
Regulation of B-cell responses by Toll-like receptors

Introduction

Toll-like receptors (TLRs) are an ancient family of recep-

tors that have been conserved throughout millions of

years of evolution and are found in both vertebrate and

invertebrate species. The TLRs all share basic structural

features of extracellular leucine-rich repeats, a transmem-

brane domain, and a cytosolic Toll/Interleukin-1 receptor

(TIR) domain. Initially, TLRs were identified in genetic

screens for genes that regulate embryonic patterning of

Drosophila melanogaster.1 A vertebrate TLR was subse-

quently identified as an important mediator of inflamma-

tory responses to bacterial lipopolysaccharide (LPS),2,3

sparking intense study of the role of TLRs in immunity.

Thirteen vertebrate members of the TLR family have been

identified. Humans express TLR1–10, while mice encode

13 (TLR1–13), although the murine TLR8 and TLR10

genes are not thought to express functional proteins. Each

member of this family has evolved to respond to a differ-

ent pathogen-associated molecular pattern. The TLRs that

respond to bacterial products, such as triacyl lipoproteins

(TLR1/2), diacyl lipoproteins (TLR2/6), LPS (TLR4) and

flagellin (TLR5), are localized at the plasma membrane

and sense extracellular microbes.4–6 By contrast, nucleic-

acid-sensing TLRs such as TLR3, TLR7 and TLR9, which

respond to dsRNA, ssRNA and CpG DNA respectively,7–9

are localized to endosomal compartments by an interac-

tion with the membrane protein UNC93B.10,11 This

sequestering of the nucleic-acid-sensing TLRs is essential

to prevent inappropriate stimulation by self nucleic acid

present in the extracellular space.12 Murine TLR11 has

been shown to detect profilin from Toxoplasma gondii, and

to prevent uropathogenic bacterial infections,13,14 but the

human TLR11 gene does not express a functional protein.

The identification of these receptors lead to the charac-

terization of their roles in initiating rapid inflammatory

responses during microbial infection. Importantly, innate

immune pathways, including TLRs, are now appreciated

as being key regulators of adaptive immune responses by

B and T lymphocytes.15
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Summary

The discovery of host-encoded gene products that sense molecular pat-

terns in infectious microbes, and the demonstration of their role in trig-

gering innate and adaptive immune responses, has been a key milestone

in our understanding of immunology. Twenty-three years after Janeway

first outlined the fundamental concepts of the ‘pattern recognition’ model,

and 15 years since the identification of Toll-like receptors (TLRs) as pat-

tern recognition receptors (PRRs), new insights continue to be revealed,

and questions remain. For example, innate immune responses to microbes

that are mediated by PRRs have historically been viewed as the domain of

innate immune cell populations such as dendritic cells and macrophages.

New evidence, however, has pointed to the role of B-cell-intrinsic TLR

activation in shaping antibody responses. These studies have revealed that

TLRs regulate a complex transcriptional network that controls multiple

steps in the development of antigen-specific antibodies. This review covers

these recent developments regarding the role of TLRs in B-cell gene

expression and function in vitro and in vivo, and highlights the remaining

challenges in the field, with particular emphasis on the role of TLRs in

antibody responses to viral infection. A more complete understanding of

how TLRs regulate antibody responses will lead to improved vaccine

design.
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Expression of TLRs in B cells

B cells play an essential role in the development of antibody

responses to infection and vaccination, and the molecular

mechanisms that regulate these responses are of great inter-

est. Mature naive B cells are subdivided into several distinct

classes with specialized functional roles. B1 cells are found

primarily in body cavities, whereas B2 cells are found in

secondary lymphoid organs, and are further subdivided

into marginal zone B cells or follicular B cells. Follicular B

cells are responsible for T-cell-dependent antibody

responses that develop into germinal centres (GCs),

whereas marginal zone B cells express polyreactive B-cell

receptors (BCRs) and are considered to have a more

‘innate’ role in host defence.16

Several studies have examined the specific expression of

individual TLR members in different B-cell subsets in

both mouse and human tissues. These studies have found

that B cells express a distinct subset of the TLR family

that determines their ability to respond to microbial pat-

terns. The molecular basis and functional significance of

restricted TLR expression in B cells is not yet clear. The

expression of TLRs in B cells highlights that these cells

have evolved to directly sense microbes.

