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Abstract

The discovery of Toll-like receptors (TLRs), and their role in sensing infections represents one of

the most seminal advances in immunology in recent years. It is now clear that TLRs play a

fundamental role in innate recognition of microbes, and stimulate and tune the quality of the

adaptive immune response. However, major knowledge gaps remain in our understanding of how

TLRs regulate the development and persistence of T and B cell memory. Here, we review our

current understanding of how TLR signaling shapes the adaptive immune response, and highlight

unanswered questions, the solution of which will be imperative in the rational exploitation of

TLRs in vaccine design and immune therapy.
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A central property of the mammalian immune system is its ability to generate the right type

of immunity against a given pathogen, whilst maintaining tolerance to self tissues. The

immune system senses microbes through multiple receptors collectively known as pattern

recognition receptors (PRRs), which are encoded by germ-line genes and which recognize a

diverse array of microbial structures, and activate innate immune cells including dendritic

cells (DCs) [1,2]. PPRs include Toll-like receptors (TLRs), C-type lectin like receptors

(CLRs), RIG-I like receptors (RLRs), and Nod-like receptors (NLRs). Immune cells as well

as non-immune cells differentially express a wide range of TLRs, CLRs, RLRs and NLRs,

which enable them to sense and respond to pathogens. DCs, the most efficient antigen-

presenting cells in the immune system, have emerged as key players in initiating and

regulating adaptive immune responses. Furthermore, emerging evidences also suggest that

DCs are also critical in suppressing immune responses, and maintaining peripheral

tolerance, through the generation of anergic or unresponsive T cells and/or regulatory T

cells. Great progress has been made over the past decade in identifying and characterizing

several PRRs, and in elucidating the mechanisms by which they regulate the type, quality

© 2009 Elsevier Ltd. All rights reserved.

Correspondence to: Bali Pulendran, bpulend@emory.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Semin Immunol. Author manuscript; available in PMC 2014 August 07.

Published in final edited form as:
Semin Immunol. 2009 August ; 21(4): 185–193. doi:10.1016/j.smim.2009.05.005.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and magnitude of the adaptive immune response. Although emerging evidence points to an

important role for CLRs, NLRs, and RLRs in modulating adaptive immunity, much of our

understanding comes from analyses of TLR function and their roles in modulating the

magnitude and quality of T cell immunity against pathogens and vaccines. However, much

less is known about the role of TLRs in controlling the magnitude, quality and duration of

antibody responses. Furthermore, there is little understanding about how TLRs regulate the

development and persistence of memory T and B cell responses. Here, we review our

current knowledge of the role of TLRs in regulating adaptive immune responses against

microbes and vaccines, and highlight some unanswered questions about the.

TLRs

TLRs represent a family of evolutionary conserved PRRs that recognizes a wide range of

microbial components [3–8]. In mammals,11 different TLRs have been described and most

of them are widely expressed by different cell types in the immune system including DCs,

macrophages, NK cells, mast cells, neutrophils, B cells, T cells and by non-immune cells

such as fibroblasts, epithelial cells and keratinocytes. Most TLRs (TLR 1, 2, 4, 5, 6, 10 and

11) are expressed on the cell surface, whereas other TLRs (TLR3, 7, 8, 9) are present within

the endosomal compartments. Furthermore, TLRs are expressed as homodimers or as

hetrodimers (TLR2 + TLR1 or TLR2+ TLR6), and each TLRs recognizes distinct microbial

stimuli (Figure 1). For example TLR4 recognizes lipopolysaccharides(LPS) from most

bacteria[9,10], TLR2 recognizes several bacterial cell wall components, including

peptidogycans of Gram-positive bacteria, lipoproteins of Mycobacterium tuberculosis and

lipoteichoic acids, and certain components of fungal cell wall [11,12], TLR5 recognizes

flagellin [13] and TLR11, in mice, senses profilin from Toxoplasma gondii [14].

Intracellular receptors such as TLR3 senses viral dsRNA, TLR7/8 recognize viral ssRNA

and small synthetic immune modulators such as imiquimod, R-848 and loxoribine; whereas

TLR9 recognizes CpG motifs present in bacterial and viral DNA [15–17] (Figure 1).

