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Summary

Toll-like receptors (TLR) play a central role in the initiation of the innate
immune response to pathogens. Upon recognition of molecular motifs
specific for microbial molecules TLR mediate pro-inflammatory cytokine
secretion and enhance antigen presentation; in B cells they further pro-
mote expansion, class switch recombination and immunoglobulin secre-
tion. As a result of their adjuvant properties, TLR ligands have become
an integral component of antimicrobial vaccines. In spite of this, little is
known of the direct effects of TLR engagement on B-lymphocyte function.
The scope of this review is to outline the differences in TLR expression
and reactivity in murine and human B-cell subsets and to provide an
overview of the currently available literature. We will further discuss the
possible roles of TLR in regulating B-cell effector functions and shaping
antibody-mediated defence against microbial pathogens in vivo.
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Introduction

Among the pattern recognition receptors Toll-like recep-
tors (TLR) represent an important receptor family
involved in the recognition of molecular structures spe-
cific for microbial pathogens [reviewed in refs 1-3). They
can be grouped into two main categories: (i) cell surface
receptors and (ii) receptors localized in the endosome. It
is important to make this distinction because surface TLR
bind molecules on the bacterial cell wall such as bacterial
lipopeptides (TLR2) or lipopolysaccharide (LPS; TLR4),
whereas endosomal TLR that are activated by microbial
nucleic acids are less readily accessible. This difference in
subcellular localization translates into distinct functions
within the antimicrobial immune response.

In B cells, TLR activation results in the up-regulation
of activation markers, proliferation, cytokine secretion,
terminal differentiation and, finally, immunoglobulin
secretion. Figure 1 summarizes the main B-cell functions,
and denotes the murine and human TLR involved.
Engagement of TLR results in myeloid differentiation pri-
mary response protein 88 (MyD88) -dependent activation
of nuclear factor-xB (NF-xB), mitogen-activated protein
kinase and protein kinase B (PKB)/Akt signalling
pathways,*® as well as Toll/interleukin-1 receptor (TIR)-
domain-containing adaptor inducing interferon-f (TRIF)-
mediated interferon-f (IFN-f) induction upon TLR3 or
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murine TLR4 activation.”® Yet, it is currently unknown
whether the TLR2/4-associated adapter proteins Mal/TI-
RAP and TRAM play a role in B-cell activation.

Furthermore, because of the paucity of studies, little is
known of the molecular events integrating TLR signalling
into the classical B-cell receptor (BCR) -mediated signal-
ling cascades leading to B-cell activation. Only a few
groups have made an attempt to distinguish BCR-signal-
ling from TLR-signalling; these studies indicate that there
is significant overlap between these pathways.”'> How-
ever, in murine B cells TLR signalling via MyD88
abolishes the requirement for BCR-mediated recruitment
of Bruton’s tyrosine kinase (Btk) and phosphoinositide
3-kinase (PI3K) for Erk phsophorylation.”'* What is
more, there is an increasing body of evidence indicating
that TLR play a major role in determining the degree of
B-cell activation and the quality of B-cell effector func-
tions. The scope of this review is therefore to provide an
overview of the current literature addressing TLR expres-
sion and function in murine and human B cells, and to
discuss the significance of the available findings.

Differences in B-cell expression of TLR in mouse
and man

Several studies have addressed TLR expression patterns
and their functions in different B-cell subsets. Expression
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Figure 1. Role of Toll-like receptor (TLR) in
B-cell functions. The graph depicts the main
functions exerted by the B cell. The TLR that
have been proven to impact these functions
are indicated above the arrows. mTLR = mur-
ine TLR; hTLR = human TLR; TLR = murine
and human TLR. Question marks (?) indicate
that a function has not been addressed in B
cells but may be postulated based on data

obtained in other cellular systems or from clin-

ical case studies.

of TLR on B lymphocytes varies depending on the mam-
malian species so the authors of this review have chosen
to focus on the comparison of TLR expression and func-
tion in murine and human B cells. The differences are
outlined in Table 1. The most prominent difference lies
in TLR4 expression. Murine B cells constitutively express
TLR4. Its ligand, LPS, stimulates B-cell proliferation,
cytokine secretion and class switch recombination
(CSR)."*'> In marked contrast, human B cells are irre-
sponsive to LPS, which is reflected by the absence of
TLR4 expression.'®” Similarly, murine B cells are
strongly responsive to stimulation with TLR2-active lipo-
peptides,'® but human B cells need to be sensitized for
TLR2 ligands by cross-linking of the BCR with anti-
immunoglobulin or protein A from Staphylococcus aur-
eus.'”?® In both immune systems TLR2 is expressed in
association with its co-receptors TLR1 and TLR6, whereas
CD36 expression has only been described in murine B
cells,” and expression of the putative co-receptor TLR10
is limited to human B cells.*”

Nevertheless, murine and human B cells express TLR7
and TLRY,'®'"***” and can be activated with specific
DNA (TLR9) or RNA (TLR7) sequence motifs. Interest-
ingly, in human B cells TLR7 expression depends on
type I interferon (IFN-I) priming that up-regulates the
de novo synthesis of TLR7 messenger RNA (mRNA) and
sensitizes B cells for TLR7 ligands."® More recently,
expression of UNC-93B, a transmembrane endoplasmic
reticulum protein, was found to be a prerequisite for
the functional integrity of all nucleic acid-sensing
TLR.**7° Interestingly, UNC-93B is highly expressed in
murine B cells”® but was not detected in human B
cells.”" Further data indicated that human nucleic acid-
sensing TLR may at least partially act independently of
UNC-93B.*!