Naive human B cells express only low levels of TLRs,

whereas activated and memory B cells express significant

levels of TLR1, TLR6, TLR7, TLR9 and TLR10, and low

levels of TLR2.17–20 The TLRs expressed in human B cells

are up-regulated following activation via BCR or CD40

stimulation, and this is especially prominent for TLR9

and TLR10.21 Interestingly, human CD138+ plasma cells

express a broader range of TLRs, including TLR3 and

TLR4, and stimulation of TLRs on plasma cells augments

antibody secretion.22

Analyses of TLR expression in mouse B cells also found

a distinct pattern of expression. TLR1, TLR2, TLR4,

TLR6, TLR7 and TLR9 are expressed in most B-cell sub-

sets, although levels vary between the individual sub-

sets.23,24 For example, TLR9 is especially abundant in B1

cells, follicular and marginal zone B cells, but less so in

Peyer’s patch B cells. In contrast with human B cells,

murine B cells do not express TLR10 but do express
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Figure 1. B-cell intrinsic regulation of antibody responses by Toll-

like receptors (TLRs). TLR ligation by microbes contributes to the

initial activation of antigen-specific follicular B cells, in combina-

tion with B-cell receptor (BCR) stimulation by antigen, and CD40

stimulation by follicular helper T cells (Tfh). Activated B cells then

develop into germinal centre (GC) B cells and undergo multiple

rounds of proliferation, somatic hypermutation and class switch

recombination. TLR ligation enhances GC reactions. GC B cells can

then undergo apoptosis or further develop into long-lived B-cell

populations such as antibody-secreting plasma cells, or memory B

cells. Plasma cells abundantly express TLRs, and TLR ligation

enhances antibody secretion.
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Figure 2. Potential routes of Toll-like receptor (TLR) stimulation in

B cells by viruses. Viruses can bind to and enter B cells through sev-

eral different pathways. B-cell receptors (BCRs) specific for viral

antigens can bind and internalize virus, or viral particles can enter

through binding either their natural entry receptor or a carbohy-

drate-binding lectin such as DC-SIGN. Antibody-coated viruses

could also potentially enter B cells through Fc receptor-mediated

internalization. Internalized virus is then degraded in endosomes to

release viral genomic nucleic acid, which can stimulate the endoso-

mal TLRs such as TLR7, TLR8, TLR9 or TLR3. Replicating virus in

the B-cell cytoplasm could also potentially be delivered to endosomal

TLRs by autophagy.
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TLR4, and murine B cells can be potently activated by

LPS.25 Although, like human B cells, murine B cells

express only low levels of TLR3, these cells can still

respond to TLR3 ligands.26

Expression of TLRs in B cells is regulated by the action

of cytokines as well as by signalling from the BCRs. Both

TLR3 and TLR7 are strongly up-regulated in murine

B cells by interferon-b (IFN-b),27 and by stimulation of

BCRs.28 Expression of TLR7 in human B cells is also

strongly up-regulated by type 1 interferons.29

The restricted TLR expression pattern in B cells raises a

number of interesting questions. For example, how do

humans, who lack expression of TLR3 and TLR4 in B cells,

mount effective antibody responses to dsRNA viruses and

Gram-negative bacteria respectively? TLR3 and TLR4 are

expressed in CD11c+ dendritic cells (DCs),30,31 and it is

possible that their engagement in DCs is sufficient to com-

pensate for a lack of these receptors in B cells. It is also pos-

sible that alternative sensing pathways for these pathogens

are expressed in B cells and are sufficient for the triggering

of B-cell responses in the absence of TLR signalling.

TLR signalling and gene regulation

TLR signalling pathways have been extensively studied in

cell types such as macrophages and DCs, but relatively few

studies have specifically examined TLR signalling in B cells.

