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1. ABSTRACT

B cells exhibit a range of functional responses
following TLR engagement including immunoglobulin and
cytokine production, proliferation, antigen presentation and
migration. However, B cell intrinsic TLR responses appear
to be precisely programmed based upon the developmental
stage of the cell. B cell subpopulations classified as innate
immune cells including marginal zone and B-1 B cells exhibit
robust responses to TLR stimulation. In contrast, activation of
other B cell subsets is constrained via a variety of
developmentally regulated events. In this review we provide an
overview of TLR responses in murine and human B cells and
specifically highlight patterns of TLR expression and
developmentally regulated functional responses.
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2. INTRODUCTION

Innate immune responses are initiated rapidly,
usually within hours after antigen encounter. The receptors
of the innate immune system are generally known as
pattern recognition receptors (PRR), which recognize
simple molecules and patterns of molecules shared by
many microorganisms, so-called pathogen-associated
molecular patterns (PAMPs). PRRs are germline encoded
and highly conserved during evolution. Toll-like receptors
are an important family of PRRs, present on many different
cells of the innate immune system. In contrast, receptors of
the adaptive immune system are highly antigen specific:
they are clonally-rearranged and specific for a single
chemical structure.
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Among the cells of the immune system, B cells
are unique as they express both germline-encoded Toll-like
receptors and a clonally rearranged antigen-specific
receptor, the B cell antigen receptor (BCR). Therefore, B
cells may receive signals through both TLRs and BCR
during an immune response, either simultaneously or
consecutively. It is generally accepted that TLR stimulation
provides a link between the innate and the adaptive
immune system. Usually, TLR engagement is assumed to
initiate the immune response and subsequently augment the
adaptive immune response and this has been shown for B
cells in several studies (1-3). However, recent studies
suggest that BCR signaling can also overcome TLR non-
responsiveness (4).

B cells exhibit a broad range of functional
responses and most of them can be influenced by TLR
signaling. The best analyzed function of B cells is
immunoglobulin production. TLR stimulation can result in
differentiation into plasma cells or influence class
switching and affinity maturation (5). In addition, B cells
can act as professional antigen presenting cells requiring
expression of MHC class II which can be induced by TLR
stimulation. B cells are able to produce a variety of
different cytokines in response to different TLR ligands (6).
Moreover, B cells can provide T cell help via co-
stimulatory molecules which are up-regulated after TLR
engagement (7, 8). Finally, TLR engagement can result in
up- or down-regulation of different surface molecules with
important modulatory functions. In case of integrin
signaling these molecules are important for positioning and
migration of B cells into lymphoid organs (7-9).

However, considering all these functions it must
be taken into account that the B cell compartment is
comprised of many different B cell subpopulations with
distinct phenotypic and functional characteristics. Global
analyses of B cell function therefore always represent a
combination of functional responses of individual B cell
subpopulations. This implies that alterations in the
composition of B cell subpopulations can subsequently lead
to differences in the global B cell response. This is of
particular importance in interpreting in vitro assays. Over
recent years, it has become increasingly clear that specific
B cell subsets respond quantitatively and qualitatively
differently to TLR engagement. In part, this distinction has
lead to classification of Marginal zone and B-1 B cells as
innate, vs. naive mature B cells as adaptive, immune cells
(10). The purpose of this review is to highlight the
important differences among B cell subsets derived from
both mouse and human with respect to both TLR
expression and developmental and functional responses to
TLR engagement.

3. THE ROLE OF TLR SIGNALING IN B CELL
DEVELOPMENT, DIFFERENTIATION AND
SURVIVAL

It is well known that signaling through the BCR
is required for the development and maintenance of B cells.
Increasing knowledge about TLR signaling has raised the
question as to whether similar to the BCR, signaling
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through TLRs might be required for proper B cell
development and survival. B cell development begins in
the bone marrow (Figure 1). With the expression of CD19
or B220 pro-B cells can be first identified as committed
irrevocably to the B cell lineage. Productive V(D)J
recombination leads to synthesis of the membrane
immunoglobulin heavy-chain protein mu, which associates
with the surrogate light-chain proteins to form the pre-BCR
characteristic for pre-B cells. Expression of the pre-BCR
serves as a checkpoint that monitors for functional
immunoglobulin H-chain rearrangement and triggers clonal
expansion and developmental progression of pre-B cells
into the immature B cell stage expressing cell-surface IgM.
Immature B cells migrate from the bone marrow to the
spleen where they further mature through so-called
‘transitional’ B cell stages into at least two distinct subsets,
e.g. follicular mature (FM) and marginal zone (MZ) B
cells. Upon antigen encounter, FM B cells enter the
germinal center reaction where they can undergo class
switching and somatic hypermutation, and differentiate
either into memory or antibody producing plasma cells. In
contrast to the predominant population of B-2 B cells
comprising the aforementioned B cell subpopulations, B-1
B cells are a minor population of B cells that are found in
multiple tissues, including the peritoneal and pleural
cavities in mice. Recently, a strong candidate for the
equivalent of murine B-1 B cells has been identified in
humans (11). Similar to MZ B cells, murine B-1 B cells are
highly responsive to TLR signaling. Whereas B-1 B cells
were initially thought to be exclusively generated during
fetal life, B-1 B cell specific progenitors have also been
identified in adult mice although the frequency of such
cells declines rapidly beyond the newborn stage (12, 13).
Over the last few years, B cells with a regulatory function
and referred to as regulatory B cells or B10 cells, entered
the focus of interest. Cells with such functional activity
have now been identified in both mice and humans (14,
15). Moreover, a putative progenitor of B cells with a
regulatory function has been described within the spleen
(15, 16).

Investigations of different transgenic or knock-
out mouse models have demonstrated the important role of
BCR signaling for B cell development. For example, in
mice targeted deletions of the immunoglobulin cytoplasmic
tail (17) or the immunoglobulin mu heavy chain (muMT)
(18) result in a developmental arrest at the pro- to pre- B
cell checkpoint. Moreover, mice defective in Bruton’s
tyrosine kinase (Btk) exhibit reduced numbers of
peripheral B cells and B cell development arrests at the
transitional B cell step (19-21). The corresponding
mutation in humans leads to an almost complete loss of
B cells in the periphery (<1% B cells of all
lymphocytes) and the clinical phenotype of Bruton’s
disease characterized by agammaglobulinemia in
addition to absent B cells (22, 23). The necessity of
BCR signaling for maintenance of mature B cells has
been demonstrated by Rajewksy’s group by generating
transgenic mice in which the BCR can be inducibly
deleted. Ablation of the BCR led to rapid death of
mature B cells indicating that basal constitutive BCR
signaling is required for survival of mature B cells (24).



TLR signalling in B cell subpopulations

Periphery (spleen, blood)

|

s

Mouse
B220+ B220* B220* B220¢ B220* B220 B220- B220* B220m
Igvt- Ight AAd 1+ IgM* Igh* PNA* CD138* IL-10* lght*
BP-1* CD24H CD1d*  lgD* FAS* Mac-1*
CD2 ot CcD23 CD23* GL7 CDS*
Marginal
Zone
- Reg.
- @"" — Germinal function
center \""*-.._‘
cD19* cCD19* cD19* cD1g* cD19* CD194m cD19* cD1g* cDz2o*
CD10* CD10* CD2T- cD27- CD3gn CcD27+ CD27* IL-10* cD27*
ght Ight* CD10 Ig- cDagh IgGIAM® CD43+
CDagh CD240 CcD7Cr
CD24n
Human

Figure 1. Characteristic markers for developmental B cell subpopulations. Schematic depiction of B cell subsets during B cell
development and their characteristic phenotypic markers as mentioned in the text in both mouse and human. No well established
markers exist for murine memory B cells or human marginal zone B cells.

