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The molecular mechanisms of TLR-signaling
cooperation in cytokine regulation

Qian Liu and Jeak Ling Ding

Innate immune cells recognize pathogens through pattern recognition receptors (PRRs), and activation of PRRs induces

downstream signaling pathways to mount appropriate immune responses. Pathogens usually carry multiple ligands, which can

simultaneously activate multiple PRRs. The cooperation of multiple PRRs and consequential crosstalk between their downstream

pathways could enhance cytokine expression, which is required for effective immune responses. On the other hand, immune

over-activation could also harm the host if immune homeostasis is not restored. Therefore, it is important to understand the

mechanisms of PRR cooperation during an infection. As the best characterized PRRs, Toll-like receptors (TLRs) have an

important role in pathogen recognition, and crosstalk among TLRs is common. In this review, we provide an update on the

recent findings on the mechanisms of TLR cooperation. We summarize the known mechanisms and provide a future perspective

on TLR crosstalk study, with a caution against the use of multiple TLR ligands as adjuvants in therapeutic strategies.
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INTRODUCTION

The innate immune system senses invading pathogens through pattern
recognition receptors (PRRs), which specifically recognize evolutiona-
rily conserved molecules of pathogens known as pathogen-associated
molecular patterns (PAMPs). Of all PRRs, the Toll-like receptors
(TLRs) are the best characterized. So far, 13 TLRs have been identified:
TLRs 1–9 in both mouse and human, TLR10 only in human, whereas
TLRs 11–13 only in mouse.1 On the basis of their subcellular
localization, TLRs may be divided into two subgroups. One group,
TLRs 1, 2, 4, 5, 6 and 11, reside on the cell plasma membrane and
recognize PAMPs such as lipids, lipoproteins and proteins. The other
group composed of TLRs 3, 7, 8 and 9, are found on the membrane of
intracellular vesicles, for example, endosome, lysosome and endolyso-
some, which mainly recognize nucleic acids.2

After activation, the TLRs mainly signal through two adaptor
proteins, TIR-domain-containing adapter-inducing interferon-β
(TRIF) and myeloid differentiation primary response gene 88
(MyD88). All TLRs, except TLR3, use MyD88 as their adaptor.
TLR3 uses only TRIF as its adaptor. TLR4 recruits both MyD88 and
TRIF as its adaptors. Although both MyD88 and TRIF pathways could
activate NFκB, interferon regulatory factor (IRF) family members and
mitogen-activated protein kinase, they have preferences and distinct
specificities and characteristics. MyD88 activates mainly NFκB family
members and mitogen-activated protein kinase, and it tends to induce
a pro-inflammatory response by producing pro-inflammatory cyto-
kines such as IL6 and IL12. On the other hand, TRIF mainly activates
IRF family members and tends to stimulate an anti-viral response
through the induction of interferon.2

Besides TLRs, three other PRR families, including C-type lectin
receptors (CLRs), retinoic acid-inducible gene (RIG)-I-like receptors
(RLRs) and NOD-like receptors (NLRs), also exert surveillance on
the invading pathogens. Among these PRRs, the CLRs are found on
the cell surface, whereas RLRs and NLRs reside in the cytosol. The
different cellular localization of PRRs enables innate immune cells to
detect pathogens in different cellular compartments.
Pathogens usually carry with them multiple PAMPs, for example,

viruses contain nucleic acids—ssRNA, which activates TLR7/8 and
dsRNA, which activates TLR3. Another example is Mycobacterium
tuberculosis; its lipoarabinomannan, phosphatidylinositol mannosides
and DNA are sensed by TLR2, TLR4 and TLR9, respectively.3 Apart
from the activation of multiple TLRs by one pathogen, in many cases,
polymicrobial infection occurs. Several diseases are becoming increas-
ingly recognized as being attributable to polymicrobial infections, such
as the disease of the oral cavity, diabetic foot wound infections and
chronic infection in the lungs of cystic fibrosis patients.4 Thus
invading microorganisms are likely to interact with several TLRs and
non-TLR PRRs, simultaneously. However, the consequences of
combinatorial activation of PRRs may vary a great deal depending
on different combinations of activated PRRs. For example, the
combined activation of PRRs can lead to complementary, synergistic
and/or antagonistic cytokine production, indicating crosstalk among
the PRRs.
Initial studies on the collaborations between TLRs expressed by

