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Abstract
Background  We have previously discovered clusters of sequentially negative and positive modulators of acute 
inflammation during cytokine stimulation in epithelial cells and identified potential targets for therapy within these 
clusters. MAP3K8 is a druggable kinase that we found to be a hub of a principal interaction network. We describe 
here the results of MAP3K8 knockdown in the A549 lung cancer cell line, the BEAS-2B epithelial cell line and normal 
human bronchial epithelial (NHBE) cells following IL-1β stimulation. We analysed signalling transduction and global 
gene expression after IL-1β stimulation with and without MAP3K8 knockdown, quantifying levels of the inflammatory 
cytokines IL-6, IL-8 and RANTES levels by qPCRs and/or by ELISAs. We also examined potential small molecule 
inhibitors for MAP3K8 in the same models.

Results  IL-1β significantly and consistently increased MAP3K8 expression after 2 h in A549, BEAS-2B and NHBE cells. 
Phosphorylation of MAP3K8 occurred at 20 min after IL-1β stimulation and MAP3K8 protein was degraded at 30 min. 
MAP3K8 knockdown significantly reduced IL-6, IL-8 levels after IL-1β stimulation and yielded a 10-fold enhancement 
of the anti-inflammatory effects of dexamethasone. Phosphorylation of ERK1/2 (P-ERK1/2) and phosphorylation 
of SAPK/JNK (P-SAPK/JNK) decreased at 30 min after IL-1β stimulation with MAP3K8 knockdown. The combination 
of dexamethasone and MAP3K8 knockdown resulted in greater inhibition of phosphorylated ERK1/2 and SAPK/
JNK. Nineteen genes including MMP1, MMP3, MMP10, ITGB8, LAMC2 and PLAT (P corrected < 0.01 respectively) 
demonstrated a distinct altered temporal response to IL-1β following suppression of MAP3K8. However, putative 
MAP3K8 inhibitors including Tpl2-1, Tpl2-2 and GSK2222867A only showed inhibition of IL-6 and IL-8 production at a 
high dose.

Conclusions  These results confirm that MAP3K8 is a key mediator of the early inflammatory response and that it is a 
potential target in inflammatory diseases. However, current tool compounds do not effectively inhibit its effects.

Keywords  MAP3K8, Pathways, Epithelial cells, Inflammation

MAP3K8 is a potential therapeutic target 
in airway epithelial inflammation
Chih-Yung Chiu1,2, Saffron A. G. Willis-Owen1, Kenny C.C. Wong1, Stuart N. Farrow3, William O.C. Cookson1,  
Miriam F. Moffatt1 and Youming Zhang1*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12950-024-00400-2&domain=pdf&date_stamp=2024-7-18


Page 2 of 10Chiu et al. Journal of Inflammation           (2024) 21:27 

Background
Airway inflammation is one of the central characteris-
tics of chronic respiratory diseases such as asthma and 
chronic obstructive pulmonary disease (COPD). MAPK 
transduction signalling pathways are major regulatory 
influence on in the airway inflammatory response. MAPK 
kinase kinase 8 (MAP3K8) (also known as tumour pro-
gression locus 2 (TPL2)) is a cancer Osaka thyroid (COT) 
oncogene. It was first identified by virtue of its oncogenic 
transforming activity in cells [1, 2]. It is a mitogen-acti-
vated protein kinase kinase (MAP3K) that is activated 
downstream post engagement of the receptors TNFαR, 
IL-1R and TLR [3]. When over-expressed, MAP3K8 acti-
vates MEK, ERK, JNK, p38 MAPK and ERK5, influenc-
ing the growth and survival of cells in combination with 
other signalling pathways, such as nuclear factor kappa-B 
(NFKB), tumour necrosis factor (TNF) and interleukin-1 
(IL-1) [4, 5].

In our previous experiments, designed to assess the 
global transcriptional regulation of the inflammatory 
response in airway epithelium, we identified 336 genes 
that showed differential expression (≥ log2 fold change 
and significant at a 1% false discovery rate (FDR)) across 
an experimental period of 12  h. The transcripts were 
organised into five strongly and sequentially regulated 
clusters [6]. MAP3K8 was the hub gene for the early 
hours component cluster (peak expression at 2 h) of the 
inflammatory response (manuscript in preparation).

MAP3K8 is located on human chromosome 10 and has 
9 exons. It is primarily expressed in the immune system, 
but can also be found in tissue resident stromal cells [7]. 
The gene encodes two isoforms to produce 52 KDa or 
58 KDa proteins respectively [8, 9]. Recent studies have 
shown that MAP3K8 has important roles in multiple 
inflammatory diseases including inflammatory bowel 
disease (IBD) [10], rheumatoid arthritis (RA) [11], mul-
tiple sclerosis (MS) [12], intestinal inflammation [13] and 
lung inflammation [1, 3, 14]; suggesting that MAP3K8 
regulates signalling pathways that are shared amongst 
the inflammatory diseases. Understanding how MAP3K8 
influences the inflammatory response, and the follow-
ing downstream signalling, therefore has the potential to 
provide targets for a range of common diseases that have 
a significant inflammatory component to them.

In this report, we established epithelial cell models 
of inflammation with IL-1β stimulation and systemati-
cally analysed the effect of knockdown. We analysed the 
MAP3K8 signal transduction pathways investigating the 
impact of steroid on the inflammatory response with and 
without MAP3K8 knockdown. We also performed global 
gene expression analysis in MAP3K8 knockdown airway 
epithelial cells and investigated the potential MAP3K8 
inhibitors assessing their anti-inflammatory efficacies in 
the airway.