312

Taken together, murine B cells are more prone to
respond to TLR stimulation than their human counter-
parts because of their expression of the easily accessible
surface TLR (TLR2 and TLR4). On the contrary, the
exclusive presence of the poorly accessible endosomal
TLR (TLR7 and TLR9) accompanied by the lack of UNC-
93B in human B cells suggests that in the human immune
system TLR-mediated activation of B lymphocytes may be
tightly regulated to avoid an overshooting immune
response. We can only speculate whether this implies that
TLR fulfil a highly specialized and crucial effector func-
tion in human B-cell activation.

TLR expression and responsiveness of murine B-
cell subsets

TLR expression and responsiveness vary depending on the
B-cell subset. Not surprisingly, most of the experimental
data available on this topic are derived from studies on
murine B-cell subsets. Three detailed studies show that
TLR4 and TLR1 mRNA expression is detected in all B-cell
subpopulations with only a little variability.”>*” In
marked contrast, TLR7 and TLRY are present in all sub-
populations although expression levels vary depending on
the B-cell subset and the study. Interestingly, in two stud-
ies TLR3 mRNA expression was only detectable in mar-
ginal zone (MZ) B cells®»*® although in one study TLR3
mRNA was present in all B-cell subpopulations. More-
over, one report showed that TLR2 expression is most
prominent in B-1 B cells.”” Also, TLR8 mRNA expression
was detected in B-1 B cells in another report.”> Further-
more, TLR5 mRNA expression was absent in two studies
but was described in the third study and elsewhere.””*?
Functional analyses of TLR responsiveness in different
murine B-cell subpopulations revealed that proliferative
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Table 1. B-cell expression and function of Toll-like receptor (TLR) in human and murine B cells

Expression Function in
in human human Expression in murine Function in murine
Ligand B cell B cell B cell B cell
Surface TLR Ref. 17,23,24 Ref. 25-27
TLR1 +++ co-receptor for TLR2 + co-receptor for TLR2

TLR2 lipopeptides ++ proliferation +++ in B1-B? Ref. 27 proliferation, differentiation,
(with BCR stimulus) migration Ref. 18,25,35
Ref. 19,20,38,39
TLR6 ++ co-receptor for TLR2 + co-receptor for TLR2
TLR10 -+ ? Ref. 22 - -
TLR4 LPS (+) — Ref. 16 + proliferation, differentiation, CSR,
migration Ref. 13-15,25,33-35

TLR5 Flagellin + (PP B cells) CSR Ref. 40 (+) Ref. 27,32 differentiation Ref. 32

Ref. 40,41
Endosomal TLR
TLR3 dsRNA + (mucosal CSR Ref. 8 MZ B cells Ref. 25,26 proliferation, differentiation,

B cells) migration Ref. 7,35

Ref. 8
TLR7 RNA ++ proliferation, differentiation ++ proliferation, differentiation CSR,
upregulation migration Ref. 25,35
of TLR7 by IEN-I Ref. 16,20

TLR8 ssSRNA (+) - B1-B? Ref. 25 ¢
TLRY CpG DNA ++ protein proliferation, +++ proliferation, differentiation

expression differentiation CSR CSR Ref. 25,33

Ref. 43-45 Ref. 16,40,42,49

The table summarizes the ligands, expression levels and function of TLR1-10 in human and murine B cells. Expression levels relate to messenger

RNA expression. They are given as — (absent), (+) (weak to absent), + (weak), ++ (average) and +++ (strong). The term ‘differentiation’

accounts for plasma blast formation and immunoglobulin secretion. The reference numbers refer to those given in reference list.

BCR, B-cell receptor; CSR, class switch recombination; IFN-I, interferon type I; LPS, lipopolysaccharide.