mouse macrophages showed that ligands of TLR3 and TLR9 could
induce the production of more than additive levels of TNF, IL6 and
IL12p40,5 which is known as cytokine synergy. These findings
confirmed that crosstalk between TLRs does exist. Subsequent studies
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showed both gene expression and protein production of TNF, IL1β,
IL10, IL6, IL12 and IL23, which are several fold higher in dendritic
cells (DCs) stimulated with combinatorial TLR ligands compared with
single stimulations.6,7 Some in vivo experiments also support the
notion that TLRs collaborate. For example, Tlr2−/− and Tlr9−/− mice
are more susceptible than their wild-type counterparts to a high dose
of M. tuberculosis challenge.8 In addition, both Tlr3−/− and Tlr9−/−

mice have reduced resistance to murine cytomegalovirus and this
decreased resistance is associated with reduced synthesis of type I IFN
and IL12,9 which would have been produced by the presence of both
TLRs 3 and 9.
Apart from collaboration within the TLR family members, coopera-

tion of TLRs with non-TLR PRRs is more common as they may
respond to different components of a single pathogen or to the same
single component of a pathogen. For example, both TLRs and RLRs,
which are positioned at different cellular locations, can recognize viral
RNAs.3 Both TLR2 and some CLRs recognize fungal components such
as glucan and mannose.10 In addition, a large body of evidence has
shown the collaboration of TLR2, NOD1 and NOD2 in synergizing
the production of TNF and IL12p40, which is likely due to the
breakdown products of bacterial peptidoglycans, recognized by TLR2.
These resulting peptidoglycan products act as ligands, which activate
NOD1 and NOD2.11–14 Thus, it is common for TLRs to cooperate
with other PRRs in pathogen recognition, resulting in collaborative
immune defense.
Cytokine synergy induced by PRR cooperation has a critical role in

immune response. On one hand, insufficient cytokine production may
hamper appropriate levels of immune responses to pathogen infection.
This is especially profound in age-dependent dysregulation of the
immune system, where impaired TLR signaling fails to mount
sufficient immune responses to fight infections.15–18 On the other
hand, uncontrolled cytokine synergy can be lethal and is associated
with various diseases such as septic shock, chronic inflammatory and
autoimmune diseases.19,20 Thus an understanding of PRR collaboration
mechanism is very important, as the amount of cytokines produced
and the magnitude and quality of innate immune response, to a large
extent, depends on the coordinated sum of multiple PRR signals.
The phenomenon of PRR crosstalk and the mechanisms of

collaboration between TLR and other PRRs have been studied and
summarized repeatedly.3,21 However, the mechanism of crosstalk
among TLRs has not yet been reviewed. As the most well characterized
and most common family of PRRs, the mechanisms of TLR
cooperation under pathogen infection condition deserve a thorough
consolidation. In this review, we summarize and discuss the emerging
findings of the mechanisms behind TLR collaboration to provide
perspectives for the future study of TLR crosstalk.

THE MECHANISMS OF TLR-SIGNALING COOPERATION

The collaboration of MyD88 and TRIF pathways
It has been reported that the activation of both MyD88 and TRIF
pathways is required for TLR activation. In both mouse and human
DCs, cytokines such as IL12p70, IL6 and TNF are produced at
synergistic levels when certain MyD88-associated TLRs are activated
together with TRIF-associated TLRs.7 When mouse bone marrow-
derived DCs from TRIF- or MyD88-knockout mouse were mixed
together and stimulated with CpG+Poly (I:C) or LPS+Gardiquimod,
no synergy was observed, indicating the collaboration of MyD88 and
TRIF pathways at a single cell-type level.22 Similarly in macrophages
and monocytes, both MyD88 and TRIF are required for cytokine
synergy and combinatorial stimulation with only MyD88-associated
TLRs will cause tolerance.23–25

Activation of multiple signaling pathways might be responsible for
cytokine synergy induced by TLR cooperation
A global microarray analysis of mouse macrophage cell line, RAW
264.7, stimulated with CpG ODN and/or poly (I:C) revealed that
cytokine synergy accelerates gene expression and is characterized by
persistent activation of one or more regulatory pathways, resulting in a
prolonged signaling cascade that increases, magnifies and diversifies
gene expression.26 Another global kinome analysis of chicken mono-
cytes stimulated with CpG and/or poly (I:C) also showed that
combinatorial stimulation could affect multiple pathways uniquely,
for example, calcium signaling pathway, endocytosis and adipocyto-
kine signaling pathways.27 In this study, the researchers also revealed,
by protein inhibitors, that the synergistic production of NO requires
calcium signaling pathway protein, CaM and CaMK2.27