Recognition by TLR of microbial ligands activates a signal-

ling cascade through a variety of TIR domain containing

adapter molecules such as Myeloid differentiation primary

response gene 88 (Myd88), TIR-domain-containing

adapter-inducing interferon-b (TRIF), Toll-interleukin 1

receptor domain containing adaptor protein (TIRAP),

Trif-related adapter molecule (TRAM) and Sterile-alpha

and Armadillo motif containing protein (SARM).32 Myd88

mediates signalling from all TLRs except TLR3, which sig-

nals through TRIF. TLR4 activates both Myd88-dependent

and TRIF-dependent signalling. TIRAP, TRAM and SARM

play accessory or regulatory roles in signalling through the

canonical Myd88-dependent or TRIF-dependent path-

ways.33,34 Activation of the TLR signalling cascade results

in the activation of pro-inflammatory and antimicrobial

gene expression through transcription factors such as

nuclear factor-jB, interferon regulatory factor 3 and

activating protein 1.35 A key feature of the ability of TLRs

to regulate adaptive immunity is the up-regulation of

MHC antigen presentation and co-stimulatory molecules

such as CD80 and CD86, that can help trigger antigen-

specific T-cell responses.2

A comprehensive analysis of the molecular architecture

of TLR signalling has been performed in murine DCs

using an short hairpin RNA approach.36,37 These studies

identified dozens of transcriptional regulators that coordi-

nate the host response to TLR activation, highlighting the

complexity of TLR signalling pathways. Different TLRs

regulate overlapping transcriptional pathways but can also

initiate gene expression specific to a particular TLR. It is

also highly likely that the molecular architecture of TLR-

controlled transcription networks differs between cell lin-

eages – so it will be important to apply systematic

approaches to understanding TLR signalling specifically in

B cells. Interestingly, studies comparing the wiring of

innate immune networks in different mouse strains have

found striking strain-specific differences, indicating the

evolutionary plasticity of innate immune signalling net-

works.38

In vitro responses of B cells to TLR stimulation

In vitro exposure of human or mouse B cells to TLR

ligands alone is, in many cases, sufficient to promote a

combination of responses, including expression of activa-

tion markers such as CD69, CD80 and CD86, antigen

presentation, proliferation, class switch recombination

and antibody secretion.39–43 The specific response of B

cells to TLR stimulation differs depending on the B-cell

subset and the TLR.44,45 For example, murine follicular B

cells are less sensitive to LPS-induced proliferation than

marginal zone B cells because of lower induction of c-

myc expression.46 Also, TLR ligation is sufficient to pro-

mote development of murine B1 and marginal zone B

cells into antibody-secreting cells, but is less potent at

triggering antibody secretion from follicular B cells.24

Some evidence suggests that, in addition to promoting

class switch recombination through up-regulation of acti-

vation-induced deaminase, TLRs can bias switching to

selected immunoglobulin isotypes. For example, LPS

induces switching to IgG3, whereas LPS plus interleukin-4

promotes IgG1 and IgG3.47 By contrast CpG oligodeoxy-

nucleotides promote IgG2a, IgG2b and IgG3 and suppress

IgG1 and IgE.48

Cytokine secretion is also a feature of TLR activation in

B cells. Human B cells respond to TLR stimulation by

expression and secretion of a wide range of cytokines,

including macrophage inflammatory proteins 1a and 1b;

interleukins 1a, 1b, 6, 8 and 10; interferon-inducible pro-

tein 10; and granulocyte and granulocyte–macrophage

colony-stimulating factors.19,49,50 This response is more

pronounced for CD27+ memory cells than for naive

B cells.19 Studies in mice have shown that proliferation of

B cells in response to TLR stimulation depends on an

autocrine IFN-b loop.51 Different B-cell subsets have

specialized cytokine secretion profiles in response to TLR

stimulation – interleukin-10 is predominantly secreted by

marginal zone and B1 B cells, IFN-c is secreted by follicu-

lar B cells, and both subsets secrete interleukin-6.52–54

How B cells integrate information from TLRs with

antigen-specific activation through BCRs, and T-cell help

through CD40, is a key area that is not fully understood.

In vitro studies have shown that TLR signalling can
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interact and synergize with stimulation of BCRs by anti-

gen or stimulation of CD40 by CD40 ligand .55,56 In vitro

data have also suggested significant interspecies differ-

ences in the relationship between individual TLRs and

BCRs or CD40 in B-cell activation. The TLR9 ligand CpG

DNA alone is highly immunostimulatory towards murine

B cells, but is less so to human B cells because of a

requirement for additional signals such as BCRs, CD40 or

cytokines.20 By cooperating with antigen-specific signals,

TLRs can provide an extra level of regulation to ensure

that B cells are only activated in the context of infection.