Finally, BCR signaling clearly impacts
developmental B cell fate: Whereas distinct signals
facilitate development towards MZ B cells other BCR-
associated events induce FM B cell development; and
development of peritoneal B1 B cells has been suggested to
require strong and/or sustained BCR signals (25-27).

Over the last few years, several authors
addressed the question of a requirement for TLR signals for
B cell development. In particular, the maturation of those B
cell subpopulations highly responsive to TLR engagement
might be dependent on these signals. However, although
TLR signaling can influence the maturation of specific B
cell subsets, there is no direct evidence that it is required.
Analyzing MyD88-/- mice, Medzhitov’s group did not find
differences in the B cell compartment in naive MyD88-/- vs
wild-type mice (3). We also carefully analyzed splenic and
peritoneal B cell subsets in MyD88-/-, +/- and +/+ mice,
including young mice at 3 and 4 weeks of age. No
difference in B cell subpopulations was found in adult or
young mice between these groups or in cohorts of MyD88-
/- TRIF-/- double deficient mice (AMB and DIJR
unpublished results). Consistent with our findings, analyses
of B cells in MyD88-/-TRIF-/- double deficient mice
presenting with a complete lack of all known TLR
signaling (28) reported no differences in numbers of splenic
transitional T1, transitional T2, MZ and FM, peritoneal B-1
and B-2 B cells, or bone marrow B cells (based on Hardy
fractions A-F) in 2 month old mice. The only exception
was elevated CD23 expression on splenic B cells from
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MyD88-/-TRIF-/- double deficient mice that did not
influence the composition of these subpopulations.
Consistent with these findings B cell development and in
particular MZ B cell development has also been shown to
be normal in germ-free mice (29) and rats (30). Together,
although competitive repopulation studies or studies in
non-specific pathogen-free or germ-free mice have not yet
been reported, these combined data argue strongly against a
role for TLR signaling in normal murine B cell
development.

Recently, a study analyzing patients with
autosomal recessive IRAK-4 and MyD88 deficiency has
provided initial insight with respect to the potential role for
TLR signaling in human B cell development (31). In this
publication, clinical and immunological data from 48
IRAK-4 deficient and 12 MyD88 deficient patients were
summarized. All patients showed normal percentages of B
cells in peripheral blood. However, a detailed analysis of B
cell subpopulations was not included in the study and
further investigation is required to address this question.
Of note, alterations in human TLR3 signaling pathways
have also been described including both autosomal
dominant TLR3 deficiency (32) and autosomal recessive
UNC93BI1 (an endoplasmic reticulum protein involved in
TLR3, TLR7, and TLRY9 activation) deficiency (33).
However, as only very few individuals with these defects
have been identified to date, little data regarding total
lymphocyte populations and the B cell compartment, in
particular, are available. Overall, these observations
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indicate that TLR signaling plays little or no role in pre-
immune murine or human B cell development.

Notably, TLR signaling clearly influences the
development of plasma and memory B cells implying that
B cell-intrinsic TLR signals might be required for key
differentiation steps following antigen encounter. This
question has led to controversial results. In initial studies,
Medzhitov and colleagues reported that generation of T
cell-dependent antigen-specific antibody responses, and
therefore also the differentiation of plasma cells, requires
activation of TLRs in B cells (3). No specific antibody
production was detected in MyD88-/- mice after
immunization with the T cell-dependent antigen human
serum albumin (HSA)-LPS, whereas wild-type mice
generated robust antibody titers. Transfer of MyD88-/- vs.
wild-type B cells into B cell deficient, muMT recipient
mice and subsequent immunization with HSA-LPS lead to
the conclusion that this finding represented a B cell
intrinsic deficit. In the same experiment, recipients of
MyD88-/- B cells barely developed germinal center B cells
after immunization. The authors concluded that TLR
signaling has an important role in the differentiation of B
cells into germinal center cells and antibody production.
This view was contrasted by studies from the groups of
Bruce Butler and David Nemazee (28, 34). Antibody
responses in MyD88-/-TRIF-/- double deficient mice to T
cell-dependent immunization were largely unimpaired
compared to wild-type mice indicating that differentiation
of plasma cells was normal. We also assessed the role for B
cell-intrinsic TLR signals for T cell-dependent immune
responses by transferring MyD88-/- or wild-type B cells
into muMT mice and subsequent immunization with 4-
hydroxy-3-nitrophenylacetyl (NP) chicken gamma globulin
(CGG). All recipients exhibited similar increases in NP-
specific antibody titers during primary and secondary
responses indirectly demonstrating that generation of
plasma and memory B cells was normal (1). In addition, no
difference in the generation of germinal centre (GC) B cells
was observed between MyD88-/- and wild-type mice after
T cell-dependent immunization with NP-CGG. An
additional study reports no difference in antigen-specific
IgG1, IgG2b and IgG3 after immunization with OVA in
alum in MyD88-/- or wild-type mixed bone marrow
chimeras whereas neither IgM or IgG2c¢ was detected in
both groups (2). However, when LPS was added to the
immunogen, they demonstrated that the antigen-specific
IgG2c primary response in contrast to other subclasses was
absolutely dependent on MyDS88 signalling. In summary,
there seems to be no requirement for direct TLR-mediated
stimulation of B cells during T cell-dependent immune
responses with the possible exception of class-switch to
IgG2c.

While there is no apparent need of TLR signaling
for naive B cell development, TLR engagement clearly
influences B cell differentiation into GC and plasma B
cells. This has been shown both in vitro and in vivo. In vitro
stimulation of human transitional B cells with CpG results
in expression of CD138 and up-regulation of activation-
induced cytidine deaminase (AID) and Blimp-1 expression
levels, thereby driving these cells to terminal differentiation
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and production of natural antibodies (35, 36). Moreover,
CpG stimulation also triggers the generation of somatically
mutated memory B cells from human immature transitional
B cells in vitro as demonstrated by up-regulation of VHS
and other transcripts (37). The mutation frequency, range
and type of substitutions observed in vitro are comparable
to those found in memory B cells from the peripheral blood
of patients with Hyper IgM syndrome and the spleen of
normal infants. Therefore, somatic hypermutation in
transitional B cells may represent a first step leading to
generate memory B cells that subsequently refine their
repertoire and specificity in germinal centers. Several
studies demonstrated the differentiation of mature B cells
into plasma B cells upon TLR ligation. Stimulation with
CpG promoted differentiation of murine B-1 and MZ but
not of FM B cells into mature plasma cells determined by
cellular morphology, cytoplasmic immunoglobulin content
and CD138 expression (38). In accordance with these
findings B-1 and MZ but not FM B cells up-regulated
Blimp-1 and XBP-1 expression and down-modulated Pax5
expression upon CpG stimulation. LPS stimulation was
also reported to drive naive mouse B cells into plasma cell
differentiation (39) and this effect was synergistically
enhanced by TACI ligation (40). Similarly, both human
CD27- naive and CD27+ B cells can differentiate into
plasma cells upon CpG stimulation in conjunction with
different cytokines (41, 42). Plasma cells can also be
generated from human CD27+ memory B cells by TLR 9
stimulation alone (35). In vivo, addition of TLR ligands to
the immunogen results in an enhanced GC reaction and
antibody production (1, 3) and consistently, the lack of
MyDS88 in B cells impairs the germinal center response
after immunization with Dinitrophenylated-ovalbumin
(DNP-OVA) in incomplete Freund’s adjuvant (IFA) plus
LPS (2) revealing a specific deficit in IgG2c class-switch
(the isotype equivalent of IgG2a in C57/B6 mice).