Signals triggered by TLRs

TLR-mediated signaling is known to control antigen uptake, antigen presentation, DC

maturation and cytokine production [18,19]. TLRs are type 1 transmembrane proteins and

consist of three domains: a C-terminal leucine-rich repeat (LRR) that recognizes the

microbial component, a central trans-membrane domain and an N-terminal cytoplasmic TIR

(Toll/IL-1R homologous domain) signaling domain[7]. Interaction of TLRs with its specific

ligands leads to the recruitment of intracellular TIR-domain containing adaptors such as

MyD88, TIRAP, TRIF and TRAM through TIR-TIR interaction. This process results in

recruitment of IRAK family proteins (IRAK1, IRAK2, IRAK4 and IRAK-M) and TNF

receptor–associated factor 6 (TRAF6) to the receptor complex, leading to the activation of

MAP kinases (ERK, JNK, p38) and transcription factors including NF-κB and AP-1 that are

critical for the induction of various inflammatory cytokines and anti-inflammatory

cytokine[20,21]. In addition, TLR-signaling induces the upregulation of various maturation

markers such as CD80, CD83 and CD86, and the chemokine receptor CCR7.
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Each TLR recruits a specific adaptor to activate different signaling pathways and

transcription factors, which are critical for mounting specific response against pathogens.

Most TLR, except TLR3, mediated signaling is dependent on MyD88. Thus, macrophages

and DCs from MyD88 deficient mice have severe defects in the activation of NF-κB and

JNK MAP kinase and inflammatory cytokines in response to various TLR ligands

[3,4,20,22]. TLR3 signals through a MyD88 independent pathway involving TRIF. TLR4

signals through both the MyD88-dependent and the TRIF dependent pathways. In addition,

TLR4 signaling selectively recruits TRAM adaptor protein [23,24]. Signaling through TLR3

is dependent on TRIF mediated activation of TBK1 and IRFs resulting strong induction of

type I IFN. Studies with TRIF-deficient mice [25] or Lps2 mice (mutation in Trif gene)[10],

have shown severe defects in both TLR3- and TLR4-mediated induction of INF-β and

activation of IRF3 and type I IFNs. TLR4-MyD88 mediated signaling module leads to the

activation of MAP kinases (ERK, p38, JNK) and NF-κB, whereas, TLR4-TRIF-mediated

signaling module, Myd88-independent, activates IRF3 activation and induction of type I

IFN-inducible genes. In addition, TRIF pathway also leads to delayed NF-κB activation and

thus, mice deficient in both MyD88 and TRIF showed complete loss of NF-κB

activation[25]. Similar to TRIF-deficient mice, TRAM-deficient mice showed defects in

cytokine production specifically in response to the TLR4 ligand [24]. Furthermore, TLR2

and TLR4 are known to interact with TIRAP [26,27], although whether TIRAP mediated

signaling results in some unique biological outcome is poorly understood.

An interesting feature of TLRs is that distinct TLRs are differentially expressed on distinct

subsets of DCs. Thus, in humans TLRs 7 and 9 are expressed in plasmacytoid DCs, but not

in myeloid DCs; in contrast, TLRs 2,3,4,5,8 are expressed in myeloid DCs [28].

Interestingly, activation of TLR7 and TLR9 in the plasmacytoid DCs, leads to the MyD88-

dependent the phosphorylation and activation of the transcription factor IRF7, which is a

master regulator of the production of type I IFNs [29]. Recent studies from several

laboratories, including ours, have highlighted an important role for the PI3K-dependent

activation of the mammalian target of rapamycin (mTOR, REF 27) signaling in promoting

the production of type I IFNs by pDCs stimulated with TLR ligands or viruses (Figure 2)

[31–33]. This is consistent with the observation that inhibition of PI3-kinase activation

impairs the ability of pDCs to produce type I IFNs in response to TLR signaling [34].

Consistent with these observations, blocking mTOR signaling in pDCs with the

immunosuppressive drug, severely impaired the IRF-7 activation and IFN-a/β production in

response to CpG [32,33]. Furthermore, the kinases 4E-BPs [31]and S6K1/2 [33] act

downstream of mTOR and play a critical role in regulating the TLR-signaling pathway.