responses upon activation of TLR2, TLR7 and TLR9 were
detectable in follicular and MZ B cells.?> However, signifi-
cant proliferation rates in response to stimulation with
LPS were only measured in MZ B cells. Interestingly, dif-
ferentiation into antibody-secreting cells was not linked
to proliferation:* despite only low proliferation levels in
response to all TLR stimuli tested in B-1 B cells, TLR2,
TLR4, TLR7 and TLRS8 activation resulted in a strong
induction of immunoglobulin M (IgM) secretion® and
correlated with rapid induction of Blimp-1, a transcrip-
tion factor promoting plasma cell differentiation in this
B-cell subpopulation.”® Furthermore, TLR9-triggered
differentiation was found to be restricted to Bl and MZ
B-cell subsets,” although TLRY agonists induced prolifer-
ation in follicular B cells. This was in line with the
finding that significant IgM and IgG secretion from follic-
ular B cells was only observed after stimulation with
TLR2 and TLR4 agonists, but not in response to TLR7 or
TLRY ligands.”> Moreover, MZ B cells migrated in vivo in
response to TLR2, TLR3, TLR4 and TLR7 activation,’*?>,
and were potently triggered to secrete IgM and IgG upon
engagement of TLR2, TLR4, TLR7 and TLRY in vitro.*>
Overall, major differences in TLR expression patterns
in murine B-cell subsets exist despite significant variability
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among the available studies. Differences in the sorting
procedures, or in the the age, infection status or genetic
background of the mice used in these studies may explain
these variations. Most importantly, stimulation of the
same TLR in two different B-cell subpopulations does not
necessarily result in identical effector functions. This is
exemplified by TLR9Y activation that promotes a prolifera-
tive response in the absence of differentiation in follicular
B cells, and terminal differentiation in the absence of pro-
liferation in B-1 B cells. Future studies will have to clarify
the underlying mechanisms.

Cellular targets of TLR stimulation in human
B cells

Although a contribution of TLR activation to the progres-
sion of autoimmune disease and B-cell leukaemia has
been propagated,®®” only few studies address the role of
TLR in human B-lymphocyte function. Interestingly, in
the human body the local environment seems to shape
the TLR repertoire: TLR2, TLR3 and TLRY expression
and responsiveness towards the respective ligands is
increased in B cells isolated from tonsils when com-
pared with those isolated from peripheral blood.**®*
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Furthermore, despite TLR5 mRNA expression having only
been reported in peripheral blood B cells, functionally rel-
evant TLR5 expression was only described in B cells from
Peyer’s patches.*™*' Furthermore, naive human B cells are
barely responsive to TLR stimulation, and, according to
one study, express only low levels of TLR, whereas mem-
ory B cells are more reactive and more prone to prolifer-
ate and differentiate into plasma blasts upon TLR
stimulation.®'®*>**

Although the analyses of TLR expression patterns are
most frequently based on mRNA expression studies,
recent reports have included protein expression.®**™*
Among these, two studies have described surface expres-
sion of TLRY on two subsets of human B cells.**** Never-
theless, the functional significance of this finding and the
B-cell subpopulations where this occurs remain ill-
defined.*>*

Although CpG-containing oligodeoxynucleotides
(ODN) have been propagated as polyclonal B-cell stimu-
lators it is becoming more and more evident that only a
few B-cell subsets respond to TLRY stimulation with
CpG-ODN. Antonio Lanzavecchia’s group was among the
first to define the role of TLR in human naive B-cell acti-
vation.’>*®> They proposed that full-blown naive B-cell
activation requires three synergistically acting stimuli: (i)
antigen-mediated BCR activation, (ii) T-cell co-stimula-
tion via CD40 activation and (iii) TLR engagement, as
depicted in Fig. 2(b). In spite of this, several groups have
described human naive B-cell activation by single TLR
stimulation, mainly using TLR9-activating ODN.*!®#0~*8
Furthermore, CpG-ODN supported productive CSR in
naive human B cells in the presence of recombinant inter-
leukin-10 (IL-10).*°

In a recent report Rita Carsetti’s group characterized
transitional (CD24%#™ CD27~ CD38") human B cells as
the main non-memory B-cell subset responsive to TLR9
activation within the CD27-negative B-cell fraction.*’
Stimulation of TLRY triggered differentiation of this B-
cell subpopulation to antibody-secreting cells. These find-
ings are further supported by a report stating that the
stimulation of TLR4 or TLRY in murine transitional 1 B
cells promotes CSR and the development of antibody-
secreting cells, and a second study suggesting that TLR9
activation triggers proliferation of murine transitional 2
B cells.”>!

