IgM+ (F)
switched CD27—IgD— and (G) switched CD27—IgD— clonotypes from all
donors combined.
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cells. As previously reported for IgG genes (Fecteau et al., 2006),
the level of IGHV mutation in switched CD27— cells was sig-
nificantly lower than in switched CD27+IgD— memory cells
(p <0.0005). This was seen in all classes and subclasses apart
from IgA2 (Figure 2B). The lack of a significantly different muta-
tion rate in IgA2 cells was due to skewing by one donor (data
not shown). IgM memory mutation rates are lower than switched
memory mutation rates in both populations. Higher average val-
ues of mutation load are generally due to greater numbers of
cells with highly mutated Ig genes (Figures 2C—G). Further com-
parison of IGHV3-23 sequences showed there were no major
differences in the types of mutation occurring in each popula-
tion, with all showing the SHM characteristics of having more
transition than transversion mutations and strand bias in the AT
mutations (Table 2). Neither were there any differences in the
targeting of mutations to hotspots (data not shown). Thus, the
majority of switched CD27— cells appear to be memory cells that
acquire mutations through a similar mechanism to the GC-derived
switched CD27+4IgD— memory cells.

CLONALLY RELATED MEMORY CELLS INDEPENDENT OF CD27
EXPRESSION

To determine whether CD27— cells are related to CD27+IgD—
memory cells, we looked for evidence of clonally related cells,

i.e., genes that shared unique CDR-H3 regions and mutation
footprints, but were isolated from different populations. Out
of 7225 IgA and IgG clones from nine donors, a total of 32
clones (0.44%) showed clonality between the two cell subsets. The
sequences from these clones were used to generate genealogical
trees (Figure 3). The majority of genealogical trees were of a sin-
gle isotype: IgA (20 clones; e.g., Figures 3A-D) and IgG (7 clones;
e.g., Figures 3E-F). There were also examples of clones containing
different isotypes (four clones; Figures 3G—K,N,0) and subclasses
(e.g., Figures 3EG,L,M,0). We found four clones isolated from
CD27+ and CD27— IgD— cells containing both IgM and IgG
isotypes (Figures 3G,J,K,N). Class switching within a family was
also seen in clones containing only CD27— cells (Figures 3L-O).
In some lineage trees, sequences from CD27— and CD27+IgD—
memory cells appeared on the same branch with no intermediate
nodes, allowing us to determine the sequence of CD27 expression
in the two cell subsets. While some trees indicated that CD27—
cells were the progenitor of CD27+ cells (e.g., Figures 3E]J), other
trees indicated that CD27+ cells were the progenitor of CD27—
cells (e.g., Figures 3C,E,K). In other cases we could see examples
of an identical clone, in terms of CDR-H3 and mutation foot-
print, but existing in two different populations (Figure 3D), or
as a different class of antibody, or both (Figures 3G,H). We saw
no relationships between CD27+4I1gD+I1gM+ cells and switched

Table 2 | Frequency (percent) of different types of mutations in the IGHV3-23 genes of switched IlgD— memory cells’.

CD27+IgD— To CD27-IgD— To CD27+IgD+ To
IgM (1330)2 IgM (1239) IgM (6085)
A Cc G T A Cc G T A C G T
From A - 44% 97% 6.8% From A - 6.0% 11.5% 6.5% From A - 6.1% 12.8% 6.6%
C 32% - 7.8% 15.2% C 2.8% - 75% 14.7% C 2.0% - 71% 13.7%
G 259% 12% - 3.3% G 218% 13.6% - 4.3% G 232% 12.8% - 4.2%
T 1.7% 7.7% 2.3% - T 1.9 7.6% 1.9% - T 22% 66% 2.7% -
CD27+IgD— To CD27-IgD— To
19G (932) 1gG (730)
A Cc G T A C G T
From A - 6.4% 135% 71% From A - 59% 85 7.3%
C 2.5% - 6.8% 14.1% C 2.5% - 10.0 16.8%
G 20% 10.7% - 41% G 214% 103% - 5.6%
T 35% 79% 3.4% - T 3.0% 70% 1.8 -
CD27+IgD— To CD27-IgD—- To
IgA (779) IgA (1028)
A C G T A C G T
From A - 55% 99% 6% From A - 55% 9.7% 6.9%
C 1.9% - 7.7% 172% C 2.2% - 9% 16.0%
G 23.6% 9.5% - 3.5% G 128% 11.1% - 4.8%
T 27% 91% 35% - T 3.1% 76% 23% -

"No significant differences between cell types by chi-square test with Bonferroni post-test.