A breakdown in this regulation can lead to auto-

immunity, and the role of TLRs in autoimmunity has

been reviewed elsewhere.57,58 Individual TLRs may have

specialized roles with respect to the functional outcome

of co-stimulation with BCRs or CD40 in B cells. Specifi-

cally, it has been reported that BCR or CD40 stimulation

in combination with some TLRs (TLR3, TLR4 or TLR9)

promotes proliferation and activation, whereas others

(TLR1/2, TLR2/6, TLR4 and TLR7) promote development

into antibody-secreting cells.56 The molecular basis of

these differential responses, as well as their role in the

context of an in vivo immune response, are not yet clear.

It will be important to fully examine the nature and func-

tion of the transcriptional interaction of TLRs with CD40

and BCRs.

Although in vitro studies of B cells exposed to TLR ag-

onists have provided important clues as to how these

receptors regulate B-cell responses, the high doses and

synthetic nature of the TLR agonists used in some studies

may not accurately represent the behaviour of B cells in

the presence of actual microbes. Hence, it will be impor-

tant to re-evaluate these experiments and observations

using more physiological settings before their true rele-

vance can be fully gauged.

The role of TLRs in B-cell responses in vivo

B-cell responses in vivo are regulated by a complicated

network of cellular and molecular interactions (Fig. 1). As

many of the cell types that regulate this response express

TLRs, there are numerous stages at which TLRs could

influence the B-cell response. Dendritic cells in lymph

nodes respond to TLR stimulation by presenting microbial

peptides on MHCI and MHCII to cytotoxic CD8 T cells

and helper CD4 T cells (Th), respectively. Up-regulation

of co-stimulatory molecules such as CD80, CD86 on

DCs also promotes these interactions and TLR-regulated

cytokines secreted by DCs can influence the subsequent

development and polarization of Th cells to Th1 or Th2

lineages.57,59 The DCs can also interact directly with B cells

via the presentation of whole antigen,60 although it is

unknown if TLRs regulate this process. Follicular B cells

internalize microbial antigen and present peptides on

MHCII to Th cells, which in turn up-regulate expression

of CD40 ligand, and promote activation, proliferation and

development of the B cells into GC B cells. The GC B cells

up-regulate expression of TLRs, and undergo several

rounds of proliferation, class switch recombination and

somatic hypermutation to develop high-affinity antibody

chains.61 The TLRs expressed in non-haematopoietic

lineages can also regulate B-cell activation – up-regulation

of the B-cell-activating factor in salivary gland epithelial

cells during virus infection is TLR dependent.62

Both synthetic TLR ligands and traditional vaccine ad-

juvants that contain TLR ligands can promote antibody

responses during vaccination, suggesting the potential of

using this pathway to promote antibody responses.63 Mice

that are deficient in members of the TLR family and TLR

adapters have also been constructed and extensively

analysed for their ability to mount B-cell responses to dif-

ferent immunogens and pathogens. The role of TLRs in

B-cell responses in vivo has been a subject of some

controversy, with early reports examining antibody

responses to model antigens plus classical adjuvants pro-

ducing seemingly contradictory results.64–66 However,

more recent evidence confirms that both B-cell intrinsic

and extrinsic TLRs can indeed significantly regulate B-cell

responses in vivo, although the extent varies from one

model system to another.

Most studies examining the role of TLRs in antibody

responses have used germline TLR or Myd88-deficient

mice, making it difficult to discern the contribution of

B-cell intrinsic TLR signalling versus B-cell extrinsic TLR

signalling. The first in vivo evidence for B-cell intrinsic TLR

signalling regulating antibody responses came from Pasare

and Medzhitov.67 These investigators demonstrated by

transferring wild-type, TLR4-deficient, or Myd88-deficient

B cells to mice that lack endogenous B cells, that TLR sig-

nalling was required in B cells to promote an antibody

response to human serum albumin. Interestingly, this effect

was specific to certain immunoglobulin isotypes – IgE was

not affected nor was homing or survival. Mice with condi-

tional alleles of Myd88 are now available, which has per-

mitted a more detailed analysis of cell-lineage-specific

requirements for TLRs. Mice with Myd88 conditionally

deleted in DCs exhibit 10-fold reduced levels of antigen-

specific IgG in response to immunization with ovalbumin

and CpG oligodeoxynucleotides.68 More recently, condi-

tional deletion of Myd88 in DCs and B cells was used to

determine that the antibody response to virus-like particles

required B-cell-intrinsic Myd88 but the response to puri-

fied antigen with adjuvant required DC-intrinsic Myd88.69

This result highlights the in vivo importance of B-cell-

intrinsic TLRs and also demonstrates how antigen/adjuvant

combinations commonly used to model immune responses

can behave very differently from actual viral pathogens.