Recently, we and others have described human
IgM" CD27" B cells as the main target cells for immuno-
stimulatory DNA ODN.** It has previously been pro-
posed that these cells represent the human equivalent of
the murine MZ B-cell compartment.’>>* The TLRY stim-
ulation induced ZAP-70 expression, sustained prolifera-
tion and PKB/Akt expression as well as differentiation
into plasma blasts (CD27"¢" CD38"&").* Most impor-
tantly, class-switched memory B cells were irresponsive to
CpG-ODN in this study. Additionally, CD27" IgD™ effec-
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Figure 2. Models for Toll-like receptor (TLR) -mediated B-cell acti-
vation. The graphs summarize different models for the role of TLR
in B-cell activation in different B-cell subsets or environments that
have been presented in this review. Because cytokines can modulate
all types of B-cell responses they are depicted in all graphs as Signal
4. (a) This graph depicts the classical T-cell-dependent response
where sole B-cell receptor (BCR) ligation (Signal 1) induces apopto-
sis and sets the requirement for T-cell co-stimulation via
CD40-CD40 ligand interaction (Signal 2) which then allows B-cell
expansion. (b) Based on the concept proposed by Lanzavecchia and
colleagues naive B cells require three signals for potent activation: (i)
BCR (Signal 1), (ii) CD40 ligation (Signal 2) and (iii) TLR (Signal
3). (c) The model suggested by Marshak-Rothstein and colleagues
implies that a TLR ligand (nucleic acid) -bearing BCR stimulus pro-
motes the internalization of BCR antigen (Signal I) together with
the TLR-activating nucleic acid (Signal 3), which thereby gains access
to endosomally localized TLR. Additional co-stimulation via CD40-
CD40 ligand (Signal 2) interaction is, of course, possible. (d) T-cell-
independent type I (TI-1) antigens such as lipopolysaccharide (LPS)
or flagellin concomitantly activate specific BCRs as BCR antigens
(Signal 1) and the respective surface TLR on accessory cells, e.g. anti-
gen-presenting cells (APC). The APC will either directly interact with
B cells or indirectly modulate B-cell function via cytokine secretion
(Signal 4). (e) T-cell-independent type II (TI-2) antigens are carbo-
hydrate polymers that are recognized by specific BCRs in B-cell sub-
sets such as marginal zone B cells where BCR bind capsular
polysaccharides (Signal I). As a result of the nature of the antigen
surface, TLR ligands are co-expressed and provide B-cell co-stimula-
tion via TLR Signal 3.
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tor B cells were described to accumulate in patients with
autoimmune diseases, and were also shown to respond to
CpG-ODN.”’

In summary, both naive and transitional human B cells
have been demonstrated to be responsive to sole TLR7 or
TLRY stimulation. Engagement of TLR induces differenti-
ation in the absence of significant proliferation in these
B-cell subsets. A proliferative response to TLR7/9 ligands
is predominantly observed in IgM" memory B cells.
Hence, B-cell activation by CpG-ODN in vivo may also
be restricted to defined B-cell subpopulations, which may
limit their clinical efficacy. Based on the model for
human naive B-cell activation depicted in Fig. 2(b) CpG-
ODN-based tumour therapies could be improved by sen-
sitizing antigen-specific B lymphocytes for TLR agonists
through co-delivery of tumour-derived BCR antigens.

Accessing the endosome for TLR7/9 activation

Although the concept that BCR activation synergizes with
TLR co-stimulation is well-acknowledged, the molecular
basis for this synergy remains unexplained. Human B-cell
activation initiated by BCR cross-linking, CD40-CD40
ligand interaction or TLR9 engagement has been reported
to temporarily increase TLR7, TLR9 and TLRIO expres-
sion levels on resting human B cells.>*?* Hence, activa-
tion-induced de novo synthesis of TLR or TLR adaptor
molecules may facilitate TLR signalling. Alternatively,
intracellular redistribution of TLR has been discussed in
this context.

Among those who addressed this topic the group of
Ann Marshak-Rothstein defined the hallmarks of TLR-
mediated B-cell activation in the autoimmune context.
Using a murine cell line expressing a transgenic BCR that
specifically binds the Fc portion of I1gG2a, it was demon-
strated that BCR-mediated uptake of an immune complex
containing an anti-nucleic acid autoantibody with endog-
enous chromatin or RNA provided access to the endo-
some and thereby licensed the activation of TLR9 or
TLR7, respectively.”*® Most importantly, this process
was independent of Fcy receptor engagement, although
this receptor is involved in nucleic acid uptake of
immune complexes, subsequently triggering TLR7/9 acti-
vation in other cell types.®** The model proposed
therefore implies that physiological TLR7/9 stimulation of
B cells occurs upon BCR-mediated uptake of nucleic
acid-containing antigens, as schematically depicted in
Fig. 2(c). More recent results obtained in this experimen-
tal system indicate that simultaneous activation of the
receptor for advanced glycosylated end products (RAGE)
in the presence of its ligand HMGBI1, a DNA-binding
protein, may enhance BCR-triggered TLRY activation.®®

By comparing dual stimulation with anti-immunoglob-
ulin for BCR activation and CpG-ODN to stimulation
with chemically linked anti-immunoglobulin and CpG-
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ODN two further studies in murine B cells found that
TLRY stimulation is much more effective when TLR9
activation occurs subsequent to BCR-mediated endocyto-
sis.°”%” Uptake of a nucleic acid-bearing BCR antigen was
shown to be followed by an intracellular redistribution of
TLRY to the BCR-induced autophagosome.®® Interest-
ingly, c-Jun N-terminal kinase (JNK) was found to be
crucial for BCR and TLRY entry to the late endosome,
which provides the acidic and kathepsin-rich environment
required for TLR7/9 activation."”

