
Contents lists available at ScienceDirect

International Immunopharmacology

journal homepage: www.elsevier.com/locate/intimp

Heterotrimeric complex of p38 MAPK, PKCδ, and TIRAP is required for AP1
mediated inflammatory response

Mirza S. Baiga,⁎, Dongfang Liub, Kannan Muthua, Anjali Roya, Uzma Saqibc, Adnan Naima,
Syed M. Faisald, Mansi Srivastavaa, Rohit Salujae

a Centre for Biosciences and Biomedical Engineering (BSBE), Indian Institute of Technology Indore (IITI), Indore, India
b Centre for Inflammation & Epigenetics, Houston Methodist Research Institute, Houston, Department of Microbiology and Immunology, Weill Cornell Medical College,
Cornell University, New York, NY, USA
c Discipline of Chemistry, School of Basic Sciences, Indian Institute of Technology Indore (IITI), Indore, India
d National Institute of Animal Biotechnology (NIAB), Hyderabad, India
e Department of Biochemistry, All India Institute of Medical Sciences (AIIMS), Bhopal, India

A R T I C L E I N F O

Keywords:
Inflammation
Macrophage
Heterotrimeric complex
p38 mitogen-activated protein kinase
(p38MAPK)
Activator protein-1 (AP1)
Protein kinase C delta type (PKCδ)

A B S T R A C T

Inflammation could be described as a physiological response of the body to tissue injury, pathogen invasion, and
irritants. During the inflammatory phase, cells of both the innate as well as adaptive immune system are
activated and recruited to the site of inflammation. These mediators are downstream targets for the transcription
factors; activator protein-1 (AP1), nuclear factor kappa-light-chain-enhancer (NF-κB), signal transducers and
activators of transcription factors (STAT1), as well as interferon regulatory factors (IRFs), which control the
expression of most immunomodulatory genes.

There is a significant increase in active p38 mitogen-activated protein kinase (p38MAK) immediately after
lipopolysaccharide (LPS) stimulation, which results in the activation of AP-1 transcription factor and expression
of proinflammatory cytokines, IL-12 and IL-23. We studied the novel mechanism of p38 MAPK activation
through the formation of a heterotrimeric complex of Protein kinase C delta type (PKCδ), Toll-Interleukin 1
Receptor (TIR) Domain Containing Adaptor Protein (TIRAP), and p38 proteins. TIRAP serves as an adaptor
molecule which brings PKCδ and p38 in close proximity. The complex facilitates the activation of p38MAPK by
PKCδ.

Therefore, we propose that disruption of the heterotrimeric complex may be a good strategy to dampen the
inflammatory response. Structure-based design of small molecules or peptides targetting PKCδ-TIRAP or TIRAP-
p38 interfaces would be beneficial for therapy in AP1 mediated inflammatory diseases.

1. Introduction

The major role of the inflammatory response is to destroy the
infection and tissue injury [1]. Innate immune cells occupying the
tissues, such as macrophages, fibroblasts, mast cells, dendritic cells, as
well as the circulating leukocytes, including monocytes as well as
neutrophils, identify pathogen invasion or cell damage with intracel-
lular or surface-expressed pattern recognition receptors (PRRs). These
PRRs are responsible to identify the pathogen-associated molecular
patterns (PAMPs) [2–4], which could be microbial nucleic acids,
lipoproteins, and carbohydrates, or damage-associated molecular pat-
terns (DAMPs). The DAMPs in turn are the endogenous molecules
produced from internal injuries [5,6]. Activated PRRs then oligomerize
and assemble large multi-subunit complexes that initiate signaling

cascades which further trigger the activation of activator protein-1
(AP1), members of the interferon regulatory transcription factor (IRF)
family like IRF3, signal transducer and activator of transcription (STAT)
protein and nuclear factor-kappaB (NF-kappaB) by a complex molecular
signaling [7,3,8].

Various intracellular proteins could initiate the inflammatory
response. P38 proteins belong to a class of mitogen-activated protein
kinases (MAPKs), crucial during inflammation, especially in macro-
phages [9–11]. P38 gets activated immediately in response to inflam-
matory and stress stimuli, including any biological, chemical, or
physical agents and is involved in autophagy, apoptosis, and cell
differentiation [12,13]. Accumulating evidence suggests that p38 plays
an important role in ailments related to the inflammation of liver,
kidney, brain, and lung and, hence is a critical player in inflammatory
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diseases mediated by macrophages [14–18]. P38 MAPK has been shown
to involve in the AP1 and NF-kappaB transcriptional activity [19–21]
which has an impact on a diverse range of events that are important in
inflammation. Previous attempts to develop potent p38 MAPK inhibi-
tors have not been successful as a result of unacceptable safety profiles
due to off-target effects [22,23].

