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The generation and functions of human peripheral blood (PB) IgM™*
IgD*CD27* B lymphocytes with somatically mutated IgV genes are
controversially discussed. We determined their differential gene
expression to naive B cells and to IgM-only and IgG* memory B
cells. This analysis revealed a high similarity of IgM*(IgD*)CD27*
and IgG* memory B cells but also pointed at distinct functional
capacities of both subsets. In vitro analyses revealed a tendency
of activated IgM*IgD*CD27™" B cells to migrate to B-cell follicles and
undergo germinal center (GC) B-cell differentiation, whereas acti-
vated IgG" memory B cells preferentially showed a plasma cell (PC)
fate. This observation was supported by reverse regulation of
B-cell lymphoma 6 and PR domain containing 1 and differential
BTB and CNC homology 1, basic leucine zipper transcription factor
2 expression. Moreover, IgM*IgD*CD27* B lymphocytes preferen-
tially responded to neutrophil-derived cytokines. Costimulation
with catecholamines, carcinoembryonic antigen cell adhesion mol-
ecule 8 (CEACAMS), and IFN-y caused differentiation of IgM*IgD™
CD27* B cells into PCs, induced class switching to 1gG,, and was
reproducible in cocultures with neutrophils. In conclusion, this
study substantiates memory B-cell characteristics of human IgMm*
IgD*CD27* B cells in that they share typical memory B-cell transcrip-
tion patterns with IgG* post-GC B cells and show a faster and more
vigorous restimulation potential, a hallmark of immune memory.
Moreover, this work reveals a functional plasticity of human IgM
memory B cells by showing their propensity to undergo secondary
GC reactions upon reactivation, but also by their special role in early
inflammation via interaction with immunomodulatory neutrophils.

IgM memory B-cell functions | germinal center reentry |
early inflammatory response

ntigen-activated naive B cells migrate along chemokine (C-C

motif) ligand 19 (CCL19) / chemokine (C-C motif) ligand
21 (CCL21) gradients to the periphery of B-cell follicles (1),
where they interact with stimulating T cells and expand in pri-
mary focus reactions (2). The majority of their progeny differ-
entiate into short-lived, mostly IgM*, antibody-secreting cells
(ASCs) that contribute a first wave of selected, but not affinity-
matured, antibodies to the immune reaction. A minor fraction of
these B-cell clones migrate along a chemokine (C-X-C motif)
ligand 13 (CXCL13) chemotactic axis into the follicle center (3)
and initiate a germinal center (GC) reaction by interaction with
follicular helper T cells and dendritic cells (4). The decision to
become a (short-lived) plasma cell (PC) or a GC B cell is gov-
erned by the B-cell lymphoma 6 (BCL6) and PR domain con-
taining 1 (PRDM1) transcription factors (5). B lymphocytes up-
regulating BCL6 induce a GC B-cell differentiation program,
whereas B cells up-regulating PRDM1 at the expense of BTB
and CNC homology 1, basic leucine zipper transcription factor 2
(BACH2) expression (6) become ASCs. In the GC, B cells un-
dergo T cell-dependent (TD) affinity maturation and often class
switching, resulting in improved and selected B-cell receptors
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(BCRs) that are expressed on post-GC memory B cells or se-
creted by long-lived PCs (7). Egress of these cells to the lymph
node medullary chords, red pulp, or bone marrow is mediated
by chemokine (C-X-C motif) ligand 12 (CXCL12) / chemokine
(C-X-C motif) receptor 4 (CXCR4) (8).

Specificity and memory represent the hallmarks of adaptive
immunity. Memory B cells are generated in adaptive immune
responses and confer enhanced and improved reactivity against
recurring antigen. The capability of a memory B cell to contribute
to secondary immune responses is granted by longevity, clonal
expansion, increased ability to be activated, and a propensity to
differentiate into PCs. In mice, the memory B-cell compartment is
multilayered, including an early GC-independent IgV gene-
unmutated and mostly IgM* B-cell population (9-11), as well as
post-GC memory B cells with affinity-matured and either class-
switched or IgM BCRs (12, 13). IgG* memory B cells efficiently
differentiate into PCs (14, 15) and IgM* memory B cells fre-
quently reenter GC reactions upon secondary challenge (12).
Improved immune responses against T cell-independent (TI)
antigens also exist (16, 17), but these B cells are not long lived and
their /GV mutation load is very low.

In humans, the memory B-cell compartment is less well un-
derstood. Traditionally, class-switched B cells with mutated Igl”
genes and surface CD27 expression were regarded as “pro-
totypical” memory B cells (5), although more recent data have
shown that CD27 is a sufficient, but not essential, memory B-cell
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marker, because a small subset of [gG*CD27~ and potentially also
IgM*™CD27~ memory B cells has been identified (18-20). However,
the adult human peripheral blood (PB) B-cell pool also includes
about 15% IgM*IgD™ and 5% IgM-only (expressing little or no
IgD) B lymphocytes with mutated V gene rearrangements and
CD27 expression (21). Although both of these IgM* subsets fulfill
functional requirements of conventional memory B cells (22) and
frequently derive from GC reactions (23), the developmental and
immunological characteristics of IgM*IgD*CD27" B cells are de-
bated and only poorly understood. The presence of few and lowly
mutated IgM*IgD*CD27* B cells in cord blood (24, 25), as well as
in patients with X-linked hyper-IgM syndrome with a deficiency of
the CD40 ligand, and hence supposedly of GC reactions (26), and
their reduced frequency in asplenic patients, correlating with im-
paired immune response to encapsulated bacteria (27), were
interpreted in favor of a GC-independent generation. This gener-
ation could occur either by primary antigen-independent Ig gene
diversification mechanisms or by TI immune responses involving
somatic hypermutation. A specific function of [gM*IgD*CD27" B
cells in TI type II immune reactions was further suggested by their
high phenotypical and functional similarity to human marginal
zone (MGZ) B cells (28, 29), which are important players in
immune responses against blood-borne TI pathogens (30).

Human MGZ B cells have been reported specifically to interact
with neutrophils that reside in close vicinity to the MGZ and to
show B cell-helper function and induce Ig gene diversification via
secretion of tumor necrosis factor superfamily members 13 and
13B and interleukin 21 (31), although a recent study contradicts
these findings (32). Neutrophils are recruited to epithelial cells in
injured or infected tissue by secretion of early cytokines. In this
early inflammatory response, neutrophils become activated and
participate in a multilayered immunomodulatory network, recruit-
ing and directing local responses by secretion of catecholamines
and multiple cytokines, including chemokine (C-C motif) ligand
2 (CCL2), soluble carcinoembryonic antigen cell adhesion mol-
ecule 8 (sSCEACAMS), and IFN-y (33-35).

This study aims at defining specific functions of human IgM™*
IgD"CD27" and IgG*CD27" B cells. We discovered that human
PB IgM*IgD*CD27* B cells, despite sharing a high phenotypical
similarity with [gG*CD27" memory B lymphocytes, show a high
potential to be stimulated by activated neutrophils early in in-
flammation. Moreover, we show that human IgM*IgD*CD27* B
cells share with murine IgM memory B cells a propensity to B-
cell follicle homing and GC B-cell differentiation upon BCR (re)
stimulation.