Methods
Airway epithelial cell culture
A549 human lung epithelial cells (American Type Cul-
ture Collection (ATCC)) were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) containing 10% 
(vol/vol) FCS and 2mM L-Glutamine. Cells were used 
at passage numbers 90–110. Cells from the transformed 
human bronchial epithelial cell line BEAS-2B were grown 
in keratinocyte serum-free medium (K-SFM; GIBCO 
BRL) supplemented with recombinant human epidermal 
growth factor (rhEGF) and bovine pituitary extract (PE). 
BEAS-2B cells were obtained from ATCC and were used 
at passage numbers 60–80. NHBE cells were obtained 
from Lonza and cultured to a maximum of five passages 
to limit variable responses. The NHBE cells were grown 
in bronchial epithelial medium (BEGM; Lonza) contain-
ing a mixture of growth factors, cytokines, and supple-
ments (BulletKit; Lonza). All cells were maintained in 
150 cm2 (T150) flasks with 5% CO2 at 37  °C. Medium 
was replaced every second day, and cells were passaged 
when > 85% confluent by washing with Dulbecco’s Phos-
phate Buffered Saline (DPBS) and dislodging with 0.5% 
trypsin. Cell viability was determined microscopically by 
trypan blue (Sigma-Aldrich) exclusion, and cell numbers 
counted by haemocytometer.

Inhibitors, antibodies, and cytokine assays
The putative MAP3K8 kinase inhibitor Tpl2-1 was pur-
chased from Santa Cruz Biotechnology Inc., the inhibitor 
Tpl2-2 was purchased from Calbiochem. GSK2222284A 
and GSK2222867A, novel MAP3K8 kinase inhibitors, 
were gift from GlaxoSmithKline PLC. Anti-MAP3K8 
was purchased from Santa Cruz Biotechnology Inc. and 
phospho-MAP3K8 (T290) was from Invitrogen Corp. 
Anti-MEK1/2, anti-p-MEK-1/2, anti-SEK1/MKK4, 
anti-phospho-SEK1/MKK4, anti-MKK7, anti-phos-
pho-MKK7, anti-p44/42 MAPK, anti-phospho-p44/42 
MAPK, anti-SAPK/JNK, anti-phospho-SAPK/JNK, anti-
p38α MAPK, anti-phospho-p38 MAPK antibodies were 
purchased from Cell Signaling Technology. Other anti-
bodies and horseradish peroxidase (HRP) used for West-
ern blotting were purchased from DAKO. Human IL-6, 
IL-8, and RANTES were measured by ELISA kits accord-
ing to manufacturer’s instructions (DuoSet; R&D Sys-
tems Europe).

Gene knockdown reagents and protocols
RNA interference (RNAi) was carried using ON-TAR-
GETplus SMARTpool (Dharmacon Research Inc.) and 
ON-TARGETplus. Non-targeting Pool negatives were 
used as controls. RNAi transfection of A549 cells was 
performed using a previously established protocol [15] 
by using Lipofectamine RNAiMAX (Invitrogen Corp.). 
Briefly cells were seeded into 24-well plates (Corning 
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Costar Corp.) at 4 × 104 cells/well to ensure 40–60% con-
fluence was established by the day of transfection. RNAi- 
Lipofectamine RNAiMAX complexes were formed by 
adding 2  µl/ml of Lipofectamine RNAiMAX and 50nM 
of RNAi in serum free medium (Sigma-Aldrich) followed 
by incubation for 15  min at room temperature. RNAi-
Lipofectamine RNAiMAX complexes were then added to 
a single well and the cells were placed in a CO2 incuba-
tor at 37 °C for 24 h. After this initial transfection, RNAi 
transfection was repeated with addition of a second dose 
of RNAi-Lipofectamine RNAiMAX complex followed 
by further incubation at 37 °C for 24 h. Following double 
transfection, cells were starved in serum free medium 
for 16 h and then stimulated with 1 ng/ml of IL-1β (R&D 
Systems, Europe Ltd., UK). Cells were collected and 
proteins extracted for Western blotting analysis whilst 
supernatants were harvested for cytokine measurement.

Models of IL-1β-induced inflammation
Airway epithelial cells were grown up in T150 flasks 
(for media details see Airway epithelial cell culture). 
When greater than 85% confluent, cells were dislodged 
from the flask surface by addition of trypsin. Wells of a 
24-well plates were then seeded with 4 × 104 cells in 1 ml 
of complete medium/well and incubated overnight in 
a CO2 incubator at 37oC to allow cells attachment and 
growth. Prior to addition of the IL-1β stimulus, cells were 
starved in serum-free media for 16 h in order to achieve 
cell cycle synchronization. After stimulation with 1 ng/
ml IL-1β, cells were harvested for MAP3K8 gene expres-
sion at 2, 4, 6, and 8 h, and harvested for MAP3K8 pro-
tein measurement at 5, 10, 20, 30, 45 and 60 min. For the 
MAP3K8 siRNA knockdown experiments, MAP3K8 pro-
tein and phosphorylation of the associated MAPK sig-
nalling proteins were measured at 20 and 30 min, whilst 
inflammatory cytokine gene expression (IL-6 and IL-8) 
was determined at 2, 4, and 6  h, with cytokine protein 
release measured at 8 and 24 h. All timings are post IL-1β 
stimulation.

Real-time quantitative PCR
Total RNA was isolated from A549 cells using the Qiagen 
RNeasy mini kit following the manufacturer’s instruc-
tions. Reverse transcription was performed on 0.5 µg of 
RNA and cDNA was synthesized using the High-Capacity 
cDNA Reverse Transcription Kits (Applied Biosystems) 
following manufacturer’s instructions. Real-time PCR 
was performed using the Rotor-Gene 3000™ Real-Time 
PCR detection system (Corbett Research) with the Plati-
num SYBR Green qPCR SuperMix-UDG (Invitrogen). 
Data were normalized by the level of GAPDH expression 
in individual samples. Calculation of the threshold value, 
standard curve preparation and quantification of mRNA 

in the samples were performed using the Rotor-Gene 6.0 
software (Corbett Research).