2The total number of mutations.
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with the germline sequences (black circles). Cells are represented as light
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IgD— cells, but we did find examples of related IgM clones in the
three different memory populations (Figures 3P-U).

CDR-H3 REPERTOIRE IN CD27— CELLS

Mutated memory B cells generally use smaller, more hydrophilic
and more basic CDR-H3 regions than naive cells (Meffre et al,,
2001; Souto-Carneiro et al., 2004; Wu et al., 2010). In response
to vaccination, B cells with these CDR-H3 properties were also
preferentially expanded (Ademokun et al., 2011), indicating that
the properties likely have some, as yet unknown, functional rel-
evance. We analyzed the CDR-H3 size and peptide properties
from clonotypes in the four different subsets. All groups showed
a Gaussian distribution of CDR-H3 sizes, indicating a diversity of
clonotypes with no preferential expansion of a particular CDR-H3
size (data not shown). Although the mean CDR-H3 size in CD27—
memory cells was significantly smaller than antigen-inexperienced
CD27—IgD+ cells, it was significantly bigger than CD27+IgD—
and CD27+IgD+ memory cells (p < 0.0005; Figure 4A). The
grand average hydropathicity (GRAVY) index, a positive indica-
tor for peptide hydrophobicity, had a value in CD27— switched
memory cells (—0.54£0.01) that fell between that of antigen-
inexperienced CD27—IgD+ cells (—0.49 £ 0.01; p < 0.0005) and
the two CD27+ memory subsets (—0.57; p < 0.0005; Figure 4B),
i.e., CDR-H3 from switched CD27— were more hydrophilic than
antigen-inexperienced cells but more hydrophobic than CD27+
memory cells. CD27—IgD—IgM+ memory cells had a similar
hydrophobicity to that of antigen-inexperienced CD27—IgD+
cells. The theoretical pI indicates the pH value at which a peptide
carries no net charge. The CDR-H3 pI from switched CD27— cells
(6.18 £ 0.32) significantly differed from those in the CD27+ mem-
ory cell subsets, with a value between CD27—IgD+ (5.98 £ 0.02,
p <0.0005) and the two CD27+4 memory subsets (6.39-6.53;
p < 0.05; Figure 4C). Therefore, CDR-H3 from switched CD27—
cells would be more basic than antigen-inexperienced cells but
more acidic than CD27+ memory cells in the peripheral blood.
The CDR-H3 pI from the CD27— IgD— IgM+ memory cells was
different again, showing the highest pI values of all subsets. To
account for the possibility that the CD27— cells might be a mixed
population, with some cells being directly related to CD27+ cells
with a similar level of mutation (e.g., Figure 3) and others that may

be less mutated of a different origin, we analyzed only the highly
mutated genes in each group. However, this made no difference to
the results (data not shown).