Results

Human IgM*CD27* and Class-Switched B-Cell Subsets Share Typical
Memory B-Cell Characteristics. We explored the transcriptome pat-
terns of human PB naive and CD27" memory B-cell subsets to
reveal shared and unique features of four major human PB B-
lymphocyte subsets [i.e., naive B cells (IgM*IgD"&"CD277), IgM-
only (IgM*IgD'*~CD27"), IgM*IgD*CD27", and class-switched
(IgG*CD27") memory B cells]. The comprehensive analysis of
21,000 genes with the highest SDs revealed a significant similarity of
human IgM-only, IgM*IgD*CD27*, and class-switched memory B
cells, and a clear separation of these three subsets from naive B
cells, as determined by unsupervised hierarchical clustering and
principal component analysis (PCA) (Fig. 1 4 and B), thus arguing
for a common generation and functional similarity of CD27" B-cell
subsets. Indeed, gene set enrichment analysis (GSEA) identified
shared gene signatures functionally associated with a “memory B-
cell” phenotype, including enhanced antigen response, increased
metabolic turnover, a (homeostatic?) proliferation signature, and a
propensity to plasmablast differentiation, although this latter fea-
ture was more pronounced in class-switched memory B cells than in
IgM memory B cells (Fig. S1 A-G).
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Fig. 1. Transcriptional similarity of human PB B-cell subsets. (A) Dendro-
gram is calculated by Manhattan clustering of 4,717 probe sets with the
highest SDs. Subcluster stability was confirmed by a bootstrapping pro-
cedure (>70%). The color bar depicts normalized intensity values. The color
boxes at the bottom of the dendrogram depict the B-cell subsets: green,
IgM*IgD*CD27" B cells; blue, IgM-only B cells; yellow, IgG*CD27* B cells; red,
naive B cells. (B) Unsupervised PCA shows a high similarity of PB IgM*IgD™
CD277, IgM-only, and class-switched B cells, but not naive B cells. The PCA is
based on 29,969 probe sets with the highest SDs, explaining more than 43%
of total variance. Axis scaling is according to mean centering and scaling. The
color code is as in A.

Taken together, human PB I[gM*IgD*CD27* and IgM-only B
cells closely resemble post-GC IgG* memory B lymphocytes in
their global gene expression pattern.

Human IgM* Memory B-Cell Expression Patterns Reveal Specific
Immunological Functions. IgM-only and IgM*IgD*CD27* B-cell
subsets did not show statistically significant differentially expressed
transcripts, except for IgD. Moreover, the two populations dis-
played highly similar surface receptor expression profiles, thus
arguing for identical stimulation requirements or immune-sensing
capacities (Fig. 2 A and B). From here on, IgM-only B cells are
excluded from our analyses and we focus on IgM*IgD*CD27* B
cells (referred to as IgM memory B cells), [gG*CD27" B cells
(IgG memory B cells), and naive B cells only. Besides the signif-
icant overlap in transcription associated with IgG memory B cells,
both hierarchical clustering and PCA indicated unique expression
patterns in IgM memory B cells (Figs. 1 A and B and 2 4 and B).
Pairwise comparison revealed 422 genes that showed at least
a twofold difference [P < 0.05 and false discovery rate (FDR) <
0.1] between IgM and IgG memory B cells, of which 214 anno-
tated transcripts were also differentially expressed with at least
twofold change between IgM memory and naive B cells (P < 0.05
and FDR < 0.1; Table S1). Fig. 2 4 and B show selected genes
from this comparison that were categorized as either “cytokines,
hormones, growth factors, neurotransmitters, and their receptors”
or as “cell adhesion molecules.” Fig. 2 4 and B further includes
manually selected transcripts of both categories with uniquely high
or low expression in a single subset.

To interpret these patterns, we performed GSEA and identi-
fied enriched or decreased expression of gene sets involved in
cytokine signaling [interleukin 6 (IL-6), IL-8, IFN], integrin ex-
pression, growth factor receptor signaling, nuclear factor kappa
B or nuclear factor of activated T cells signaling, and PC dif-
ferentiation (Fig. S2 A-M).

To identify key molecules with the potential to mediate specific
IgM memory B-cell functions, we filtered for single, significantly
over- or underrepresented genes and pathways with preferential
expression in IgM memory B cells. In the following, we describe
functional characteristics mediated by such genes.

Neurotransmitter Noradrenaline Is a Costimulator of IgM Memory B
Cells. High expression of beta-2 adrenergic receptor (ADRB2)
transcripts was detected on IgM memory cells but not on IgG* or
naive B cells (Fig. 24). Flow cytometric analysis confirmed sig-
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Fig. 2. Transcriptional patterns in human PB B-cell subsets. (A) Expression
heat map of normalized signal intensities from statistically significant
(ANOVA, P < 0.05; Tukey post hoc, P < 0.05) differentially expressed cyto-
kines, hormones, growth factors, and their receptors in naive, IgG*CD27%,
IgM*IgD*CD27*, and IgM-only B cells. (B) Expression heat map of normalized
signal intensities from statistically significant differentially expressed cell ad-
hesion molecules in naive, IgG*CD27*, IgM*IgD*CD27", and IgM-only B cells.

nificantly higher ADRB2 expression on IgM memory cells than
on IgG memory B cells; however, in contrast to transcriptional
data, the highest protein levels were observed on naive B cells
(Fig. 3 4 and B). We assessed the stimulatory potential of ADRB2
on isolated human PB B-cell subsets by in vitro challenge with the
selective ADRB2 agonist terbutaline and the nonselective beta-
adrenergic receptor antagonist nadolol in combination with BCR
triggering. In contrast to previous publications (36, 37), high levels
of terbutaline (10~> M) induced only marginal B-cell proliferation.
However, the average number of cells in S/G2 phase, as de-
termined by DNA content (Fig. 3C), was consistently higher in
IgM memory B cells (12%, range: 5-21%) than in IgG memory
cells (6%, range: 2-12%) or naive B cells (4%, range 2-7%). The
differences observed were statistically significant (P < 0.05). In
addition, we analyzed the Ig secretion capacity of human PB B-cell
subsets upon stimulation by terbutaline by enzyme-linked immu-
nospot (ELISpot) assays. We incubated a minimum of 25,000 sort-
purified B cells per subset for 1 h in anti-IgM- or anti-IgG—coated
ELISpot wells. The cells were stimulated in advance with 10~ M

Seifert et al.

terbutaline in combination with anti-Ig antibody or with anti-Ig
alone. The differentiation into Ig-secreting cells upon treatment
with terbutaline was higher in IgM memory B cells than in IgG
memory or naive B cells, compared with anti-Ig stimulation alone.
Notably, this effect could be markedly enhanced with a combina-
tion of BCR and ADRB2 stimulation, and it could be blocked by
addition of the beta-adrenergic receptor antagonist nadolol, ar-
guing for the specificity of the effects observed (Fig. 3 D and E).

