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While glucocorticoids act via the glucocorticoid receptor
(GR; NR3C1) to reduce the expression of many inflammatory
genes, repression is not an invariable outcome. Here, we
explore synergy occurring between synthetic glucocorticoids
(dexamethasone and budesonide) and proinflammatory cyto-
kines (IL1B and TNF) on the expression of the toll-like re-
ceptor 2 (TLR2). This effect is observed in epithelial cell lines
and both undifferentiated and differentiated primary human
bronchial epithelial cells (pHBECs). In A549 cells, IL1B-plus-
glucocorticoid–induced TLR2 expression required nuclear
factor (NF)-κB and GR. Likewise, in A549 cells, BEAS-2B cells,
and pHBECs, chromatin immunoprecipitation identified GR-
and NF-κB/p65-binding regions �32 kb (R1) and �7.3 kb (R2)
upstream of the TLR2 gene. Treatment of BEAS-2B cells with
TNF or/and dexamethasone followed by global run-on
sequencing confirmed transcriptional activity at these re-
gions. Furthermore, cloning R1 or R2 into luciferase reporters
revealed transcriptional activation by budesonide or IL1B,
respectively, while R1+R2 juxtaposition enabled synergistic
activation by IL1B and budesonide. In addition, small-
molecule inhibitors and siRNA knockdown showed p38α
MAPK to negatively regulate both IL1B-induced TLR2
expression and R1+R2 reporter activity. Finally, agonism of
IL1B-plus-dexamethasone–induced TLR2 in A549 cells and
pHBECs stimulated NF-κB- and interferon regulatory factor-
dependent reporter activity and chemokine release. We
conclude that glucocorticoid-plus-cytokine-driven synergy at
TLR2 involves GR and NF-κB acting via specific enhancer
regions, which combined with the inhibition of p38α MAPK
promotes TLR2 expression. Subsequent inflammatory effects
that occur following TLR2 agonism may be pertinent in severe
neutrophilic asthma or chronic obstructive pulmonary dis-
ease, where glucocorticoid-based therapies are less efficacious.

Glucocorticoids are steroid hormones that exert their effects
via the glucocorticoid receptor (GR; NR3C1). This
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transcription factor regulates numerous physiological pro-
cesses, including growth, metabolism, and immune responses.
As inhaled corticosteroids, synthetic glucocorticoids are a
mainstay therapy in mild-to-moderate asthma (1, 2). However,
glucocorticoids exhibit reduced clinical efficacy in patients
with severe neutrophilic asthma, those who smoke, or who
have chronic obstructive pulmonary disease (COPD) (3).
Furthermore, use of high-dose glucocorticoid therapy, with the
aim of increasing clinical effectiveness, results in contraindi-
cations that include reduced hypothalamus-pituitary-adrenal
axis function, weight gain, osteoporosis, and elevated blood
glucose leading to diabetes (4).