As TLR signalling can synergize with BCR activation to

promote B-cell activation and proliferation in vitro, it is

likely that co-engagement of BCRs and TLRs promotes
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initial microbe-specific B-cell activation in vivo. It has

been proposed that B cells require three different signals

for initial activation in vivo: (i) antigen (through BCRs),

(ii) T-cell help (through CD40) and (iii) an innate

immune signal, such as TLR ligation.70 By requiring B

cells to receive a signal from BCR, CD40 and an innate

pathogen sensor, B cells can be carefully regulated to only

respond in the context of infection, and avoid activation

in response to self antigens.

In addition to regulating initial B-cell activation, TLRs

probably regulate later steps in the B-cell response.

Several recent reports have indicated an in vivo role for

TLRs in promoting class switch recombination, somatic

hypermutation and the development or maintenance of

GCs.69,71–75 Consistent with this hypothesis, GC B cells

have elevated sensitivity to TLR ligands and this corre-

lates with increased expression of Myd88, Myd88 adapter

like protein (Mal) and Interleukin 1 receptor associated

kinase M (IRAK-M).65 Furthermore, delivery of TLR

agonists with synthetic nanoparticles significantly enhances

the number and size of GC reactions in the context of

immunization.72 Hence, it is likely that GC B cells

perform continuous surveillance of microbial levels to

regulate the duration and intensity of GC reactions.

In addition to the role of TLRs in primary responses to

infection, it will be important to determine the role of

TLRs in the maintenance and activation of memory B cells.

So far, it has been difficult to separate the role of TLRs in

the recall response of memory lymphocytes from the role

of TLRs in the generation of memory cells during the pri-

mary response. Recently, an inducible knockout for Myd88

has been used to determine that the initial CD8 T-cell

response to the arenavirus lymphocytic choriomeningitis

virus is regulated by Myd88, but that secondary CD8 T-cell

responses are Myd88 independent.76 A similar approach

could be used to determine the role of TLRs in the reactiva-

tion of memory B cells and secondary antibody responses.

Pathways of TLR stimulation in B cells during
viral infection

Although some reports have identified cell surface TLRs

such as TLR2 or TLR4 as mediating recognition of specific

viral proteins,77–80 the majority of studies have focused on

the role of nucleic-acid-sensing TLRs (TLR3, TLR7, TLR8,

TLR9) in antiviral immunity. As these TLRs are located in

endosomal compartments, viral particles containing the

genomic RNA or DNA must be delivered to the endosome

to promote TLR-dependent immunity. There are a number

of different pathways by which viral nucleic acid could

potentially be delivered to endosomal TLRs in B cells

(Fig. 2). In the subset of B cells with BCRs that are specific

for virus surface antigens, viruses can be internalized and

trafficked to endosomes after BCR binding. Inside endo-

somes, pH and degradative enzymes then disrupt viral

particles to release the nucleic acid TLR ligands within.

This BCR-dependent pathway thereby provides an impor-

tant coupling between pathogen sensing and antigen-

specific activation of B cells. A similar pathway has been

shown to play an important role in the context of autoreac-

tive B-cell activation81,82 and for B-cell responses to whole

bacteria.83

Some viruses can directly bind and enter B cells

through receptor-mediated endocytosis, thereby accessing

TLR-containing endosomes as part of their natural infec-

tious cycle. This raises a problem for murine B cells, for

which TLR7 and TLR9 stimulation are sufficient to pro-

mote activation. How do mice avoid polyclonal activation

of B cells through TLR7 and TLR9 during infection with

viruses that can directly infect B cells? Other potential

BCR-independent modes of viral TLR stimulation in B

cells include the internalization of antibody-coated virus

particles through Fc recptors,84 or binding of glycosylated

viral proteins by scavenging C-type lectins such as DC-

SIGN.85 Autophagy, a natural homeostatic process by

which long-lived cellular organelles and proteins can be

enveloped in membranes and recycled, has also been

shown to be capable of enveloping cytoplasmic viral com-

ponents and directing them to TLRs.86 For non-BCR-

dependent pathways of TLR stimulation, it is less clear

how antigen specificity of B-cell activation would be

achieved or whether these pathways are sufficient for B-cell

activation in vivo. It will be important to determine the

role that each of these pathways plays in vivo in the context

of B-cell activation. The precise pathway by which micro-

bial TLR ligands are delivered to TLRs in B cells could

have an impact on the outcome in the context of antigen-

specific B-cell responses. Are all these pathways equivalent

or do they lead to qualitatively different outcomes?