We conclude that IgM memory B cells preferentially respond in
vitro to BCR costimulation with the noradrenaline/adrenaline-
mimicking factor terbutaline via ADRB2 by low-level proliferation
and efficient differentiation into Ig-secreting cells.

Human IgM Memory B Cells Show Migration and Differentiation Capacity
Toward Specific Early Inflammatory Cytokines. We screened cytokine
receptors and immunomodulatory molecules with higher expres-
sion in IgM memory B cells than in IgG memory or naive B cells
(Fig. 24). Carcinoembryonic antigen cell adhesion molecule 1
(CEACAM1) and chemokine (C-C motif) receptor 2 (CCR2),
both molecules that were previously reported to be expressed on
a fraction of bulk CD19* B cells (38-41), turned out to be pre-
dominantly detectable on the surface of IgM memory B cells (Fig.
4 A-D). CCR2 is involved in the recruitment of macrophages to
inflammatory sites along a macrophage chemoattractant protein 1
(MCP1) gradient. CEACAMI belongs to a family of intermediate-
affinity cell adhesion molecules involved in a variety of immune
modulatory functions, including cell-cell contact, immune cell ac-
tivation, and survival (35, 42-44). In vitro chemotactic assays with
MCP1 and sCEACAMS, the natural ligands for CCR2 and
CEACAMI, respectively, showed that [gM memory B cells possess
chemotactic activity toward both ligands (P < 0.001 and P < 0.01,
respectively; Fig. 4 E and F). In line with a specific biological re-
sponsiveness, this chemotactic activity was dose-dependent (Fig. 4
G and H) and significantly lower, if at all detectable, in IgG
memory or naive B cells.

We analyzed the costimulatory effect of SCEACAMS on the Ig
secretion capacity of human PB B-cell subsets by ELISpot assays.
The sort-purified B-cell subsets were stimulated with 10 ng/uL
SCEACAMS alone or in combination with anti-Ig antibody.
Blocking of SCEACAMS binding to transmembrane-anchored
CEACAM]1 with anti-CEACAMS antibody served as a negative
control. The differentiation into Ig-secreting cells was higher for
IgM memory B cells than for IgG memory or naive B cells com-
pared with anti-Ig stimulation alone. This effect was significantly
enhanced when combined with BCR stimulation (Fig. 4 I and J).

Finally, we observed higher expression of IFN-gamma re-
ceptor 1 (IFNGR1) on transcriptional and protein levels on IgM
memory B cells in comparison to IgG memory or naive B cells
(Figs. 24 and 4K). In line with previously published data (45), the
in vitro challenge of sort-purified B-cell subsets with IFN-y led to
the weak induction of Cy2 switch transcripts in IgM memory B
cells in two of four donors, an effect that was enhanced by BCR
cross-linking (Fig. S34). Cy2 switch transcripts were also de-
tectable in class-switched B cells (two of six donors) or, at a lower
level, when IgM or IgG memory B cells were stimulated with
anti-Ig antibody alone. However, we never observed the induc-
tion of switch transcripts of Ig subclasses other than Cy2 in
IgM memory B cells, and we could not detect any induction in
naive B cells independent of time or type of stimulation. Because
the induction of Cy2 switch transcripts alone may not induce
class switch recombination (CSR) to Cy2 but seems to require
additional costimulation (46), we measured the amount of Cy2
CSR in sort-purified B-cell subsets of four donors stimulated
with pokeweed mitogen (PWM), BAFF, and anti-Ig antibody
with or without IFN-y. Indeed, the addition of IFN-y enhanced
CSR significantly in IgM memory B cells (P < 0.05; Fig. 4L and
Fig. S3 B-E). Although Cy2 CSR could also be observed in naive B
cells costimulated with IFN-y in two of four donors (Fig. S3D), the
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Fig.3. ADRB2 s a costimulator of human IgM memory A ™ il
B cells. (A) FACS analysis of CD19-enriched human PB B-
lymphocyte subsets, defined by IgD, 1gG, and CD27 ex-
pression. ADRB2 surface expression of B-cell subsets
from five healthy subjects is depicted as the mean
fluorescence intensity (MFI), normalized to an isotype
control. Lines between the values link the samples de-
rived from a given donor. (B) Representative FACS his-
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memory (dark gray), and IgM memory (black line) B
cells and an isotype control (dashed line). (C) Frequency
of B-cell subsets in the G2/S phase of the cell cycle, as
determined by propidium iodide (PI) staining, after BCR
stimulation and treatment with 107> M terbutaline
(normalized to BCR stimulation alone) for three blood
donors. Cells were stimulated for 16 h. (D) One repre-
sentative ELISpot analysis out of three experiments with
sort-purified B-cell subsets, stimulated with combina-
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nadolol. Shown are the number of spots per well after subtraction of anti-lg stimulation alone. (A, C, and E) *P < 0.05; ***P < 0.001, significance values in E

refer to blue data points.

difference from controls treated with PWM, BAFF, and anti-Ig
alone did not reach statistical significance (Fig. S3B). Finally, we
did not measure significant changes in the fraction of IgG, class-
switched B cells after stimulation conditions in three donors ana-
lyzed. However, we observed a high interindividual variance of the
IgG,-positive B-cell fraction in healthy adults, ranging from 6% to
30% of PB IgG* B cells (Fig. S3 F and G).

We conclude that IgM memory B cells express a pattern of
surface cytokine receptors that enables them to respond pref-
erentially in vitro to stimulation with specific cytokines. The
functional response ranges from enhanced migratory capacity to
differentiation into ASC and Ig subclass-switching capacity. The
differentiation-inducing effects tested here are significantly en-
hanced by BCR ligation. Finally, we show here that IFN-y con-
tributes to Cy2 CSR direction in human B cells, preferentially in
the IFN-y receptor high-expressing IgM memory B cells.

Coculture of IgM Memory B Cells and Neutrophils Induces PC
Differentiation and Cy2 Class Switch Transcription. MCP1, sCEA-
CAMS, and IFN-y are secreted within minutes by immunomodu-
latory neutrophils in an early, priming phase of inflammation (33,
47). These molecules help in recruiting leukocytes and establishing
a proinflammatory microenvironment. Importantly, the secretion
of norepinephrine by activated neutrophils induces a paracrine or
autocrine stimulatory effect leading to enhanced intracellular sig-
naling and secretion of cytokines (48, 49). We tested whether the
expression of ADRB2 and specific cytokine receptors enabled IgM
memory B cells to interact preferentially with activated neu-
trophils. We determined the PC differentiation and Ig secretion
potential of B-cell subsets in coculture with neutrophils stimulated
with granulocyte-macrophage colony stimulating factor (GM-CSF)
for 16 h. Fig. 54 shows the relative induction of PRDMI tran-
scripts in B-cell subsets after neutrophil coculture, normalized to
the coculture condition without GM-CSF. GM-CSF alone did not
induce PRDM1 transcription in B-cell subsets. However, cocul-
tures of IgM memory B cells and GM-CSF-activated neutrophils
consistently showed up-regulation of PRDMI1 in five donors ana-
lyzed (Fig. 54). Notably, no PRDMI1 transcripts were detected in
cultured IgG memory and naive B cells.

