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Historical Background

Myeloid differentiation primary response gene
88 (MyD88) was originally discovered and cloned
by Liebermann and Hoffman in 1990 as one of the
12 different mRNA transcripts that were induced
in M1 myeloblastic leukemia cells upon activa-
tion with lung-conditioned medium or recombi-
nant interleukin (IL)-6 (Lord et al. 1990). The
“MyD” portion of the name stands for myeloid
differentiation, while “88” refers to the gene num-
ber in the list of induced genes (Lord et al. 1990).
At the time of its discovery, the MyD88 sequence
showed no homology with other sequences avail-
able in the databases and contained no recogniz-
able protein motifs. In 1994, the C-terminal
portion of MyD88 was found to be similar to a
conserved stretch of approximately 200 amino
acids in the intracellular regions of theDrosophila
Toll receptor and the mammalian interleukin-1
receptor (IL-1R) (Hultmark 1994), and was thus
referred to as the TLR (Toll-like receptor)- and
IL-1R-related (TIR) domain. The N-terminal por-
tion of MyD88 encodes the death domain

(DD) (Feinstein et al. 1995) that was originally
identified in apoptosis-promoting proteins. By
1997, the function of MyD88 had been deter-
mined. Specifically, MyD88 was first shown to
be involved in type 1 interleukin-1 receptor
(IL-1R1) signaling and subsequently in all TLRs
(Hultmark 1994) signaling except for TLR3
responses and ▶TLR4-mediated late responses.
The MyD88 adaptor protein links members of the
TLR and IL-1R superfamily to the downstream
activation of nuclear factor-kB (▶NF-kB)
and mitogen-activated protein kinases (MAPKs).
Although originally identified as a myeloid-
differentiation marker, MyD88 is known to play
an essential role in the innate immune response
of insects and mammals. The generation of
MyD88-deficient mice as well as the identifica-
tion of MyD88-related proteins and regulators of
MyD88 signaling have revealed new and impor-
tant insights into the functions of MyD88
(Janssens and Beyaert 2002).

MyD88 Localization and Structure

MyD88 is a 296 amino acid cytoplasmic adaptor
protein that relays signals from IL-1, IL-18, IFNg,
IL-33, and most TLRs. MyD88 transcript is
detected in most tissues including the heart,
brain, spleen, lung, liver, muscle, kidney, and
testis, as well as in the T, B, and myeloid cell
lines. MyD88 is localized in distinct condensed
particles that is scattered throughout the cyto-
plasm, reportedly in organelles yet to be identified
(Nishiya et al. 2007).

MyD88 has a clear-cut modular structure com-
posed of three main domains that are encoded by
five exons (Hardiman et al. 1997). The first exon
encodes the N-terminal DD, which mediates
downstream interactions with the IRAK family
of kinases. Exon 2 encodes the short linker ID,
while the last three exons encode the C-terminal
TIR domain, which mediates the interaction of
MyD88 with other TIR domain receptors. The
N-terminal DD is related to a motif that was orig-
inally defined as the region of similarity between
the cytoplasmic tails of the FAS/Apol/CD95 and
TNF (tumor necrosis factor) receptors that is
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required for cytotoxic signaling by the so-called
death receptors (Tartaglia et al. 1993). Con-
versely, the MyD88 C-terminal TIR domain is
homologous with the cytoplasmic signaling
regions of the Drosophila Toll receptor and the
IL-1 receptor complex. To date, the entire struc-
ture of MyD88 has not been solved. However, the
crystal structure of the MyD88 DD in complex
with DDs of IRAK4 (interleukin-1 receptor asso-
ciated kinase 4)-IRAK2 (PDB ID: 3MOP) was
solved in vitro in the absence of MyD88 TIR
domain and of TLRs (Lin et al. 2010). Recently
another group has proposed a hexamer helical
model showing MyD88 TIR interactions
(Vyncke et al. 2016). They modeled the interac-
tion surface of MyD88 TIR domain with full-
length MyD88 or with homologous domain of
TLR4 and Mal (MyD88-adaptor like protein)/
TIRAP (TIR domain containing adaptor protein)
using site-directed mutagenesis and in vivo bio-
chemical techniques. This study identified the
presence of four important binding sites
(BS I-IV) in the MyD88 TIR domain, thus pro-
viding a clear picture of the TIR domain dimer-
ization complementing the previously proposed
Myddosome complex. The NMR solution struc-
tures of the TIR domain of MyD88 (PDB ID:
2Z5V and 2JS7) were solved by two independent
research groups (Ohnishi et al. 2009). The entire
structure of MyD88 is depicted in Fig. 1.

The importance of the MyD88 DD is that it
interacts with IRAKs, including IRAK1, IRAK2,
IRAK4, and IRAK-M (IL-1R-associated kinase
M), which are characterized by an N-terminal
DD and a carboxy-terminal Ser/Thr kinase or
kinase-like domain. The ensuing pathway eventu-
ally activates transcription factors NF-kB, activa-
tor protein (AP)-1, and interferon regulatory
factors (IRFs) to elicit antipathogen responses
and inflammation (Akira et al. 2006). The crystal
structure of the DD of MyD88 consists of six
helices (H1–H6) with a short H3 and an extraor-
dinarily long H6 from residue 99 to the end of the
construct at residue 117, which includes part of
the ID (residues 110–154). For the loop regions,
MyD88 has the longest H1–H2 loop, shortest
H3–H4 loop, and longest H4–H5 loop (Lin et al.
2010). The MyD88 DD structure explains the

disruptive phenotypes of mutations DE52 and
L93P in children suffering from life-threatening
pyogenic bacterial infections (von Bernuth et al.
2008). Structure-based mutagenesis studies iden-
tified critical residues of MyD88 DD (V43, A44,
E52, Y58, I61, and R62). In particular, E52 and
Y58 were found to be involved in IRAK4 recruit-
ment and NF-kB signaling (Loiarro et al. 2009).