The role of TLRs in B-cell responses to viruses:
lessons from murine infection models

Mice that are TLR deficient have been analysed for

altered susceptibility and antibody responses to several

viral pathogens. These results have, overall, confirmed

that TLRs can contribute to B-cell responses in the con-

text of viral infection. However, the details and extent of

their role varies from one viral model to another, high-

lighting the difficulty of extrapolating between different

virus families. The phenotype observed with respect to

the role of TLRs in B-cell responses is probably deter-

mined by three parameters – the nature of the viral gen-

ome, the cellular tropism of the virus, and the expression

pattern of both TLR and non-TLR sensors capable of

detecting the virus. It is also likely that TLR signalling

regulates multiple steps in the B-cell response, but

whether TLRs are necessary for progression through each

checkpoint will depend on the presence or absence of

alternative virus-sensing pathways, either B-cell intrinsic
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or extrinsic, that can compensate. For some viruses, TLR-

independent pathways may be sufficient for most or all

steps in the B-cell response, leading to a relatively weak

phenotype in TLR-deficient mice. Similarly, innate

immune responses to the virus in cell types other than B

cells could facilitate B-cell activation through the para-

crine action of cytokines. For other viruses, alternative

sensing pathways may not exist or may not be expressed

in the appropriate cell types to permit development of B

cells past a checkpoint, leading to a more stringent

requirement for TLRs.

The following section summarizes available data from

Myd88-deficient or TLR-deficient mice regarding anti-

body responses for several noteworthy virus families.

Orthomyxoviridae (negative-sense ssRNA genomes)

Influenza virus is capable of stimulating a potent innate

immune response in B cells, and this response is regulated

by TLR7 (Browne EP, unpublished observation). However,

studies with murine models of influenza virus infection

have revealed that Myd88 and TLR7 are not strictly

required for an antibody response to infection,87 although

mice deficient in these molecules exhibited increased

virus-specific IgG1 and decreased IgG2a/c immunoglobu-

lin class switching. Curiously, germline Myd88-deficient

mice exhibit heightened susceptibility to primary influenza

virus infection, but are as resistant to secondary infection

as wild-type mice.88 Overall these results suggest a fine-

tuning role for TLRs in the antibody response to primary

influenza virus infection, rather than an explicit require-

ment. This may be a result of the presence of alternative

innate sensors such as Retinoic acid inducible gene I

(RIG-I) that can detect influenza virus.89 A clearer role for

TLRs is found for responses to vaccination with inacti-

vated influenza virus particles. Myd88-deficient or TLR7-

deficient mice are not protected by inactivated influenza

virus particles, and exhibit defects in inducing IgG2a/c

recall responses, as well as plasma cell responses in bone

marrow, to inactivated vaccine.90,91

Paramyxoviridae (negative-sense ssRNA genomes)

A murine model of respiratory syncytial virus (RSV)

infection has found that Myd88-deficient mice are able to

mount an effective clearing antibody response to RSV,

albeit with a delay.92 Interestingly, these mice are also able

to develop antibodies against an inactivated RSV vaccine,

but these antibodies are qualitatively poor – they exhibit

reduced avidity for RSV proteins and attenuated neutral-

izing power.93 This suggests that, during RSV vaccination,

TLRs regulate a late step in the B-cell response such as

affinity maturation. Consistent with this finding, Myd88-

deficient mice have fewer GL7-expressing GC B cells after

vaccination. This phenotype has not yet been linked to an

individual TLR, although polymorphisms in TLR4 may

correlate with susceptibility to clinical RSV infection.94

Remarkably, administration of LPS with the RSV vaccine

significantly enhanced its protective efficacy and the neu-

tralizing ability of the antibodies induced.93

Polyomaviridae (circular dsDNA genomes)