Western blotting
Whole-cell protein extracts were prepared with the 
Active Motif Nuclear Extract Kit (Active Motif Europe) 
according to the manufacturer’s protocol. Protein con-
centrations were determined with the BCA (bicincho-
ninic acid) protein assay kit (Pierce, Thermo Scientific) 
with bovine serum albumin (BSA; Pierce) as the stan-
dard control. For Western blots, 40 µg of protein for each 
sample was separated by electrophoresis on 10% sodium 
dodecyl sulfate polyacrylamide gels (Invitrogen Corp.) 
with transfer to nitrocellulose membranes using the 
iBlot™ DryBlotting device (Invitrogen Corp.) and iBlot™ 
Transfer stacks. Antibody labeling was detected using 
relevant secondary antibodies conjugated to horserad-
ish peroxidase (HRP) (1:4,000; DAKO Cytomation) and 
enhanced chemi-luminescence solutions (GE Healthcare 
ECL/ECL Plus (Amersham)). For quantitative analysis, 
the bands were scanned in a UVP GelDoc-It imaging sys-
tem, and the band densities measured with Labworks 4.6 
software (Bio-Rad Lab.).

Global gene expression profiling
RNA quality was determined using the RNA 6000 Nano 
AssayTM kit with Agilent 2100 BioanalyserTM and 2100 
Expert Software (Agilent Technologies). RNAs with 
a RNA integrity number (RIN) score of ≥ 9 were con-
verted to single stranded cDNA, using the AmbionTM 
WT Expression Kit (Ambion) and then fragmented and 
labelled using the Affymetrix GeneChipTM WT Termi-
nal Labeling Kit (Affymetriz). Samples were hybridized 
to AffymetrixTM Human Gene 1.1 ST Arrays using the 
GeneTitanTM Instrument following the manufacturer’s 
instructions.

Data was processed with the Robust Multichip Analy-
sis (RMA) algorithm [16], as implemented in Affymetrix 
Power Tools (APT, version 1.15.0), to generate normal-
ized transcript cluster signal values. Systematic variation 
in expression between time points and conditions was 
modelled using LIMMA [17]. Three contrast matrices 
were generated: extracting contrasts between time-points 
under control conditions; extracting contrasts between 
time-points under knockdown conditions; and identify-
ing transcript clusters that respond differently over time 
between the two conditions. P-values were adjusted 
using Benjamini and Hochberg’s method to control the 
false discovery rate (FDR) [18]. Universally low expressed 
transcript clusters (below the median across all 48 arrays) 
were excluded.

Functional annotation and enrichment testing was per-
formed using the DAVID Gene Functional Classification 
Tool, version 6.7 [19, 20]. Unique Entrez IDs represented 
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on the HuGene 1.1 ST array were employed as a back-
ground, excluding universally low expressed transcript 
clusters. P-values were adjusted using Benjamini and 
Hochberg’s method [18].

Investigation of tool MAP3K8 inhibitors
A549 cells were pre-treated with putative MAP3K8 
inhibitors for one hour before IL-1β stimulation (1ng/ml) 
for 24  h. Cytokine measurements were made in super-
natants as detailed above. Cells for proteins extraction 
and Western blots were harvested after 30  min IL-1β 
stimulation.

Statistical analyses
Statistical comparisons between treatments were car-
ried out using Mann-Whitney U tests for nonparametric 
data, comparing medians of samples to controls. Means 
were compared by Student’s t test. Comparisons between 
more than two groups were carried out using Kruskall-
Wallis (ANOVA) tests. A P value of < 0.05 was considered 
significant. All statistical analyses were performed using 
the Statistical Program for Social Sciences (SPSS 17.0 
for windows, SPSS Inc., Chicago, IL, USA) and graphs 

were drawn using GraphPad Prism Version 5.01 software 
(GraphPad Software Inc, California, USA).

Results
MAP3K8 activation and silencing in A549 cells modulates 
IL-1β-induced cytokine expression
Firstly, we examined MAP3K8 transcript levels after 
IL-1β stimulation by real-time PCR in A549 cells. This 
showed a 20-fold (4.2 log2) rise in MAP3K8 that peaked 
2  h after stimulation (Fig.  1a), confirming our previous 
global gene profiling in the cells. We found a similar rise 
in MAP3K8 gene expression in NHBE cells and in BEAS-
2B cells (Fig. 1b). We analysed IL-1β-induced activation 
of MAP3K8 in A549 cells by Western blotting, showing 
MAP3K8 to be degraded at 30 min and phosphorylation 
of MAP3K8 to occur at 20 min after stimulation (Fig. 1c). 
These results are consistent with previous observations 
in knockout mice [21].

After optimization we obtained partial silencing of 
MAP3K8 in A549 cells by siRNA (Fig.  1d). Silencing of 
MAP3K8 resulted in a significant reduction in mRNA 
expression and protein release of IL-6 and IL-8 (Fig.  1e 
and f ) after IL-1β stimulation. The reduction was not 
present in controls transfected with non-targeted siRNA.

Fig. 1  MAP3K8 activation and silencing in A549 cells modulate IL-1β-induced cytokine expression. a)1 ng/ml of IL-1β induced MAP3K8/GAPDH mRNA 
expression. in A549 cells, b)MAP3K8 gene expression in A549, BEAS-2B and NHBE cells at 2 h after IL-1β stimulation, c) MAP3K8 phosphorylation (P-
MAP3K8) protein expression induced by IL-1β in A549 cells, d) siRNA knockdown of MAP3K8, including reagent control, GAPDH positive control, MAP3K8 
gene and protein knockdown efficiency at 2 h and 48 h, respectively e, f )MAP3K8 knockdown reduces IL-6 and IL-8 mRNA expression at 2, 4 and 6 h, and 
their protein expression at 8 and 24 h
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MAP3K8 regulates ERK, SAPK/JNK pathways but not the 
p38 MARK pathway
We examined downstream kinases of MAP3K8 with 
wild-type and silenced A549 cells following IL-1β stimu-
lation. MAP3K8 expression was significantly decreased 
within 30  min in silenced cells (Fig.  2a) We observed 
an approximately 30% decrease in phosphorylation of 
ERK1/2 (P-ERK1/2) and a 20% decrease in phosphoryla-
tion of SAPK/JNK (P-SAPK/JNK) at 30 min in after IL-1β 
stimulation in the presence of MAP3K8 knockdown 
but there was no detectable difference in P-p38 MAPK 
between MAP3K8 gene silencing and controls (Fig. 2b). 
We observed similar patterns in MEK1/2 and MKK4, 
in the intermediate pathways between MAP3K8 and of 
ERK1/2 and SAPK/JNK respectively, but no difference in 
phosphorylation of P-MKK7 in the SAPK/JNK pathway 
was observed (Fig. 2c).