Thus, siRNA-mediated knock-down of S6K1/2 in pDCs or pDCs deficient in S6K1/2

display impaired activation of IRF-7 and IFN-α/β in response to CpG (Figure 2). Consistent

with this findings, inhibition of mTOR signaling in APCs in vivo resulted in impaired

immune response to yellow fever vaccine virus[32]. Further, these studies have shown that

S6K1/2 and 4E-BPs regulate TLR-9 mediated signaling at two different levels. First,

mTOR-S6K1/2 signaling pathway regulates the formation of TLR9-MyD88 complex and

thereby influences subsequent activation of IRF-7[32]. Second, mTOR-4E-BP-pathway

modulates the TLR-signaling pathway at the translational level by regulating IRF-7 mRNA

translation. Consistent with this mechanism, pDCs-deficient in 4E-BP1 and 4E-BP2 produce
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higher levels of type I interferon[31]. Paradoxically, mTOR signaling appears to exert a

rather different effect on TLR signaling in myeloid DCs; a recent study demonstrates that

inhibition of mTOR signaling in bone marrow derived DCs results in upregulation of the

anti-inflammatory cytokine interleukin 10 and inhibition of proinflammatory cytokines [35].

However, bone marrow derived DCs cultured with rapamycin have been shown to express

enhanced levels of IL-1beta, which promotes upregulation of the receptor ST2L, (which is

an IL-1R family member known to bind the Th2 inducing cytokine IL-33 and which is

known to be a negative regulator of TLR signaling), and impair DC maturation[36]. Thus,

the role of mTOR in regulating TLR signaling appears to be very context driven, and

dependent on the subset of DC. This context dependency seems to be a recurring theme in

TLR biology – for example, macrophages and myeloid DCs, but not pDCs, produce IL-10 in

response to TLR stimulation [37]. Collectively this suggests that different TLRs uses distinct

adaptor protein to mediate distinct signaling pathways. Importantly, TLR signaling appears

to be very dependent on the subset of antigen presenting cells being studied.

Suppressing TLR –signaling

Uncontrolled regulation of TLR-mediated signaling may lead to excessive or persistent

inflammation and severe immune pathology to the host [8,38–43]. Several diseases

including septic shock, autoimmunity, atherosclerosis, metabolic syndrome and gastric

cancer have been linked to chronic or acute inflammatory response [8,42,44]. An increasing

number of negative regulators exist that are known to dampen the degree and duration of the

TLR-mediated inflammatory response. Most of these negative regulators are induced upon

TLR activation and regulate the response at multiple levels [39,41,42]. PI3K is one such

critical negative regulator of TLR signaling that acts at the early phase of TLR signaling and

modulates the magnitude of the immune responses to pathogens [45,46]. Thus, macrophages

and DCs from PI3K knockout mice (lacking the P85 regulatory subunit of class 1A PI3K)

produce more IL-12 than wild type DCs in response to various TLR ligands. Furthermore,

inhibition of PI3K activity using specific inhibitors enhanced the production of IL-12 in DCs

in response to various TLR- ligands[46]. These observations suggest that PI3K is a critical

regulator of IL-12 and modulates the Th1/Th2 balance. Thus mice deficient in PI3K−/−

showed enhanced Th1 response and resistance to Leishmania major pathogen but displayed

impaired Th2 response against intestinal nematode, Strongyloides venezuelensis. In DCs,

PI3K is activated in response to various TLR ligands[45,46]. However, there are several

studies using human monocyte derived DCs or mouse bone marrow derived DCs have

shown that PI3K play positive role in the induction of inflammatory responses by regulating

the NF-κB transactivation in response to various TLR-ligands [47,48].

Another key negative regulators of TLR signaling is the family of SOCS proteins, which are

induced upon TLR activation [49]. For example, Pam3-cys mediated activation of TLR2/1

and LPS-mediated activation of TLR4 induces SOCS1 [50]. SOCS1-deficient macrophages

produce greater amounts of IL-12 in response to LPS or Pam-3-Cys [51,52]. Further, forced

expression of SOCS1 in macrophages suppressed the NF-ΚB activation and IL-12

production. Consistent with this observation, SOCS1-deficent mice are more susceptible to

LPS-induced lethal effects[51]. Subsequent studies have shown that SOCS1 dampen TLR-

mediated signaling by two different ways. First, SOCS1 directly interacts TIRAP and
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initiates it degradation through ubiquitination-proteosome pathway [53]. Second, SOCS1

directly interacts with p65 subunit of NF-κB and induces its proteosomal degradation and

thereby suppressing NF-κB activation[53].