Following the MyD88 DD is an ID. Alterna-
tive splicing of MyD88 results in a variant that
lacks the ID – MyD88 short (MyD88s), which is
only expressed in the spleen and brain. When
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MyD88 (Myeloid Differentiation Primary Response
Gene 88), Fig. 1 Representation of protein domains
found in the MyD88 adaptor protein. (a) Schematic repre-
sentation of MyD88 protein domains. MyD88 contains a
Toll/interleukin-1 receptor (TIR) domain, an intermediary
domain (ID), and a death domain (DD). The N-terminal
(N) DD is shown in aquamarine color, ID is shown in red
color, and the C-terminal (C) TIR domain is represented by
khaki color. (b) Ribbon representation of the entire struc-
ture of MyD88, where the N-terminal DD represents the
crystal structure solved by Lin et al. (Lin et al. 2010) and
the C-terminal TIR domain represents the NMR solution
structure solved by Ohnishi et al. (Ohnishi et al. 2009). The
ID domain shown is the modeled structure generated using
the MOE program (Molecular Operating Environment:
http://www.chemcomp.com/software.htm)
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overexpressed in HEK293 cells, MyD88s is able
to bind IRAK, but it does not activate NF-kB
because it cannot induce IRAK phosphorylation.
Hence, it has been suggested thatMyD88 ID plays
a potent role in the differential activation of dis-
tinct (NF-kB versus JNK-dependent) transcrip-
tional programs (Janssens et al. 2003). Another
group designed a peptide from the ID (INT pep-
tide) and showed that it inhibited MyD88-
dependent TLR receptors and IL-1R. INT peptide
binding to IRAK4 highlights the importance of ID
in MyD88 signaling as well as interaction with
IRAK4 (Avbelj et al. 2011).

The C-terminal portion of MyD88 contains a
TIR domain that mediates homo- and heterotypic
protein interactions during signal transduction.
The NMR solution structure of the MyD88 TIR
domain (residues 157–296) identified by Ohnishi
et al. comprised a central five-stranded parallel
b-sheet (bA-bE) surrounded by four a-helices
(aA-aC and aE) (Ohnishi et al. 2009). Rossi
et al. also released the solution structure of the
TIR domain of human MyD88 in the Protein Data
Bank (PDB). The overall folding was identical to
that reported by Ohnishi, despite minor differ-
ences. At high concentrations in NMR experi-
ments, MyD88-TIR was found to reside in a
monomeric state suggesting that the isolated TIR
domain hardly forms oligomeric complexes
in vitro. However, recent study proposed that the
formation of in vitro MyD88 TIR complex could
be possible by S244D or L252P mutations and by
extending the TIR domain with C-terminal resi-
dues of the ID (Vyncke et al. 2016). The DD
including the ID of MyD88 existed in a dimeric
state. Therefore, the reported MyD88 dimerization
was likelymediated byDD+ ID and not by the TIR
domain. TIR domains in TLRs, IL receptors, and
the adaptors MyD88 and Mal contain three con-
served boxes (boxes 1, 2, and 3), which are
required for signaling (Li et al. 2005). A mutagen-
esis study conducted by Jiang et al. in conjunction
with previous docking studies revealed that the BB
loop and Poc site (I179N) in the TIR domain are
critical for responses to most TLR ligands and for
all other MyD88-dependent TIR signaling events
(Jiang et al. 2006).

Universal Role of MyD88 in Signaling

A great deal has been learnt about the role of
MyD88 in signaling pathways. In terms of signal-
ing, the situation regarding MyD88 has become
more complex. MyD88 is considered to be a crit-
ical component in the signaling cascades medi-
ated by most TLRs, IL-1R, IL-18R, IFNg, and
IL-33 (Muzio et al. 1997; Wesche et al. 1997;
Burns et al. 1998; Medzhitov et al. 1998; Kakkar
and Lee 2008) (Fig. 2).

MyD88 adaptor protein links members of the
TLR and IL-1R superfamily to the downstream
activation of NF-kB and MAPKs. The extracellu-
lar domains of the TLRs and IL-1Rs are divergent;
however, their intracellular domains share a
high degree of similarity and activate similar sig-
naling cascades upon stimulation. It is generally
accepted that MyD88 is recruited to all members
of the TLR/IL-1R family. The signaling in IL-1R
and TLRs is initiated by the direct recruitment of
MyD88 to the activated receptor complex. How-
ever, in the case of TLR2 and 4 signaling, a
bridging adaptor, Mal, is required for MyD88
recruitment. Members of the IRAK family are
recruited immediately downstream of MyD88.
IRAK4 appears to be the MyD88-proximal
kinase, which in turn recruits IRAK1. IRAK2
can also be found in the MyD88 complex
(although this has only been shown when
IRAK2 is overexpressed). A key downstream tar-
get for IRAK1 is believed to be TNF-receptor-
associated factor 6 (▶TRAF6) which, through
the recruitment of transforming-growth-factor-
b-activated kinase 1 (TAK1) and TAK1-binding
protein 2 (TAB2), and the ubiquitylating factors,
ubiquitin-conjugating enzyme E2 variant 1 iso-
form A (UEV1A) and ubiquitin-conjugating
enzyme 13 (UBC13), ultimately engages with
the upstream kinases for p38 and JNK and with
the inhibitor of NF-kB kinase (IKK) complex,
leading to NF-kB activation.