TLR signaling has been also implicated to have
an important role in maintenance of memory B cells.
Previous work from Lanzavecchias group has suggested a
model whereby memory B cells must be triggered via
polyclonal stimuli including TLR signals to maintain
humoral memory (42). They reported that human memory
B lymphocytes proliferate and differentiate into plasma
cells in response to polyclonal stimuli, including TLR
engagement, and concluded that ongoing polyclonal
activation of memory B cells is important to maintain
serological memory for a human lifetime. In contrast to this
report, we found no difference in long-term memory
responses after transfer of MyD88-/- B cells into muMT
mice and subsequent T cell-dependent immunization (1).
Future analyses are warranted to better understand the role
of TLR signaling for maintenance of memory B cells.

In summary of these different studies, there is no
evidence that TLR activation is essential for bone marrow,
splenic or peritoneal B cell development in unmanipulated
mice. Data from human patients with defects in molecules
of the TLR signaling pathway (IRAK-4, MyD88 and
TLR3) have not indicated developmental defects in the B
cell compartment, but more detailed studies are still needed
to fully address this question. Furthermore, TLR activation
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is not required for the differentiation of GC and plasma B
cells; but TLR signals facilitate these maturation steps.
Additionally, B cell-intrinsic MyD88 signals are required
for IgG2c class-switch, at least in some settings- an
important observation given the key role for this isotype in
triggering of activating Fc receptors (43). The role of TLR
signals in maintenance of memory B cells is still
controversial and not completely understood.

4. EXPRESSION OF TOLL-LIKE RECEPTORS IN B
CELL SUBPOPULATIONS

While B cells have been described to express a
variety of different TLRs, there are major differences in the
TLR expression pattern for murine vs. human B cells. So
far, 12 functional TLRs have been identified in mice and 10
in humans (44). TLR1-9 are expressed in both human and
mouse cells. Murine TLR10 is not functional, whereas
TLR11-13 have been lost from the human genome. TLRs
can be divided into two subgroups depending on cellular
localization: TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11
are expressed on the cell surface and mainly recognize
microbial membrane components. In contrast, TLR3,
TLR7, TLR8 and TLRY are expressed in intracellular
vesicles including the endoplasmatic reticulum and
lysosomes, recognizing microbial nucleic acids. Whereas
many studies have analyzed mRNA expression, far fewer
investigations have addressed protein expression levels.
Because different responsiveness to TLR engagement
might result from varying TLR expression, we will review
here the literature specifically on TLR expression patterns
within distinct B cell subpopulations in both humans and
mice.

4.1. RP105

Responses to TLR4 are modulated by at least
two co-receptors including CD14 and the TLR4 homolog,
RP105 (45). Similar to other cell lineages, B cell responses
to LPS do not only depend on TLR4 and previous work has
identified a potential role for RP105 in B cells (46). In
addition, MD-1 expression is indispensable for cell-surface
expression of RP105, similar to MD-2 for TLR4. RP105 is
a type 1 transmembrane protein with structural similarities
to TLRs, containing an extracellular leucine rich-repeat
domain. RP105 was first described in mouse B cells. Direct
antibody-mediated cross-linking of RP-105 in vitro triggers
strong B cell proliferation and protection from apoptosis
induced by radiation or dexamethasone treatment (47).
Consistent with these data, analysis of mice deficient for
RP105 revealed impaired proliferative and humoral
immune responses of RP105-deficient B cells to LPS (46).
A homolog of RP105 was also identified in humans and is
expressed on human B cells (48). Expression of RP105 has
been shown to be associated with B cell activation (49).
Serial analyses of B cells in SLE patients revealed that
RP105-negative B cells are markedly decreased in parallel
with a reduction in disease activity. A follow-up of this
study demonstrated that RP105-negative B cells in SLE
patients are highly activated cells that are responsible for
the production of autoantibodies and polyclonal
immunoglobulins (49). RP105 is also expressed on other
cell lineages including dendritic cells and marcrophages
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(45, 50). Notably, in contrast to the stimulatory effect of
RP105 in B cells, RP105 negatively regulates TLR4
responses in murine macrophages and dendritic cells (51).
Recent collaborative studies (DJR, Christopher Karp-
manuscript submitted) suggest that the putative positive
role for RP105 in B cell TLR signals may have been
misinterpreted and that this receptor plays a negative
regulatory role in both murine lineages.

4.2. TLR expression on murine B cell subpopulations

Several groups have analyzed expression of
TLR1-9 by PCR in murine B cell subpopulations including
splenic FM and MZ B cells and peritoneal B1 B cells (38,
52-54). Expression of TLR5 and TLR8 was generally
found to be low or absent in FM, MZ and B-1 B cells. Low
to intermediate expression was detected for TLR3 and
TLR6. No obvious differences were found in TLR2
expression between FM and MZ B cells, whereas levels in
B-1 B cells were either higher (2, 38) or lower (2, 38)
compared to FM and MZ B cells. TLR1 expression was
significantly higher in FM compared to MZ and B-1 B cells
in one report (38) and without any difference in other
publications. TLR7 and TLR9 showed equivalent and
strong expression patterns in FM, MZ and B1 B cells.
TLR4 was higher in MZ compared to FM B cells in one
report (54), lower in a different study (38), or equivalent in
other reports (52, 53). One study reported the expression of
TLR2, TLR4 and TLR9Y in splenic immature/T1 B cells in
comparison to FM and MZ B cells. Whereas mRNA levels
for TLR2 and TLR4 seems to be slightly lower, no
difference could be detected for TLR9 mRNA expression
(36). Our own group investigated mRNA expression of
several TLR signaling effectors including MyD88, Mal,
TRIF, IRAK-1, IRAK-4, Tollip, TRAF6, or SIGIRR in
FM, MZ and GC B cells (1). Strikingly, mRNA levels for
MyD88 and Mal, but not TRIF, were increased fourfold in
GC compared with FM and MZ B cells whereas no
significant differences were observed in all other analyzed
molecules. In summary, little consistency exists regarding
the TLR expression pattern in B cell subpopulations. These
variable results in previous studies likely reflect different
gating strategies for B cell subsets and/or other differences
in methodology.