Our recent work has shown that zymsoan mediated TLR2 signaling induces both SOCS3

and SOCS1 in DCs via IL-10 and RA production which is critical for the suppression of

induction of pro-inflammatory cytokines [54]. Thus, siRNA mediated knockdown of SOCS3

in DCs or blocking RAR- or IL-10R-mediated signaling in DCs, showed increased

production of pro-inflammatory cytokines in response to zymosan skewing to Th-1 or Th-17

response[54]. Similarly, DCs from TLR2 knockout mice or IL-10 knock-mice showed

reduced levels of SOCS3 and increased production of inflammatory cytokines response to

zymosan [54].

In addition to SOCS family proteins, proteins such SIGIRR[55], IRAK-M[56], RP105[57],

A20[58], ST2L[59], TRAF1[60] and TRAF4 [61]are implicated in negatively regulating

TLR signaling. Mice deficient in SIGIRR[55], IRAK-M[56], ST2L, A20[58] and RP105 are

hyper-responsive to LPS and secrete more inflammatory cytokines to various TLR ligands.

Over expression of TRAF1 and TRAF4 can block TRIF-dependent and TRAF6-dependent

activation of NF-κB.

ILT7 a member of the immunoglobulin-like family is selectively expressed in human

plasmacytoid dendritic cells (pDCs), and associates with the signal adapter protein FcεR1γ

to form a receptor complex. Cross-linking of ILT7 results in phosphorylation of Src family

kinases and Syk kinase and induces a calcium influx, and inhibits the transcription and

secretion of type I interferon and other cytokines. Therefore, the ILT7-Fc epsilonRI gamma

receptor complex negatively regulates the innate immune functions of human pDCs [62]. In

addition, human pDCs also express the blood dendritic cell antigen 2 (BDCA2) protein, a C

type lectin which also complexes with FcεR1 . Signaling via this complex triggers a

pathway similar to that observed downstream of the B cell receptor (BCR), involving Syk

kinase and inhibits type I IFN production from pDCs [63].

Modulation of T helper responses by TLRs

TLRs exert a potent influence on the quality of the T helper responses. Engagement of TLRs

on DCs and other cells of innate immune system, results in the activation of various

signaling pathways and distinct programs of gene expression that dictate the type of adaptive

immune response. There is also emerging evidence that T cells themselves may express

specific TLRs, and that direct triggering on TLRs can occur. For example, murine CD8 T

cells express TLR2, and costimulation of antigen-activated CD8 T cells with TLR2 ligands

enhances their proliferation, survival, and effector functions, and significantly reduces their

need for costimulatory signals delivered by DCs [64]. The types of cytokines and other

factors secreted by DCs and other innate immune cells program the differentiation of newly

primed CD4+ T cells into Th-1 or Th-2 or Th-17 effector cells or regulatory T cells (Treg)

responses. There is a general consensus that signaling via most TLRs potently stimulate DCs

to produce IL-12 (p70), which promotes IFN-γ producing Th-1 cells [3,7,8] (Figure 1).

Thus, mice deficient in MyD88 exhibit a selective defect in Th1 responses upon
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immunization with protein ovalbumin plus Freunds Complete Adjuvant (FCA) [65]. One

interpretation of this finding is that only Th1 responses are controlled by TLR signaling.

However, since MyD88 knockout mice can still signal via the TRIF or TIRAP adaptor

proteins, it is possible that these mediated Th2 responses.

In contrast certain TLR ligands are known to induce production of IL-10 which stimulates

Th2 or T regulatory responses [5]. Furthermore, TLRs that induce strong production of

TGF-β, IL-6 and IL-23 promote IL-17 producing Th-17 cells [12,66]. TLR4 ligand LPS,

TLR9 ligand CpG DNA, TLR3 ligand poly (IC) and TLR7 ligands induce robust IL-12p70

production and mediate Th1 responses [3–5,22,41,67–71]. TLR ligands that mediate

activation of p38 and JNK in DCs induce robust IL-12p70 and Th1 responses.