Although this work should be viewed as a continuation
of the B-cell activation model proposed by Marshak-
Rothstein and colleagues, it extends their findings from a
primarily pathological setting, an autoimmune disorder,
to a physiological context such as infection. In line with
this concept it was very recently demonstrated that BCR-
mediated uptake of whole bacteria into human B cells
enables nucleic-acid-driven TLRY activation and subse-
quent cell cycle entry.®®

TLR-induced cytokine secretion

Many different cell types contribute to the regulation of
immune responses by secreting cytokines that affect cell
function in an autocrine or paracrine fashion. The TLR-
stimulated B cells have been proposed to exert a regula-
tory function that prevents overshooting immune
responses in murine autoimmune models and neonates,
and this tolerogenic role has been attributed to IL-10 pro-
duction by MZ and B-1 B cells.””**”> Moreover, murine
IL-10 secretion was detected in MZ B cells in response to
single TLR2, TLR4, TLR9 or combined TLR stimulation
but was absent in splenic follicular B cells whereas IL-6
was detectable in both populations.?”¢%7°

Furthermore, among the murine B-cell subpopulations
tested, only follicular B cells synthesized IFN-y in
response to stimulation with TLR9 ligands combined with
TLR2, TLR4 or TLR7 agonists, indicating that cytokine
secretion may depend on the differentiation stage.”” Sev-
eral reports further indicate that murine B cells produce
tumour necrosis factor, IL-6, IL-12, IL-23 and IL-27 in
response to TLR engagement.”"*>""*7> Although TLR-
induced secretion of pro-inflammatory cytokines and of
IL-10 was shown to depend on the PI3K p110J subunit,”®
only IL-10 secretion was demonstrated to occur in a Btk-
dependent manner.”"”*7>

Human B cells are generally considered poor cytokine
producers. Stimulation with TLR7 and TLR9 ligands
results in the secretion of IL-10, IL-6 and IL-8.'®*"777®
Further, IL-1f and IL-2 secretion have been detected in
response to B-cell-specific CpG-ODN.*' In contrast to
murine B cells, secretion of biologically active IL-12p70
can only be achieved by combining TLR9 ligand CpG
DNA with CD40 ligation.”” Despite similar mechanisms
of action B cell activating factor belonging to the TNF

315



|. Bekeredjian-Ding and G. Jego

family (BAFF/BlyS) or a proliferation-inducing ligand
(APRIL) cannot substitute for CD40 ligand in this setting
(Bekeredjian-Ding, unpublished data), indicating that
IL-12 production in human B cells remains a T-cell-
dependent event.

Taken together these reports indicate that TLR elicit
cytokine production in murine and human B cells. B
lymphocytes can thereby control the ongoing immune
response as demonstrated for IL-10. As a further example,
IL-6 and IL-10 have been shown to block memory B-cell
proliferation and to promote plasma cell differentia-
tion.**®! Toll-like receptor-induced secretion of these
cytokines may therefore contribute to terminal differenti-
ation, 258283

B-cell differentiation

Toll-like receptors were proposed to play a role in B-cell
differentiation at early stages of B-cell development.®* Sub-
sequently, it was demonstrated that B-cell precursor matu-
ration in vitro is supported by the early exposure to TLR4
ligands but arrested upon stimulation of TLR2.% Neverthe-
less, B-cell subpopulation analyses in MyD88-deficient
mice did not reveal any important alterations.*® TRIF-
deficient mice, however, displayed a modest reduction in
B-1a cells, a defect that is well compatible with the finding
that MZ B cells and B-1a cells are moderately reduced in
IFNaR™~ and STAT1™'~ mice.’® Therefore, TLR-induced
type I interferons may influence the development and/or
survival of B-cell subsets that are yet to be defined.

In marked contrast, there is strong evidence that TLR
regulate the differentiation of transitional and mature B
cells. Differences in plasma cell differentiation in the
murine B-cell subsets have already been addressed above.
TLR-mediated activation of the transcription factor NF-xB
is believed to be sufficient to promote the expression of
Blimp-1, a transcription factor crucial for plasma cell and
pre-plasma memory B-cell differentiation.**” Addition-
ally, a recent study suggested a role for TRAF3 in TLR-
mediated and antigen-mediated plasma cell differentiation
and IgG secretion.®® In spite of these findings, the reports
on TLR-induced B-cell differentiation remain controversial
because TLR4-induced or TLR9-induced plasma cell
formation was not observed in an in vivo study.®

There are no publications available on the persistence
of TLR expression and the role of TLR in plasma cells.
Our own unpublished analyses, however, indicate that
TLR1, TLR7, TLR9 and TLR10 are retained in plasma
cells generated in vitro and that stimulation with CpG-
ODN increases plasma cell survival and IgG secretion.
Previously published findings on the role of TLR in their
malignant counterpart multiple myeloma cells further
support these observations: TLR expression in multiple
myeloma cells resembles that described in B cells and
stimulation of the multiple myeloma cells with synthetic
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TLR ligands results in proliferation and survival*®*>*!

Direct plasma cell stimulation by TLR ligands may there-
fore contribute to the amplification and the maintenance
of humoral immune responses.