Myd88-deficient mice infected with murine polyomavirus

initially develop strong humoral immunity to the virus,

including both IgM and IgG isotypes.95 They also

develop GC B cells and exhibit class switching and

somatic hypermutation, but fail to develop virus-specific

bone marrow plasma cells. Certain antibody isotypes

such as IgG2a and IgG2b exhibit reduced levels among

the virus-specific antibodies. Interestingly, Myd88-defi-

cient mice fail to maintain a serum antibody response to

polyomavirus, and titres of virus-specific antibodies

declined over time relative to wild-type mice.95 This find-

ing suggests a role for TLRs in the maintenance of long-

term antibody responses to polyomavirus, possible at the

level of formation or maintenance of plasma cells. An

individual TLR has not yet been identified as being nec-

essary or sufficient for detecting polyomavirus, but as

polyomaviruses have dsDNA genomes it possible that

TLR9 is involved.

Rhabdoviridae (negative-sense ssRNA genomes)

Although Myd88 is not required for an antibody response

to the model rhabdovirus vesicular stomatitis virus

(VSV), as measured by either total virus-specific IgG or

by neutralizing antibody titre, a slight reduction in the

representation of some istoypes was seen in Myd88-defi-

cient mice.96 It is still unknown which TLR mediates this

effect, although VSV can stimulate plasmacytoid DCs

through TLR7,97 and VSV-G protein has been shown to

stimulate TLR4.98

Herpesviridae (linear dsDNA genomes)

A number of TLRs have been implicated in the immune

response to herpesviruses. TLR9 can detect the dsDNA

herpesvirus genome, while TLR3 can detect dsRNAs that

are generated abundantly during herpesvirus replication

by overlapping transcription. TLR2 has also been pro-

posed to directly detect some herpesvirus glycopro-

teins.99,100 TLR3- and TLR9-deficient mice, and to a

lesser extent TLR2-deficient mice, have heightened sensi-

tivity to murine cytomegalovirus, but this phenotype

seems to be a result of defects in the innate response

such as IFN-a and natural killer cells rather than

through adaptive immunity.101 Both Myd88-deficient

and TLR9-deficient mice have an apparently normal

antibody response to murine cytomegalovirus infection,
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apart from a reduction in IgG1 specific for the virus.102

By contrast, Myd88-deficient mice have reduced B-cell

responses to gamma herpesvirus 68, indicated by fewer

activated B cells, fewer GC B cells and reduced antibody

titres.103 Interestingly Epstein–Barr virus has been found

to inhibit the sensitivity of B cells to TLR7/8 and TLR9

agonists,104 suggesting that these TLRs may regulate

responses to this virus, but the lack of a murine model

for Epstein–Barr virus makes an in vivo genetic analysis

of this question difficult.

Flaviviridae (positive-sense ssRNA genome)

Studies using TLR-deficient mice indicate that TLR7 is

not required for control of West Nile virus,105 while

Myd88 and TLR3 regulate inflammation and viral loads

in the periphery.106,107 The role of these molecules in

controlling antibody responses to the virus was not

reported. However, a study looking at Dengue-virus-

infected macaques found that subcutaneous doses of

TLR3 and TLR7/8 agonists after infection led to enhanced

humoral responses and an increased IgG2 to IgG1

ratio.108

Retroviridae (polyadenylated positive-sense
ssRNA genomes)

For reasons that are not clear, infection with human

immunodeficiency virus (HIV) fails to induce a potent

neutralizing antibody response.109 Similarly, efforts to

induce a broad neutralizing antibody response with puri-

fied HIV gp120 envelope have been unsuccessful.110

Unfortunately, as yet, no small animal model of HIV

exists that permits genetic analysis of the role of TLRs

in antibody responses. However, studies with mouse ret-

roviral models have clearly demonstrated a requirement

for TLR7 and Myd88 for an antibody response to infec-

tion.71,111,112 Retroviruses have also been demonstrated

to stimulate murine B cells via TLR4 through an inter-

action with commensal bacteria.113,114 By conditional

deletion of Myd88 the requirement for TLRs in the anti-

body response to retroviral infection was found to be

primarily B-cell intrinsic, while DC-intrinsic TLRs were

less important.71 Hence TLR-deficient mice exhibit a

more pronounced phenotype with retroviral models than

that observed with other viruses such as influenza, RSV

or polyomavirus. Why would the B-cell response to ret-

roviruses exhibit a more stringent requirement for TLRs

than other viruses? It is interesting to note that retrovi-

ruses exhibit a low cytopathic effect on infected cells

compared with most other viruses. For highly cytopathic

viruses, immune stimulation could occur by dead or

dying cells releasing molecules such as uric acid or ATP,

or by expressing signals of cellular distress.115 In the

absence of TLR signalling, these pathways could be suffi-

cient to promote B-cell responses. So for less cytopathic

viruses such as retroviruses, the immune response may

depend more on pattern recognition and TLRs to stimu-

late a response.