In the case of TLR2, there are reports of ligands activating either a Th1 or a Th2 or a T

regulatory response. Although some TLR2 ligands induce IL-12p70 and stimulate Th1

response[11,72–74], accumulating evidence demonstrates that TLR2 mediated signaling can

also stimulate Th2 or T regulatory response (Figures 1 & 3). Several studies using TLR2

specific ligands such as highly purified LPS from P. gingivalis [67,75], Pam-3cys

[70,71,76,77], FSL-1[78], or certain helminth products [79,80], or other microbial

stimuli[81], demonstrate that such TLR2 ligands induce robust IL-10 production and favor

Th2 responses or T regulatory responses[70,75]. Work from our laboratory has shown that

TLR2 mediated activation of DCs results in the sustained phosphorylation of ERK MAP

kinase, which leads to phosphorylation of the AP-1 transcription factor c-Fos. This is critical

in suppressing expression of the Th-1-inducing cytokine IL-12 and induction of IL-10,

thereby favoring a Th-2 bias [70,71,82]. In fact, DCs from ERK1−/− mice produced

enhanced levels of IL12p70 and reduced levels of IL-10 in response to TLR2 ligands[70].

Consistent with, ERK1−/− mice exhibited enhanced Th1 cell polarization and increased

susceptibility to experimental autoimmune encephalomyelitis[82].

Furthermore, zymosan, a particulate yeast cell wall derivative, that signals through several

PRRs, including the heterodimeric TLR2 and 6 and the C-type lectin dectin-1 induces

splenic DCs to produce the retinoic acid (RA) metabolizing enzyme RALDH2, as well as

the anti-inflammatory cytokine IL-10, via a mechanism that is dependent on TLR2 signaling

of ERK-MAPK[54,83,84] (Figure 3). Such zymosan stimulated splenic DCs induce robust

activation of T regulatory cells. In the case of regulatory T-cell responses observed with

zymosan in DCs, TLR2-mediated production of RA and IL-10, is critical for suppressing

pro-inflammatory cytokine production through the induction of suppressor cytokine

signaling 3 (SOCS3) [54]. Consistent with the above observation, DCs purified from ERK1-

deficient mice showed defects in the induction of RALDH2, SOCS3 and production of

IL-10 in response to zymosan [54]. Thus, activation of MAPK ERK1/2 plays an important

role regulating the balance between Th1/Th2 polarization, or Th17/T-regulatory polarization

by regulating the cytokine production by DCs. Consistent with this, a recent study by

DePaolo et al, has shown that activation of TLR2/6 receptor in DCs using Yersinia pestis

virulence factor LcrV and other ligands, induces tolerogenic DCs and T regulatory responses

[85]. Finally, several studies have shown that systemic [86] or sublingual [77] injection of

some TLR2 ligands induces anti-inflammatory cytokines and can suppress the inflammatory

response. Injection of TLR2 ligand (BLP) systemically in mice suppressed the allergen-
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induced inflammation at peripheral sites such as lung and skin by regulating the

inflammatory cytokine and expression of chemokine receptors on antigen presenting cells

and other inflammatory cells[86].

Thus, TLRs exert a major influence on the cytokines produced by T-helper cells. Whether

TLRs also regulate other parameters of T helper cell activation such as persistence,

differentiation into central versus effector memory cells are not known. In this context, a

recent study demonstrates that the ability of adjuvants to stimulate high-avidity T cell

responses after protein vaccination correlates with TLR engagement [87]. Thus, the use of

TLR-9 and TLR-4 agonists as adjuvants skewed TCR repertoire usage by increasing TCR

selection thresholds and enhancing antigen-specific clonal expansion [87]. This suggests

that, TLRs control the local accumulation of Th cells expressing TCR with the highest

peptide MHC class II binding.