Previous studies showed that human neutrophils produce and
secrete IFN-y upon stimulation (50). The coculture of GM-CSF-
activated neutrophils and IgM memory B cells also induced IFN-y
production in neutrophils, but not B cells, as determined by
ELISpot assays (Fig. S4). These coculture conditions also led to
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detectable levels of Cy2 switch transcripts in two of three donors
(Fig. 5B). No switch transcript induction was observed in con-
trols or cocultures that included IgG memory or naive B cells.
Switch transcripts of Ig subclasses other than Cy2 were not
detectable.

Taken together, the coculture of activated neutrophils with B
cells reproduced the efficient differentiation potential of IgM
memory B cells stimulated with terbutaline, SCEACAMS, and
IFN-y in combination with anti-Ig antibody. This finding indi-
cates that activated neutrophils in early stages of inflammation
may attract and modulate IgM memory B cells specifically.

Human PB IgM Memory B Cells Possess B-Cell Follicle Homing
Capacity. The transcription profiles of naive and memory B-cell
subsets included several differentially expressed chemokine
receptors and ligands (Fig. 24), as well as G protein-signaling
molecules (Table S1), that may have an influence on migratory
properties of leukocytes. In line with murine data (51), the ex-
pression of the B-cell follicle homing molecule chemokine (C-X-
C motif) receptor 5 (CXCRS5) was higher in naive than post-GC
B cells (Fig. S5 E and F). Surprisingly, when we tested the mi-
gration capacity of sort-purified PB B-cell subsets toward
CXCL13, IgM memory B cells showed the highest migration
factors among the B-cell subsets tested from eight of 10 donors
(Fig. 64). Similarly, the migration capacity mediated by che-
mokine (C-C motif) receptor 7 (CCR7) toward the B-cell follicle
border homing chemokine CCL21 was found to be higher in IgM
memory B cells than in naive or IgG* B cells in six of nine
samples (Fig. 6B), in line with a higher surface expression level of
this receptor on these cells (Fig. S5 4 and B). Migration effi-
ciency toward CCL19, the second chemoattractant to the B-cell
follicle border, showed a similar tendency of IgM memory, but
not IgG memory or naive B cells, to respond preferentially to
CCR7-dependent chemotaxis in three of four donors. However,
the effect was milder compared with CCL21 challenge, and
statistically significant differences could only be observed be-
tween IgM and IgG memory B cells at a CCL19 concentration of
175 international units (IU) (Fig. 6C). Lower concentrations
(100 IU) of CXCL13, CCL21, and CCL19 induced migration in
a similar pattern (i.e., IgM memory B cells showed the highest
migration capacity). However, statistical significance was only
reached for CCL21 (Fig. 6E). The combination of the three B-
cell follicle (border) homing chemoattractants did not show an
enhanced effect on the migration pattern of IgM memory B cells,

Seifert et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1416276112/-/DCSupplemental/pnas.201416276SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1416276112/-/DCSupplemental/pnas.201416276SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1416276112/-/DCSupplemental/pnas.201416276SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1416276112/-/DCSupplemental/pnas.201416276SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1416276112/-/DCSupplemental/pnas.201416276SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1416276112/-/DCSupplemental/pnas.201416276SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1416276112

L T

/

1\

BN AS PN AN D

>
o)

£ imotypn controt
5 199 memory
H 106 momary
[ naive

CCR2/ isotype control
(MF1)
% of max

s naive IigM IgG
memory memory CCR2
§ - - g _ - -
S = &2
S8, e a2
c E o E
22 52
g2 58
ot E=
=2 31
(-~}
-0 SE
A~ =]
g gE
R = IgM IgG
°d naive  IgM IgG 8 o naive mesr‘“ory me?nury
memory memory
CEACAMs CEACAMSB L .
+ anti-lg + anti-lg - 3000
+anti-CEACAM8 @
[
!
naive E L
721 1 § ]
zE
IgM memory & g 2 o
3195 34 2
°
=%
7]
IgG memory s o
1707 1 =
500 IgM IgG

naive  memory memory

C e D
35 — — 100 -f £ isotype control
£ E:glﬂmmm 'g\
c & 83 mamory
8 & [ naive W
2 £~
P -
- O |
L2310 ES
= 20
=
< ]
(5] 2 2
ﬁ )
3] IigM IgG CEACAM1

naive memory memory

= % x % e P P
o —— c5 ], i
e 8 2%
g8 = naive T8
e o c
g_g olgM memory £ S
2% 2 = 1gG memory w1
ES o &
-2 =2
5E 3t
=3 i g
E 0 QEo
= 50U 100U 1751V =~ 50 mg/l 100 mg/l 175 mg/l
total B cells IgM memory B cells
Moo | f‘é} £ isotype control I E] isotype control
i1 B 1gM memory 5 stimulation + IFNy
x | 50 3 8 1gG memory I stimulation - IFNy
© [ naive
E|w £
o 3
M 8
o 40
20
0
o] 2 3 4 5
R 1o? 2k 105 0 10 10 10 10°
IFNGR1 1gG2

Fig. 4. Analysis of CCR2, CEACAM1, and IFNGR1 expression and function on PB naive and memory B cells. (A) CCR2 surface expression of B cells from five
healthy subjects is depicted as MFI, normalized to isotype control. (B) Representative FACS histogram of CCR2 expression on naive (light gray), IgG memory
(dark gray), and IgM memory B (black line) cells and isotype control (dashed line). max, maximum. (C) Surface CEACAM1 expression as in A. (D) Representative
CEACAM1 expression histogram; B-cell populations are depicted as in B. (E and F) Relative numbers of sort-purified B-cell subsets that migrated toward MCP1
(175 IU) and sCEACAMS8 (100 mg/L), respectively. (G and H) Mean migration factors (migrated cells in stimulation divided by unstimulated migrated cells) of
sort-purified B-cell subsets toward 50, 100, and 175 IU of MCP1 and 50, 100, and 175 mg/L sCEACAMS, respectively. Error bars depict SD of five donors
analyzed. (/) Representative ELISpot analysis out of three experiments with sorted B-cell subsets, stimulated with 100 mg/L sCEACAMS8 and 10 mg/L anti-lg
antibody or 10 mg/L anti-CEACAMS8 and 10 mg/L anti-Ig antibody. Numbers in the lower left corners give the total number of spots counted. (J) Overview of
ELISpot analyses of CEACAMB8-stimulated B-cell subsets: blue, 100 mg/L CEACAMS8 and 10 mg/L anti-lg antibody; black, 100 mg/L CEACAMS alone; red, 10 mg/L
anti-CEACAM1 and 10 mg/L anti-Ig antibody. Shown are the number of spots per well after subtraction of anti-Ig stimulation alone. Significance values refer
to blue data points. (K) Representative IFNGR1 expression histogram; populations are depicted as in B. (L) FACS histogram of IgG, expression on IgM memory
B cells activated for 6 days with 1 mg/L each of anti-lg antibody, PWM, and BAFF alone (dark gray) or with 1 mg/L IFN-y in addition (black line). The isotype
control is shown as a dashed line. Data are representative of four independent donors (*P < 0.05; **P < 0.01; ***P < 0.001).