In response to environmental insults and stimuli, airway
epithelial cells release proinflammatory cytokines, chemokines,
and inflammatory enzymes and are the major drivers of
inflammation in asthma (5, 6). However, glucocorticoids, as
inhaled corticosteroids, act on the airway epithelium to sup-
press the release of inflammatory mediators and thereby
control inflammatory cell recruitment and inflammation (7, 8).
Glucocorticoids bind cytoplasmic GR and promote its trans-
location into the nucleus. Once in the nucleus, GR homo-
dimers bind palindromic DNA sites known as glucocorticoid
response elements (GREs). These are responsible for driving
glucocorticoid-induced gene expression and occur in the
regulatory regions of target genes, including many metabolic
genes (9–11). However, ligand-activated GR may also interact
with inflammatory transcription factors, such as nuclear factor
(NF)-κB and AP-1, and this is suggested to directly promote
transcriptional repression (12). Certainly, the reduced tran-
scription of proinflammatory genes is central to the anti-
inflammatory effects of glucocorticoids. Nevertheless, prod-
ucts of GC-induced effector genes, which include NFKBIA
(13), TNFAIP3 (14), ZFP36 (15, 16), and TSC22D3 (17–20),
can downregulate the NF-κB pathway and/or inflammatory
gene expression. Similarly, the dual-specificity phosphatase
(DUSP1) inhibits mitogen-activated protein kinase (MAPK)
signaling and is strongly induced by glucocorticoids (21).
Acting together, these GC-induced effectors may collectively
reduce inflammatory signaling and gene expression (22, 23).
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Cytokine and glucocorticoid synergy on TLR2 expression
However, colocalization of GR- and NF-κB–binding sites in
gene regulatory regions can produce GR/NF-κB cooperation
leading to enhanced transcription (24). Such effects have been
reported for multiple genomic loci, with specific examples of
positive GR/NF-κB cooperativity occurring at the TNFAIP3
and IRAK3 genes (25–27). Such GR/NF-κB interactions ensure
that inflammation-induced feedback control of NF-κB by
TNFAIP3 is maintained, or even enhanced, in the presence of
glucocorticoid (14). Comparable, and also beneficial, in-
teractions produce transcriptional synergy between inflam-
matory stimuli and glucocorticoids on IRAK3 expression (27).
This is a dominant negative IL1 receptor-associated kinase
that reduces signaling from IL1 receptors. Conversely, re-
ductions in MAPK activity due to GC-induced DUSP1 appear
to enhance expression of the proinflammatory transcription
factor, interferon regulatory factor (IRF), IRF1 (28). Thus,
glucocorticoid-activated mechanisms may increase the
expression of inflammatory genes, whether these gene are
proinflammatory or anti-inflammatory in effect (23).

Another gene that is believed to be NF-κB–dependent and
also is induced by glucocorticoids is the toll-like receptor
(TLR), TLR2 (17, 29–31). Toll-like receptors are pattern-
recognition receptors that play pivotal roles in the cellular
sensing of pathogens. Ultimately, TLR activation results in
transcriptional control of various host defense molecules,
including cytokines, chemokines, and other inflammatory
genes (32). For example, TLR2 mediates inflammatory re-
sponses following agonism by multiple molecular patterns,
including gram-positive bacterial cell wall components, such
as peptidoglycan, lipoprotein, and lipoteichoic acids (33–35).
Furthermore, while overexpression of DUSP1 can upregulate
cytokine-induced TLR2 expression (28, 31), the mechanisms
behind these effects have not been extensively studied. In the
current study, transcriptional interaction between NF-κB and
GR, which both bind to the TLR2 promoter, combined with
inhibition of p38α MAPK, are shown to induce TLR2
expression. This contributes to the synergy between
Figure 1. Combinatorial effect of IL1B and glucocorticoid on TLR2 protein
air-liquid interface (ALI) were either not treated or treated with IL1B (1 ng/ml) an
The cells were harvested at 6 or 24 h for western blot analysis of TLR2 and GA
densitometric data from N independent experiments, normalized to GAPDH,
with a Sidak post-hoc test. Lower panels, the sum effect (i.e., fold - 1) for each tr
is plotted. The significance was tested using paired t test. *p ≤ 0.05, **p ≤ 0.01
receptor.

2 J. Biol. Chem. (2022) 298(4) 101747
glucocorticoids and inflammatory cytokines on TLR2 expres-
sion and the effect occurs in cell lines and primary human
bronchial epithelial cells (pHBECs). Agonism of interleukin-1β
(IL1B)-plus-dexamethasone–induced TLR2 induced NF-κB
and IRF1 reporter activity and promoted release of proin-
flammatory chemokines. Thus, glucocorticoids and NF-κB
interact positively to elicit proinflammatory effects down-
stream of TLR2. These findings are likely to have clinical
implications in inflammatory diseases, including severe asthma
where glucocorticoids show reduced clinical utility.
Results