While fewer studies exist regarding TLR protein
expression in B cell subpopulations, results reported to date
are more consistent. Most analysis has been restricted to
TLR4 and its homolog RP105 probably due to a lack of
other suitable antibodies. TLR4 complexed with MD-2 is
expressed at low levels on B cells (relative to myeloid
cells) and no differences are found between FM, MZ and
GC B cells (1, 55). RP105 is expressed at consistently
higher levels on MZ, in comparison with FM, B cells as
determined by flow cytometry (1, 36, 55). RP105 was also
reported to be expressed at much lower levels in splenic
immature/T1 B cells (36). Contrasting results have been
reported in respect to GC B cells. Whereas we found
similar RP105 expression in FM and GC B cells by flow
cytometry (1), other investigators were unable to identify
RP105 on these populations using fluorescence microscopy
(55).
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4.3. TLR expression on human B cell subpopulations

Expression of TLR 1-10 on human B cells has
been investigated by several groups mainly in distinct
subpopulations from peripheral blood or tonsils using
different techniques including PCR (56-58), northern blot
(59), or microarray analysis (60). Data on protein
expression of TLRs in human B cell subpopulations are
very rare. Bernasconi et al analyzed TLR1-10 expression in
naive, IgM" and switched memory B cells from peripheral
blood by conventional and real-time PCR, finding higher
levels of TLR6, TLR7, TLR9, TLR10 and RP105 in
memory compared with naive B cells (56). TLR1-5 and
TLR8 were expressed at low to undetectable levels. No
significant difference was seen between expression levels
in IgM" versus switched memory B cells. Similar results
were obtained in a study investigating TLR expression in
naive, memory and GC B cells from peripheral blood by
real-time PCR (58). Expression of TLR 3-6 and TLR8 were
low to wundetectable, whereas TLR10 was strongly
expressed. Levels of TLR1, TLR2 and TLR10 were similar
in all three subsets. In contrast, TLR7 and TLR9 were
slightly higher in memory compared with naive and GC B
cells.

Another study assessed TLR expression levels in
plasma, naive and memory B cells from tonsils and in
peripheral blood plasma cells using real-time PCR (57).
TLR3, TLR4 and TLRS8 expression was absent in naive and
memory B cells but present in plasma cells. TLR2 and
TLRS were expressed at higher, and TLR10 at slightly
lower, levels in plasma cells in comparison with naive and
memory B cells. TLR1, TLR6, TLR7 and TLR9 were
expressed at similar levels in all subsets and no differences
were observed between plasma cells from tonsils vs.
peripheral blood.

Bourke et al. investigated TLR1-10 expression in
resting versus GC tonsillar B cells using Northern blot
analysis (59). Whereas expression of TLR2-5 was
undetectable, TLR7 and TLR8 were expressed at similar
levels in both subsets. Expression of TLR1, TLR9 and
TLR10 was higher in GC compared with resting B cells. In
the most recent study, TLR expression was analyzed in
splenic naive, IgM" and switched memory B cells and
plasma cells by microarray expression profiles (60). TLR1,
TLR6 and TLR7 were found to be only weakly expressed
in all subsets. TLR9 and TLR10 showed slightly higher
expression levels in memory B cells than naive and plasma
B cells. CD180 (RP105) was highly expressed in naive and
memory B cells with about 2-5 fold higher expression in
memory B cells. These data were also confirmed by flow
cytometry. Protein expression levels of TLR9 and CD180
(RP105) were clearly higher on memory compared with
naive human splenic B cells with no obvious difference in
expression levels between IgM" and switched memory B
cells. In contrast, RP105 was absent on plasma cells.
Carsetti and colleagues evaluated TLR9 expression in
transitional B cells from cord blood compared with those in
naive and memory B cells from peripheral blood (35).
Surprisingly, transitional B cells showed the highest TLR9
expression levels among these subsets.
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It is difficult to reconcile these divergent findings
that have been based upon analyses of different B cell
subsets from varying sources analyzed using distinct
techniques. Overall, most studies suggest that TLR3-5 and
TLRS8 expression are relatively low or undetectable in
human B cells. There is a tendency towards higher TLR
expression in antigen-experienced (memory, plasma and
GC) versus naive B cells, in particular with respect to
TLR9 and TLRI10 although transitional B cells may
represent an exception to this rule.

5. DISTINCT FUNCTIONS OF B CELL
SUBPOPULATIONS IN RESPONSE TO TLR
ENGAGEMENT

B cells fulfill a variety of different functions.
Without further specific stimulation, they secrete so-called
natural antibodies, mainly of the IgM isotype. After antigen
encounter they clonally expand and differentiate into
plasma cells secreting antigen-specific class-switched and
high affinity antibodies. Alternatively, they can develop
into long-living memory B cells. B cells can also act as
antigen presenting cells. For antigen presentation, secretion
of cytokines is important and B cells are known to produce
a variety of different cytokines. B cell intrinsic TLR signals
can modify many of these effecter functions and as there is
some kind of division of labor, the effect also depends on
the developmental stage of the B cell. We will therefore
describe here what is known about TLR responses at
different stages of B cell development.

5.1. B cells during bone marrow development and at the
immature/transitional stage

Immature B cells both from bone marrow and
spleen have been shown a variety of different responses to
TLR engagement. Because a wide variety of different
classification schemes and nomenclature for immature and
transitional B cells exists and different purification methods
are used throughout the literature we have included the
phenotypic and/or other relevant characteristics of analyzed
subsets for each cited reference. Several studies
investigated the response of immature B cells to LPS prior
to formal identification of TLRs (61). Early studies
indicated that immature B cells obtained from spleens of 5-
7 day old mice proliferated in response to LPS stimulation
(62) and that LPS treatment promoted both proliferation
and survival of immature splenic B cells purified from 2-3
day old mice (63). In addition, LPS stimulation prevented
apoptosis and allowed proliferation of a subset of immature
B cells in response to subsequent BCR engagement. These
experiments suggested that LPS, although not required for
development, might induce maturation of immature B cells,
an idea that has been followed up by Alberto Nobrega’s
group over the last few years (64, 65). In vitro stimulation
of bone marrow derived B220"IgM™ B cell precursors with
the TLR4 agonists LPS or lipid A resulted in up-regulation
of CD23 thereby increasing the percentage of CD23" B
cells in the culture system (64). This effect depended on
TLR4 expression and was not achieved in response to the
TLR2 ligand Pam3Cys. Follow-up studies including
IgM!®¥CD23" (termed immature) and IgM""CD23" (termed
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transitional) B cells isolated from bone marrow
demonstrated up-regulation of IgD and CD21 in addition to
down-modulation of the immaturity marker AA4.1 (CD93)
(65). Functional maturation of in vitro generated
IgM'CD23°CD93" B cells was confirmed by a greater
proliferative response to anti-CD40 plus IL-4 compared
with IgM'CD23°CD93" B cells. Finally, administration of
LPS to wild-type mice increased the absolute number of
mature B cells in the bone marrow within 20 hrs suggesting
that TLR4 signaling might direct B cell maturation in vivo.
It is important to note, however, that based on data cited
above, there is no requirement for cell intrinsic TLR4
signaling during B cell development.