In addition to the MyD88 pathway, which
results in NF-kB translocation, there is a cell-
specific pathway that is required for the induction
of type I IFNs by TLR7, 8, and 9. MyD88 has also
been shown to be essential for the activation of
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MyD88 (Myeloid Differentiation Primary Response
Gene 88), Fig. 2 Overview of MyD88-dependent signal-
ing pathways. The MyD88-dependent signaling pathway is
utilized by all TLRs (with the exception of TLR3 and certain
signals of TLR4), IL-1R, IL-18R, and IL-33. As the name
suggests, the adaptor molecule, MyD88 is the key mediator
of this pathway, and its main role is the activation of NF-kB
(a hallmark of MyD88 signaling). MyD88 possesses its own
C-terminal TIR domain, which drives the heterodimerization

of the adaptor with the activated receptor. The N-terminal
DD of MyD88 then recruits the IRAK1 and IRAK4 kinases.
IRAK4 phosphorylates and activates IRAK1, which in turn
initiates autophosphorylation and recruits TRAF6. TRAF6
together with IRAK dissociates from the activated receptor
and binds to the preformed complex of TAK1/TAB1/TAB2.
TAK1 is a MAP3K involved in the activation of IkB kinase
(IKK). Activation of IKK appears to require atypical poly-
ubiquitination. The TRAF6/TAK1/TAB1/TAB2 complex
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IRF7 by these TLRs, which leads to IFNa pro-
duction (Honda et al. 2005). Furthermore, a com-
plex comprising MyD88, IRAK1, IRAK4,
TRAF6, and IRF7 has been detected, with IRF7
being phosphorylated by IRAK1. This phosphor-
ylation appears to be a key signaling event of
IRAK1 in TLR7, 8, and 9 signaling, as the IRF7
response is totally abolished in IRAK1-deficient
cells, whereas NF-kB activation is only partially
impaired (Uematsu et al. 2005). In the case of
▶TLR9, IRF7 activation seems to require a stable
interaction between MyD88 and the TIR domain
of TLR9, which occurs on the cytosolic side of
endosomes (Honda et al. 2005). These studies
have expanded our understanding on the role of
MyD88 in signaling during the host defense
response.

MyD88 also interacts with ▶ IRF5 and IRF1
and is required for the activation of these IRFs.
IRF5 was found to be crucial for the induction of
proinflammatory cytokines and type I IFNs by all
TLRs tested (Takaoka et al. 2005). The associa-
tion of MyD88 with IRF1 appears to be required
for the translocation of IRF1 to the nucleus in
myeloid DCs, and IRF1 is required for the induc-
tion of several TLR-dependent genes in these
cells. IFNg is required to induce IRF1, which
might be the basis for the priming effect of IFNg
on TLR action. Another intriguing link to the
IFNg system is the reported association between
MyD88 and IFNg receptor 1 (IFNgR1) (Sun and
Ding 2006). MyD88 recruits mixed-lineage
kinase 3 (MLK3) downstream of IFNgR1, which

in turn activates p38. Therefore, an alternative
signaling pathway for MyD88 that does not
involve TIR-domain-containing receptors has
been revealed.

Involvement of MyD88 in IL-33 signaling has
been proposed (Fig. 3). IL-33 appears to bind a
receptor complex composed of ST2L (transmem-
brane bound form of ST2) and IL-1RAcP (IL-1
receptor accessory protein). In general, upon acti-
vation of a Toll-like receptor/IL-1-receptor super-
family member, the transmembrane receptor’s
TIR domain dimerizes with the TIR domain of
cytosolic adaptor molecules. The adaptor pro-
teins, MyD88 and the associated protein IRAKs,
activate downstream MAPKs through TRAF6
signaling, which in turn activates AP-1 through
c-Jun N-terminal kinases (JNKs). TRAF6 also
activates the inhibitor of NF-kB kinase (IKK)
complex, leading to the downstream liberation of
active NF-kB from the complex. IL-33 signaling
appears to share many of these properties,
and events downstream of IL-33 stimulation
may include phosphorylation of extracellular
signal-regulated kinase (ERK) 1/2, p38 MAPK,
JNKs, and activation of NF-kB (Kakkar and Lee
2008).

An additional TLR-independent function of
MyD88 was reported in CD95 (also known as
FAS) signaling. CD95 signaling enhances IL-1R1
signaling by redirecting FADD (FAS-associated
death domain) from a complex with MyD88 to
the death domain of CD95, thereby allowing
IL-1R1 to signal through MyD88 (Ma et al. 2004).

��

MyD88 (Myeloid Differentiation Primary Response
Gene 88), Fig. 2 (continued) associates with the hetero-
dimeric ubiquitin-conjugating-enzyme UBC13/UEV1-
A. This results in modification of TRAF6 with the
lysin63-linked polyubiquitin chain, which leads to IKK
activation, IkB phosphorylation, ubiquitination, and deg-
radation. NF-kB released from IkB translocates to the
nucleus and switches on the transcription of a large number
of proinflammatory genes. TAK1 is also responsible for the
activation of p38 and JNKs. MyD88 also couples to IRF5
and IRF1. In the case of TLR2 and 4 signaling, a bridging
adaptor, Mal, is required for MyD88 recruitment. In the
case of TLR7, 8, and 9, the MyD88-IRAK4 pathway also

leads through TRAF6 to the activation of IRF7. Finally,
IFNgR1 can also engage with MyD88, leading to the
activation of p38 through MLK3. MyD88 Myeloid differ-
entiation primary response gene 88, IL-1R Interleukin-1
receptor, NF-kB nuclear factor-kB, IRAK4 IL-1R-
associated kinase 4, TRAF6 tumor-necrosis-factor-
receptor-associated factor 6, TAK1 transforming-growth-
factor-b-activated kinase, TAB1 TAK1 binding protein,
MAP3K mitogen-activated-protein 3 kinase, UEV1A
ubiquitin-conjugating enzyme E2 variant 1 isoform A,
UBC13 ubiquitin-conjugating enzyme 13, IFNgR1
interferon-g-receptor 1, MLK3 mixed-lineage kinase 3
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Antagonists of MyD88 Signaling

Although positive regulation of NF-kB, AP1, and
IRFs via MyD88-dependent signaling has been
extensively studied, recent studies have begun to
unravel how these pathways are negatively regu-
lated. Few molecules that have been shown to
negatively regulate MyD88-dependent signaling
include MyD88s, transforming growth factor-b
(TGF-b), IRAK-M, SIGIRR (single immunoglob-
ulin IL-1-receptor-related molecule), and ST2L
(Fig. 4).