MAP3K8 knockdown enhances dexamethasone 
suppression of IL-1β-induced cytokine production in A549 
cells
Our observation that human MAP3K8 activation has 
minor effects on MKK7 and p38 MAPK phosphorylation 
supports the suggestion that MAP3K8 may be a better 
anti-inflammatory target than the extensively investi-
gated p38α MAPK [22].

Glucocorticoids are the mainstay of therapy for inflam-
matory diseases, and so we measured the dose-response 
curve of dexamethasone suppression of IL-1β-induced 
IL-8 and RANTES production (Fig. 3a and b) in our A549 
model. We observed that the curve was moved one log10 

downwards in the MAP3K8 siRNA group, indicating 
MAP3K8 to act through dexamethasone-independent 
mechanisms.

We also found that dexamethasone reduced the appear-
ance of phosphorylated ERK1/2 and SAPK/JNK, but not 
their upstream kinases MEK1/2 and MKK4 (Fig.  3c). 
The combination of dexamethasone and MAP3K8 
gene silencing resulted in a greater inhibition of phos-
phorylated ERK1/2 and SAPK/JNK, but not p38 MAPK 
(Fig.  3d). These results suggested that MAP3K8 knock-
down enhanced the effect of dexamethasone through 
inhibition of MAPK upstream kinases.

Time series analysis of gene expression reveals effects of 
MAP3K8 knockdown in IL-1β-stimulated A549 cells
We next performed a time series analysis to profile the 
global gene expression response to partial MAP3K8 
knockdown versus non-targeting siRNA controls in the 
A549-IL-1β model. We compared the expression changes 
for two groups at 0, 1, 2, 4, 6, 8, and 12 h, and a total of 
46 genes showed significantly different response (Table 1, 
P corrected < 0.05). Nineteen genes (P corrected < 0.01) 
demonstrated a distinct altered temporal response to 
IL-1β stimulation following suppression of MAP3K8. 
The matrix metalloproteinases MMP1, MMP3 and 
MMP10 showed a blunted response to IL-1β following 
knockdown, as did other components of the extracellular 
matrix such as ITGB8, LAMC2, and PLAT.

Fig. 2  MAP3K8 regulates MAPK signalling pathways of ERK/MAPK and SAPK/JNK but not the p38 MAPK. a)RNAi-mediated knockdown of MAP3K8 results 
in consistent reduction of MAP3K8 protein expression in the presence of 1 ng/ml IL-1β, assessed at 20 and 30 min after IL-1β stimulation, b) IL-1β-activated 
MAP3K8 regulates the phosphorylation of ERK1/2 and SAPK/JNK, but not p38 at 20 and 30 min after IL-1β stimulation, c) IL-1β-activated MAP3K8 regulates 
the phosphorylation of MEK1/2 and MKK4 but not MKK7 in A549 cells, MAPK phosphorylation was assessed and compared between non-targeting siRNA 
and MAP3K8 siRNA group. Data are expressed as the mean ± SEM of at least three separate experiments. The gels show repeat labelling of Western blots 
with different antibodies: each section represents an individual blot, with each antibody stain in a separate box
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Fig. 3  MAP3K8 knockdown enhances dexamethasone suppression of IL-1β-induced cytokine production in A549 cells. a)MAP3K8 knockdown reduces 
IL-8 and b) RANTES supernatant release from A549 cells pre-treated with dexamethasone at 24 h after 1 ng/ml IL-1β stimulation, c) Dexamethasone ef-
fects on phosphorylation of ERK/MAPK and SAPK/JNK but not their upstream MEK1/2 or MKK4 analysed by Western blotting at 30 min after IL-1β stimula-
tion, d) MAP3K8 knockdown enhances the inhibition of phosphorylated ERK1/2 and SAPK/JNK but not p38 MAPK at 30 min after IL-1β stimulation in the 
presence of dexamethasone (µM) pre-treatment. (All mean ± SEM of at least three separate experiments). The gels show repeat labelling of Western blots 
with different antibodies
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Table 1  Genes altered by siRNA knockdown of MAP3K8 in A549 cells after IL-1β stimulation of A549 cells
ID Dif1 Dif2 Dif4 Dif6 Dif8 Dif12 Ave Expr adj. P.Val Gene Assignment Function