Modulation of CSR in vitro

Toll-like receptor activation has been reported to promote
the expression of activation-induced cytidine deaminase
and CSR in murine and human B cells.'>'**** In mur-
ine B cells the TLR4 ligand LPS promotes the CSR of
naive B cells to IgG2b and IgG3, and to IgGl and IgE
when combined with IL-4."°7"° In the human immune
system Andrea Cerutti’s group was the first to find that
CSR to IgG is induced when naive B cells are cultured in
the presence of IL-10 and stimulated with CpG-ODN.*®
In their study, CSR was enhanced when B cells were co-
incubated with BAFF/BlyS or CD40 ligand. Furthermore,
CSR to IgG and IgA was observed when human B cells
isolated from tonsils were challenged with TLR3 ligand
Polyl : C and BAFE.* Moreover, the same group reported
that T-cell-independent CSR to IgA2 is most efficient in
human B cells treated with the TLR5 ligand flagellin or
TLRY ligand CpG DNA in the presence of APRIL.**
Additionally, in murine B cells, TLR9 stimulation can
inhibit LPS + IL-4-mediated CSR to IgGl and IgE and
promote IgG2a, IgG2b and IgG3 production.”*** The lat-
ter finding is believed to be the result of direct induction
of the transcription factor T-bet.”” Suppression of IgGl
and IgE synthesis may be mediated by an inhibition of
NF-kB and/or IEN regulatory factor 4 activity.”” This
finding is compatible with the observation that mice defi-
cient in different NF-xB subunits display reduced switch-
ing to IgGl, IgG3, IgE and IgA, depending on the
missing subunit.”*'% In spite of this, the exact molecular
mechanisms regulating these TLR effects remain elusive.

Modulation of antibody production in vivo

Adjuvanticity

The TLR ligands have become integral components of
antimicrobial and anti-tumoral vaccines, but explaining
their efficacy is not within the scope of this review and
has been extensively reviewed elsewhere.'’'~'* Highlight-
ing the adjuvant potential of TLR2 in infection with
Streptococcus  pneumoniae, TLR2-dependent secretion of
pro-inflammatory cytokines was found to play a key role
in promoting both anti-protein and anti-polysaccharide
responses of all IgG isotypes.'”> Moreover, Won et al.*!
observed a reduction in anti-phosphocholine (PC) IgM
when TLR2-deficient mice were challenged with S. preumo-
niae, and severely decreased anti-PC IgG in TLR2™~ CD367/~
double knockout mice, indicating that co-operation of
these receptors may be important for plasma cell
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generation or IgG secretion in response to pneumococci.
In spite of these studies, this issue remains contro-
versial because normal IgM and IgG responses to Borrelia
have been reported in TLR2-deficient and MyD88-defi-
cient mice.'*>'%”

Only recently, two studies asking whether TLR activa-
tion is required for antibody responses in adjuvant-
supported vaccination against a specific antigen were
conducted. The first study was performed by David
Nemazee’s group.'®*'% MyD88™'~ TRIF ™'~ double knock-
out mice were challenged with trinitrophenol (TNP)-
haemocyanin or TNP-keyhole limpet haemocyanin for
T-cell-dependent responses or with TNP-Ficoll for TI-2
responses in the presence of four classical adjuvants: all
antibody responses were intact. Notably, IgG2a/c and
IgG2b levels were slightly decreased when compared with
wild-type animals. However, IgGl and IgE levels were
consistently elevated and IgM levels persisted longer in
one experiment although this was not commented on by
the authors.

In the second study David Rawlings’ group included
experiments evaluating the humoral memory response.''
Here, B-cell-deficient mice were used for adoptive transfer
of MyD88™'~ or wild-type B cells. After transfer of wild-
type B cells LPS enhanced anti-NP (4-hydroxy-3-nitro-
phenylacetyl)-chicken gamma globulin (CGG)-specific
IgM and IgG titres. Interestingly, the LPS-induced
elevation of IgM was dependent on MyD88 expression in
B cells and independent of MyD88 expression in
accessory cells. However, increased IgG titres were depen-
dent on TLR-mediated activation of accessory cells, and
independent of B-cell expression of MyD88, a model that
we propose for T-cell-independent type I responses (TI-1)
as depicted in Fig. 2(d).

Taken together these studies supported the notion that
TLR serve as adjuvants that accelerate early antigen-
specific antibody responses but are dispensable for the
long-term outcome of the antigen-specific immunoglobu-
lin response. In the meantime this has also been confirmed
by other groups.”® However, in an infection model using
Borrelia hermsii pathogen-specific IgM production was
fully intact in Btk-deficient and MyD88-deficient mice, but
was abolished in MyD88™'~ Btk”/~ double knockout
mice although these mice responded normally to alum-
precipitated T-cell-dependent antigen.'® This indicated
that recognition of microbial antigens via the BCR and via
TLR is redundant under these circumstances. These
findings may therefore provide the decisive key to the
understanding of the vaccination trials described above.