MyD88s, an alternatively spliced variant form
of MyD88 that lacks the ID, is induced in mono-
cytes following stimulation with LPS (lipopoly-
saccharide). Overexpression of MyD88s inhibits
IL-1- and LPS-induced NF-kB activation, but not
TNF-induced NF-kB activation (Janssens and
Beyaert 2002). The mechanism of inhibition has
been elucidated and shown to involve altered
interactions in the downstream signaling pathway.
Overexpression of MyD88s favors formation

of MyD88s-MyD88 heterodimers, which are
recruited to the receptor in favor of full-length
MyD88 homodimers; however, the mechanism
responsible for this process is not clear. In the
presence of MyD88s-MyD88 heterodimers,
IRAK1 was still recruited, presumably through a
DD interaction with MyD88s, but was no longer
phosphorylated. IRAK4 causes IRAK1 phosphor-
ylation, and the presence of MyD88 is essential
for this effect. MyD88s inhibits the ability of
IRAK4 to phosphorylate IRAK1 because, unlike
full-length MyD88, MyD88s does not interact
with IRAK4. Although IRAK4 recruitment pri-
marily requires the DD of MyD88, it also requires
the ID for its binding with MyD88; therefore, the
kinase is not recruited to the receptor complex
(Janssens et al. 2003). This indicates that
MyD88s might be involved in a negative-
feedback regulatory mechanism to control exces-
sive TLR-mediated signaling. Although MyD88s
is inhibitory with respect to NF-kB signaling,
overexpression of this adaptor still activates

Intracelluar

Caspase-1
Pro IL-33

IL-33

IL-1 RAcP

ST2L

Adaptor Protein
Mal/Myd88 IRAK1/IRAK4

TRAF6ERK

TAK1/TAB1

JNK

AP-1
P38 IKK

NF-κB

Nucleus

MyD88 (Myeloid Differentiation Primary Response
Gene 88), Fig. 3 A model for IL-33/ST2 signaling.
MyD88-dependent pathway of Toll-like receptor signaling
involves TIR dimerization between the receptor and the
Mal. Recruitment of MyD88 and downstream activation of
TRAF6 via IRAK proteins results in TRAF6-mediated
activation of the IKK complex and liberation of NF-kB
from the complex. Free NF-kB is then able to bind DNA
and act as a gene transcription regulator. IL-33 signaling
appears to share many of these properties, and events
downstream of IL-33 stimulation may include phosphory-
lation of ERK 1/2, p38MAPK, and JNKs and activation of

NF-kB. IL-33 binds to its receptor complex, which is
composed of ST2L and IL-1RAcP. Subsequent sequester-
ing of the adaptor proteins, MyD88 and Mal, results in
modulation of IRAK-mediated TRAF6 activation and sub-
sequent MAPK and IKK/NF-kB activation. The nature of
this modulation of NF-kB activity by IL-33 is complex.
MyD88 Myeloid differentiation primary response gene
88, IL-33 Interleukin-33 receptor, NF-kB nuclear factor-k
B, IKK inhibitor of NF-kB kinase, IRAK IL-1R-associated
kinase, TRAF6 tumor-necrosis-factor-receptor-associated
factor 6, MAPK mitogen-activated-protein kinase,
IL-1RAcP Interleukin-1 receptor accessory protein

MyD88 (Myeloid Differentiation Primary Response Gene 88) 3285

M



transcription factor AP1, implying an important
role for alternative splicing in the fine-tuning of
TLR responses (Janssens et al. 2003).

Another molecule that has been shown to neg-
atively regulate MyD88-dependent signaling is
TGF-b. Naiki et al. showed that TGF-b blocked
NF-kB activation and cytokine production in
response to TLR2, 4, and 5 ligands by decreasing
MyD88 protein, but not mRNA levels (Naiki
et al. 2005). TGF-b was found to cause the
ubiquitination of MyD88 and an observed
decrease in MyD88 protein levels. Furthermore,
a protease inhibitor was found to abolish
this effect, suggesting that TGF-b causes the

polyubiquitination of MyD88, resulting in its pro-
teasomal degradation.

Another negative regulator of MyD88 signal-
ing is IRAK-M, which is primarily found in cells
of monomyeloic origin such as monocytes and is
induced upon TLR stimulation (Wesche et al.
1999). IRAK-M acts to prevent the dissociation
of IRAK1 and IRAK4, which results in IRAK1
inability to interact with TRAF6 and therefore
unable to induce a signaling cascade. IRAK-M
deficient cells exhibited increased cytokine pro-
duction and bacterial challenge upon TLR/IL-1
stimulation.

Another important negative regulatory mecha-
nism for MyD88-dependent signaling involves
the transmembrane proteins, ST2L and SIGIRR
(both members of the TIR superfamily). ST2L
interacts with MyD88 and Mal and sequesters
MyD88-dependent NF-kB activation by TLR2,
4, and 9 signaling pathways (Brint et al. 2004).
SIGIRR binds to TLR4 and IRAK and terminates
the downstream TLR signaling pathways (Wald
et al. 2003). These findings indicate that MyD88
serves as an important point of control for signal-
ing through various receptors.

Multiple Roles of MyD88

Studies conducted in the past few years have
firmly established the central role of MyD88
adaptor in inflammation and immunity (Fig. 5).
As mentioned above, much of the recent scientific
literature has focused on the role of MyD88 with
respect to TLR signaling leading to the activation
of several signaling cascades including the NF-kB
pathway, resulting in the production of pro-
inflammatory cytokines/chemokines and upregu-
lation of costimulatory and adhesion molecules
involved in both innate and adaptive immune
responses. MyD88 is also essential for transduc-
ing signals from IL-1R family members, includ-
ing IL-1R, IL-18R, and several other receptors.
Furthermore, Andrew et al. identified the role
of MyD88 in the activation of PI-3 kinase signal-
ing in CD4+ T cells, thereby enabling CpG
oligodeoxynucleotide-mediated costimulation
(Gelman et al. 2006).