suggesting that the observed pattern is mostly determined by
CCL21 (Fig. 6E). Notably, when the B cells were costimulated
for 1 h with the Toll-like receptor 7/8 agonist R848 and PWM to
induce PC differentiation, all subsets showed significantly re-
duced migratory potential and IgM memory B cells lost their
predominant migration capacity toward CXCL13 and CCL21 in
six of six and four of four donors analyzed, respectively (Fig. 6E).
Importantly, upon challenge with CXCL12, a chemokine that
guides lymphocytes toward bone marrow and other PC homing
sites, IgM memory B cells showed a lower migration capacity
than naive or IgG memory B cells. This difference was lost upon
PC differentiation, because IgM memory B cells gained (P <
0.05) and naive and IgG memory B cells reduced their migratory
potential toward CXCL12 (Fig. 6 D and F). Similar to CXCRS,
the different CXCR4 surface expression between IgM and
IgG memory B cells did not reflect their migratory capacity
(Fig. S5 C and D).

The junctional cell adhesion molecule C (JAM-C) has been
shown to direct transendothelial migration from the blood
stream into B-cell follicles (52, 53). Interestingly, IgG™ B cells

Seifert et al.

showed a biphasic expression of JAM-C, with about 50% of cells
showing high levels, whereas the remaining cells had no detect-
able JAM-C surface expression (Fig. 6G), thus lacking an im-
portant molecule for lymph node entry. In contrast, [gM memory
B cells consistently expressed JAM-C, in line with their higher
lymph node homing capacity.

Taken together, IgM memory exceeded IgG memory and naive
B cells in B-cell follicle homing capacity due to a higher sensitivity
toward CXCRS5- and CCR7-dependent chemotaxis and pre-
sumably JAM-C surface expression. In contrast, naive and IgG
memory B cells showed a homing propensity along CXCL12
gradients (i.e., toward PC sites) and, on average, lower JAM-C
surface expression.

Memory B-Cell Subsets Differ in Their Differentiation Propensity upon
TD Restimulation. The higher migration capacity of IgM memory
B cells toward B-cell follicles suggested a propensity to reenter
GC reactions. Therefore, sort-purified PB B-cell subsets were
subjected to in vitro activation assays mimicking a TD or TI
activation/reactivation of naive and IgM or IgG memory B cells.
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Fig. 5. Human IgM memory B cells differentiate into PCs upon interaction
with activated neutrophils. (A) Coculture of human PB B-cell subsets with
GM-CSF-activated neutrophils induces PRDM1 transcription in IgM memory
B cells, compared with coculture conditions excluding GM-CSF. The cycle
threshold (ACt) of PRDM1 vs. GAPDH is shown (i.e., negative values indicate
increased PRDM1 expression). GM-CSF treatment alone does not induce
PRDM1 transcription in B lymphocytes. n.d., not detectable (**P < 0.01). (B)
Cy2 switch transcript induction is detectable in IgM memory B cells cocul-
tured with GM-CSF-activated neutrophils. One representative analysis of
three is shown.

Upon short-time challenge (2-3 h), we measured the induction
of typical GC B-cell or PC differentiation markers by quantita-
tive RT (QRT)-PCR. PRDMI transcription was below the de-
tection limit in untreated B-cell samples. In line with previously
published results on the PC differentiation-enhancing role of the
IgG BCR (54, 55), 1gG memory B cells rapidly up-regulated
PRDM1 upon TI or TD stimulation in contrast to naive and IgM
memory B cells (Fig. 7 4 and B). The latter, however, showed
induction of PRDMI1 transcription in one of four donors upon
TD stimulation (Fig. 7B).

The GC B-cell transcription factor BCL6 was transcribed at
low levels in untreated naive and IgM or IgG memory B cells.
However, in each of four donors, IgM memory B cells rapidly up-
regulated BCL6 transcription upon TD stimulation, whereas
activated naive B cells showed, on average, no change and IgG
memory B cells showed slightly increased BCL6 levels in three of
four donors (Fig. 7C). To address the differentiation potentials
of IgM and IgG memory B cells on the protein level, sort-puri-
fied B-cell subsets from three healthy donors were TI- or TD-
stimulated and measured by ELISpot assays. In line with the
efficient transcriptional up-regulation of PRDM1, IgG memory
B cells showed an increased Ig secretion capacity in comparison
to IgM memory B cells in both TI and TD activation conditions
(Fig. 7D). However, this effect was stronger in the TD stimula-
tion assays (P < 0.05; Fig. S64).

Because BACH2 down-regulation precedes PC differentiation
(56, 57), we performed a fluorescence microscopic analysis to
clarify whether differential changes in protein level or subcellular
distribution of BACH2 might occur. We observed nuclear and
cytoplasmic BACH2 expression in all three B-cell subsets ana-
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lyzed (Fig. 7 E-H and Fig. S6 B-I). On average, nuclear BACH2
expression was high in unstimulated naive and IgM memory B
cells but clearly lower in IgG memory B cells (Fig. S6 B, D, and F
and Table S2). Upon BCR stimulation with anti-Ig antibody for
16 h, naive B cells did not show significant differences in nuclear
BACH?2 expression (Fig. 7E and Table S2). In contrast, IgM
memory B cells showed significantly reduced nuclear BACH2
expression levels (Fig. 7F). Notably, about 60% of activated IgG
memory B cells lost nuclear BACH?2 expression (Fig. 7H), often
paralleled by extensive cell growth and PC formation. Moreover,
in 15% of BCR-stimulated IgG memory B cells, nuclear and also
cytoplasmic BACH?2 levels were below the detection limit, arguing
for efficient nuclear export and subsequent cytosolic degradation
of BACH2 during PC formation. These features may cause the
efficient PC differentiation potential of the IgG memory B cells
(Fig. 7 G and H). In line with the lack of PRDMI induction after
short-time BCR stimulation (Fig. 74 and B), IgM memory B cells
showed reduced and delayed BACH2 nuclear export after 16 h of
BCR challenge in comparison to IgG memory B cells.

Finally, we tested PB B-cell subsets for differential expres-
sion of four interleukin receptors (IL-4R, IL-6R, IL-10R, and
IL-13R) because the transcription pattern of these receptors
suggested a specific sensoring capability of single subsets (Fig.
2A4). However, IL-4R, IL-10R, and IL-13R were not statistically
significant differentially expressed between IgM memory and
IgG memory lymphocytes (Fig. S7 A-F), and thus not further
followed up on. IL-6R, in contrast, showed significantly higher
expression levels on IgG memory B cells (Fig. S7 G and H).
However, IL-6 treatment of sort-purified B-cell subsets did not
lead to preferential differentiation into plasmablasts of either
population analyzed (Fig. S71).