Modulating CD8+ T responses with TLRs

Stimulation of DCs via specific TLRs endows them with the capacity to cross-present

exogenously acquired antigens and prime antigen-specific CD8+ T cells to differentiate into

cytotoxic T cells (CTLs). For example, signaling via TLR3, 7, and 9 induces cross-

presentation[88,89]. Furthermore, targeting antigens plus TLR ligands to specific DC

subsets induces cross-presentation and stimulation of CD8+ T cells [90]. Interestingly,

TLR3, 7, and 9 also induce type I IFNs, which enhance cross-presentation by DCs [91]. The

involvement of TLRs in mediating CD8+ T cell responses to viruses is demonstrated by the

fact that antigen-specific CD8+ T cell responses to the live attenuated yellow fever vaccine

YF-17D, or to lymphocytic choriomeningitis virus [92,93]. Consistent with this`, TLR7 and

9 ligands have been used as vaccine adjuvants to enhance the antigen-specific CD8+ T cell

responses to protein based vaccines[94], and DNA vaccines [95]. Importantly, the “quality”

of the CD8+ T cell response, as measured by the generation of polyfunctional T cells that

secrete IFN-γ, IL-2 and TNF-α, was enhanced with TLR ligands [94,95]. In contrast to these

stimulatory effects of TLRs on cross presentation and the generation of antigen-specific

CD8+ T cell responses, a recent study demonstrated that systemic activation of DCs by

malaria infection, or systemic injection of TLR ligands, resulted in a downregulation of

cross-presentation of exogenous antigens, without hindering presentation of endogenous

antigens [96]. However, as with T-helper cells, the mechanisms by which TLRs regulate the

generation and persistence of long lived memory CD8+ T cells, and effector versus central

memory cells are not known.

Modulating B cell responses with TLRs

Vaccination can induce the production of antibodies for a lifetime, although mechanisms

that remain poorly understood. Although the role of TLRs in modulating T cell responses is

well understood, there is relatively little information about their role in modulating antibody

responses. There is no question that immunization with protein antigen plus TLR ligands

results in robust induction of antigen-specific antibody responses. A recent longitudinal

study of malaria-naive individuals, which examined the development of the antigen-specific

memory B cell responses to candidate malaria vaccines administered with or without CpG
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DNA, showed that CpG enhances the kinetics, magnitude, and longevity of the memory B

cell response [97]. The mechanisms by which TLRs promote antibody responses and B cell

memory are poorly understood. A recent study demonstrates that in mice, in addition to TLR

signaling in DCs, TLR mediated stimulation, directly on B cells is also required for inducing

robust antibody responses [98]. This is consistent with the fact that murine B cells can be

stimulated in vitro by TLR4 and TLR9 ligands to proliferate and secrete antibody[99]. Our

data suggest that mouse naïve B cells express and undergo polyclonal expansion and

differentiation to almost all known TLRs except TLR5 and 8 [100]. Moreover, recent studies

suggest that triggering of TLRs directly on B cells is also required for autoantibody

production [101–104].

As is the case with T cells, little is understood about the role of TLRs in regulating memory

B cell formation and maintenance. In contrast to murine B cells, naïve human B cells do not

express TLR4 or TLR9 and hence do not respond directly to LPS or CpG. However, human

memory B cells in the blood do express TLR9 and respond to CpG DNA [105], and

consistent with this, cross-linking of BCR results in upregulation of TLR9 expression, and

responsiveness to TLR9 ligands [105]. Furthermore, human memory B cells can proliferate

and differentiate into plasma cells in response stimulation with CpG DNA, and consistent

with this, plasma cells secreting antibodies to recall antigens are produced in vivo at levels

proportional to the frequency of specific memory B cells, even several years after antigenic

stimulation [106]. Thus, it was speculated that persistent polyclonal activation of memory B

cells can maintain “serological memory” for a human lifetime [106].

Finally, although it is clear that TLR ligands can stimulate antibody responses, the question

of whether TLR signaling is required for antibody responses was addressed by a recent

study in which wild type and MyD88 and TRIF doubly deficient mice were immunized with

haptenated protein antigens, or protein antigens plus conventional adjuvants such as alum,

monphosophoryl lipid A (MPL), Freunds complete adjuvant (FCA), and incomplete Freunds

adjuvant (IFA). These results demonstrates a lack of requirement for the TLR pathway for

induction of antibody responses [107]. In contrast to this study, other studies show that

MyD88-dependent signaling pathways in B cells are essential for effectively generating

long-term Ab responses and implicate a role for TLR in the formation of long-term humoral

immunity against polyoma virus [108], or in induction of IgG2a/c antibody responses to

influenza virus [108], or induction of haemagglutination inhibition antibody titers to

vaccination against H5N1 influenza vaccine [109].