Group
8,149,825 -0.0297 -0.5986 -0.7126 0.2788 0.3121 0.2948 9.7303 7.78E-12 STC1 Growth factors
7,926,900 -0.0312 -0.6082 -0.1792 0.1979 0.0593 0.2146 9.1270 2.17E-06 MAP3K8 ERK pathways
8,139,207 -0.3252 -0.6912 -0.3870 0.0652 0.0955 0.3487 6.6862 1.72E-05 INHBA Growth factors
8,029,693 -0.5578 -1.3920 1.2786 0.3235 0.1937 -0.2268 6.5645 1.88E-05 FOSB ERK pathways
7,951,284 0.2147 -0.2445 -0.9981 -0.0006 -0.0489 0.8034 4.4087 0.00010247 MMP3 Extracellular proteases
8,150,509 0.2576 -0.4648 0.1007 0.2679 0.1877 0.2294 9.0473 0.0002872 PLAT Extracellular proteases
7,951,259 0.5534 -0.9547 -0.5190 0.2045 -0.3736 0.3734 6.3240 0.00045375 MMP10 Extracellular proteases
8,153,201 0.0479 -0.4685 -0.1152 -0.0437 0.3042 -0.2654 10.4016 0.00045375 EIF2C2
7,917,649 0.2127 0.0377 0.1270 -0.3302 -0.2098 -0.1283 8.7129 0.00093737 TGFBR3 Growth factors
7,944,769 -0.0572 -0.0887 -0.2799 -0.0066 0.3259 0.1219 10.4395 0.0009716 GRAMD1B
8,095,728 0.1828 -0.2296 -0.2194 -0.1545 0.0599 0.3256 11.6033 0.00175164 EREG Growth factors
7,996,772 -0.0158 0.0041 -0.0028 -0.2563 -0.0490 -0.0799 9.8132 0.00259827 SLC7A6
8,154,245 -0.4487 0.2877 0.0338 1.1178 -0.4189 -0.2688 5.9701 0.00317684 PDCD1LG2 ERK pathways
8,124,166 0.1576 -0.0397 0.2982 0.2472 -0.2132 0.0147 7.8654 0.005414 MBOAT1 Lysophopholipids
7,957,298 -0.1566 -0.0458 -0.3356 0.0307 0.2926 0.0490 9.7235 0.00550053 NAV3
7,951,271 -0.3148 -0.4711 -0.5804 0.1105 -0.1583 0.5121 7.2633 0.00550053 MMP1 Extracellular proteases
8,091,600 0.1084 -0.0836 0.1036 0.4321 -0.1186 -0.0600 7.4795 0.00550053 PLCH1 Lysophopholipids
7,902,227 0.0436 0.2069 0.3442 0.0419 -0.5557 -0.0956 7.0090 0.00998721 GADD45A ERK pathways
8,057,677 0.0052 0.1962 -0.0289 -0.4795 0.0687 -0.0085 8.1113 0.00998721 SLC40A1 Iron metabolism
7,997,401 0.0344 -0.1522 0.1799 0.2824 0.2857 -0.0481 7.6882 0.01063101 BCMO1
8,054,722 0.2205 -0.9733 -0.1205 -0.0332 0.2151 0.5247 6.2915 0.01063101 IL1B
8,152,617 0.0279 -0.1290 -0.3494 -0.2234 0.2312 0.2599 8.8467 0.01211707 HAS2 Extracellular matrix
8,123,609 0.0341 -0.5227 -0.0309 0.1276 0.0553 0.1139 10.1999 0.01306179 SERPINB9 Extracellular matrix
7,961,371 0.0566 -0.2009 -0.1672 -0.0378 -0.0165 0.0102 9.8130 0.01434946 DUSP16 ERK pathways
7,909,214 0.1965 -0.1592 0.0568 0.6090 0.1808 -0.4726 7.2441 0.01434946 RASSF5 ERK pathways
7,908,072 0.1938 -0.2754 -0.2798 0.1108 -0.0594 0.1371 9.7632 0.01434946 LAMC2 Extracellular matrix
8,131,666 -0.1251 -0.4561 0.0721 -0.0613 -0.0307 -0.0677 8.2473 0.01434946 ITGB8 Extracellular matrix
8,146,579 0.0335 0.0855 -0.0022 -0.2335 -0.1355 -0.0524 7.9175 0.01434946 CHD7
8,162,940 -0.1683 0.1241 -0.0298 -0.1565 -0.0990 -0.2986 8.7714 0.01759226 ABCA1
8,160,521 0.0144 0.0895 0.1278 0.3431 -0.2911 -0.1801 8.5845 0.01906981 MOB3B
8,021,635 0.1217 0.0319 -0.4090 -0.3232 0.3902 0.1589 3.6854 0.02025975 SERPINB2 Extracellular matrix
7,987,454 0.1111 0.0995 0.3137 -0.5803 -0.1220 -0.1906 7.2998 0.02025975 BMF
8,040,365 0.0105 0.0497 -0.2679 0.0267 -0.7976 0.7653 4.1035 0.0209142 TRIB2
7,951,309 -0.0491 -0.1362 -0.6825 0.1977 0.0703 0.2436 3.9447 0.02471666 MMP13 Extracellular proteases
8,072,678 0.1496 -0.0771 -0.3122 0.0068 0.5784 -0.1840 9.9875 0.02655837 HMOX1 Iron metabolism
8,073,214 -0.0930 0.0348 -0.0701 -0.2201 0.0692 -0.2012 8.1931 0.02655837 TNRC6B
7,909,332 -0.1267 0.0167 -0.1388 -0.2643 -0.0820 0.4067 10.1092 0.02655837 CD55
7,956,009 -0.0204 0.0449 -0.1819 0.0758 0.4650 0.1654 8.1114 0.02655837 METTL7B
7,917,347 0.0433 -0.0119 0.2583 -0.1106 -0.2745 -0.2573 9.1879 0.03022086 DDAH1
8,132,694 -0.1352 0.0592 -0.1252 -0.3574 0.2755 0.2553 9.9915 0.03722356 IGFBP1 Growth factors
7,954,077 0.0697 0.0799 -0.0287 -0.1959 -0.2314 -0.1436 8.0405 0.03868964 KIAA1467
8,121,257 0.0055 -0.3574 -0.0367 0.2346 -0.0094 -0.3641 8.7712 0.04079342 PRDM1
8,007,931 -0.0643 -0.0290 0.0077 -0.3214 -0.1882 0.0141 6.1123 0.04321407 ITGB3
7,946,478 -0.0081 -0.0778 -0.1677 -0.1382 0.4313 -0.2799 9.9379 0.04328626 DENND5A
7,922,229 -0.1620 -0.7991 -0.0055 0.6619 0.2436 0.0700 5.4737 0.04535622 SELE
8,129,861 -0.0997 -0.1270 -0.1209 -0.2175 0.0590 -0.0593 9.2467 0.04811681 IFNGR1
Ave. Expr: average expression; adj.P. Val: adjust P value. Dif1 – Dif12 are the log2 fold changes associated with each contrast. The contrasts were specified as follows 
(where Knockdown/Control are the conditions, and 0–12 are the time points of the hours after stimulation):