We have shown a novel mechanism of p38 MAPK activation and
proinflammatory cytokine expression. This study would prompt the
identification of novel therapeutic targets for the inhibition of p38

MAPK and hence suppression of inflammation. We have investigated
the presence of heterotrimeric complex consisting of Protein kinase C
delta type (PKCδ), Toll-Interleukin 1 Receptor (TIR) Domain Containing
Adaptor Protein (TIRAP), and p38 MAPK. TIRAP serves as an adaptor
molecule for bringing p38 MAPK and PKCδ in close proximity during
the inflammatory response. Activation of protein kinase C (PKCδ) is one
of the essential mechanisms of the inflammatory response [24], which
might the results of activation of p38MAPK due to close proximity with
PKCδ in the heterotrimeric complex and thus the activation of AP-1 and

Fig. 1. Heterotrimeric complex of PKCδ-TIRAP-P38. a) The trimeric complex structure of PKCδ-TIRAP-pP38 is displayed as a ribbon representation along with 90% transparency of
surface, where PKCδ is shown in green, TIRAP in cyan and P38 in orange colored ribbons. The molecular interactions at each of the interface are shown for b) PKCδ-TIRAP and c) TIRAP-
P38 complexes. The interacting residues are shown in stick hetero atom type with color codes same as in the respective structure shown in (a). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Interface analysis of PKCδ-TIRAP-P38 complex. The information for total number of residues, interface area, solvation free energy gain, and total number of hydrogen bonds and salt
bridges contributing to the formation of the stable trimeric complex is given.

ID Structure 1 Structure 2 Interface area, Å2 ΔiG
kcal/mol

NHB NSB

Mol iNat
iNres Mol iNat

iNres

Interfaces between pPKCδ and TIRAP
1 pPKCδ 101 23 TIRAP 121 34 1066.9 −11.3 18 13

Interfaces between TIRAP and pP38
2 TIRAP 155 40 pP38 160 43 1558.6 −14.6 21 8

iNat number of atoms in interface area, iNres number residues in interface area, ΔiG—solvation free energy gain upon interface formation, NHB—number of hydrogen bond and
NSB—number of salt bridges.
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NF-kappaB transcription factor. We have determined the protein-
protein interaction by Co-immunoprecipitation (Co-IP) as well as
computational structural studies.

2. Methods

2.1. Tertiary structure prediction of PKCδ

To understand the structural interaction of PKCδ with TIRAP and
p38, the full-length structure of PKCδ was modeled by using the
homology modeling, threading and ab initio protocol based on the
closest homologue in the sequence identity. The full-length PKCδ
(UniProt ID: Q05655, 676aa) sequence was retrieved from the
UniProt database (http://www.uniprot.org) and subsequently allowed
for protein BLAST search against Protein Data Bank (PDB, http://www.
rscb.org/pdb/) to find homologue templates. In the Blast search results,
it was observed that the crystal structure of C2 domain of PKCδ was
already available as PDB entry 1YRK [25]. Also the crystallographic
structure of PKCβ-II (3PFQ) [26] and PKC-θ (1XJD) [27] shown
homology with PKCδ was utilized for the modeling of catalytic subunit
of the protein. Further, the region containing the zinc finger lobe was
submitted to I-TASSER [28,29] and ROBETTA structure prediction
server as a full-length sequence. The combination of structural informa-
tion generated from the ROBETTA and I-TASSER threading methodol-
ogy was utilized to construct the full-length model of PKCδ by using the
multiple template script of the modeler program. Finally, the best
model was selected based on their least discrete optimized protein
energy (DOPE) and modeler objective function (MOF) score. The
structural preparation for the docking studies was given in supplemen-
tary section.