Recent detailed characterization of the
transitional B cell compartment has included investigation
of TLR responses of transitional B cell subsets. Based on
AAA4.1 expression, Allman et al. separated transitional B
cells into transitional T1 (AA4.1°CD23TIgMMe", T2
(AA4.1'CD23 IgM"e") and T3 (AA4.1°CD23 IgM™¥) (20)
B cells. Whereas all transitional subsets exhibited a low to
medium proliferative response following LPS stimulation
(compared with mature B cells), the level of LPS-induced
proliferation were consistently lower in T1 B cells than T2
and T3 subsets. Using a different characterization scheme
separating transitional T1 (CD24"CD21"%) and T2
(CD24"CD21™ B cells, we reported robust proliferation in
T2 B cells in response to LPS, similar to that in MZ B cells
(66). In contrast, T1 B cells failed to proliferate following
TLR4 engagement.

In addition to LPS, stimulation with the TLR9
ligand, CpG, has been analyzed in early B cell subsets. In
our studies, all splenic B cell subsets proliferate robustly in
response to CpG including T1 and FM, as well as MZ B
cells (AMB, DJR unpublished data). CpG stimulation, in
contrast to BCR engagement, also lead to up-regulation of
the NFkB target genes Al, c-myc and Bcel-xL in purified
T1 B cells reaching levels identical to FM B cells (67).
Upon activation with CpG or LPS, immature/T1 B cells not
only proliferate but also produce both IgM and IgG (36).
After transfer of immature/T1 B cells (B220'AA4.17) and
subsequent immunization with bacterial antigen, transferred
cells expressed CD138 consistent with TLR-mediated
differentiation into plasma cells. Another group
demonstrated that CpG stimulation protects immature bone
marrow B cells (B220'IgM'IgD") from negative selection
by preventing apoptosis and receptor editing (68) in vitro
and in vivo- a functional response that may promote
activation of autoreactive cells and production of
autoantibodies in specific settings.

Carsetti has reported comparable results using
human transitional B cells (35): CpG stimulation of
CD24"CD38"CD27 transitional B cells derived from both
adult peripheral blood or cord blood led to proliferation of a
subpopulation of these cells and differentiation into
CD27"%" plasma cells. Plasma cells expressed IgM as well
as other isotypes, and consistent with this finding,
transitional B cells produced both IgM and IgG antibodies
upon CpG stimulation in vitro. Low levels of IgM and 1gG
production have also been detected in human ‘transitional
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2’ B cells (CD24"CD38"CD21™) from peripheral blood
following stimulation with CpG plus IL-21 (69).
Interestingly, the CpG response in transitional B cells was
altered in a 12-year old patient suffering from recurrent
bacterial infection (70). Immunological evaluation in this
individual revealed a specific deficiency in antibodies to
polysaccharide antigens despite normal immunoglobulin
levels and specific antibody titers to tetanus toxoid. Almost
all peripheral B cells had the transitional phenotype
(CD24"CD38"CD27), did not proliferate and failed to
secrete immunoglobulin upon in vitro CpG stimulation.

Overall, both human and mouse transitional B
cells are capable of proliferating and differentiating into
effecter B cells producing immunoglobulin upon CpG
stimulation. While transitional B cells die in response to
BCR engagement, both TLR4 and TLRY stimulation can
lead to improved survival and differentiation of this B cell
subset which is specifically programmed for negative
selection in response to BCR engagement. Thus, TLR
signals at the immature and transitional B cell stage may be
capable of activating and rescuing autoreactive cells that
are normally eliminated by negative selection.

5.2. Mature B cells in mice

In mice, the mature B cell compartment is
comprised of two major B cell subpopulations: MZ and FM
B cells. These subsets can be divided based on topographic,
phenotypic, gene expression and functional characteristics
in addition to different developmental requirements and
several reviews have focused on describing these
differences (71-74). MZ B cells are key players in the early
phase of immune responses and participate mainly in T
cell-independent immune responses. Consistent with their
classification as innate immune cells (10), they exhibit
strong responses to receptors of the innate immune system
including TLRs (Figure 2). In contrast, FM B cells belong
to the adaptive arm of the immune system and are primarily
activated through their antigen-specific BCR. This
difference is reflected in a simple in vitro proliferation
assay: Whereas MZ B cells robustly proliferate in response
to LPS, FM B cells barely enter cell cycle. In contrast, FM
B cells rapidly divide following BCR engagement, but MZ
B cells undergo apoptosis in response to stimulation via the
BCR (38, 75, 76). MZ B cells also exhibit stronger
activation and immunoglobulin production in response to
TLR signaling.

In addition to their role in humoral immunity, B
cells can act as professional antigen-presenting cells (APC)
and this ability can be induced via TLR stimulation (77).
Both MZ and FM B cells were shown to rapidly up-
regulate levels of B7.1 and B7.2 as well as MHC class I
and II upon LPS stimulation. To further evaluate their
potential as APCs, FM and MZ B cells were irradiated, co-
cultured with allogeneic T cells and stimulated. Whereas
purified unstimulated B cells were unable to induce T cell
proliferation, LPS stimulated MZ but not FM B cells
induced vigorous T cell proliferation. This indicates that
MZ B cells, activated by LPS for a brief time, preferentially
up-regulate key co-stimulatory molecules that help to
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Figure 2. Functional responses of splenic marginal zone B cells to Toll-like receptor engagement. MZ B cells are generally
considered as belonging to the innate immune system. They are the main players during T cell-independent immune responses
and are crucial during the early phase of immune responses. Consistent with their characterization as innate immune cells MZ B
cells exhibit multiple functional responses to TLR stimulation. They rapidly can start to proliferate and secrete immunoglobulins
and cytokines. Up-regulation of BAFF receptors can result in prolonged survival. Through modulation of integrins on their
surface MZ B cells can leave the marginal zone and migrate to different locations. Finally, MZ B cells can act as professional
antigen presenting cells, thereby providing efficient T cell help.

induce allogenic T cell proliferation thus demonstrating
their function as APCs.

Similar as other APCs, B cells can also produce
cytokines upon activation. Barr et al analyzed the secretion
of IL-6, IL-10 and INF-gamma in MZ and FM B cells after
stimulation with different TLR ligands, alone or in
combination (53). MZ B cells were the main source of IL-
10 in response to Pam3CDK4, LPS and CpG. Maximal IL-
10 secretion was found after combined stimulation with all
three TLR ligands. This triple in vitro stimulus also induced
a small amount of IL-10 production in FM B cells whereas
no IL-10 secretion was seen after stimulation with single
TLR ligands. Conversely, only FM B cells were capable of
IFN-gamma production after TLR stimulation. Low levels
were detectable after stimulation with single TLRs, but
combined stimulation through TLR2, TLR4 and TLROY
elicited high levels of production. This triple combination
also resulted in low levels of IFN-gamma production from
MZ B cells. Finally, IL-6 was produced at similar levels by
both subsets upon TLR engagement. A different study
characterized MZ B cells as important producers of IL-10
(78). Investigating several murine lupus strains, B cells
were found to be the major source of IL-10 secretion upon
TLRY stimulation. More detailed analyzes showed that IL-
10 was mainly derived from MZ B cells. In addition to MZ
B cells, IL-10 production has also been demonstrated in
MZ B cell precursors that are phenotypically identified as
B220°CD21"CD23" B cells initially described by the group
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of David Allman (79). Similar percentages of MZ and MZ-
precursor B cells from MRL/Ipr mice produced IL-10 in
response to CpG or LPS determined by intracellular FACS
staining (80). In contrast, only few FM B cells developed
into IL-10 secreting cells in response to these stimuli.