TLR/TLR cross-talk

In general, innate sensing of microbes and viruses occurs not through a single TLR alone,

but rather by several TLRs, each of which recognize a different component. Although, there

is a considerable understanding of how specific ligands trigger individual TLRs, and the

signaling pathways involved, the question of signals emanating from several TLRs are

integrated to generate a cellular response against the pathogen is poorly understood [6].

Recent work has shown that simultaneous stimulation of human monocyte derived derived

DCs with LPS (TLR4 agonist) and R484 (TLR7 agonist) results in a synergistic increase in

the production of pro-inflammatory cytokines such as IL-12p70, IL-23, IL-6, TNF–α, and
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anti-inflammatory cytokine IL-10, compared to DCs stimulated with individual TLR4 ligand

and TLR7 ligand [110]. TLR/TLR synergy is not specific to TLR4 + TLR7 as similar effects

were seen with different TLR ligand combinations such as TLR3 or TLR4 ligand in

combination with TLR7, TLR8 or TLR9[110–112]. Interestingly, synergy was apparent

when simultaneously stimulating the MyD88-dependent and TRIF-dependent pathways. The

impact of this synergy on adaptive immunity is beginning to be understood; a recent study

demonstrates a synergistic enhancement of the T cell response in mice immunized with TLR

ligands that activate the MyD99 and TRIF-dependent pathways [113].

Even though several studies have shown synergy with different TLR ligands, the molecular

mechanism underlying this synergy remains undefined. One possibility is that activation of

two TLRs simultaneously on DCs might lead to sustained activation of various MAPK and

transcription factors that are critical for the production of pro-inflammatory cytokines.

Studies have shown that stimulation of TLRs leads to activation IRF transcription factors

that can directly regulate the IL-12 transcription [111]. Interestingly, activation of several

TLRs was shown in the case live attenuated yellow fever vaccine-17D [93]. Interestingly,

although absence of MyD88 resulted in greatly diminished Th1 and Tc1 responses, absence

of TLR2 skewed the response more towards the Th1 response suggesting a regulatory role

for these receptors in limiting the response. [93]. Thus, combinatorial activation of multiple

TLRs can either synergize (e.g. TLR3 plus TLR7) [110], or cross regulate each other (e.g.

TLRs 7, 8, 9 plus TLR2) [93]. Clearly, further work is required to understand the

mechanistic basis of such combinatorial activation of TLRs, and the consequences for T and

B cell responses.

Summary

As will be evident from the discussion above, several recent studies have provided important

insights into how TLRs sense pathogens and vaccines program DC activation, to initiate and

fine tune the adaptive immune response. Although it is clear that TLR signaling can program

DCs to stimulate robust T and B cell responses, and tune the quality of such responses,

several important questions remain (Table 1). For example, the extent to which TLRs are

essential for, and regulate the induction and maintenance of long lived T and B cell memory

responses is unknown. Furthermore, if and how TLRs regulate affinity maturation of the

antibody response and the induction of long lived antibody forming plasma cells is not

known. How innate sensing of pathogens or vaccines, via multiple PRRs is integrated to

promote the “right” type of adaptive immunity is scarcely understood. Answers to these

questions will be critical for the rational exploitation of TLRs in designing vaccine adjuvants

that induce long lived T and B cell memory responses, and persistent antibody forming cells

that secrete high affinity neutralizing antibody responses. Furthermore, a major unanswered

question is the extent to which the “rules of TLR biology,” (determined by studying DCs or

macrophages from spleens or lymph nodes) are applicable to other organs such as the

intestine, liver or lung. In this context, a central problem in immunology is how, despite

constant triggering of TLRs by the commensals in the intestine, the immune system does not

become hyperactivated, resulting in overt inflammation and autoimmunity. The solutions to

these problems represent a critical step on the path to designing effective mucosal adjuvants,