2.2. Protein-protein interaction studies

Trimer complex formation was created based on the protein-protein
interaction studies of TIRAP with PKCδ [30] and p38 by using the high
Ambiguity Driven Bio-molecular Docking (HADDOCK), a flexible dock-
ing program [31,32] in combination with Crystallographic and NMR
System (CNS v1.2) which serves as a structure calculating device [33].
As an initial step, the pPKCδ, TIRAP and pP38 protein structure were
prepared by assigning the hydrogen atoms and followed by short
minimization using Maestro (Schrödinger 2014-2). The TIRAP (V98,
D012, Y106, S180, G181, R200, D203 and R207) interacting region of
pPKCδ (K357, K362, D388, D634, D648 and L651) was used as an
active site region for our docking purpose to form a hetero dimer
complex of PKCδ-TIRAP. In case of TIRAP and P38 interacting residues
were identified based on the blind pre-docking results of Cluspro server.
The docking protocol of HADDOCK consists of three stages: complex
generation based on rigid body energy minimization of the structure for
1000 steps followed by a structural refinement in torsional space, from
which the best 200 structures were selected based on their intermole-
cular energy. Finally, the best structures were refined using the 8 Å
explicit solvent layer (TIP3) [34]. The best cluster was selected based
on the HADDOCK score and RMSD cut-off of 7.5 Å, and used for
interface analysis using the PISA (Protein Interfaces, Surfaces and
Assemblies) web server. Finally, the timer complex was made by

superimposing both the complexes by keeping the TIRAP as the
scaffolding molecule. The PDBePISA interface [35,36] analysis was
carried out to investigate the binding free energy of the docked
complexes.

2.3. Macrophage culture

Bone Marrow-Derived Macrophages (BMDMs) were extracted from
C57/BL6 mice, as described previously [37]. BMDMs were prepared by
culturing single-cell suspensions of bone marrow (BM) for 5–7 d in
Dulbecco's minimal essential medium (DMEM, Invitrogen) by addition
of 10% heat-inactivated FBS (Atlanta Biologicals or Gibco), 100 U/ml
penicillin and 100 μg/ml streptomycin (CellGro, Mediatech) or 1%
(vol/vol) Antibiotic-Antimycotic mix (Life Technologies), with 10%
L929 cell-conditioned (ATCC) complete DMEM medium. In order to get
TIRAP/Mal-silenced BMDMs, TIRAP shRNA Plasmid (m) was trans-
fected using Lipofectamine™ LTX (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's protocol. Silenced Mal expression
was confirmed by immunoblotting. Macrophages were washed and
detached by incubating with 1 mM EDTA in 1× PBS from an 18-gauge
needle (BD), and further plated for experiments 1–3 d later. The p38
MAPK inhibitor SB203580 was obtained from Sigma (St. Louis, MO,
U.S.A.).

2.4. Immunoblotting

For immunoblot analysis, BMDMs were treated with LPS (100 ng/
ml: Escherichia coli, 0111:B4; Sigma-Aldrich) for indicated time points.
Cells were washed in phosphate-buffered saline (PBS) and lysed in RIPA
buffer (Life technologies), containing protease and phosphatase inhi-
bitor tablet (Invitrogen). Total protein was isolated from cell lysates by
centrifugation at 4 °C, 13,000 rpm for 15 min. Protein was resolved on
10% SDS-PAGE, blotted onto nitrocellulose membrane (Life technolo-
gies) and probed with antibodies for SOCS1, TIRAP, and β-actin from
Cell Signaling Technology. P38, pP38, PKCδ and secondary antibodies
were obtained from Santa Cruz.

2.5. Immunoprecipitation

For immunoprecipitation experiment, cells were lysed in NP40 lysis
buffer (20 mM Tris HCL, pH 8.0, 137 mM NaCl, 10% glycerol, 1%
NP40, 2 mM EDTA) with protease inhibitors. Protein concentrations
was calculated using the BCA assay (Bio-Rad Laboratories). 100 μg of
protein lysate was incubated with the PKCδ antibody (Santa Cruz
Biotechnology Inc.) along with plus protein A/G agarose beads (Santa
Cruz Biotechnology Inc.) overnight on a rotary shaker. Beads were then
washed with 4× lysis buffer and protein expression was analyzed by
immunoblotting with target protein antibody p38 (Santa Cruz
Biotechnology Inc.) and TIRAP (Cell Signaling Technology).