A variety of surface molecules are up-regulated
in response to TLR engagement including the receptors for
the B cell activating factor of the TNF family (BAFF) and
APRIL. BAFF is the most important B cell survival factor
in the periphery and can bind to three different receptors:
BAFF-R, TACI and BCMA (81, 82). In 2007, two
independent groups investigated the effect of TLR4 and
TLRO stimulation on BAFF receptor expression in splenic
B cells (54, 83). Both studies showed that stimulation via
TLR4 or TLRY strongly up-regulates TACI expression,
whereas BAFF-R was only up-regulated upon TLR9
engagement. Both MZ and FM B cells up-regulate TACI
expression in response to CpG stimulation. However, only
MZ B cells and a subset of FM B cells responded to TLR4
engagement (54). These observations suggest a mechanism
whereby the mode of B cell activation during immune
responses can fine-tune the sensitivity and downstream
outcomes of BAFF signaling, thus influencing B cell
survival.

It has been well known for a long time that in
vivo treatment with LPS promotes MZ B cells to migrate
from the MZ into the splenic white pulp (84-86). However,
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the mechanisms involved in this process have only recently
become clear. Jason Cyster’s group identified sphingosine-
1-phosphate receptor 1 (S1P1) as an important factor for
localization of MZ B cells in the MZ (7). MZ B cells
express high levels of SIP1 and targeting this receptor
induced migration of MZ B cells into follicles. Three hours
after in vivo administration of LPS, MZ B cells down-
regulated S1P1 below its level in FM B cells. Consistent
with the reduced S1P1 receptor expression, LPS-exposed
MZ B cells showed reduced chemotactic responsiveness to
S1P in a migration assay. A subsequent study demonstrated
that not only LPS stimulation, but also TLR2, TLR3 and
TLR7 engagement leads to a rapid release of MZ B cells
from the MZ (9). Interestingly, whereas in vivo treatment
with TLR2, TLR4 and TLR7 ligands resulted in down-
modulation of all S1P receptor mRNA levels, no change
was seen after stimulation via TLR3. Thus, TLR
engagement in vivo can alter chemokine expression thereby
directing MZ B cell migration and localization. This effect
might influence the amplitude of both B cell-specific and B
cell-modulated immune responses.

Our group began to analyze the mechanisms
accounting for differences in the proliferative response to
LPS in MZ versus FM B cells (76). While in both subsets
the NFkappaB and mTOR signaling cascades were
similarly activated by LPS stimulation, almost no induction
of ERK and Akt activation was detectable after LPS
stimulation. However, MZ B cells exhibited higher basal
levels of phospho-Akt and phospho-S6, consistent with a
preactivated status. These results are in agreement with
previously published data from another group (87). We
further found that both basal and LPS activation-induced c-
myc expression was markedly reduced in FM versus MZ B
cells. Analysis of c-myc transgenic mice showed that
enforced c-myc expression restored the defective
proliferative response in FM B cells. In contrast, no
significant difference in LPS-driven cycling was observed
in MZ B cells from c-myc transgenic compared with wild-
type mice. Interestingly, overexpression of c-myc in FM B
cells also resulted in an increase in IgM production in vitro,
thereby suggesting an increased capacity to participate in T
cell-independent immune responses similar to the
functional responses of MZ B cells.

5.3. B-1 B cells

B-1 B cells belong to a developmental lineage
distinct from B-2 B cells (12) and are found in multiple
tissues, including the peritoneal and pleural cavities in
mice. Together with MZ B cells they play a crucial role
during early immune responses to a range of pathogens
participating most prominently in T cell-independent
immune responses. This subset is also the primary producer
of natural IgM. Accordingly, B-1 B cells are considered to
be part of the innate immune system (10, 88). Based on
their expression of CDS5 B-1 B cells can be further
subdivided into CD5" B-la and CD5™ B-1b B cells. B-1a
and B-1b B cells have been shown to possess
complimentary but also distinct functions (89). While
several human B cell subpopulations have been suggested
to represent human B-1 B cell equivalents (90, 91) the most
compelling data were very recently presented by the group
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of Thomas Rothstein identifying human B-1 cells as a
small population of CD20°CD27°'CD43'CD70" B cells
present in both umbilical cord and adult peripheral blood

(11).

In vitro, B-1 B cells proliferate and produce
antibody in response to TLR engagement. Genestier et al
investigated the response of B-1 B cells after stimulation
with different TLR ligands including Pam3CSK
(TLR1/TLR2), MALP2 (TLR2/TLR6), polyIC (TLR3),
LPS (TLR4), flagellin (TLRS) and R848 (TLR7/TLRS)
(38). All TLR agonists except flagellin and polyIC induced
B-1 B cell proliferation. Proliferation of B-1, MZ and FM
B cells was similar in response to R848, Pam3CSK and
MALP2. Proliferation of B-1 B cells in response to LPS
was stronger than in FM B cells, but less robust in response
to CpG. Importantly, CpG, LPS, R848 and Pam3CSK each
induced differentiation of B-1 and MZ, but not FM, B cells
into immunoglobulin secreting cells producing IgM, 1gG
and IgA. Interestingly, B-1 B cells were the only
subpopulation that produced larger amounts of IgA. A
comparison of B-1a versus B-1b B cells revealed that while
both subsets produced similar amounts of IgM to TLR
engagement, IgG and IgA was mostly secreted by B-1b B
cells. Similar results were reported in a different study,
showing good proliferative responses and the induction of
immunoglobulin to a variety of TLR agonists in B-1 B cells
(52). Again, IgA was most abundantly secreted by B-1 B
cells when compared with FM and MZ B cells. TLR-
induced proliferation and antibody production upon CpG
and LPS stimulation of B-1 B cells required pl10delta
activity and activated the Akt pathway (92). In addition,
CpG stimulation of B-1 B cells induced up-regulation of
Blimp-1 and XBP-1 (38).

The phenotype of human B-1 B cells was
determined by testing sort-purified B cell fractions for
fundamental B-1 B cell functions based on mouse studies.
CD20'CD27'CD43" B cells both from umbilical cord and
adult peripheral blood spontaneously secreted IgM and
efficiently stimulated T cells. In addition, they exhibited
tonic intracellular signalling as determined by phosphor-
flow analysis of phosphorylated PLC-gamma?2 and Syk.

In vivo, murine B-1 B cell migration is regulated
by TLR signals similar to MZ B cells (93). Injection of live
bacteria into the peritoneal cavity resulted in egress of B-1
B cells, and this response required TLR4 expression. Upon
LPS stimulation both in vitro and in vivo, B-1 B cells
down-modulated surface integrins including alphal, alpha6
and betal and CD9, a surface receptor important for
adhesion to local matrix- changes that permitted more rapid
movement of cells in response to chemokines. Other in vivo
studies using a range of infectious models including S.
pneumoniae (94), Borrelia hermsii (95), Cryptococcus
neoformans (96), influenza virus (97) and Toxoplasma
gondii (98) have shown the requirement of B-1 B cells
during the induced immune response. Many of these
pathogens probably involve TLR signals for activation of
B-1 B cells although a direct proof is often missing.
Another contribution within this issue provides a detailed
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description of the role of B-1 B cells and TLR signaling
during infection.