Other studies on signaling pathways that contribute to synergy
mainly focused on several key signaling pathways downstream of
TLRs, including mitogen-activated protein kinase, NFκB and PI3K. In
both human and mouse DCs, inhibitors of NFκB, JNK, p38, cJun and
ERK signaling7,28–30 all caused impairment of cytokine synergy,
indicating the association of these signaling pathways with cytokine
synergy. Interestingly, the contribution of each pathway in synergy is
gene-dependent. JNK and ERK pathways mainly affect the synergistic
production of TNF, IL6 and IL12p40, whereas p38 mainly affects
IL12p70.29–31 This is not surprising, as cytokine genes are usually
regulated by different sets of transcription factors induced by different
signaling pathways. In mouse macrophages, sustained ERK phosphor-
ylation has been reported to be concordant with synergy after
TLR3 and TLR7 co-stimulation, and inhibition of JNK reduces the
synergistic production of TNF upon TLR4 and TLR9 activations.32,33

In addition, the peak of expression of IκBζ mRNA, which is required
for driving the expression of several cytokine genes, was prolonged
when DCs were stimulated by synergistic TLR combinations such as
TLR4+TLR7 or TLR3+TLR7, indicating the involvement of IκBζ
signaling in cytokine synergy.7 Therefore, multiple signaling pathways
are responsible for cytokine synergy induced by TLR cooperation.
Indeed, combinatorial TLR activation results in stronger and

broader changes in gene expression. Activation of multiple pathways
is required to induce such significant changes. More importantly,
activation of multiple pathways should occur at the right timing,
which is supported by the observation that poly (I:C) priming exerts
more significant cytokine synergy.23 This might be due to an assembly
of a competent transcriptional regulatory complex, which requires the
cooperation of transcription factors activated by different signaling
pathways at the right point in time. This phenomenon will be further
discussed in the next section.

TLR signaling cooperate at the transcriptional level
Interaction of multiple signaling pathways transmits signals to the
nucleus, resulting in the activation of numerous transcription factors.
The activation of various transcription factors upon infection suggests
a simple model in which a given gene is activated by a defined set of
transcription factors that binds to the DNA motif of the gene
promoter.34 In this model, transcription of the given gene is enhanced
synergistically, probably by binding of the transcription factors
cooperatively on its promoter and forming a three-dimensional
structure suitable for the recruitment of cofactors and chromatin
remodeling complex. One example of such a model is the activation of
human IFNB. It is possible that activation of multiple TLRs induces an
appropriate set of transcription factors that augments cytokine
transcription. Indeed, Liu et al.35 recently demonstrated that TLR3
and TLR7 activate different sets of transcription factors, which are all
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required for the maximum cytokine expression. They showed that the
TLR7-MyD88 signaling axis mainly activates JunB and CEBPβ,
whereas TLR3-TRIF pathway mainly activates IRF1. JunB, CEBPβ
and IRF1 are all required for cytokine expression, and simultaneous
activation of both TLR7-MyD88 and TLR3-TRIF pathways synchro-
nize and sustain the activation of these three core transcription factors,
leading to cytokine synergy.35 Thus, TLRs could directly cooperate
with each other by activating different sets of transcription factors,
which are required for the expression of synergistic levels of cytokines.
This phenomenon is illustrated in Figure 1. Tan et al.23 showed that
pretreatment with poly (I:C) followed by R848 treatment enhances
cytokine synergy, and a time window of 8 h between the two PAMP
treatments exerted strongest synergy effect compared with 0 and 24 h
intervals. This might be explained by the assembly of an optimal set of
transcription factors required for cytokine gene expression. An 8-h
duration of pretreatment with poly (I:C) might prepare IRF1 to be on
standby before R848-induced CEBPβ and JunB are recruited to
cooperate in cytokine transcription. Thus the crosstalk of TLRs is
subject to the time and order of PAMP treatments, which might
contribute to innate immune memory against sequential pathogen
infection.
The transcription factor, IRF5, has also been shown to be involved