2.6. RNA isolation, c-DNA synthesis, and quantitative real-time RT-PCR

Total cellular RNA was extracted from BMDMs using TRIzol reagent
(Sigma) following the manufacturer's instructions. The mRNA based cDNA
was synthesized using cDNA synthesis kit (Biorad) followed by q-PCR using

Table 2
Interacting residue analysis of PKCδ-TIRAP-P38 complex. The residues contributing hydrogen bonds, salt bridges and hydrophobic interactions formation are listed.

Complex PKCδ-TIRAP TIRAP-P38

PKCδ TIRAP TIRAP P38

Interacting
residues

K357, K362, D383, K381, V384,
I387, D388, D634, N639, E640,
K641, R643, L644, Sep645, Y646,
D648, L651

V98, A99, Q101, D102, L103, S105, Y106,
E108,G109, S180, G181, R184, G199,
R200,G201, P202, D203, G204, F206, R207

P71, T72, D76, K84, E94, Q135,
A136, S139, S140, R143, Q153,
D154, Y159, Q160, Q163, T166,
E167

R56, Q59, I61, I62, K65, T174,
D175, D176, E177, PTR181, W196,
M197, H198, S250, S251, E327,
D334
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the SYBR Green PCR master Mix (Applied Biosystems). CT values of target
gene compared to that of the housekeeping gene (GAPDH) were used to
quantify gene expression in each sample. The following primers were used:
IL12, forward 5′-AAGAGCAGTAGCAGTTCCCC-3′ and reverse 5′-
GTTGGGCAGGTGACATCCTC-3′; IL23, forward 5′-ACCAGCGGG
ACATATGAATCT-3′ and reverse 5′-AGACCTTGGCGGATCCTTTG-3′;
GAPDH, forward 5′-GCACAGTCAAGGCCGAGAAT-3′ and reverse 5′-
GCCTTCTCCATGGTGGTGAA-3′. All quantitations were normalized to

GAPDH. All relative quantitation measurements were performed using the
ΔΔCt method according to the manufacturer's instructions.

3. Results

3.1. Heterotrimeric complex formation of PKCδ, TIRAP, and P38

TIRAP is an adapter protein which forms trimer complex with PKCδ

Fig. 2. Interactions among PKCδ, TIRAP, and p38 in BMDMs. Reciprocal IPs were performed from LPS (100 ng/ml) stimulated BMDMs cell lysates using PKCδ, TIRAP, and p38-specific
antibodies and IgG as a control. Immunoprecipitation of PKCδ, TIRAP, and p38 was confirmed by Anti- PKCδ, -TIRAP and -p38 antibodies for immunoblot (IB) detection. The average
band intensity of the respective bands from three independent experiments was measured. This was done using the imaging software ImageJ (https://imagej.nih.gov/ij/). All data are
representative of three independent experiments; all are presented as mean ± SD. P values were determined by Student's t-test; *P < 0.05.

Fig. 3. Kinetics of PKCδ, p38 and ATF2 phosphorylation in response to LPS in wild-type BMDM. (a) PKCδ phosphorylation in wild-type BMDM challenged with LPS for 2 h (b)
densitometry quantification of PKCδ phosphorylation. (c) p38 phosphorylation in wild-type BMDM challenged with LPS for 2 h (d) densitometry quantification of p38 phosphorylation (e)
ATF-2 phosphorylation in wild-type BMDM challenged with LPS for 2 h (g) densitometry quantification of ATF2 (AP1 subunit) phosphorylation. The average band intensity of the
respective bands from three independent experiments was measured. The band intensity was quanitfied using the imaging software ImageJ (https://imagej.nih.gov/ij/). All data are
representative of three independent experiments; all are presented as mean ± SD. P values were determined by Student's t-test; *P < 0.05, **P < 0.005.
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and P38 for its subsequent signaling mechanism. To understand the
binding mode of these protein partners, the full-length protein structure
of PKCδ was modeled based on homology and abinitio calculation
whereas the crystallographic structures of TIRAP and P38 was retrieved
from PDB database [38,39]. The detailed structural information of
these proteins is given in the supplementary section. Further, protein-
protein docking was carried out using the HADDOCK software. The
resulting docked trimeric complex of PKCδ-TIRAP-P38 is shown in
Fig. 1a. The binding interface of PKCδ and TIRAP complex is covered by
the interface area of about 1066.9 Å2, constituted by 23 residues of
PKCδ and 34 of TIRAP with −11.3 kcal/mol solvation free energy
(Table 1). Both polar and charged residues forming 18 hydrogen bonds
and 13 salt bridges enhance the binding interactions of the PKCδ-TIRAP
complex (Table 2, Fig. 1b). The N-lobe residues (K357, K362, D383,
K381, I387 and D388) and the AGC-kinase C-terminal domain residues
(D634, N639, E640, K641, R643, L644, S645, Y646, D648, L651 and
Sep654) of PKCδ form hydrogen bonds, salt bridges and hydrophobic
interactions with the residues of αA helix (V98, A99, Q101, D102,
L103, S105 and Y106), AB loop (E108 and G109) which is proven to
interact with MyD88, the loop connecting βD-αD (S180, G181 and
R184) and the loop which connects αE and αE helical residues G199,
R200, G201, P202, D203, G204, F206 and R207 of TIRAP (Supplemen-
tary Table 1). Based on the literature comparison with Rehan et al.
studies, the residues of PKCδ [K357, K362, D388, D634, D648 and
L651] and those of TIRAP [V98, D012, Y106, S180, G181, R200, D203