CD27— AND CD27+ CELLS SHARE /GHV REPERTOIRE
CHARACTERISTICS

We previously reported that CD27+IgD+ memory cells use a very
distinct IGHV repertoire from isotype-switched memory cells,
and concluded that a large fraction of CD27+IgD+ memory cells
are therefore not directly related to GC-derived, switched mem-
ory cells (Wu et al., 2010). Here we compared the IGH repertoire
in CD27— clonotypes with that of the three other populations.
In order to consider inter-individual variation, the frequency
of IGH gene usage, returned by V-QUEST, was calculated for
each individual donor before being used in grouped compar-
isons. The IGH] gene usage was similar between CD27— and the
two CD27+4 memory subsets, all except the CD27—IgD—IgM+
cells having significantly higher IGHJ4 and lower IGHJ6 gene
usage than antigen-inexperienced CD27—IgD+ cells (p < 0.0005;
Figure 5A). The CD27—IgM+ memory cells had a significantly
lower IGHJ6, but a similar IGHJ4 gene usage, compared to
antigen-inexperienced CD27—IgD+ cells. As previously shown,
there are differences in IGHV gene family usage between antigen-
inexperienced CD27—IgD+ cells and memory subsets in IGHV1,
IGHV 3, and IGHV 4 gene families (Figure 5B). All IgM+ cells
from the three memory populations had the same unique char-
acteristic of having a higher IGHV3 and lower IGHV'1 usage
(Figure 5B). When individual IGHV genes were considered the
family differences were due to the same individual gene changes —
IGHV3-23 in particular being higher in the IgM memory than the
antigen-inexperienced cells (Figures 5D-F vs. 5C). There were
no significant differences in IGHV gene family usage between
CD27— and CD27+ switched cells, both populations contained a
higher frequency of IGHV'1 gene family at the expense of IGHV3
(p <0.0005) in comparison with CD27+4IgD+ memory cells.
When the data was analyzed by individual IGHV genes rather
than gene families a similar pattern emerged, with the repertoire
of switched CD27— cells resembling that of switched CD27+
cells rather than any of the IgM+ populations. (Figures 5C-H;
Table 3). Only three IGHV genes were found to be significantly

FIGURE 4 | CDR-H3 properties in B cell subsets. The amino acids of the
CDR-H3 region in the Ig sequences was determined from V-QUEST and
subjected to ProtParam analysis to determine CDR-H3 peptide
characteristics. (A) The size of CDR-H3 in amino acids, (B) the theoretical pl
and (C) the GRAVY index for CD27—IgD+ (open circle; n=9975),
CD27+1gD+ (open square; n=11473), switched CD27+IgD— (IgA+19G;
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FIGURE 5 | Ig gene usage in B cell subsets. /GHV and IGHJ genes were
identified from the Ig gene sequences by V-QUEST. The relative frequency (% in
y-axis) of (A) six IGHJ genes and (B) seven /IGHV gene families was calculated
for individual donors before being collectively compared between CD27—I1gD+
(brick bars), CD27+IgD+IgM+ (dotted bars), CD27+IgD—IgM+ (stripe bars),
CD27—1gD—IgM+ (light grey bars), switched CD27+IgD— (IgA+1gG; open bars)
and switched CD27—IgD— (IgA+1gG; dark grey bars) clonotypes from all
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donors. p Values for one-way ANOVA comparisons are indicated as *p < 0.05,
**p <0.005, and ***p < 0.0005. IGHV gene families were further separated
into individual /IGHV genes and their relative frequencies were calculated for
(C) CD27—IgD+, (D) CD27+IgD+, (E) IgM CD27+IgD—, (F) IgM CD27—IgD—
(G) switched CD27+IgD— (IgA+1gG) and (H) switched CD27—IgD— (IgA+IgG)
clonotypes. Genes showing a significant different in usage between different
populations (one-way ANOVA) are shown inTable 3. Error bars indicate SEM.

different between the CD27— and CD27+ switched popula-
tions, whereas just two IGHV genes showed significant differences
between the three IgM+ memory populations.

HETEROGENEITY OF /GHV REPERTOIRES BETWEEN DIFFERENT
SUBCLASSES OF MEMORY CELLS

Memory B cells of different isotypes and subclasses have different
functions and may display different IGHV repertoires as a result
of selection by different type of antigens. When the data was split
into subclasses the IGH] repertoire in CD27— and CD27+IgD—
switched memory cells were similar (data not shown). However,
the IGHV repertoire varied between different classes and sub-
classes of genes (Figure 6). It can be seen that clonotypes of IgGl1,
IgG3, and IgA1l subclasses resembled one another in their IGHV
gene family usage, with significantly higher levels of IGHV'1 and
lower levels of IGHV 3 gene families compared to IgM+ memory