Upregulation of TLR2 protein by proinflammatory cytokines
and glucocorticoids

IL1B, at 1 ng/ml, and tumor necrosis factor α (TNF), at
10 ng/ml, produce maximal, or near maximal, NF-κB DNA-
binding and reporter activity as well as cytokine release
(36–38). In A549 cells, these concentrations of IL1B and TNF,
each modestly induced TLR2 protein at 6 h, with greater in-
creases at 24 h (Figs. 1A and S1B). Similarly, the conventional
glucocorticoids, dexamethasone, and budesonide, which
induce near identical gene expression profiles in A549 cells
(20), produce maximal activation of GRE-dependent tran-
scription and expression of glucocorticoid-induced genes at
1 μM and 300 nM, respectively (18, 39, 40). While dexa-
methasone, at 1 μM, showed little effect on TLR2 expression,
cotreatment with IL1B (Fig. 1A) or TNF (Fig. S1B) markedly
enhanced TLR2 expression at both 6 and 24 h. Greatest TLR2
expression occurred at 24 h and this was confirmed by time
course analysis with IL1B-plus-dexamethasone (Fig. S1A).
These data suggest supra-additivity, a phenomenon which is
defined as where the two treatments combine in a manner that
is more than simply additive. Indeed, comparing the addition
(sum) of the effects produced by IL1B and dexamethasone
alone (i.e., fold IL1B-1 + fold dexamethasone-1) with the effect
of cotreatment (fold IL1B+dexamethasone-1) (comb) showed
expression. A, A549 cells, or pHBECs grown in B, submersion culture, or C, at
d/or dexamethasone (Dex; 1 μM) or budesonide (Bud; 300 nM), as indicated.
PDH. Representative blots are shown. ns = non-specific band. Upper graphs,
were expressed as fold of untreated. Significance was tested using ANOVA
eatment (sum) and the effect (fold - 1) for the combination treatment (comb)
, ***p ≤ 0.001. pHBEC, primary human bronchial epithelial cell; TLR, toll-like



Cytokine and glucocorticoid synergy on TLR2 expression
that the combination effect on TLR2 expression was signifi-
cantly more than the sum of the effects (Fig. 1A, lower panel).
This confirms supra-additivity in respect of TLR2 expression
induced by IL1B-plus-dexamethasone and similar effects
occurred with TNF-plus-dexamethasone (Fig. S1B, lower
panel). In bronchial epithelial BEAS-2B cells, TNF increased
TLR2 protein by 4.0-fold at 6 h, with further increases to
�15-fold at 24 h (Fig. S1C). Dexamethasone alone had no
obvious effect at either time. TNF-plus-dexamethasone treat-
ment significantly increased TLR2 protein to 6.2-fold at 6 h,
and the effect of the combination was significantly greater than
the sum of the effects of each treatment (Fig. S1C, lower
panel). This supports supra-additivity at 6 h. However, at 24 h,
TLR2 expression was further increased by TNF, but modestly
reduced by dexamethasone.

Using pHBECs grown in submersion culture, TLR2 protein
revealed greater fold increases in response to IL1B and dexa-
methasone when compared to A549 cells (Fig. 1B). IL1B
combined with dexamethasone markedly increased TLR2
expression at 6 and 24 h, such that TLR2 expression induced
by IL1B-plus-dexamethasone was significantly greater than by
Figure 2. Proinflammatory cytokines and glucocorticoids synergistically
submersion culture, or B, pHBECs cultured at air-liquid interface (ALI) were eith
(Dex; 1 μM) or budesonide (Bud; 300 nM) for the times indicated. C, A549 cells w
for qPCR analysis. TLR2 data from N independent experiments were normaliz
D, A549 cells and E, pHBECs grown in submersion culture were treated as in A
(upper panels) from N independent experiments were normalized to U6 and ar
ANOVA with a Sidak post-hoc test. In A, ‘$’ and ‘#’ represent significance relativ
(i.e., fold - 1) of both treatments (sum) and the effect (fold - 1) for the combin
paired t test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. pHBEC, primary human bro
unspliced nuclear RNA.
each treatment alone (Table S1A). This was maximal at 24 h
and the effect of IL1B-plus-dexamethasone was significantly
more than the sum of the effects produced by IL1B and
dexamethasone alone (Fig. 1B, lower panel). Similar outcomes
and supra-additivity occurred in pHBECs grown as air-liquid
interface (ALI) cultures using IL1B and budesonide as stim-
uli (Fig. 1C and Table S1B). Therefore, in each of the above
cases, more than simple additivity between proinflammatory
cytokines and glucocorticoids on TLR2 protein expression was
revealed in epithelial cell lines and primary human airway
epithelial cells.
Synergistic induction of TLR2 mRNA by proinflammatory
cytokines and glucocorticoids