Dif1=(Knockdown.1 h-Knockdown.0 h)-(Control.1 h-Control.0 h);

Dif2=(Knockdown.2 h-Knockdown.1 h)-(Control.2 h-Control.1 h);

Dif4=(Knockdown.4 h-Knockdown.2 h)-(Control.4 h-Control.2 h);

Dif6=(Knockdown.6 h-Knockdown.4 h)-(Control.6 h-Control.4 h);

Dif8=(Knockdown.8 h-Knockdown.6 h)-(Control.8 h-Control.6 h);

Dif12=(Knockdown.12 h-Knockdown.8 h)-(Control.12 h-Control.8 h).
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Effectiveness of MAP3K8 inhibitors in A549 cells for 
inflammatory cytokine suppression
We assayed the effects of publicly available puta-
tive MAP3K8 inhibitors including Tpl2-1, Tpl2-2, 
and GSK2222867A. Tpl2-1 is a reversible competitive 
inhibitor of MAP3K8, TpL2-2 is a potent ATP-compet-
itive inhibitor of MAP3K8. GSK2222867A is specifically 
inhibits the ability of MEK to phosphorylate ERK without 
affecting the JNK and p38 pathways. These compounds 
only showed inhibition of IL-6 production at high doses 
(1–10 µmol) (Fig.  4a and c, similar results of IL-8 not 
shown). In contrast to MAP3K8 siRNA knockdown, we 
did not observe inhibition of ERK and JNK phosphory-
lation (Fig. 4b and d). These findings suggest a need for 
further development of MAP3K8 inhibitors.

Discussion
MAP3K8 is revealed to be a hub in the initial inflamma-
tory response in human epithelial cells. MAP3K8 forms a 
ternary complex with NFKB1/p105 and TNIP2. It inter-
acts with NFKB1; the interaction increases the stability of 

MAP3K8 but inhibits its MEK phosphorylation activity, 
whereas loss of interaction following lipopolysaccharide 
(LPS) stimulation leads to its degradation [21]. MAP3K8 
also interacts with CD40 and TRAF6; the interaction is 
required for ERK activation and interacts with KSR2; 
the interaction inhibits ERK and NF-kappa-B activation 
[23–25]. Although the MAP3K8 signalling pathway has 
been well documented, it is still of interest to know to 
how the molecule regulates inflammation in airway epi-
thelium and what other molecules might be involved in 
its pathway.

In this report, we confirm that knockdown of MAP3K8 
can significantly reduce release of the inflammatory cyto-
kines IL-6 and IL-8 after IL-1β stimulation. It reduces 
the phosphorylation of ERK1/2 (P-ERK1/2) and phos-
phorylation of SAPK/JNK (P-SAPK/JNK) but not p38. 
We observed similar patterns in MEK1/2 and MKK4, 
in the intermediate pathways between MAP3K8 and of 
ERK1/2 and SAPK/JNK respectively, but there was no 
difference in phosphorylation of P-MKK7 in the SAPK/
JNK pathway.

Fig. 4  Investigation of MAP3K8 inhibitors. (a) A549 cells pre-treated with Tpl2 inhibitors for one hour and cells were stimulated with IL-1β (1ng/ml) for 
24 h. Results are shown for IL-6 production (similar results for IL-8 not shown). (b) A549 cells pre-treated with MAP3K8 inhibitors for one hour and proteins 
for Western blot collected after IL-1β stimulation for 30 min. P-ERK and P-JNK signalling appear unaffected. (c) A549 cells pre-treated with GSK2222867A 
for one hour and stimulated with IL-1β (1ng/ml) for 8 h. Results are shown for IL-6 production (similar results for IL8 not shown). The compound GS-
K2222284A produced no change in cytokine production in the same doses (data not shown). (d) A549 cells pre-treated with GSK2222867A for one hour 
and proteins for Western blotting collected after IL-1β stimulation for 30 min. P-ERK and P-JNK signalling appear unaffected. The gels show repeat labelling 
of western blots with different antibodies: sections b) and d) each represent an individual blot, with each antibody stain in a separate box
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Asthmatic patients can show early and late immune 
response to allergens and other stimuli. Our finding 
show that human epithelium responds quickly through 
the MAP3K8 pathway and that downstream signals are 
through MEK/JNK but not p38. Although many inves-
tigations have found p38 MAPK activities in blood and 
in airway epithelial cells to be increased in severe asthma 
[26, 27], in our data p38 did not respond in the early 
hours of IL-1β stimulation, suggesting that it is not a 
major pathway for cytokines stress.

Our study also provides novel insights from global gene 
expression profiling. We have shown that knockdown 
of MAP3K8 dramatically influences the expression of 
genes categorised as extracellular proteases, extracellular 
matrix, growth factors, ERK pathways, lysophopholip-
ids and iron metabolism. The matrix metalloproteinases 
MMP1, MMP3, and MMP10 showed a blunted response 
to IL-1β following knockdown, as did other components 
of the extracellular matrix such as ITGB8, LAMC2, and 
PLAT. MMPs are involved in wound healing, inflamma-
tory cell trafficking and tissue remodelling and repair 
[28], and their down-regulation may be of therapeutic 
value [29].

The largest up-regulated difference was in PDCD1LG2, 
an immune inhibitory molecule expressed on activated 
T-cells, suggesting MAP3K8 inhibition may have the 
potential to inhibit T cell cytokine production [30].

Our results are consistent with previous studies in mice, 
where Map3k8 (Tpl2) ablation revealed an important role 
in ERK signalling [5, 31, 32] and shown MAP3K8 to be 
a strong regulator of pro-inflammatory function [33, 34] 
and the expression of Th2 cytokines [35].