Antibody diversity in the absence of MyD88 or
nucleic acid-sensing TLR7 and TLR9

Moreover, the vaccination studies contradicted the initial
report that MyD88 and TLR are essential for the regula-
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tion of adaptive immune responses, including the B-cell
response.”* Using an OVA immunization model an ele-
gant study by Ruslan Medhitzov’s group had provided
evidence that immunized MyD88”~ mice display a
skewed immunoglobulin isotype pattern completely lack-
ing IgG2a, whereas IgG1 post-vaccination titres were only
slightly reduced, and total IgE was markedly increased.
Most importantly, a role of IL-1f or IL-18, which rely on
MyD88 signalling, was excluded by studying caspase-1-
deficient mice. In support of this study, MyD88-deficient
mice also displayed elevated IgM and IgGl titres but
diminished type I antibodies (IgG2a/c, IgG2b and IgG3)
after challenge with intact pathogens such as Borrelia
burgdorferi, Leishmania major, influenza virus or S. pneu-
moniae.' 711

A subsequent publication from the Medhitzov group
demonstrated that the humoral defect was not the result
of disrupted T helper cell function or failure to produce
IFN-y in MyD88-deficient mice compared with wild-type
mice.”> Adoptive transfer experiments of wild-type and
MyD88-deficient B cells to umT mice, that lack mature B
cells, allowed the following conclusions: (i) IgE and IgA
production were found to be independent of MyD88; (ii)
IgM, IgGl and IgG2c responses were dependent on the
expression of MyD88 in B cells; (iii) IgG3 production in
response to flagellin turned out to be independent of
B-cell expression of MyD88, but dependent on MyD88
expression in accessory cells.

The following principles were derived from this study:
T-cell-dependent B-cell responses require direct TLR-
mediated B-cell activation as suggested by Lanzavecchia
and colleagues (Fig. 2b). In marked contrast, TLR-medi-
ated activation of non-B cells is a prerequisite for the
T-cell-independent B-cell response to flagellin. B-cell
activation itself is independent of MyD88 in this context.
Taking into account that in Rawlings’ studies LPS-
induced increases in IgG levels were dependent on
MyD88 expression in accessory cells but not in B cells,
that LPS primarily induces IgG3 production,'® and that
LPS and flagellin are both TI-1 antigens, we propose that
TI-1 responses are mediated via BCR recognition of the
TI antigen and activation of accessory cells, most likely
antigen-presenting cells, via the TI-1 antigen acting as a
TLR ligand as depicted in Fig. 2(d).

Similar functions in the humoral immune response
have been described for TLR7 and TLRY. First Jegerlehner
et al''® provided evidence that the T-cell-dependent
response to virus-like particles is shifted to 1gG2a, 1gG2b
and IgG3 with IgGl titres being nearly absent when either
TLRY ligand CpG DNA or TLR7 ligand single-strand
RNA were coupled to the virus-like particles. Second,
Ravetch et al.''"” used a murine lupus model to show that
MyD88-deficiency and TLR9-deficiency both abrogated
CSR to IgG2a and IgG2b, and so prevented disease mani-
festation that was mediated by deposition of autoreactive
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IgG2a and IgG2b. The data further suggested that defec-
tive switching could be the result of insufficient T-bet
recruitment upon TLR9 engagement. These findings were
supported by the observation that T-bet-deficient mice
lack CSR to IgG2a, IgG2b and IgG3, but display elevated
IgGl levels,''® and a further publication that showed that
TLR9-active ODN stimulate T-bet expression and pro-
mote CSR to IgG2a, but block CSR to IgGl and IgE.'"”
Third, the finding that B-cell-deficient mice succumb to
120121 yndicated that antibody-
mediated immune defence is crucial for the host response.
It was subsequently demonstrated that TLR7-deficient
mice display a partial defect in anti-influenza immuno-
globulin responses that resembles that observed in
MyD88-deficient mice, whereas T-cell responses were not
affected by the targeted disruption of myd88 or tir7
genes.''> Importantly, CSR to IgG2a/c turned out to be
dependent on dual B-cell stimulation via CD40 and TLR7
in this context.

influenza virus infection

Consequently, TLR can be viewed as central players in
fine-tuning the antibody-mediated defence. This function
is not limited to an adjuvant effect accelerating immuno-
globulin production, but rather represents an active inter-
vention in the process of CSR.

TLR-mediated type I IFN induction

= and

When challenged with influenza virus IFN-o/f~
IFN-oR™~ mice displayed a reduction in IgM, IgG2a,
IgG2b and IgG3-secreting cells similar to that observed in
MyD88-deficient and TLR7-deficient mice.''>'?* This was
accompanied by impaired plasma blast differentiation,
which was previously described as a direct effect of IFN-I
on B cells in response to TLR-mediated or influenza-
mediated B-cell activation.**® Additionally, type I IFN-
mediated induction of T-bet has been implicated in CSR
to IgG,''® a finding that may result in the skewing of the
IgG isotype distribution. Direct targeting of B cells via
TLR and indirect TLR-mediated activation of IFN-o-
secreting cells may therefore synergize in shaping the
immunoglobulin isotype response to influenza virus.
However, the exact role of type I IFN in direct or indirect
regulation of the humoral immune response remains
a controversial issue and according to the available
data may depend on the type of infection or vac-
cination.'?*7'%°

Evidence for a role of TLR in human antibody
responses

Three genetically defined immunodeficiency disorders
resulting in impaired TLR signalling have been described:
(i) interleukin-1 receptor-associated kinase 4 (IRAK4)
deficiency, (ii) MyD88 deficiency and (iii) NF-xB essential
modulator (NEMO) deficiency.'?*™"*° Although all three
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molecules are important mediators of TLR signalling, it
should be noted that MyD88 deficiency also affects IL-1R
and IL-18R signalling, and that NEMO (also known as
IKKy), a key molecule in NF-xB activation, influences
many other cellular signalling pathways. Clinically these
immunodeficiencies are mainly associated with severe
infections with Gram-positive bacteria, mostly S. aureus
and S. pneumoniae, during childhood.