5.4. Antigen-experienced cells in mice

Only limited data exist directly investigating
TLR responses in antigen experienced murine B cells. This
relative lack of data is probably due to difficulties in
identifying and handling these B cell subpopulations. While
GC B cells can be readily identified by peanut agglutinin
(PNA), GL7 and/or FAS expression, GC B cells survive
poorly in vitro, thereby limiting detailed analyses. In
contrast to human studies, no single surface marker has
been defined that reliably identifies murine memory B cells
and permits rapid purification of these cells. Instead,
multiple surface markers are needed for their identification
(99). Alternatively, memory B cells have been identified by
antigen-specificity in association with long-term BrdU
labeling. Thus, this limitation has hampered analysis of
TLR responses in memory B cells.

After isolation of GC B cells based on
B220'PNA" expression from mice immunized with the T
cell-dependent antigen sheep red blood cells, we analyzed
their proliferative response to TLR ligation in vitro (1).
Because GC B cells die rapidly ex vivo, we used short-term
stimulation (20 hrs). GC B cells proliferated similarly to
MZ B cells in response to LPS whereas FM B cells did not
proliferate at this time point. Co-stimulation of GC B cells
with an antibody to CD40 and LPS led to a further increase
in proliferation that was less robust in MZ B cells. GC B
cells also proliferated in response to TLR2 and, less
robustly, to TLR3 ligands, Pam3 and polyIC, respectively.
In vivo, impaired B cell activation and GC formation were
seen in MyD88-/- mice that were immunized with OVA-
LPS in alum (3). Interestingly, GC B cells (in this study
identified as GL7" B cells) from immunized MyD88-/-
mice exhibited lower expression of Blimp-1, whereas
expression of BCL-6 was higher when compared with GC
B cells from immunized wild-type mice. Another study
reported the influence of B cell intrinsic TLR signaling on
the formation of germinal centers by analyzing bone
marrow chimeric mice in which the entire B cell
compartment lacked the capacity to express the MyD88
gene (2). Both the number and size of germinal centers
were decreased in mixed bone marrow chimeras receiving
MyD88-/- BM cells after immunization with DNP-OVA.
Furthermore, activation via TLR4 resulted in recruitment of
B cells into ongoing GC reactions as demonstrated in vivo
(100).

In a study by Wenxia Song’s group, memory B
cells were isolated from mice immunized with NP-keyhole
limpet hemocyanin by antigen specificity, based on
B220'NP'CDI138" expression and further separated into
IgM"/IgD" unswitched and IgMIgD™ NP-specific memory
B cells (101). Stimulation with CpG or LPS resulted in NP-
specific high-affinity IgG production from NP-specific
memory B cells and NP-specific low affinity IgM secretion
from unswitched memory B cells. These observations
suggest that TLR agonists can directly activate murine
memory B cells in vitro. However, neither CpG nor LPS
alone were sufficient to activate memory B cells in vivo in
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this study. In contrast, we found that LPS promotes a B
cell-intrinsic MyD88-dependent increase in specific
antibody titers (1): B cell deficient muMT mice were
adoptively transferred with wild-type or MyD88-/- B cells,
immunized with NP-CGG in alum and subsequently
challenged with NP-CGG in PBS. Recipient animals were
injected 5 month later with 5 pg LPS. NP-specific IgM and
IgG titers increased significantly in recipients of adoptively
transferred MyD88 wild-type B cells, but not in recipients
of MyD88-/- B cells. Our study further demonstrated that
while B cell-intrinsic MyD88 signals were not required for
T-cell dependent immune responses such signals can
clearly amplify these responses, including, in particular,
early antigen-specific IgM production. Similar results were
reported by Barr et al. analyzing the role of B cell intrinsic
TLR signaling during T cell-dependent immunization with
DNP-OVA (emulsified in IFA) with the addition of LPS in
mixed bone marrow chimeras (53). As noted above, while
most antigen-specific primary responses were independent
of MyDS88 signaling, class-switching to I1gG2c required
MyD88 signaling in B cells. However, when co-cultured
with T cells, MyD88-/- B cells were able to switch to
IgG2c demonstrating that MyD88 is not an absolute
requirement for switching to IgG2c. Of note, lower levels
of IgG2c have been reported in preimmune MyD88-/- and
MyD88-/-TRIF-/- double deficient mice (3, 28). Thus,
although not required, B cell intrinsic TLR signals directly
impact GC formation and subsequent activation of memory
B cells both in vitro and in vivo.

5.5. Human naive vs. memory B cells

As in mice, the naive human B cell compartment
comprises both follicular/naive mature and MZ B cells
(102). However, as MZ B cells are only found in the spleen
few direct analyses exist investigating this subpopulation,
and we did not find any study regarding functional
responses to TLRs. Several years ago, it was suggested that
IgM" memory B cells, present in the peripheral blood,
represent a peripheral, circulating human equivalent of
splenic marginal zone B cells (103, 104). This view,
however, remains highly controversial (105). In this
review, we have therefore focused only on comparisons of
CD27 naive mature vs. CD27" memory B cells and have
not addressed this ongoing discussion. Memory B cells can
be readily subdivided into IgM IgD" unswitched and IgG"
or IgA" switched subsets. Recent publications also provide
data about CD27" memory B cells, however, we will not
further discuss this subset (106, 107).

While no major differences have been observed
between switched vs. unswitched memory B cells, overall,
human memory B cells respond to a greater extend to TLR
engagement than naive mature B cells (Table 1).
Lanzavecchia’s group investigated the response of naive,
IgM" and switched memory B cells to CpG stimulation (42,
56). While naive B cells did not divide, both memory B cell
subsets underwent several divisions, and this effect was
slightly more pronounced in unswitched IgM" memory B
cells. Addition of IL-15, IL-2 or IL-10 resulted in
significantly increased proliferation of memory B cell
subsets, and also induced weak proliferation in naive B
cells. Interestingly, although naive B cells did not
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Table 1. Comparison of known functional responses in human naive versus IgM" and switched memory, B cells

TLR ligand Response B cell subpopulation Reference
naive IgM+ mem SW mem
Pam3CSK4 Cytokine production + ++ 110
R848/Loxoribine Proliferation - ++ 108
Imiquimod Cytokine production + ++ 110
CpG Proliferation - +++ ++ 42,56
Secretion of Ig's - + + 42,56, 69
Cytokine + chemokine production + ++ 110
Up-regulation of CD69 and CD86 + + + 42,56
Up-regulation of TACI ++ ++ ++ 60, 109
Up-regulation of BCMA - (+) (+) 60, 109

Functional data comparing human B cell subpopulations are still relatively rare. The table shows which functional responses to
different TLR ligation in human B cell subsets have been investigated so far. Abbreviations: IgM+ mem: IgM+ memory B cells;

sw mem: switched memory B cells

proliferate in response to CpG, this subset up-regulated
expression of CD69 and CD86. This indicates that
human naive B cells are sensitive towards TLR
engagement but do not enter cell cycle, an effect similar
to that observed in murine FM B cells (see above; (76)).
Memory B cells also differentiated into IgM, IgA and
IgG antibody-producing cells upon CpG stimulation, an
effect that was increased with IL-15, IL-2 or IL-10 co-
stimulation. In contrast, naive B cells failed to produce
immunoglobulin under these conditions. Only co-
stimulation of naive B cells with both TLR and BCR
ligands resulted in proliferation and immunoglobulin
production. The inability of naive B cells to produce
immunoglobulins in response to CpG stimulation was
recently confirmed by a different group (69). In
response to the TLR7 agonists R848 or loxoribine, naive
B cells exhibited minimal proliferation. Proliferation,
however, could be induced by the addition of type I
interferon (INF) (108). In contrast, memory B cells
proliferated in response to TLR7 alone and addition of
INF-alpha further enhanced this response. Memory B
cells, and to a lesser extend naive B cells, also produced
IL-6, IgM and IgG in response to R848. Addition of
INF-alpha synergistically enhanced interleukin and
immunoglobulin production.