in cytokine synergy in mouse macrophages under the stimulation of
TRIF- and MyD88-activating ligands.13 Peritoneal macrophages from
IRF5 knockout mice exhibited a severe defect in the production of
IL-12p40 in response to stimulation with a combination of poly (I:C)
and CpG-DNA or LPS and CpG-DNA, whereas IRF3 knockout
macrophages exhibited an almost normal response. This is also true
in vivo. When poly (I:C) and CpG were administered intraperitoneally,
the high levels of production of IL12p40 and IL6 were impaired in
IRF5 knockout mouse compared with their wild-type counterparts.
Apparently, IRF5 is needed for cytokine synergy under combinatorial
stimulation. However, the authors did not describe how MyD88 and
TRIF might contribute to IRF5 induction, and neither was there any
clarification on whether IRF5 regulates cytokine expression in a direct
or indirect manner. In future, it would be interesting to test the IRF5

expression under either MyD88- and/or TRIF-activated conditions to
analyze the individual and combined contributions of these two
pathways on IRF5 activation. It would also be interesting to perform
ChIP with IRF5 antibody to check whether IRF5 binds directly to the
cytokine promoter. Such studies will enlighten us on how IRF5 has a
role in MyD88–TRIF crosstalk during infection.

The role of autocrine interferons in TLR cooperation
On the basis of the notion that a TRIF-dependent TLR is essential for
cytokine synergy, one postulate was raised that IFN produced by the
TRIF pathway might selectively enhance the cytokine production, as
the TRIF pathway is more specialized in type I interferon production
than the MyD88 pathway. Thus, some research groups have studied
the involvement of IFN in cytokine synergy in DCs. However,
controversial views have emerged from different research groups.
Synergistic production of IL12 induced by CpG+poly (I:C) or R848
+poly (I:C) or R848+LPS is abolished in DCs from IFNAR knockout
mouse compared with that of the wild type.6,22 However, in
both human and mouse DCs, blocking type I IFN with either
IFN-neutralizing antibody or IFNAR2-blocking antibody, or adding
type I IFN barely changed the level of IL12 production under
synergistic activation of TLRs.6,7,22,28,29 This controversy might be a
result of different cell culture conditions and experimental methods.
IFNAR knockout might completely block the type I IFN autocrine
pathways, whereas other methods of study showed only partially
blocked pathway without exerting a significant effect. It could also
imply that endogenous IFN is the ‘synergy factor,’ or, that IFNAR
might have the additional synergy role besides sensing IFN in DCs.
Interestingly, the autocrine effect of IFN is unlikely to be the basis of
the synergistic production of other proinflammatory cytokines such as
IL6 and IL12p40, because neither IFNAR knockout nor neutralization,
or adding type I IFN have any significant effect on their expression
level under combinatorial TLR activation.6,7,22–24,28,29 This is probably
due to the lack of interferon-sensitive response element on the
promoter region of these cytokine genes. However, the TRIF pathway
may still contribute through other type I IFN-independent manner to
cooperate with MyD88 to synergize cytokine expression. This possi-
bility needs to be examined in future.
Despite the abundance of findings in signaling pathways and

transcription regulation, definitive evidence on TLR cooperation
mechanisms is still lacking, and yet TLR pathway crosstalk has vital
implications on the immune response, immune over-activation and
the fine balance between these two forces for consequential restoration
of homeostasis. It is important to note that TLR cooperation
mechanisms are highly cell-type-specific and gene-dependent. For
example, DCs and macrophages produce different repertoire of
cytokines. Activated DCs produce a large amount of IL12, which is
composed of IL12p35 and IL12p40, to mount effective adaptive
immune response, whereas macrophages induce mainly IL12p40 but
not IL12p35. Thus, the mechanism of TLR-induced cytokine synergy
could be different in different cell types. In addition even in the same
DC cell, the synergistic production of IL12p35, which possesses
interferon-sensitive response element in its promoter, is regulated
differently from IL12p40. Thus the mechanism of TLR cooperation in
regulating cytokine expression may need to be investigated on a case-
by-case basis and the findings carefully considered under different cell
context.