Taken together the two clinical case studies describing
humoral immune defects in IRAK4-deficient and NEMO-
deficient patients revealed a defective antibody response
to pneumococcal polysaccharide vaccination but an intact
primary response to T-cell-dependent antigen with nor-
mal responses to tetanus, diphtheria toxin and haemophi-
lus influenzae B conjugate vaccines."**'*' The most
striking abnormality, though, lay in the failure to main-
tain high levels of antigen-specific antibody titres, with
pneumococcal polysaccharide antibody titres falling back
to baseline within 5-6 months after vaccination boosts.

Interestingly, there is also one study describing a defect
in long-term humoral immunity in MyD88-deficient
mice."”* The authors observed a decrease in type I anti-
bodies 2 weeks after immunization, and no further
increase in antibody titres over 1-5 years. Levels of IgGl
were unaffected. Despite a normal germinal centre (GC)
reaction they found reduced numbers and delayed
migration of antigen-specific 1gG-secreting cells to the
bone marrow. In agreement with the observations made
in IRAK-4-deficient patients, the authors concluded
that MyD88 deficiency leads to a defect in mounting
T-cell-independent IgG responses.

Although skewing of IgG isotypes to IgGl may be
interpreted in the supplemental data of the initial publi-
cation on MyD88-deficient patients the authors do not
report any alterations. The data available only allow the
conclusion that these patients mount antigen-specific
antibody responses post vaccination and have normal
CSR."™° Similarly, there is only scarce information avail-
able on the integrity of the humoral immune responses in
patients with UNC-93B mutations.

Nucleic acid-sensing TLR are closely linked to type I
IFN production. In the murine immune system mice
defective in TLR7/9 signalling phenotypically resemble
those lacking IFN-o/ff receptors. As these patients fail to
mount type I IFN responses it could be suspected that
they also display altered antibody responses.”® Co-ordi-
nated clinical studies will be crucial for the revelation of
the mechanisms underlying increased susceptibility to
infection with well-defined microbial pathogens in these
patients.

Conclusions and perspectives
Over the past 10 years the awareness that TLR represent

important regulators of a broad variety of B-cell effector
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functions has received increased consent. In spite of this,
it remains obscure whether their role is essential to the
humoral immune response in complex organisms such as
the human or the mouse. In our opinion it is crucial to
accept that TLR may play distinct roles in different B-cell
subsets, differentiation stages or depending on the envi-
ronment. This implies that the importance of TLR may
vary depending on the immunological context. Figure 2
compares the classical model of B-cell activation through
BCR antigen and T-cell co-stimulation mediated via
CD40-CD40 ligand interaction (Fig. 2a) to four different
models for B-cell responses using TLR activation
(Fig. 2b—e).

The model proposed for the TI-1 response highlights
the importance of related BCR and TLR ligand specifici-
ties (Fig. 2d). It thereby integrates the adjuvant properties
of cytokines derived from TLR-activated accessory cells as
modulating factors into the classical BCR-mediated B-cell
activation pathways. Alternatively, accessory cells, such as
antigen-presenting cells or epithelial cells, may influence
B-cell function by directly interacting with the B lympho-
cyte. These possibilities will have to be evaluated in future
experiments.

A spatial relationship of TLR ligands to BCR antigens
is pivotal for endosomal TLR activation upon BCR-medi-
ated uptake (Fig. 2c) as well as for the model depicting
the T-cell-independent type 2 (TI-2) response (Fig. 2e):
here, TLR ligands, e.g. TLR2-active bacterial lipopeptides,
are co-expressed with multivalent TI-2 antigens such as
pneumococcal polysaccharides. Clifford Snapper and col-
leagues favour the hypothesis that BCR engagement by
TI-2 antigens sets the requirement for co-stimulation that
is subsequently provided via a TLR signal. This implies
that both substances directly target the B lymphocyte
(Fig. 2e). Although it is an elegant model the experimen-
tal evidence does not exclude the possibility that B-cell
differentiation could be driven by TLR-activated non-B
cells, similarly to the model proposed for the TI-1
response.''* ¢ These discrepancies emphasize the need
for further studies addressing this question.

Overall, future work will prove the validity of these
models and provide a deeper insight into the exact role of
TLR in the humoral immune response. From the authors’
point of view, studies using pathogenic organisms, e.g
complex antigens, will be of particular value for a better
understanding of the molecular events integrating TLR
into the physiological and pathological regulation of
B-cell activity and function. Major differences between
mammalian species can be anticipated so studies in the
human immune system will be of central interest.
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