and therapeutics measures against organ specific autoimmune diseases. Finally, the question
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of whether persistent chronic infections such as HIV, HCV or TB result in a persistent

triggering of TLRs, and if so, how this would impact the innate and adaptive immune

systems is unknown. Clearly, there is much to keep TLR biologists busy for years to come!
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Figure 1. Modulation of adaptive immune responses by Toll-like receptors (TLRs) and its
adaptor proteins
Activation of distinct TLRs in dendritic cells (DCs) results in the induction of distinct DC

responses and adaptive immunities. In humans, TLRs 7 and 9 are expressed within the ER/

phagolysosomes of pDCs, and signaling via these induces potent IFN-α, and induction of

Th1 responses and cross-presentation of exogenous antigens to stimulate cytotoxic T cell

(CTL) responses. In contrast, myeloid DCs in humans express TLR3 (in ER/phagolysosomal

compartments), or TLR2 (heterodimerized with TLR1 or 6), or TLRs 3,4,5,8 and 11 on the

surface. Stimulation via most TLRs induce potent IL-12p70 and Th1 responses. However,

activation of TLR2 heterodimers (TLR2/1 or TLR2/6) produce relatively little IL-12 (p70)

but robust IL-10, and skews the balance towards the Th0/Th2/T-regulatory phenotype.

Interestingly, each TLR is associated with different adaptor proteins, which mediate distinct

functions. For example, MyD88 signaling induces pro-inflammatory cytokines (IL-12, IL-6,

and tumor necrosis factor) but not type I IFNs, and MyD88 does not upregulate

costimulatory molecules. Signaling via TRIF or TRAM induces type I IFNs and upregulates

costimulatory molecules.
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Figure 2. Regulation of TLR-mediated type I IFN production in plasmacytoid DCs, by mTOR
CpG or viral mediated activation of TLR9 leads to recruitment of MyD88 and TRAF6, and

subsequent phosphorylation of IRF7, which promotes its translocation to the nucleus

resulting in transcriptional activation of type I IFN genes. PI3K-AKT- signaling pathway

activates mTOR which in-turn promotes TLR9-MyD88 complex formation through S6K

phosphorylation and activation. Simultaneously, mTOR-mediated phosphorylation of 4E-BP

results in dissociation of eukaryotic translation initiation factor (eIF)4E which binds to

eIF4G/eIF4A complex and thus initiates more translation of IRF7 mRNA.
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Figure 3.
Programming DCs to induce Th1, Th2, Th17 or T regulatory responses. Signaling via TLR4

induces potent p38 and JNK1/2 MAPK activation which leads to the induction of

interleukin-12 (IL-12) (p70). In contrast, Pam-3-cys, a TLR2/1 ligand, induce enhanced

ERK 1/2 activation, which results in the stabilization of the transcription factor c-Fos that

potently suppresses IL-12(p70) and enhances IL-10, thus favoring a Th2 bias. Interestingly,

triggering DCs through TLR2/6 by zymosan efficiently induces ERK activation, which

mediates induction of Raldh2. This results in the conversion of retinal to retinoic acid (RA),

which then exerts an autocrine effect on DCs via RAR or RXR to induce SOSC3, which

suppresses activation of p38 MAPK and proinflammatory cytokines. In contrast, zymosan
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mediated triggering of dectin-1in DCs promotes induction of proinflammatory cytokines

IL-6 and IL-23 and thus mediates Th17 response.
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Table 1

Some knowledge gaps in understanding how TLRs regulate adaptive immunity

The role of TLRs in regulating the induction and maintenance of CD4+ and CD8+ T cell memory responses

The role of TLRs in regulating the induction and maintenance of the germinal center response, affinity maturation and generation of long lived
antibody forming cells

How signals from multiple TLRs are integrated and the consequence for adaptive immunity

How signals from TLRs are integrated with signals from CLRs, NLRs, and RLRs, and the consequence for adaptive immunity

Organ-specific differences in TLR signaling (e.g. spleen versus intestines versus lung versus liver)

The mechanisms by which constitutive TLR signaling in the intestine are restrained from promoting overt inflammation and autoimmunity

The role of TLRs in regulating immunity to chronic infections. (i.e. the consequences of persistent TLR signaling by persistent chronic
infections).
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