MyD88 (Myeloid Differentiation Primary Response
Gene 88), Fig. 4 Negative regulation of MyD88-
dependent signaling. MyD88-dependent signaling path-
ways are negatively regulated by several molecules that
are induced by the stimulation of receptors. IRAK-M
inhibits the dissociation of the IRAK1-IRAK4 complex
from the receptor. MyD88s blocks the association of
IRAK4 with MyD88. TGF-b blocks NF-kB activation
and cytokine production in response to TLR2, 4 and
5 ligands by decreasing MyD88 protein. The TIR-domain-
containing receptors, SIGIRR and ST2L, have also been
shown to negatively regulate MyD88-dependent signaling.
IRAK-M IL-1R-associated kinase M; MyD88s MyD88
short, TGF-b transforming growth factor-b, SIGIRR single
immunoglobulin IL-1-receptor-related molecule, ST2L
transmembrane bound form of ST2
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The overall importance of MyD88 is demon-
strated by the results of many studies involving
MyD88-deficient mice. Targeted disruption of the
MyD88 gene results in loss of TLR, IL-1, IL-33,
and IL-18-mediated functions (Adachi et al. 1998).
MyD88-deficient mice have been subjected to
many models of infection, inflammation, and can-
cer (Takeuchi et al. 2000b; Naugler et al. 2007;
Rakoff-NahoumandMedzhitov 2007). The studies

have shown that MyD88 is essential for the inflam-
mation seen in models of airway hyperreactivity,
colitis, APC model of colon cancer and
hepatocarcinoma, and skin carcinogenesis (Araki
et al. 2005; Piggott et al. 2005; Naugler et al. 2007;
Rakoff-Nahoum andMedzhitov 2007; Swann et al.
2008). MyD88 has also been shown to possess
antitumorigenic characteristic in the mouse
model of pancreatic cancer (Ochi et al. 2012).

Ovalbumin model
of Th2

MyD88

Dextran sulfate
model of colitis

Mediating
bacterial LPS-

induced
endothelial NF-kB

activation and
apoptosis

Critical role in host
resistance to microbial

infection as well as adaptice
immunity

APC model of
colon cancer

Protective CNS
host response

Cell-intrinsic role in
LCMV-specific CD8 T

cells

Adaptive immune
response to AAV

gene therapy
vectors

Hepatocarcinoma
model of liver

cancer

Activation of PI-3
kinase signaling in CD4

T cells
Zebrafish embryo

model for the
study of vertebrate
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encephalitis model
of multiple
sclerosis

Central signal for both
host defense response to

many pathogens and
inflammation

Direct role in RAS
signaling, cell-cycle

control and cell
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Adaptor for all TLRs
(except TRL3 and certain

signals of TLR4), IL1,
IL18 and IL33

MyD88 (Myeloid Differentiation Primary Response
Gene 88), Fig. 5 Diverse roles of MyD88. MyD88 is
essential for signaling by IL-1, IL-18, IL-33, and all TLRs
(except TLR3 and certain TLR4 signals) and is a central
signal for many processes involving host defense to infec-
tion, inflammation, and cancer. MyD88 is required for
inflammation in the ovalbumin model of Th2 responses,
the collagen-induced arthritis model of rheumatoid arthritis
(RA), the dextran sulfate model of colitis, the APC model
of colon cancer, a hepatocarcinoma model, and the exper-
imental autoimmune encephalitis model of multiple scle-
rosis (MS). MyD88 plays a potent cell-intrinsic role in
lymphocytic choriomeningitis virus (LCMV)-specific
CD8 T cells, activation of PI-3 kinase signaling in CD4+

T cells, and a direct role in RAS signaling, cell cycle
control, and cell transformation, implicating its role in
tumorigenesis via proinflammatory mechanisms. MyD88
also plays an important role in innate immune signaling
mechanisms during vertebrate embryogenesis in a
zebrafish embryo model. TLR9-MyD88 pathway is
known to be critical for adaptive immune responses to
adeno-associated virus (AAV) gene therapy vectors in
mice. Bovine Mal and MyD88 are essential for mediation
of bacterial LPS-induced endothelial NF-kB activation and
apoptosis. MyD88 also establishes a protective CNS host
response during the early stages of brain abscess develop-
ment, thus exhibiting its central role in the responses of
microglia to PAMPs
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MyD88-deficient mice failed to generate pro-
inflammatory and Th1 responses when stimulated
with TLR ligands (Schnare et al. 2001). Addition-
ally, these mice are highly susceptible to infection
by a wide variety of different pathogens, including
Staphylococcus aureus (Takeuchi et al. 2000a),
Listeria monocytogenes (Seki et al. 2002), Toxo-
plasma gondii (Scanga et al. 2002), andMycobac-
terium tuberculosis (Shi et al. 2003). MyD88-
deficient mice are also highly susceptible to Leish-
mania major infection associated with a polarized
Th2 response (Muraille et al. 2003). An impaired
production of proinflammatory cytokines and host
resistance to acute infection with Trypanosoma
cruzi is conspicuous in mice lacking functional
MyD88 (Campos et al. 2004). MyD88 has gener-
ally been considered to indirectly regulate adaptive
immune responses by controlling inflammatory
cytokine production and antigen (Ag) presentation
in innate immune cells; however, Rahman et al.
identified an unappreciated cell-intrinsic role of
MyD88 in lymphocytic choriomeningitis virus
(LCMV)-specific CD8 T cells (Rahman et al.
2008). Their results demonstrated the importance
of MyD88-dependent signals for supporting the
survival of the cells and sustained accumulation.
MyD88-dependent signaling is also required for
the control of ehrlichial infection via a potent role
in immediate activation of the innate immune sys-
tem and inflammatory cytokine production, as well
as in activation of the adaptive immune system at a
later stage by providing optimal Th1 immune
responses (Koh et al. 2010).