Our investigations had the following advantages: 
Firstly, they showed that inhibiting MAP3K8 can directly 
reduce inflammatory cytokine release and can enhance 
the anti-inflammatory effects of dexamethasone. Sec-
ondly, we showed that MAP3K8 directly influences 
phosphorated MEK and JNK pathways but is distinct 
from p38 MAP pathway. We also showed knockdown of 
MAP3K8 can influence extracellular proteases, extracel-
lular matrix, growth factors, ERK pathways, lysophopho-
lipids and iron metabolism.

Despite a wealth of positive results supporting the 
role of MAP3K8 in airway inflammation, the puta-
tive MAP3K8 inhibitors including Tpl2-1, Tpl2-2, and 
GSK2222867A showed only partial inhibition of inflam-
matory responses in our models, suggesting further 
screening of small molecules for inhibition of MAP3K8 
is necessary.

Conclusions
This study captures the dynamic temporal effects of 
MAP3K8 that underly inflammation in epithelial cells. 
MAP3K8 regulates MEK and JNK pathways and can 

regulate expressions of important matrix metalloprotein-
ases in the epithelium. Inhibition of MAP3K8 can signifi-
cantly reduce inflammatory responses in epithelial cells 
and can enhance the anti-inflammatory effects of the 
steroid dexamethasone. Although the results presented 
here were obtained in an airway epithelial cell model, the 
results may provide many potentially druggable targets 
for other epithelial inflammatory diseases.

Acknowledgements
Not applicable.

Author contributions
CYC, MFM, WOCC and YZ contributed to the study conception and 
design. CYC and KCCW planned the initial experiments. CYC and YZ led 
the development and analysis of downstream studies, CYC carried out all 
laboratory experiments with supervision from YZ and MFM. SAGWO carried 
out statistical analyses of global gene expression with input from WOCC. 
SNF advised on pharmacologic studies. CYC and YZ wrote the first draft of 
the paper. All authors contributed to interpretation of the results and the 
construction of the final manuscript.

Funding
This work was supported by a joint Wellcome Senior Investigator Award to 
WOCC and MFM (WT096964MA and WT097117MA). CYC was the recipient of 
a scholarship from Chang Gung Memorial Hospital Keelung, Taiwan.

Data availability
The transcriptomics dataset is available in the NCBI database with accession 
number GSE103987.

Declarations

Ethics approval and consent to participate
The research did not require ethics approval and consent to participate.

Consent for publication
All authors have agreed to submit the manuscript for publication.

Competing interests
The authors declare no competing interests.

Received: 18 December 2023 / Accepted: 10 July 2024

References
1.	 Vougioukalaki M, Kanellis DC, Gkouskou K, Eliopoulos AG. Tpl2 kinase signal 

transduction in inflammation and cancer. Cancer Lett. 2011;304(2):80–9.
2.	 Zannikou M, Barbayianni I, Fanidis D, Grigorakaki T, Vlachopoulou E, Kon-

stantopoulos D, et al. MAP3K8 regulates Cox-2-Mediated prostaglandin E2 
production in the lung and suppresses pulmonary inflammation and fibrosis. 
J Immunol. 2021;206(3):607–20.

3.	 Xu D, Matsumoto ML, McKenzie BS, Zarrin AA. TPL2 kinase action and control 
of inflammation. Pharmacol Res. 2018;129:188–93.

4.	 Braicu C, Buse M, Busuioc C, Drula R, Gulei D, Raduly L et al. A Comprehensive 
Review on MAPK: a promising therapeutic target in Cancer. Cancers (Basel). 
2019;11(10).

5.	 Das S, Cho J, Lambertz I, Kelliher MA, Eliopoulos AG, Du K, et al. Tpl2/cot 
signals activate ERK, JNK, and NF-kappaB in a cell-type and stimulus-specific 
manner. J Biol Chem. 2005;280(25):23748–57.

6.	 Chiu CY, Moffatt M, Cookson B. Molecular and genomic investigations of the 
role of MAP3K8 in IL-1β-induced response in respiratory epithelial cells. Impe-
rial College London (University of London); 2012.

7.	 Gantke T, Sriskantharajah S, Ley SC. Regulation and function of TPL-2, an Ikap-
paB kinase-regulated MAP kinase kinase kinase. Cell Res. 2011;21(1):131–45.



Page 10 of 10Chiu et al. Journal of Inflammation           (2024) 21:27 

8.	 Gantke T, Sriskantharajah S, Sadowski M, Ley SC. IkappaB kinase regulation of 
the TPL-2/ERK MAPK pathway. Immunol Rev. 2012;246(1):168–82.

9.	 Lang V, Symons A, Watton SJ, Janzen J, Soneji Y, Beinke S, et al. ABIN-2 forms a 
ternary complex with TPL-2 and NF-kappa B1 p105 and is essential for TPL-2 
protein stability. Mol Cell Biol. 2004;24(12):5235–48.

10.	 Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. Host-
microbe interactions have shaped the genetic architecture of inflammatory 
bowel disease. Nature. 2012;491(7422):119–24.

11.	 Sandhu G, Thelma BK. New Druggable targets for rheumatoid arthritis based 
on insights from Synovial Biology. Front Immunol. 2022;13:834247.

12.	 Sriskantharajah S, Guckel E, Tsakiri N, Kierdorf K, Brender C, Ben-Addi A, et al. 
Regulation of experimental autoimmune encephalomyelitis by TPL-2 kinase. 
J Immunol. 2014;192(8):3518–29.

13.	 Serebrennikova OB, Tsatsanis C, Mao C, Gounaris E, Ren W, Siracusa LD, et al. 
Tpl2 ablation promotes intestinal inflammation and tumorigenesis in Apcmin 
mice by inhibiting IL-10 secretion and regulatory T-cell generation. Proc Natl 
Acad Sci U S A. 2012;109(18):E1082–91.

14.	 Croft M, Benedict CA, Ware CF. Clinical targeting of the TNF and TNFR super-
families. Nat Rev Drug Discov. 2013;12(2):147–68.