In addition to proliferation and
immunoglobulin secretion, naive, IgM" and switched
memory B cells up-regulated TACI expression after
TLR stimulation using CpG (60, 109). However, because
basal TACI expression is much higher in memory versus
naive B cells, comparing the extent of up-regulation
between these subsets is difficult. CpG also induced low
level expression of BCMA on memory, but not naive, B
cells, while expression of BAFF-R was unaffected.
Agrawal et al. investigated the production of cytokines and
chemokines in naive and memory B cells after Pam3CSK4
(TLR1/TLR2), Imiquimod (TLR7) and CpG (TLRY)
stimulation (110). All three TLR ligands stimulated both
naive and memory B cells to produce IL-1alpha, IL-1beta,
IL-6, TNF-alpha, IL-13 and IL-10, but memory B cells
secreted significantly greater amounts of cytokines in most
cases. Similarly, chemokines (MCP-1, MIP-lalpha and
MIP-1beta) were produced from both subsets in response to
these stimuli. However, TLR1/TLR2 engagement resulted
in significantly greater amounts of MIPlalpha and
MIP1beta production by memory compared with naive B
cells.
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It remains unclear whether human plasma cells
can respond to TLR stimulation. Theoretically, this
terminally differentiated population might be expected
not to increase the rate of antibody production.
However, one report exists describing that TLR
triggering of plasma cells isolated from tonsils augments
immunoglobulin production (57). No investigation
regarding human germinal center B cells and their TLR
responsiveness could be found. The overall greater
responsiveness of memory B cells towards TLR
signaling might have an important role in activating
these cells during memory immune responses or to
maintain memory as suggested by Lanzavecchia (42);
and is consistent with data from murine cell transfer
studies using control vs. MyD88-/- B cells (1).

5.6. B cells with a regulatory function

B cells with a regulatory function have been
characterized in both mouse and human (111-113). They
are characterized by secretion of IL-10 and based on their
function also termed regulatory B cells (Breg) (14, 114) or
B10 B cells (115). Several studies have shown that the
absence of B cells can result in exacerbation of
inflammatory responses. Fillatreau et al. provided the first
evidence that B cells regulate autoimmunity in a murine
model of experimental autoimmune encephalomyelitis
(EAE) by provision of IL-10 (113). Subsequent studies
demonstrated that CD19°CD21"CD23"CD1d" MZ-
precursor B cells can prevent induction of collagen
induced arthritis (112). Tedder and colleagues identified
a regulatory B cell subset with a CD1d"CD5" phenotype
controlling T cell-dependent inflammatory responses
(116) and also described putative progenitors for this
population (115). Recently, B cells with a regulatory
function have also been identified in humans by two
independent groups (111, 117). Overall, this population
is defined predominantly by the capacity to generate
high levels of IL-10. As IL-10 production can be
triggered via a variety of stimuli- it remains unlikely
that such cells comprise a distinct B cell developmental
subset.

Although not required for their development
(116), TLR stimulation with CpG or LPS has been shown
to promote differentiation and expansion of B cells with a
regulatory function in vitro (115, 118, 119). The suppressor
function of B cells required MyD88 expression as
demonstrated in an in vivo model of EAE (120). Moreover,
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stimulation with LPS induced IL-10 expression in so-called
B10 cells and this was dependent on the MyD88 pathway
(115). Thus, B cells with a regulatory function can
differentiate and exert their suppressor function mainly by
IL-10 production upon TLR signaling. Because a whole
article about this subsets and their TLR responsiveness is
provided later in this issue by Simon Fillatreau, we will not
further go into detail at this point.

6. CONCLUSION AND PERSPECTIVES

Our understanding of the effect of TLR signaling
on distinct B cell subpopulations has strikingly increased
over the last few years. In particular, our knowledge
regarding murine B cell subsets and their TLR
responsiveness has grown dramatically. Similar data using
human B cell subsets remain less well investigated and
understood. In mice, it has been convincingly demonstrated
that in contrast to the BCR, signals via TLRs are not
required for B cell development. While data from patients
with primary immunodeficiency caused by defects in the
TLR signaling pathways so far do not indicate any
significant deficits in B cell maturation more detailed
analyses are warranted. Although not required for
development, B cell differentiation can be directed by TLR
signals as has been shown for the generation of antibody-
secreting plasma cells, both in vitro and in vivo. However,
the hypothesis that cell intrinsic TLR signals are required
for survival of B cells, in particular of memory B cells, as
first suggested by Lanzavecchia’s group is still under
debate and not substantiated via murine studies to date.

TLR engagement induces many different
functional responses in B cells including immunoglobulin
and cytokine secretion, antigen presentation, proliferation
and modulation of several surface molecules, and these
functional responses clearly vary with the developmental B
cell stage. Immature or transitional B cells, both from
mouse and human, have been demonstrated to respond to
TLR ligation. In mice, MZ B cells together with B-1 B
cells are generally more prone to TLR signals compared
with FM B cells. In addition to immunoglobulin and
cytokine secretion, TLR engagement leads to modulation of
cell surface integrin expression and clearly impacts B cell
migration leading to movement of cells from their usual
topographic localization into the periphery or various
effector tissue sites. Comparing human B cell
subpopulations, memory B cells show overall stronger TLR
responsiveness than naive B cells. The mechanisms
accounting for these differences in TLR responsiveness,
however, have been only minimally addressed to date and
are unlikely to be only explained by differences in TLR
expression in B cell subpopulations.

Detailed insight into the impact of TLR signals
on distinct B cell subsets is crucial for a better
understanding of the role of TLR signaling in different
disease entities including primary immunodeficiency,
autoimmunity and response to infection. In patients with
primary immunodeficiency caused by defects in the TLR
signaling pathway or with defects in B cell development
including, for example, patients with common variable

1510

immunodeficiency, it might be possible to better
understand or predict their risk for specific infections.
Similarly, our understanding of the immune responses in
newborns or in patients early after stem cell transplantation
with a more immature immune system will be improved.
Finally, the onset of autoimmune disease or disease flares
have been proposed to be triggered by TLR ligation.
Because of their differences in TLR responsiveness,
distinct B cell subpopulations might be of particular
importance in this process.

Currently, most of our data regarding B cells and
TLR responses have originated from detailed murine
studies. In the future, it will be important to extend the
knowledge about human B cell subpopulations and TLR
signaling using a range of experimental modalities and
models in order to gain insight into the above questions and
to identify relevant translational modalities.
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