MyD88 contributes to regulation of cell prolif-
eration and differentiation in human adipose
tissue-derived mesenchymal stem cells (hASCs)
(Yu et al. 2008). Astrid et al. demonstrated that the
innate immune response of the developing
embryo involves MyD88-dependent signaling by
utilizing zebrafish embryo as a model for the study
of vertebrate innate immunity (van der Sar et al.
2006). The TLR9-MyD88 pathway has also
been shown to be critical for adaptive immune
responses to adeno-associated virus (AAV) gene
therapy vectors in mice (Zhu et al. 2009). Both
MAVS and MyD88 are known to be essential for
innate immunity, but not cytotoxic T lymphocyte
response against respiratory syncytial virus

(Bhoj et al. 2008), thereby providing an example
of a normal and effective adaptive immune
response in the absence of innate immunity.
Cates et al. demonstrated that bovine Mal and
MyD88 are essential for mediation of bacterial
LPS-induced endothelial NF-kB activation and
apoptosis (Cates et al. 2009). Furthermore,
Tammy et al. showed an essential role enacted
by MyD88 in establishment of a protective CNS
host response during the early stages of brain
abscess development (Esen and Kielian 2006),
thus exhibiting a central role for MyD88 in the
responses of microglia to pathogen-associated
molecular patterns (PAMPs).

Isabelle et al. demonstrated that, in addition to
its role in inflammation, MyD88 played a crucial
direct role in RAS signaling, cell cycle control,
and cell transformation, thus demonstrating its
potent role in tumorigenesis via proinflammatory
mechanisms (Coste et al. 2010). Bettina et al.
showed that both MyD88 and TRIF are non-
redundant signaling pathways involved in early
endotoxin-induced rodent ileus, and that MyD88
is the essential adaptor molecule involved in the
transduction of early TLR4-induced ileus and
inflammatory signaling (Buchholz et al. 2010).
These findings have led to the conclusion that
MyD88 plays a critical role in host resistance to
microbial infection, inflammation, innate and
adaptive immunity, and cancer.

Summary

Numerous reports conducted in the past few years
have established MyD88 as a universal and essen-
tial signaling adaptor molecule that is critical for
an effective immune response against a wide
range of microbial pathogens. MyD88 fulfills
important functions in both innate and adaptive
immunity, inflammation, cancer, and programmed
cell death. However, much remains to be learned
about the in vivo functions of MyD88 in higher
organisms. Future studies should address the pros-
pect of a detailed molecular account of the
MyD88 interactions at the DD, ID, and TIR levels
with receptors and adaptor proteins. Moreover,
the underlying factors involved in MyD88
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direct/indirect (via the use of other adaptors) inter-
action with receptors following ligand stimulation
have yet to be elucidated. Joined efforts among
researchers will help us to understand the molec-
ular mechanisms by which MyD88 functions in
cellular processes. MyD88-related findings have
proven to be fruitful in terms of improving our
knowledge of the molecular basis for innate
immunity, inflammation, and cancer, thus antici-
pating further discoveries in the coming years.

Acknowledgments This work was supported by the
National Research Foundation of Korea (NRF-
2015R1A2A2A09001059).

References

Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H,
Sakagami M, et al. Targeted disruption of the MyD88
gene results in loss of IL-1- and IL-18-mediated func-
tion. Immunity. 1998;9(1):143–50.

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and
innate immunity. Cell. 2006;124(4):783–801.

Araki A, Kanai T, Ishikura T, Makita S, Uraushihara K,
Iiyama R, et al. MyD88-deficient mice develop severe
intestinal inflammation in dextran sodium sulfate coli-
tis. J Gastroenterol. 2005;40(1):16–23.

Avbelj M, Horvat S, Jerala R. The role of intermediary
domain of MyD88 in cell activation and therapeutic
inhibition of TLRs. J Immunol. 2011;187(5):
2394–404.

Bhoj VG, Sun Q, Bhoj EJ, Somers C, Chen X, Torres JP,
et al. MAVS and MyD88 are essential for innate immu-
nity but not cytotoxic T lymphocyte response against
respiratory syncytial virus. Proc Natl Acad Sci USA.
2008;105(37):14046–51.

Brint EK, Xu D, Liu H, Dunne A, McKenzie AN, O'Neill
LA, et al. ST2 is an inhibitor of interleukin 1 receptor
and Toll-like receptor 4 signaling and maintains endo-
toxin tolerance. Nat Immunol. 2004;5(4):373–9.

Buchholz BM, Billiar TR, Bauer AJ. Dominant role of the
MyD88-dependent signaling pathway in mediating
early endotoxin-induced murine ileus. Am J Physiol
Gastrointest Liver Physiol. 2010;299(2):G531–8.

Burns K, Martinon F, Esslinger C, Pahl H, Schneider P,
Bodmer JL, et al. MyD88, an adapter protein involved
in interleukin-1 signaling. J Biol Chem. 1998;273(20):
12203–9.

Campos MA, Closel M, Valente EP, Cardoso JE, Akira S,
Alvarez-Leite JI, et al. Impaired production of pro-
inflammatory cytokines and host resistance to acute
infection with Trypanosoma cruzi in mice lacking func-
tional myeloid differentiation factor 88. J Immunol.
2004;172(3):1711–8.

Cates EA, Connor EE,Mosser DM, Bannerman DD. Func-
tional characterization of bovine TIRAP and MyD88 in
mediating bacterial lipopolysaccharide-induced endo-
thelial NF-kappaB activation and apoptosis. Comp
Immunol Microbiol Infect Dis. 2009;32(6):477–90.

Coste I, Le Corf K, Kfoury A, Hmitou I, Druillennec S,
Hainaut P, et al. Dual function of MyD88 in RAS
signaling and inflammation, leading to mouse and
human cell transformation. J Clin Invest.
2010;120(10):3663–7.

Esen N, Kielian T. Central role for MyD88 in the responses
of microglia to pathogen-associated molecular patterns.
J Immunol. 2006;176(11):6802–11.

Feinstein E, Kimchi A, Wallach D, Boldin M,
Varfolomeev E. The death domain: a module shared
by proteins with diverse cellular functions. Trends
Biochem Sci. 1995;20(9):342–4.

Gelman AE, LaRosa DF, Zhang J, Walsh PT, Choi Y,
Sunyer JO, et al. The adaptor molecule MyD88 acti-
vates PI-3 kinase signaling in CD4+ Tcells and enables
CpG oligodeoxynucleotide-mediated costimulation.
Immunity. 2006;25(5):783–93.