15.	 Zhang Y, Willis-Owen SAG, Spiegel S, Lloyd CM, Moffatt MF, Cookson W. The 
ORMDL3 asthma gene regulates ICAM1 and has multiple effects on Cellular 
inflammation. Am J Respir Crit Care Med. 2019;199(4):478–88.

16.	 Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, et al. 
Exploration, normalization, and summaries of high density oligonucleotide 
array probe level data. Biostatistics. 2003;4(2):249–64.

17.	 Smyth GK. Linear models and empirical bayes methods for assessing dif-
ferential expression in microarray experiments. Stat Appl Genet Mol Biol. 
2004;3:Article3.

18.	 Benjamini Y, Cohen R. Weighted false discovery rate controlling procedures 
for clinical trials. Biostatistics. 2017;18(1):91–104.

19.	 Hosack DA, Dennis G Jr., Sherman BT, Lane HC, Lempicki RA. Identifying bio-
logical themes within lists of genes with EASE. Genome Biol. 2003;4(10):R70.

20.	 Dennis G Jr., Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al. DAVID: 
database for annotation, visualization, and Integrated Discovery. Genome 
Biol. 2003;4(5):P3.

21.	 Waterfield MR, Zhang M, Norman LP, Sun SC. NF-kappaB1/p105 regulates 
lipopolysaccharide-stimulated MAP kinase signaling by governing the stabil-
ity and function of the Tpl2 kinase. Mol Cell. 2003;11(3):685–94.

22.	 Cohen P. Targeting protein kinases for the development of anti-inflammatory 
drugs. Curr Opin Cell Biol. 2009;21(2):317–24.

23.	 Rodriguez C, Pozo M, Nieto E, Fernandez M, Alemany S. TRAF6 and Src kinase 
activity regulates cot activation by IL-1. Cell Signal. 2006;18(9):1376–85.

24.	 Chan H, Reed JC. TRAF-dependent association of protein kinase Tpl2/COT1 
(MAP3K8) with CD40. Biochem Biophys Res Commun. 2005;328(1):198–205.

25.	 Dougherty MK, Ritt DA, Zhou M, Specht SI, Monson DM, Veenstra TD, et 
al. KSR2 is a calcineurin substrate that promotes ERK cascade activation in 
response to calcium signals. Mol Cell. 2009;34(6):652–62.

26.	 Bhavsar P, Hew M, Khorasani N, Torrego A, Barnes PJ, Adcock I, et al. Relative 
corticosteroid insensitivity of alveolar macrophages in severe asthma com-
pared with non-severe asthma. Thorax. 2008;63(9):784–90.

27.	 Liu W, Liang Q, Balzar S, Wenzel S, Gorska M, Alam R. Cell-specific activation 
profile of extracellular signal-regulated kinase 1/2, Jun N-terminal kinase, and 
p38 mitogen-activated protein kinases in asthmatic airways. J Allergy Clin 
Immunol. 2008;121(4):893–e9022.

28.	 Demedts IK, Brusselle GG, Bracke KR, Vermaelen KY, Pauwels RA. Matrix metal-
loproteinases in asthma and COPD. Curr Opin Pharmacol. 2005;5(3):257–63.

29.	 Gueders MM, Foidart JM, Noel A, Cataldo DD. Matrix metalloproteinases 
(MMPs) and tissue inhibitors of MMPs in the respiratory tract: poten-
tial implications in asthma and other lung diseases. Eur J Pharmacol. 
2006;533(1–3):133–44.

30.	 Messal N, Serriari NE, Pastor S, Nunes JA, Olive D. PD-L2 is expressed 
on activated human T cells and regulates their function. Mol Immunol. 
2011;48(15–16):2214–9.

31.	 Dumitru CD, Ceci JD, Tsatsanis C, Kontoyiannis D, Stamatakis K, Lin JH, et al. 
TNF-alpha induction by LPS is regulated posttranscriptionally via a Tpl2/ERK-
dependent pathway. Cell. 2000;103(7):1071–83.

32.	 Eliopoulos AG, Wang CC, Dumitru CD, Tsichlis PN. Tpl2 transduces CD40 and 
TNF signals that activate ERK and regulates IgE induction by CD40. EMBO J. 
2003;22(15):3855–64.

33.	 Ohnishi T, Okamoto A, Kakimoto K, Bandow K, Chiba N, Matsuguchi T. 
Involvement of Cot/Tp12 in bone loss during periodontitis. J Dent Res. 
2010;89(2):192–7.

34.	 Dodhiawala PB, Khurana N, Zhang D, Cheng Y, Li L, Wei Q, et al. TPL2 enforces 
RAS-induced inflammatory signaling and is activated by point mutations. J 
Clin Invest. 2020;130(9):4771–90.

35.	 Chiba N, Kakimoto K, Masuda A, Matsuguchi T. Functional roles of Cot/Tpl2 
in mast cell responses to lipopolysaccharide and FcepsilonRI-clustering. 
Biochem Biophys Res Commun. 2010;402(1):1–6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿MAP3K8 is a potential therapeutic target in airway epithelial inflammation
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Airway epithelial cell culture
	﻿Inhibitors, antibodies, and cytokine assays
	﻿Gene knockdown reagents and protocols
	﻿Models of IL-1β-induced inflammation
	﻿Real-time quantitative PCR
	﻿Western blotting
	﻿Global gene expression profiling
	﻿Investigation of tool MAP3K8 inhibitors
	﻿Statistical analyses

	﻿Results
	﻿MAP3K8 activation and silencing in A549 cells modulates IL-1β-induced cytokine expression
	﻿MAP3K8 regulates ERK, SAPK/JNK pathways but not the p38 MARK pathway
	﻿﻿MAP3K8﻿ knockdown enhances dexamethasone suppression of IL-1β-induced cytokine production in A549 cells
	﻿Time series analysis of gene expression reveals effects of ﻿MAP3K8﻿ knockdown in IL-1β-stimulated A549 cells
	﻿Effectiveness of MAP3K8 inhibitors in A549 cells for inflammatory cytokine suppression

	﻿Discussion
	﻿Conclusions
	﻿References