Our data indicate that human IgG memory B cells primarily
differentiate into PCs upon reencounter of antigen, independent
of a TT or TD type of stimulation, guided by rapid PRDM1 in-
duction and nuclear export and cytosolic degradation of BACH2.
In contrast, upon TD stimulation, IgM memory B cells show
a preferential tendency to adopt a pre-GC B-cell phenotype, as
indicated by up-regulation of BCL6 transcripts. However, upon TI
stimulation, IgM memory B cells also showed PC differentiation
capacity, as indicated by BACH2 down-regulation and adoption
of PC morphology, albeit at a lower rate and efficiency than IgG
memory B cells.

Discussion

It is debated whether human PB IgM*IgD*CD27* B cells are
post-GC memory B cells or derive from an antigen-independent
or TI developmental pathway (26-28, 58). The existence of con-
sistently mutated IgV genes of human PB IgM*IgD*CD27" B
cells, as well as their increased responsiveness to mitogenic stim-
ulation in comparison to naive B cells (59, 60), argues that these
lymphocytes are antigen-experienced, post-GC memory B cells.
We recently provided further genetic evidence that at least a large
fraction of these PB B cells in adult humans are derived from GC
reactions, because they frequently show BCL6 mutations (occur-
ring only in GC B cells) and often show a common derivation with
IgG memory B cells from diversified GC B-cell clones (23). This
latter point was recently validated by an independent study on
memory B-cell subtypes generated in defined immune responses
(61). The current work further supports this idea. First, we dem-
onstrate that IgM*IgD*CD27" B cells show a much higher simi-
larity in their global gene expression with classical [gG* memory B
cells than with naive B cells, including key features of typical
memory B cells, encompassing enhanced responsiveness, metab-
olism, proliferation, and a propensity to plasmablast differentia-
tion, together arguing for these cells being antigen-experienced.
Second, in various functional activation assays, the IgM*IgD™
CD27* B cells showed a higher and faster reactivity than naive B
cells, which is a key feature of memory B cells. Third, IgM*IgD™*
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Fig. 6. Follicle homing capacity of human IgM memory B cells. Relative number of B cells per sort-purified subset that migrated toward 175 IU of B-cell follicle

(border) homing chemokines CXCL13 (A), CCL21 (B), and CCL19 (C), to which IgM memory B cells show the highest migration capacity, and PC site homing
cytokine CXCL12 (D), where naive or class-switched memory B cells respond more intensively. (E) Dose dependency of follicle homing cytokines CXCL13,
CCL21, and CCL19 on purified B-cell subsets. Significantly (P < 0.05) enhanced migration of IgM memory B cells is marked by black bars. “PC induction” marks
assays, where the B cells were treated with mitogens (R848 and PWM) before the migration assay to induce PC development, blocking follicle homing
potential. Due to the milder CCL19-dependent chemotaxis, only two donors were analyzed; an effect of plasmablast differentiation was detectable in one
donor. n.s., not significant. (F) Dose dependency of PC site homing cytokine CXCL12. PC differentiation induces a PC site homing potential in IgM memory B
cells. (G) Representative FACS histogram of JAM-C surface expression on naive (light gray), IgG memory (dark gray), and IgM memory (black line) B cells and
an isotype control (dashed line). Similar results were obtained for a total of five donors tested. *P < 0.05; **P < 0.01.

CD27* B cells reacted upon stimulations mimicking a TD im-
mune response (as discussed below), an additional feature that is
in line with their derivation from and involvement in TD immune
reactions and has also been described for [gM*IgD*CD27* B cells
from human spleen, which are presumably a mixture of circulating
IgM*IgD*CD27* and splenic MGZ B cells (62, 63). Earlier ex-
pression profiling analyses (28, 58, 64, 65) did not include subsets
like naive, IgM-only, or class-switched B cells, or studied IgM™*
CD27" B cells from the spleen only (62), thus preventing the
determination of similarities in circulating memory B cells in
a comparative analysis.

Considering the IgM memory B-cell subsets analyzed, we did
not detect any significantly differentially expressed genes (except
IgD) between IgM*IgD*CD27" and IgM-only B cells, and we
thus conclude that a comparison on the transcriptional level
cannot help to explain previously published results on a differ-
ential class-switching capacity (66) or different generation
pathways (26, 67) of these two subsets.

However, a set of about 400 genes was specifically expressed
or underrepresented in IgM memory B cells in comparison to
IgG memory and also partially naive B cells. To understand these
IgM memory B cell-specific gene signatures and translate them
into immunological functions further, we focused on genes that
may provide a specific sensoring capability to these resting B
lymphocytes, preparing them to react specifically and quickly

Seifert et al.

under particular reactivation conditions. Indeed, a large number
of surface molecules, such as cytokine receptors, cell adhesion
molecules, and BCR signaling components, as well as down-
stream signaling molecules, such as kinases and regulators of G
protein signaling, that were expressed specifically and homoge-
neously by the IgM memory B-cell population were revealed. To
our surprise, we observed expression of the noradrenaline/
adrenaline binding receptor ADRB2 on naive and IgM memory
B cells. Although an influence of neurotransmitters on B lym-
phocytes is known (36), we describe here the preferential re-
sponsiveness of an IgM"CD27" memory B-cell subset and show
the preferential proliferation and differentiation potential of
these cells upon ADRB2 stimulation in vitro. Similarly, higher
expression of CCR2 and CEACAMI1, two molecules that provide
chemotactic activity toward MCP1 and sCEACAMS, respectively,
was observed on IgM memory B cells. Moreover, CEACAM1
represents a potent costimulatory molecule for a subset of
human B cells that is preferentially composed of human IgM
memory B cells. Finally, we show that IFN-y (most efficiently in
combination with further costimulation) can also serve as an
IgG, class switch-enhancing factor in humans, an issue that has
been debated (46). Although we also observed IgG, CSR upon
IFN-y stimulation in naive B cells (detectable but not significant
in total), we assume that the high levels of IFNGRI1 expression
on post-GC IgM memory B cells provide these cells with an
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increased potential to differentiate into IgGj-expressing PCs
upon costimulation with IFN-y.

Interestingly, the cytokines, adhesion molecules, and neuro-
transmitters that convey the observed features of [gM memory B
cells have in common that they are secreted by neutrophils in
early phases of inflammation (33). To test whether activated
neutrophils indeed have the potential to stimulate IgM memory
B cells to differentiate and secrete IgM or a class switch to IgGo,
we performed coculture assays of neutrophils and B-cell subsets,
and could confirm such an interaction in vitro. Because we did
not assess the impact of single molecules on stimulation or dif-
ferentiation of IgM memory B cells in coculture with GM-CSF-
stimulated neutrophils, we cannot conclude whether our obser-
vations indeed result from secreted cytokines or may rather derive
from cell—cell contact. Indeed, there is evidence that CEACAM1
interaction with membrane-bound ligands also promotes CSR in
murine B cells (41).