Evidence from human genetics

Compared with the data from mice, direct genetic evi-

dence for the role of TLRs in antibody responses in

humans are less abundant. Inactivating germline muta-

tions in innate immune pathways in human populations

are rare, probably because of selection pressure from infec-

tious disease. However, some human populations with

functionally significant mutations in components of the

TLR pathway such as Myd88, IRAK4 and UNC93B have

been identified.116,117 These mutations have so far revealed

largely normal development of B cells and responses to

immunization with some exceptions.118 Notably, humans

with IRAK4 and Myd88 mutations exhibit increased sus-

ceptibility to pyogenic bacterial infections,116,117 but do

not exhibit heightened susceptibility to viral pathogens. In

contrast, TLR3 deficiency has been shown to result in

heightened sensitivity to herpes simplex virus-1 encephali-

tis, although it is unclear if antibody responses are defec-

tive in these individuals.119,120 Interestingly, an analysis of

the antibody repertoire has found evidence for a role for

Myd88 and TLRs in appropriate negative selection of

autoreactive B cells.121 Specifically, Myd88 and IRAK4

were found to be required for central and peripheral

checkpoints to prevent antibody autoreactivity. UNC93B,

by contrast was found to be only required for a peripheral

checkpoint.

Summary and future challenges

Despite the tremendous progress made in understanding

the role of TLRs in B-cell responses, significant challenges

remain. Although numerous studies have now shown that

TLRs can modulate B-cell responses, both in vitro and

in vivo, the diverse results obtained with different immu-

nogens and pathogens have yet to be reconciled into a

complete model for how TLRs regulate B cells. Findings

from murine models of infection and immunity will need

to be applied to the study of human infections and vac-

cines. Does the relative resistance of Myd88-deficient

humans to infection compared with Myd88-deficient mice

imply a fundamental interspecies difference in the role of

TLRs? It is possible that in humans, the TLRs contribute

to but are not necessary for B-cell responses because of

compensation by TLR-independent innate pathways?

Nevertheless, the conservation of these receptors through

evolution and their expression in B cells implies a func-

tional role in humans.

It will also be important to fully catalogue the extent

of functionally significant polymorphisms and diversity
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within the TLR pathway present in the human population

and to examine these polymorphisms for correlations with

patterns of infectious disease and antibody responses to

vaccination. Similarly, it will be interesting to expand our

analysis of the role of TLRs in antibody responses beyond

the C57BL/6 mouse strain to more diverse murine genetic

backgrounds. This will probably shed light on the evolu-

tion of TLR signalling and function. Are the roles of innate

pathways in stimulating adaptive immunity highly

conserved and robust through speciation and evolution, or

are they inherently plastic to permit adaptation to new

infectious diseases? Another key area that needs to be

addressed is defining and characterizing TLR-independent

innate pathways that regulate B cells.

Does inadequate TLR signalling contribute to poorly

neutralizing antibody responses to chronic viral infections

such as HIV and hepatitis C virus? Recently, a number of

broadly neutralizing antibodies to HIV have been identi-

fied, and their amino acid sequences exhibit unusually

high levels of somatic hypermutation.122 As TLRs have

been shown to regulate GC reactions where somatic hy-

permutation takes place, it is possible that targeting TLRs

expressed in GC B cells could enhance somatic hypermu-

tation and thereby the breadth of the antibody response

to HIV?

There is also a critical need for novel TLR agonists that

can potently promote antibody responses during vaccina-

tion, but that lack the toxicity issues that characterize

existing agonists. By precisely defining the role of individ-

ual TLR-regulated genes in the B-cell response, we may

be able to design molecules that can trigger TLRs to

induce protective responses without causing unnecessary

inflammation and toxicity. This might be achieved by

developing methods to target TLRs expressed on only key

cell lineages and avoid ‘bystander’ stimulation.
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