Hardiman G, Jenkins NA, Copeland NG, Gilbert DJ,
Garcia DK, Naylor SL, et al. Genetic structure and
chromosomal mapping of MyD88. Genomics.
1997;45(2):332–9.

Honda K, Ohba Y, Yanai H, Negishi H, Mizutani T,
Takaoka A, et al. Spatiotemporal regulation of
MyD88-IRF-7 signalling for robust type-I interferon
induction. Nature. 2005;434(7036):1035–40.

Hultmark D. Macrophage differentiation marker MyD88 is
a member of the Toll/IL-1 receptor family. Biochem
Biophys Res Commun. 1994;199(1):144–6.

Janssens S, Beyaert R. A universal role for MyD88 in
TLR/IL-1R-mediated signaling. Trends Biochem Sci.
2002;27(9):474–82.

Janssens S, Burns K, Vercammen E, Tschopp J, Beyaert
R. MyD88S, a splice variant of MyD88, differentially
modulates NF-kappaB- and AP-1-dependent gene
expression. FEBS Lett. 2003;548(1–3):103–7.

Jiang Z, Georgel P, Li C, Choe J, Crozat K, Rutschmann S,
et al. Details of Toll-like receptor:adapter interaction
revealed by germ-line mutagenesis. Proc Natl Acad Sci
USA. 2006;103(29):10961–6.

Kakkar R, Lee RT. The IL-33/ST2 pathway: therapeutic
target and novel biomarker. Nat Rev Drug Discov.
2008;7(10):827–40.

Koh YS, Koo JE, Biswas A, Kobayashi KS. MyD88-
dependent signaling contributes to host defense against
ehrlichial infection. PLoS One. 2010;5(7):e11758.

Li C, Zienkiewicz J, Hawiger J. Interactive sites in the
MyD88 Toll/interleukin (IL) 1 receptor domain respon-
sible for coupling to the IL1beta signaling pathway.
J Biol Chem. 2005;280(28):26152–9.

Lin SC, Lo YC, Wu H. Helical assembly in the MyD88-
IRAK4-IRAK2 complex in TLR/IL-1R signalling.
Nature. 2010;465(7300):885–90.

Loiarro M, Gallo G, Fanto N, De Santis R, Carminati P,
Ruggiero V, et al. Identification of critical residues of

MyD88 (Myeloid Differentiation Primary Response Gene 88) 3289

M



the MyD88 death domain involved in the recruitment
of downstream kinases. J Biol Chem. 2009;284(41):
28093–103.

Lord KA, Hoffman-Liebermann B, Liebermann DA. Com-
plexity of the immediate early response of myeloid
cells to terminal differentiation and growth arrest
includes ICAM-1, Jun-B and histone variants. Onco-
gene. 1990;5(3):387–96.

Ma Y, Liu H, Tu-Rapp H, Thiesen HJ, Ibrahim SM,
Cole SM, et al. Fas ligation on macrophages
enhances IL-1R1-Toll-like receptor 4 signaling and
promotes chronic inflammation. Nat Immunol.
2004;5(4):380–7.

Medzhitov R, Preston-Hurlburt P, Kopp E, Stadlen A,
Chen C, Ghosh S, et al. MyD88 is an adaptor protein
in the hToll/IL-1 receptor family signaling pathways.
Mol Cell. 1998;2(2):253–8.

Muraille E, De Trez C, Brait M, De Baetselier P, Leo O,
Carlier Y. Genetically resistant mice lacking MyD88-
adapter protein display a high susceptibility to Leish-
mania major infection associated with a polarized Th2
response. J Immunol. 2003;170(8):4237–41.

Muzio M, Ni J, Feng P, Dixit VM. IRAK (Pelle) family
member IRAK-2 and MyD88 as proximal mediators of
IL-1 signaling. Science. 1997;278(5343):1612–5.

Naiki Y, Michelsen KS, Zhang W, Chen S, Doherty TM,
Arditi M. Transforming growth factor-beta differen-
tially inhibits MyD88-dependent, but not TRAM- and
TRIF-dependent, lipopolysaccharide-induced TLR4
signaling. J Biol Chem. 2005;280(7):5491–5.

Naugler WE, Sakurai T, Kim S, Maeda S, Kim K,
Elsharkawy AM, et al. Gender disparity in liver cancer
due to sex differences in MyD88-dependent IL-6 pro-
duction. Science. 2007;317(5834):121–4.

Nishiya T, Kajita E, Horinouchi T, Nishimoto A, Miwa S.
Distinct roles of TIR and non-TIR regions in the sub-
cellular localization and signaling properties of
MyD88. FEBS Lett. 2007;581(17):3223–9.

Ochi A, Nguyen AH, Bedrosian AS, Mushlin HM,
Zarbakhsh S, Barilla R, et al. MyD88 inhibition
amplifies dendritic cell capacity to promote pancreatic
carcinogenesis via Th2 cells. J Exp Med. 2012;209(9):
1671–87.

Ohnishi H, Tochio H, Kato Z, Orii KE, Li A, Kimura T,
et al. Structural basis for the multiple interactions of the
MyD88 TIR domain in TLR4 signaling. Proc Natl
Acad Sci U S A. 2009;106(25):10260–5.

Piggott DA, Eisenbarth SC, Xu L, Constant SL, Huleatt
JW, Herrick CA, et al. MyD88-dependent induction of
allergic Th2 responses to intranasal antigen. J Clin
Invest. 2005;115(2):459–67.

Rahman AH, Cui W, Larosa DF, Taylor DK, Zhang J,
Goldstein DR, et al. MyD88 plays a critical T cell-
intrinsic role in supporting CD8 T cell expansion dur-
ing acute lymphocytic choriomeningitis virus infection.
J Immunol. 2008;181(6):3804–10.

Rakoff-Nahoum S, Medzhitov R. Regulation of spontane-
ous intestinal tumorigenesis through the adaptor pro-
tein MyD88. Science. 2007;317(5834):124–7.