CONCLUSIONS AND FUTURE PERSPECTIVES

It is becoming clearer that TLRs do not work alone in the recognition
of invading pathogens. They network with each other to mount

Figure 1 TLRs cooperate directly at the transcription level. Upon activation
of TLR7 and TLR3, the MyD88 pathway activates CEBPβ and JunB, and the
TRIF pathway induces IRF1. CEBPβ, JunB and IRF1 are all required for
maximum pro-inflammatory cytokine gene expression. Combinatorial TLR
activation synchronizes the activation of necessary transcription factors and
provides an optimal condition for cytokine expression.
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appropriate wave(s) of immune responses. TLRs crosstalk mainly
through MyD88- and TRIF-induced signaling pathways and their
downstream transcription regulators. In addition, signaling pathways
induced by autocrine cytokines also have indispensable roles, and
multiple signaling pathways such as those regulated by mitogen-
activated protein kinase and NFκB are involved.
TLR crosstalk has an important role in maintaining immune

homeostasis. In many cases, TLR crosstalk is required for mounting
an appropriate level of immune response against pathogen invasion.
This is of particular importance in the aged population. Aged mice
express lower levels of TLRs on their macrophages, and cytokine
production is also impaired.15 In humans, TLR1/2 signaling is
diminished in peripheral blood monocytes from the elderly.36 These
TLR-associated immune impairment may contribute to the enhanced
susceptibility to bacterial, yeast and viral infections and poor
adaptive immune responses in the aging population. On the other
hand, uncontrolled TLR crosstalk, which results in immune-over-
activation, may hamper immune homeostasis. Numerous studies have
revealed the involvement of multiple TLRs, such as TLR 3, 7, 8, 9 in
autoimmune diseases such as systemic lupus erythematosus (SLE).37

Dysregulation of cytokines IL12 and IL6 was reported to contribute to
SLE pathogenesis, plausibly related to the abnormality in TLR
signaling.20,38 Thus TLRs and their crosstalk are crucial in maintaining
homeostasis and mounting efficient immune reponses. As TLRs and
other non-TLR PRRs recognize different components of a single
pathogen or even the same component of a pathogen at different
cellular localizations, TLRs could collaborate with other non-TLR
PRRs (for example, RLRs, NLRs and CLRs). An example of TLR and
RLR crosstalk may be illustrated with the West Nile virus infection.
RLRs, which recognize virus nucleic acid, is essential for sensing West
Nile virus infection and for the initial triggering of intracellular innate
immune response. TLRs 3 and 7, which are localized at different
subcellular compartments also sense nucleic acids, and serve a
secondary role to drive specific cytokine production leading to the
regulation of the adaptive immune response and programming of cell-
mediated immunity.39,40 Another example may be taken from how
both TLR2 and some CLRs recognize fungal components such as
glucan and mannose, thus collaborating in fungal infection. A large
body of evidence has also shown the collaboration of TLR2 and NLRs
(NOD1 and NOD2) in synergizing the production of TNF and
IL12p40 upon bacterial invasion. This is likely due to the bacterial
peptidoglycans, which are recognized by TLR2. Furthermore, the
breakdown product of bacterial peptidoglycans act as ligands for
NOD1 and NOD2.11–14 Conceivably, multiple PRRs form many layers
of surveillance against the invading pathogens to ensure secure and
complete recognition of microbial PAMPs, resulting in the induction
of appropriate levels of defense signaling for efficient removal of the
pathogens. Notably, researchers need to be very cautious when
evaluating the effect of TLR cooperation in cytokine expression.
Importantly, the crosstalk between TLRs and other PRRs cannot be
ignored, as this phenomenon leads to cytokine synergy and/or
antagonism, which have pathophysiological implications on immune
response and homeostasis. This is especially pertinent to the use of
multiple TLR ligands as adjuvants in therapeutic strategies. The
potential amplification of the effects of these ligands on other PRRs
should be taken into account.
Considering the complexity of PRR network, it would be rather

myopic to just focus on TLRs (and other non-TLR PRRs), and search
for specific genes, proteins and signaling pathways involved for
understanding the mechanism of TLR crosstalk. It is also necessary
to understand the whole PRR signaling crosstalk from a systems

perspective, taking into account all the participating PRRs as well as
other cellular components. Thus systems biology approach may be
employed to computationally model the signaling networks in future.
Efforts have been made on quantitative modeling of TLRs, mainly
TLR3 and TLR4 pathways,41,42 to elucidate various aspects of TLR
signaling. However, none of these models took into account the
dynamic crosstalk between the different TLR pathways. A model
reflecting the interaction of multiple PRR crosstalk is lacking, and
information from such a model would be excellent to provide future
directions in the study of TLR cooperation as well as other PRR
crosstalk without overlooking any component of the PRR-mediated
pathways. Knowledge on the networking principles of PRRs, and the
predicted and testable pathways could help us understand the sentinels
of frontline immune defense and pathogenesis, and provide us with
clues to control infection-inflammation-mediated diseases. Such an
effort is ongoing collaboratively among empirical and computational
experts.43
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