Recent studies in the mouse have indicated that the memory
B-cell pool is more heterogeneous than previously thought, and
that distinct memory B-cell subsets have largely distinct functions
(12, 13, 68). Besides the indication that a proportion of memory
B cells in TD immune responses are generated before the onset
of the GC reaction (9), several studies have indicated that IgM
and IgG memory B cells have specific functions, with IgM
memory B cells preferentially differentiating into GC B cells upon
reactivation, whereas IgG memory B cells showed a propensity to
differentiate directly into PCs in recall responses (12, 13). How-
ever, this view was recently challenged because it was reported
that murine memory B-cell subsets defined by expression patterns
of CD80 and programmed cell death 1 ligand 2 (PD-L2) better
distinguish memory B-cell subsets with preferential PC differen-
tiation or GC reentry (69).
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sociated with PC or GC B-cell differentiation in sorted
PB B-cell subsets upon in vitro anti-lg antibody treat-
ment (Tl stimulation) or in combination with CD40L (TD-
like stimulation) costimulation. **P < 0.01; n.d.: not
detected. Tl (A) and TD (B) stimulation induced PRDM1
transcription in 1I9G memory B cells, but only in one-
3 quarter of IgM memory B cells and to no detectable
amount in naive B cells. (C) However, TD stimulation
significantly up-regulated BCL6 in IgM memory B cells,
but not in IgG memory B cells and not detectably in
naive B cells. (D) Representative ELISpot analysis out
of three experiments with sort-purified B-cell subsets,
stimulated with 1 mg/L anti-lg antibody, 2 mg/L recom-
binant human CD40-HA, and 1 mg/L anti-HA (TD) and
anti-lg antibody alone (Tl). Numbers in the lower left
corners give the total number of spots counted by the
ELISpot reader. BACH2 fluorescence microscopy before
and after 16 h of anti-lg treatment of naive (E), IgM
memory (F), and IgG memory (G) B cells is shown. Al-
though BACH2 nuclear export was detectable in ca.
50% of IgM memory B cells, it occurred more efficiently
in IgG memory B cells upon stimulation (G), showing
cytosolic BACH2 degradation at the PC differentiation
stage (H). Data are representative of three donors
tested. Green, BACH2; blue, DAPI; red, phalloidin. (Scale
bars: 10 pm.) (Also Fig. S6 B—/ and Table S2.)
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Whether the human IgM* and IgG" memory B cells show dis-
tinct functions in recall responses was not previously known. Here,
we provide data that human memory B-cell subsets may indeed
show a similar dichotomy (i.e., IgM memory B cells might have the
capacity to home to B-cell follicles upon restimulation and more
easily undergo GC B-cell differentiation, as indicated by the fa-
cilitated transcript induction of the GC B-cell transcription factor
BCLS in vitro). This behavior is in contrast to that of IgG memory
B cells, which show a migration potential toward CXCL12, tran-
scriptional down-regulation and nuclear exclusion of BACH2, up-
regulation of PRDM1, and PC differentiation, in line with the
signaling and differentiation-enhancing role of the class-switched
BCR (54, 55). Moreover, the adhesion molecule JAM-C plays an
important role in lymph node homing and is expressed on virtually
all IgM memory cells but only on a fraction of IgG memory B cells,
allowing GC reentry preferentially for the former population.

Several key questions clearly remain to be clarified. These
questions include the relationship between PB IgM*IgD*CD27*
B cells and splenic MGZ B cells, which, at least in young indi-
viduals, may derive from another developmental pathway (58).
Moreover, it remains to be clarified whether further subsets
among IgM and IgG memory B cells exist, in line with the recent
study on murine memory B cells (69), although there is no in-
dication for differential expression of CD80 and PD-L2 by hu-
man memory B cells.

We conclude that human IgM*IgD*CD27" B cells represent
memory B cells generated in TD immune responses. Besides
their potential ability to reenter GC reactions upon reencounter
of antigen, which apparently distinguishes them from IgG
memory B cells, these unique B cells show distinct differentiation
potentials, depending on their specific activation and interaction
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with immune cells. These findings indicate an unexpected func-
tional plasticity of human IgM memory B cells.

Materials and Methods

Cell Separation. Buffy coats of healthy adult blood donors were obtained
from the Institut fur Transfusionsmedizin of the University Hospital Essen.
Donors for full-blood donations were recruited from the University
Medical School. The study protocol was approved by the Internal Review
Board of the University Hospital Essen. Samples were collected with in-
formed consent of the donors. PB mononuclear cells were isolated by
Ficoll-Paque density centrifugation (Amersham). CD19" B cells were en-
riched to >98% by magnetic cell separation using the MACS system
(Miltenyi Biotech) or by negative selection using the EasySep Human B-
Cell Enrichment Kit (Stemcell). Neutrophils were isolated by Ficoll-Paque
density centrifugation of blood samples, sediment resuspension with
PBS/BSA, and twofold erythrocyte lysis for 1 min with 10 mL of distilled
water and neutralization with 10x PBS (Gibco), centrifugation, and
subsequent CD16* MACS (Miltenyi Biotech) enrichment of neutrophils
(ca. 95% purity).

Flow Cytometry and Cell Sorting. For Human Genome U133 2.0 Plus Array
(Affymetrix UK Ltd.) analysis, B-cell suspensions were stained with anti-
CD27-allophycocyanin (APC) (eBiosciences), anti-lgD-phycoerythrin (PE)-
Cy7, anti-lgM—fluorescein isothiocyanate (FITC), and anti-lgG-PE or anti-
CD21-PE antibodies [all from Becton Dickinson (BD) Biosciences] and sorted
with a FACSDiva cell sorter (BD Biosciences) as IgG memory (IgG*CD27%), IgM
memory (IgM*IgD*CD27%), IgM-only (IgM*IgD~°"CD27%), or naive (IgM*
IgD*CD277) B cells. Purity was >99% for each population as calculated by
reanalysis on a FACSCanto flow cytometer (BD Biosciences) in combination
with FACSDiva software. For functional analysis, B-cell subsets were stained
with anti-lgD-APC, anti-CD27-FITC, and anti-lgG-PE or anti-CD16-FITC
antibodies (all from BD Biosciences) and sorted as IgG memory (IgG*CD27%),
IgM memory (IgD*CD27%), and naive (IgD"CD27") B cells and neutrophils
[forward scatter (FSC)"9"/side scatter (SSC)"'9"CD16*] at >98% purity. For
FACS analysis, enriched B cells were stained with anti-CD27-APC, anti-
IgD-FITC, anti-CCR2-PE, anti-IFNGR1-PE, anti-lgD-PE, anti-CXCR4-PE, anti-
CXCR5-FITC, anti-IL-4R-PE, anti-IL-10R-PE, anti-IL-13R-PE, anti-IL-6R—PE (all
from BD Biosciences), anti-ADRB2-PE (Santa Cruz Biotechnology), anti-JAM-
C-PE, anti-CCR7-PE (both from R&D Systems), or anti-lgG,-AF488 (Biozol),
and anti-CEACAM1-FITC antibodies (mAb B3-17) (35).