(CD27+I1gD+), as previously reported. Interestingly, there were
also significant differences between these three subclasses and the
IgG2,IgA2 subclasses, which had IGHV 1 and IGHV 3 family usage
reminiscent of the IgM+ memory signature (Figure 6). IgG2 in
particular had more in common with IgM memory cells (no sig-
nificant difference in IGHV family usage) than with the other
isotype-switched cells, having significantly lower use of IGHV'1
and higher use of IGHV3 compared to the switched isotypes
(Figure 6). This indicates that common selective influences shape
the IgM and IgG2 memory repertoires.

DISCUSSION

We have shown that CD27— memory cells have properties in com-
mon with CD27+ memory. In agreement with previous reports
(Fecteau et al., 2006), they are larger and more granular than
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Table 3 | One-way ANOVA comparisons of individual IGHV genes between different memory B cell subsets”.

IGHV name Comparison?
N:M N:cM  N:DM N:cM€ N:DA6 M:.cM M:DM M:DA¢  M:cA/€  cM.cA/G cM:pA/G pM.cA/G DM:pA/G  CA/G.pA/G
IGHV1-18 **N (T)3 *x*N *N *CA/G *DA/G ***DA/G ***CA/G ***CA/G ***DA/G ***CA/G ***DA/G
IGHV1-2 *N **DA/G *CA/G *CA/G **DA/G
IGHV1-46 *CAG  *DAG *DAG *CA/G *CA/G *DAG
IGHV1-69 * %N *x*N **N ***DA/G **CA/G *CA/G ***DA/G *C/-\/G **DA/G
IGHV2-5 *DA/G **DA/G
IGHV3-23 *\M ***CM **DM * %%\ * %%\ ***CM ***CM ***DM ***DM
IGHV3-30-3 *N *N *N *N
IGHV3-33 *N *N ***N
IGHV3-48 **M **CM *%\ *xCM
IGHV3-7 *CM  xxpM #*pM *CM xxxpM  xCAG
IGHV3-71 XXM *%\ *%x\ Y
IGHV3-74 **M **xCM *%xCM *xCA/G
IGHV4-31
IGHV4-34 *N *N *N *N **M
IGHV4-59 *N *N
IGHV6-1 ***CM *M **CM ***CM

"Genes that do not significantly differ in frequency between any of the populations studied are not shown. p Values are followed by the abbreviation for the population

with the higher value and are indicated as *p < 0.05, **p < 0.005, ***p < 0.0005.

2N: CD27-IgD+; CY°: switched CD27+1gD— (IgA and 1gG); D*°: switched CD27—IgD— (IgA and IgG); M: CD27+1gD+IgM+,; CV: CD27+IgD—IgM+,; D:

CD27—1gD—IgM+.
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FIGURE 6 | IGHV gene family usage between different subclasses of
memory cells. IGHV gene families were identified from the Ig gene
sequences by V-QUEST. Sequences from CD27+IgD— and CD27—IgD—
clonotypes were combined and then grouped by different subclasses: IgG1,
19G2, 1gG3, IgA1, and IgA2. IgM+ sequences were from the CD27+IgD+
cells. The relative frequency (% in y-axis) of seven IGHV gene families was
calculated for individual donors before being collectively compared
between groups. Error bars indicate SEM. p Values for one-way ANOVA
comparisons are indicated as *p < 0.05, **p <0.005, and ***p < 0.0005.

CD27—-IgD+ antigen-inexperienced cells, and are morphologi-
cally comparable with CD27+ memory cells (Figures 1B,C). As
memory cells, CD27—IgD— cells contain class switched Ig genes
that are mutated. Large-scale sequencing analysis has enabled
the comparison of mutation characteristics within a single gene,
the IGHV3-23 gene, which avoids comparison problems that
can sometimes occur by comparing different IGHV genes. We
showed that both populations have similar characteristics of
SHM (Table 2). However, as previously reported, the level of
mutation between the CD27— and CD27+4 memory cells dif-
fers (Figure 2), with CD27— cells carrying more mutation than

CD27+IgD+ memory cells but less than CD27+IgD— memory
cells, a decrease not restricted to a particular class or subclass of
antibody.