Scanga CA, Aliberti J, Jankovic D, Tilloy F, Bennouna S,
Denkers EY, et al. Cutting edge: MyD88 is required for
resistance to Toxoplasma gondii infection and regulates
parasite-induced IL-12 production by dendritic cells.
J Immunol. 2002;168(12):5997–6001.

Schnare M, Barton GM, Holt AC, Takeda K, Akira S,
Medzhitov R. Toll-like receptors control activation of
adaptive immune responses. Nat Immunol. 2001;2(10):
947–50.

Seki E, Tsutsui H, Tsuji NM, Hayashi N,
Adachi K, Nakano H, et al. Critical roles of myeloid
differentiation factor 88-dependent proinflammatory
cytokine release in early phase clearance of Listeria
monocytogenes in mice. J Immunol. 2002;169(7):
3863–8.

Shi S, Nathan C, Schnappinger D, Drenkow J, Fuortes M,
Block E, et al. MyD88 primes macrophages for full-
scale activation by interferon-gamma yet mediates few
responses to Mycobacterium tuberculosis. J Exp Med.
2003;198(7):987–97.

Sun D, Ding A. MyD88-mediated stabilization of
interferon-gamma-induced cytokine and chemokine
mRNA. Nat Immunol. 2006;7(4):375–81.

Swann JB, Vesely MD, Silva A, Sharkey J, Akira S,
Schreiber RD, et al. Demonstration of inflammation-
induced cancer and cancer immunoediting during pri-
mary tumorigenesis. Proc Natl Acad Sci U S A.
2008;105(2):652–6.

Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H,
Mizutani T, et al. Integral role of IRF-5 in the gene
induction programme activated by Toll-like receptors.
Nature. 2005;434(7030):243–9.

Takeuchi O, Hoshino K, Akira S. Cutting edge: TLR2-
deficient and MyD88-deficient mice are highly suscep-
tible to Staphylococcus aureus infection. J Immunol.
2000a;165(10):5392–6.

Takeuchi O, Takeda K, Hoshino K, Adachi O, Ogawa T,
Akira S. Cellular responses to bacterial cell wall com-
ponents are mediated through MyD88-dependent sig-
naling cascades. Int Immunol. 2000b;12(1):113–7.

Tartaglia LA, Ayres TM, Wong GH, Goeddel DV. A novel
domain within the 55 kd TNF receptor signals cell
death. Cell. 1993;74(5):845–53.

Uematsu S, Sato S, Yamamoto M, Hirotani T, Kato H,
Takeshita F, et al. Interleukin-1 receptor-associated
kinase-1 plays an essential role for Toll-like receptor
(TLR)7- and TLR9-mediated interferon-{alpha} induc-
tion. J Exp Med. 2005;201(6):915–23.

van der Sar AM, Stockhammer OW, van der Laan C,
Spaink HP, Bitter W, Meijer AH. MyD88 innate
immune function in a zebrafish embryo infection
model. Infect Immun. 2006;74(4):2436–41.

von Bernuth H, Picard C, Jin Z, Pankla R, Xiao H, Ku CL,
et al. Pyogenic bacterial infections in humans with
MyD88 deficiency. Science. 2008;321(5889):691–6.

Vyncke L, Bovijn C, Pauwels E, Van Acker T,
Ruyssinck E, Burg E, et al. Reconstructing the TIR
Side of the Myddosome: a Paradigm for TIR-TIR Inter-
actions. Structure. 2016;24(3):437–47.

3290 MyD88 (Myeloid Differentiation Primary Response Gene 88)



Wald D, Qin J, Zhao Z, Qian Y, Naramura M, Tian L, et al.
SIGIRR, a negative regulator of Toll-like receptor-
interleukin 1 receptor signaling. Nat Immunol.
2003;4(9):920–7.

Wesche H, Gao X, Li X, Kirschning CJ, Stark GR, Cao Z.
IRAK-M is a novel member of the Pelle/interleukin-1
receptor-associated kinase (IRAK) family. J Biol
Chem. 1999;274(27):19403–10.

Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z.
MyD88: an adapter that recruits IRAK to the IL-1
receptor complex. Immunity. 1997;7(6):837–47.

Yu S, Cho HH, Joo HJ, Bae YC, Jung JS. Role of MyD88
in TLR agonist-induced functional alterations of
human adipose tissue-derived mesenchymal stem
cells. Mol Cell Biochem. 2008;317(1–2):143–50.

Zhu J, Huang X, Yang Y. The TLR9-MyD88 pathway is
critical for adaptive immune responses to adeno-
associated virus gene therapy vectors in mice. J Clin
Invest. 2009;119(8):2388–98.

MYD88-5

▶ SARM1 (Sterile Alpha and TIR Motif-
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Myd88-Adapter-Like
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Myeloid DAP-12-Associating Lectin-1
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Synonyms

MLCK; MLCK108; MLCK210; MYLK1; Non-
muscle myosin light chain kinase; smMLCK;
Smooth muscle myosin light chain kinase

Historical Background

The gene for myosin light chain kinase encodes
three proteins: MLCK210, MLCK108, and
telokin/kinase-related protein (KRP). The first
protein discovered was MLCK108 (Mr =
110–140 kDa) as a major cytoplasmic component
of smooth muscle and responsible for smooth
muscle contractility through the phosphorylation
of the regulatory light chain of myosin (Lukas
et al. 1998; Kamm and Stull 2001). MLCK210
(Mr = 210–220 kDa) has an amino-terminal
extension containing additional protein-binding
elements (Fig. 1). It was discovered �15 years
later before the gene for MYLKwas characterized
from chicken (Birukov et al. 1998) and humans
(Shen et al. 2012). Both MLCKs are Ca2+-
calmodulin-dependent enzymes. Telokin/KRP is
an independently expressed nonkinase gene prod-
uct containing the C-terminus of MLCK, and
functions as a myosin-binding and filament-
stabilizing protein (Shirinsky et al. 1993).
Telokin/KRP is primarily expressed in smooth
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