and R207] have been shown to interact stably and hence further
support our data and validate our docking results. In case of TIRAP and
pP38 interaction, twenty one hydrogen bonds and 8 salt bridges with
the interface solvation energy of −14.6 kcal/mol (Table 1, Fig. 1a)
constitutes the complex formation. Here, the N-terminal coil region
(P71, T22, D76 and K84), the loop connecting (LC) βA-αA (E94), βB-βC
(Q135, A136, S139, R143 and S140), βC-αC (Q153 and D154) and αC
(Y156, Q160, Q163 and T166) forms stable interaction with residues of
P38 protein R56, Q59, I61, I62, K65 (LC β5-α1 and α1), T174, D175,
D176, E177 and Ptr181 (Activation loop), W196, M197 and H198 (LC
α4-α5), S250 and S251 (LC α7-α8) and E327, D334 (LC α11 and α11)
(Supplementary Table 2, Fig. 1c). TIRAP act as an adapter molecule via
the proposed interaction mechanism with pPKCδ on one side and pP38
on the other, thus collectively constituting a trimer complex. The
identified interface residues from the trimer complex suggest a poten-
tial pharmacophore map which could be utilized to find potential lead
molecules as novel inhibitors.

3.2. Co-immunoprecipitations (Co-IP) show interactions between PKCδ,
TIRAP, and p38 in the heterotrimeric complex

The interaction of PKCδ, TIRAP, and p38 was further determined by
reciprocal Co-immunoprecipitation (Co-IP) to confirm the computa-
tional results. We did the reciprocal Co-IP assay in macrophages in the
presence and absence of LPS with PKCδ, TIRAP, and p38 antibodies and

Fig. 4. TIRAP regulates PKCδ, p38 and ATF2 phosphorylation in wild-type BMDMs. (a) BMDMs were transfected with TIRAP shRNA construct, then cells were stimulated with LPS
(100 ng/ml). Total TIRAP protein was detected by immunoblotting control and shTIRAP rasfected BMDMs. (b) Densitometry quantification of TIRAP was done using the imaging software
ImageJ. (c) TIRAP silencing effect was monitored in wild type and shTIRAP transfected BMDMs. Phosphorylation of PKCδ and p38 was determined shTIRAP Trasfected BMDMs in
presence and absesce of LPS. (d) mRNA expression was analyzed by RT-PCR for (a) IL12 (b) IL23 in wild type and shTIRAP transfected BMDMs before and after LPS treatmen. Data are
mean ± SEM (n = 3). All data are representative of three independent experiments; all are presented as mean ± SD. P values were determined by Student's t-test; *P < 0.05,
**P < 0.005.
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immunoblotting (IB) was performed using protein-specific antibodies
and IgG as a control. The reciprocal Co-IP data clearly indicates that
PKCδ, TIRAP, and p38MAPK proteins interact and serve as a complex,
which supports downstream signaling during inflammation (Fig. 2).
Our data suggests that heterotrimeric complex is present even in the
absence of LPS. Further, this complex supports in downstream inflam-
matory signaling after endotoxin shock.