A decreased level of SHM could mean that the CD27— cells with
lower mutation levels are related to the CD27+ cells but are at an
earlier stage of development with regards to affinity maturation,
perhaps representing early GC cells that fail to complete GC reac-
tions (Wei et al., 2007). CD27— cells have significantly lower CD40
expression than CD27+IgD— memory cells (Colonna-Romano
et al.,, 2009) so would be less able to receive T cell help. Whether
decreased CD40 is a cause or consequence of reduced CD27 is
not known, but loss of CD40 in a TD responding cell line would
prevent it from progressing through the TD affinity maturation
processes. It has also been suggested that CD27— cells are the
memory cells from the primary immune responses, as opposed
to the more extensively hypermutated CD27+ IgG memory cells
from the secondary immune response, because they have been
through less divisions (Berkowska et al., 2011), although these
results could also be explained by a halting of a TD reaction
due to downregulation of co-stimulatory molecules. Alternatively
the CD27— cells may be unrelated to the CD27+ cells and are
responding to a different set of stimuli which results in less muta-
tion, perhaps TI stimuli as has been suggested for CD27+IgD+
cells.

Since we had previously distinguished “innate-like” memory B
cells (CD27+1gD+) by their IGHV repertoire, we thought that
any differences in functional selection would be noticeable in
a comparison of switched Ig genes from CD27— and CD27+
cells. We found very few differences in repertoire; only three
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individual IGHV genes showed a significant differences and no
differences in overall IGHV family usage (Figure 5; Table 3).
The switched CD27— memory cell repertoire had more in com-
mon with that of switched CD27+ memory cells than it did
with that of either CD27—IgD+ antigen-inexperienced B cells,
or CD27+IgD+ innate-like B cells. The two IgD—IgM+ cell
populations both had the same repertoire characteristics as the
CD27+IgD+ innate-like B cells, indicating common influences
on their development. Furthermore, using CDR-H3 clustering
to group related cells, we found examples of clones with family
members in both the CD27— and CD27+ switched populations
(Figure 3). Although these were of a low frequency in our data
(0.44% of clones were found to have mixed CD27 expression), it is
clear evidence in favor of a common activation pathway for both
CD27— and CD27+ switched memory cells. Since the number of
cells sampled in this study only accounted for a small fraction of
IgA and IgG B cells (approximately 0.04% in 5L of blood), we
estimate that there would be approximately 3 x 10* examples of
clonotypes which comprised both CD27— and CD27+ switched
memory cells in a healthy adult. That 1 out of 1000 switched
CD27— clonotypes would have CD27+IgD— relatives in healthy
blood or, conversely, 1 out of 1500 switched CD27+IgD— clones
would have CD27— relatives. Therefore the degree of related-
ness between switched CD27— and CD27+IgD— cells is relatively
high, as compared with our estimation that 20,000 clonotypes of
CD27—-IgD+CD10— naive cells are required to find one related to
aCD27+IgD— memory cell (data not shown). We also found clon-
ally related IgM cells from three different memory populations,
additional evidence that the IgM memory cells share a common
developmental pathway regardless of IgD and CD27 expression.
Importantly, since we find both CD27— cells that are precursors
of CD27+ cells and vice versa, or even clonotypes with exactly
the same mutational footprint but different subclass and CD27
status (Figure 3), it would appear that CD27 expression is not
an indicator of linear progression through B cell development,
because it can be lost or gained within a clonal expansion of
cells.