Fluorescence Microscopy. For immunofluorescence microscopy, B cells were
sorted as described above and stained with the BD Cytofix/Cytoperm Kit (BD
Biosciences) according to the manufacturer’s instructions. Expression of
BACH2 was determined by intracellular staining with an anti-BACH2 antibody
(rabbit Cy2 antibody; Biozol), an anti-rabbit-Cy2 antibody (Jackson Immuno-
Research), Phalloidin-TRITC (Sigma-Aldrich), and Hoechst 33258 (Roche).
Fluorescence microscopy was performed on a Zeiss Axio Observer.Z1 fluo-
rescence microscope equipped with the respective filter sets and an apotome
(Carl Zeiss Microlmaging). Image acquisition was performed via a Plan-Apo-
chromat 63x/1.40 oil objective lens (1.46 N.A.) and a Zeiss AxioCam MRm
camera from cell suspensions in fluorescent mounting medium (S3023; Biozol)
at 23 °C. Images were processed with Zeiss AxioVision Rel. 4.8 software.

Sample Preparation for Gene Expression Profiling. RNA (250 ng) was extracted
from sort-purified B cells by Gentra Purescript (Gentra). RNA integrity was
assessed using an Agilent 2100 Bioanalyzer. Samples with an RNA integrity
number >9.0 were processed by means of a MessageAmp Il Biotin Enhanced
Kit (Ambion). For the Human Genome U133 2.0 Plus gene expression pro-
filing analysis, data were generated in two batches, equally composed of
naive, IgM-only, IgM*IgD*CD27", and IgG memory B cells. After variance
stabilizing normalization, data were corrected for batch effect by ComBat
software (www.bu.edu/jlab/wp-assets/ComBat) (70). Arrays were scanned
with a GeneChip Scanner 3000 7G (Affymetrix). GeneChip data have been
submitted to the Gene Expression Omnibus database under accession
number GSE64028.

Statistical Analysis. Data were analyzed with GeneSpring GX software
(Affymetrix) and R software for statistical computing (ISBN 3-900051-07-0, R
Development Core Team; www.R-project.org.) Probe sets with a minimum
raw signal of 50 and at least four present calls in at least one condition,

1. Okada T, Cyster JG (2006) B cell migration and interactions in the early phase of
antibody responses. Curr Opin Immunol 18(3):278-285.
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according to Mas5 software, were used for further analysis. Multivariate
data analysis was performed with ANOVA and Tukey post hoc testing pro-
cedures, and pairwise comparisons were tested for statistical significance by
t test (P < 0.05). The Benjamini-Hochberg method was used for multiple
testing corrections. GSEA was performed with GSEA2 software. Each GSEA
plot (Figs. S1 and S2) shows the name of the respective gene set in the
header, the enrichment score profile (green graph), and the hits of single
genes of the respective gene set (black bars) along the ranking metric scores
(gray bars) that are used for the running sum statistics as described (71).
Gene sets are derived from the Molecular Signature Database (C2, curated
gene sets; C7, immunological signatures) (71). The significance of surface
molecule expression on IgM memory B cells was determined by ANOVA and
Tukey post hoc testing, and the significance of differential Ig secretion,
proliferation, or migration potential of single B-cell subsets was calculated
by paired t testing procedures. Each statistical test was performed on all
available data points, including outliers.

In Vitro Activation of B-Cell Subsets. Naive and memory B cells were sort-
purified and cultured in RPMI 1640/10% (vol/vol) FCS/1% P/S (Pan Biotech)
with 10 mg/L goat anti-human Ig antibody (Dianova) alone or with 107> to
1077 M terbutaline and/or 107> to 10~ M nadolol (Sigma—-Aldrich) or 50 mg/L
soluble CEACAMB-Fc with or without anti-CEACAMS blocking antibody mAb
6/40c (35) for 3 or 6 h at 37 °C and 5% (vol/vol) CO,. ELISpot assays were
performed with the human IgM and IgG ELISspot PLUS system (Mabtech) as
recommended by the manufacturer. In short, 25,000 sort-purified and pre-
activated B cells were incubated in 100 pL of PBS per well for 1 h, if not
stated otherwise. Readout of ELISpot plates was performed automatically by
the ELISpot Reader System ELRFLO6 (AID GmBH). Cells in G2/S phase were
determined by FACS DNA content measurement with propidium iodide
(Sigma-Aldrich). Migration assays were performed in 5-um ChemoTx System
migration assays (Neuro Probe) as recommended by the manufacturer. In
short, the fraction of 50,000 sort-purified B cells that passed through a 5-um
filter membrane toward 50, 100, or 175 IU of MCP1, CXCL13, CXCL12, CCL19,
or CCL21 (all from Immunotools) or 50 or 100 mg/L sCEACAMS-Fc (35) was
determined by FACS counting after 16 h. Plasmablast/PC differentiation was
induced by preincubation of B cells with 100 mg/L R848 and PWM (both
from Mabtech) for 1 h. Switch transcript induction was determined by in-
cubation of B cells alone or in neutrophil coculture (discussed below) with
1 mg/L IFN-y (Immunotools) overnight. IgG2 CSR was performed by
stimulation with 1 mg/L PWM and BAFF (Immunotools) and anti-lg antibody
(Dianova) with or without 1 mg/L IFN-y for 6 d. RNA was extracted using an
RNeasy Micro Kit (Qiagen) and after DNase | digestion reversely transcribed
with Sensiscript RT (Qiagen). For QRT-PCR analysis, the following TagMan
assays (Life Technologies) were used according to the manufacturer’s
instructions: BACH2 (HS00222364_m1), CD80 (HS00175478 m1), IFNG
(HS00175238_m1), BCL6 (HS00153368_m1), and PRDM1 (HS00153357_m1).
Expression was normalized to GAPDH (HS02758991_g1). Switch transcripts
were amplified as described previously (72), with the exception that an IGHV
family 3 FR1 primer instead of an FR3 primer was used (23). For each PCR
assay, equal amounts of ¢cDNA generated from equal cell numbers were
used. For Tl activation, 250,000 sort-purified B cells were incubated with 10
mg/L goat anti-human Ig for 0, 60, 90, and 120 min in medium. For TD ac-
tivation, sort-purified B cells were incubated with 2 mg/L recombinant hu-
man CD40L with HA-tag plus 1 mg/L anti-HA antibody (both from R&D
Systems) and 10 mg/L goat anti-human Ig for 1 h, followed by a washing step
and anti-lg antibody treatment alone for 2 h.

In Vitro Coculture of B-Cell Subsets and Neutrophils. A total of 5 x 10° B cells
per subset were sort-purified and cultured with 10 sort-purified neutrophils
from the same donors in RPMI 1640/10% (vol/vol) FCS/1% P/S with 10 mg/L
GM-CSF (Immunotools) for 16 h at 37 °C and 5% (vol/vol) CO,. After co-
culture, B cells were resorted according to FSC/SSC criteria into Qiazol
(Qiagen) and RNA was extracted. cDNA was prepared using the Sensiscript
protocol (Qiagen), and switch transcripts were amplified or QRT-PCR analysis
of PRDM1 transcripts was performed as described above.
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