3.3. Hetrerotrimer complex is required for AP1-mediated inflammatory
response

Signal transduction through TLR4 ligand is mediated by adaptor
protein TIRAP that binds to protein PKCδ [40]. Inhibition of PKCδ has
been shown to severely diminish p38 activation, suggesting that p38 is
a direct phosphorylation target of PKCδ. Activation of p38 MAP kinase
by PKCδ has been reported in the downstream activation of pro-
inflammatory cytokine expression leading to the onset of inflammatory
outburst. We have seen a significant increase in phosphorylation of
PKCδ, p38 MAP, and AP1 transcriptional factor after LPS stimulation in
BMDMs (Fig. 3). To confirm the role of TIRAP in heterotrimeric
complex formation and in the activation of PKCδ, p38 MAP, and AP1,
we used shTIRAP to silence TIRAP in BMDMs. TIRAP silencing inhibits
p38MAPK phosphorylation but not PKCδ phosphorylation (Fig. 4b).
Further, p38 inhibition attenuates IL12 and IL23 proinflammatory
cytokine expression (Fig. 4e & f). These findings indicate that the
PKCδ-TIRAP-p38 complex in macrophages enhances the inflammatory
response by PKCδ mediated phosphorylation of p38 MAPK (Fig. 5).

4. Discussion

As TLRs are key checkpoints in the immune response, a complete
understanding of their signaling is required to control the downstream
events regulating both innate and acquired immunity. We examined the
presence of heterotrimeric complex (PKCδ-TIRAP-p38) down- stream to
TLR4 signaling in bone marrow-derived macrophages (BMDMs). TIRAP
has been identified as an intermediate molecule and brings PKCδ and
p38MAPK in close proximity. Further, PKCδ mediated phosphorylation
of p38MAPK induces proinflammatory cytokines expression and hence
determines severity of inflammation.

Computational modeling and docking studies were performed to
investigate the interaction between PKCδ-TIRAP and TIRAP-p38 in the
heterotrimeric complex (Fig. 1). More direct evidence of heterotrimeric
complex (PKCδ-TIRAP-p38) formation has been provided by reciprocal
Co-Immunoprecipitation (Co-IP), which indicated the interaction be-
tween PKCδ, TIRAP, and p38MAPK (Fig. 2). Earlier, it has been
reported that TLR4 activation increases PKCδ phosphorylation in
macrophages. Toll-like receptors have been shown to recognize patho-
gen-associated molecular patterns and initiate innate immunological
responses after an interaction with infectious agents. The effect of PKCδ
specific inhibitor, rottlerin was investigated on TLR4-mediated signal-
ing in murine microglia stimulated with lipopolysaccharide. We
identified an increase in phosphorylation of PKCδ, p38MAPK, and
ATF2 after LPS stimulation (Fig. 3). We identified that TIRAP serves as
an adaptor molecule which brings PKCδ and p38MAPK in close
proximity leading to the activation of p38MAPK by PKCδ.

To confirm the role of TIRAP in the formation of the heterotrimeric
complex we further silenced it using shTIRAP (Fig. 4a). TIRAP silencing
significantly inhibited activation of p38MAPK but not PKCδ (Fig. 4b).
This supports that p38MAPK activation is regulated by PKCδ through
TIRAP. Further IL-12 and IL-23 proinflammatory cytokines expression
was monitored in wild-type BMDMs as well as shTIRAP transfected
BMDMs. This data supports that regulation of proinflammatory cyto-
kine expression is dependent on the heterotrimeric complex where
TIRAP stabilize the complex formation. To confirm the p38MAPK
mediated signaling mechanism we used p38 inhibitor and determined
the IL-12 and IL-23 expression (Fig. 5). IL12 and IL23 expression can be
inhibited by p38 specific inhibitor (SB203580). Collectively, we find
that PKCδ-TIRAP-p38 heterotrimeric complex determines the severity
of inflammatory response in macrophages after LPS stimulation. These
observations may have important implications for the development of
therapeutic entity (small molecule or peptide) based on the interface
site of PKCδ-TIRAP and TIRAP-p38 for various inflammatory diseases.

Our key findings provide novel insights into the mechanism of
action of heterotrimeric complex (PKCδ-TIRAP-p38) in proinflamma-
tory cytokine expression, which controls the development of the
inflammatory trigger in stimulated macrophages (Fig. 5). TIRAP
facilitates the heterotrimeric complex formation and downstream
signaling during the inflammatory signaling cascade, which could have
crucial implications for the development of therapeutic entity (small
molecule or peptide) based on the interface site of PKCδ-TIRAP and
TIRAP-p38 for various inflammatory diseases.
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