While it is clear from the above data that some of the cells in
the CD27—IgD— gate are related to CD27+4IgD— cells, there are
differences at a population level that suggest there may be cells
which are responding to a different type of antigen. The CDR-
H3 region of the Ig gene is particularly important for antigen
recognition. Ig genes from memory B cells generally contain CDR-
H3 regions that are smaller, more hydrophilic and more basic in
the peripheral blood than those from naive cells (Meffre et al.,
2001; Souto-Carneiro et al., 2004; Wu et al., 2010). Preferential
expansion of B cells using CDR-H3 with these properties was also
observed in individuals challenged with vaccinations (Ademokun
et al., 2011). Our results demonstrate that selection is imposed
on switched CD27— cells favoring those with CDR-H3 regions
that are shorter, more hydrophilic and more basic than those from
antigen-inexperienced cells, i.e., they show characteristics of mem-
ory cells. However, despite having an IGHJ gene usage comparable
to that of CD27+ memory cells (Figure 5), they do not have the
same degree of “memory characteristics,” i.e., the composition of
CDR-H3 regions from switched CD27— cells falls in between that

of antigen-inexperienced CD27—IgD+ and memory CD27+- cells,
being significantly different from both (Figure 4).

The relevance of these CDR-H3 differences is not known, since
the CDR-H3 characteristics are also dissimilar to those of the
“innate-like” CD27+41gD+ cells so they are unlikely to be due
to a difference between TD and TI antigens. One hypothesis is
that the CD27— memory compartment contains B cells that can
be autoreactive, and hence have downregulated their activation
molecules in an effort to limit autoreactivity. It is pertinent here
that the population is increased in SLE, an antibody-mediated
autoimmune disease (Wei et al., 2007). In addition, it has been
reported that longer, more acidic CDR-H3 regions are associ-
ated with autoreactivity (Aguilera et al., 2001; Capello et al,
2004). The CD27— memory cells have decreased levels of stim-
ulatory molecules (CD27; CD40; the o subunit of IL-6 receptor,
CD126) and increased levels of inhibitory molecules (CD330a
and FcRH4; Ehrhardt et al., 2005; Sanz et al., 2008; Silva et al.,
2011) so would appear to be unable to continue development into
antibody-secreting PCs. The occurrence of CD27— memory cells
within lineage trees that are thought to be TD expansions of cells
(Figure 3) could be explained by either gaining of autoreactiv-
ity through SHM, or by cross reactivity between activating- and
auto-antigens.

A particularly interesting finding in this data was that, while
the overall IGHV gene repertoire did not change between CD27—
and CD27+ switched memory cells, and the IGHV gene reper-
toire matched by subclass also showed no differences, there were
differences in IGHV repertoire between different subclasses of Ig
genes. Previously we have shown that a decrease in IGHV' 1 family
and increase in IGHV 3 family distinguished CD27+IgD+ mem-
ory cells from switched CD27+ memory cells. We have shown here
that IgG2, and to a lesser extent IgA2, share these characteristics
(Figure 6). Thus on the basis of repertoire similarity we would
group IgM, IgG2, and memory cells together, irrespective of CD27
status, under the heading of “innate-like” B cells that respond to
antigen in a TT manner. This would be consistent with the finding
that systemic vaccination against pneumococcal polysaccharides
predominately induces antibody responses of IgG2 (Carson et al.,
1995) and IgA2 (Lue et al., 1988) subclasses in humans. Since our
“innate-like” repertoire characteristics are less obvious for IgA2
cells this population may contain a higher proportion of cells
responding to TD antigens.

In conclusion, we have shown that switched CD27— cells are
memory cells that in terms of IGHV gene usage are most closely
related to switched CD27+ cells. IgM memory cells with or with-
out IgD and CD27 are related to each other but have a different
repertoire to the switched cells. Subclasses of antibody indicate
that IgG2, and some IgA2, may be formed in response to TI
antigens and the proportions of these subclasses are compara-
ble between the two populations. Thus in this respect the lack of
CD27 and lower mutational load does not appear to be a result
of a difference between TI and TD antigen responders. How-
ever, in terms of CDR-H3 characteristics, there may be a tendency
toward loss of CD27 (or failure to upregulate CD27) in cells with
longer, more acidic and more hydrophobic antibody binding sites.
The relevance of these characteristics remains to be determined
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and it will be interesting to compare whether these are qual-
ities of autoreactive antibodies such as are found in SLE or in

immunosenescence.
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