In A549 cells, IL1B produced a modest (<5-fold) increase
in TLR2 mRNA that was maximal from 4 to 6 h (Fig. 2A).
While dexamethasone alone was largely without effect,
IL1B-plus-dexamethasone markedly enhanced TLR2 mRNA
expression. This peaked 6 h post-stimulation, before
declining steeply by 8 h with a more gradual reduction by
induce TLR2 mRNA and transcription. A, A549 cells, or pHBECs grown in
er not stimulated (NS) or treated with IL1B (1 ng/ml) and/or dexamethasone
ere treated with IL1B and Dex, as indicated, for 6 h. A–C, cells were harvested
ed to GAPDH and plotted as fold of NS (of the earliest time point/graph).
and harvested after 2 h for qPCR analysis of unRNA of TLR2 and U6. Data

e plotted as fold relative to untreated control. Significance was tested using
e to IL1B and Dex, respectively. In A, B, D, and E (lower panels), the sum effect
ation treatment (comb) is plotted. Significance at each time was tested by
nchial epithelial cell; qPCR, quantitative PCR; TLR, toll-like receptor; unRNA,
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18 h. Comparing the sum of the effects of IL1B and dexa-
methasone alone with the combined effect of IL1B-plus-
dexamethasone indicated supra-additivity at 4, 6, and 8 h
(Fig. 2A, lower panel). TNF-treated A549 cells also demon-
strated significantly increased TLR2 mRNA at 6 and 24 h
(Fig. S2A). Dexamethasone alone was without effect but
enhanced TNF-induced TLR2 mRNA expression at 6 and
24 h. This was significantly greater than the sum of individual
effects of TNF and dexamethasone at 6 h and, with a similar
trend at 24 h, shows supra-additivity (Fig. S2A, lower panel).
Similar combinatorial effects were also evident for IL1B-plus-
budesonide (Fig. S2B). In BEAS-2B cells, dexamethasone
alone had no effect and TNF induced TLR2 mRNA at both 6
and 24 h (Fig. S2C). Comparing the sum of the effects of TNF
and dexamethasone with the combination effect indicated
supra-additivity at 6 h, but not at 24 h (Fig. S2C, lower panel).
Likewise, pHBECs grown in submersion culture showed
increased TLR2 mRNA expression following treatment with
IL1B, TNF, or dexamethasone (Figs. 2A and S2D). Toll-like
receptor 2 mRNA expression was further increased by
IL1B-, or TNF-, plus-dexamethasone cotreatment with supra-
additivity apparent from 2 h onward for IL1B-plus-
dexamethasone or from 6 h with TNF-plus-dexamethasone
(Figs. 2A and S2D). In ALI culture of pHBECs, both IL1B
and budesonide modestly induced TLR2 mRNA at 6 h with
cotreatment revealing a clear supra-additivity (Fig. 2B).

To confirm synergy, A549 cells were treated for 6 h with
various concentrations of dexamethasone with or without
1 ng/ml IL1B, or with various concentrations of IL1B, with or
without 1 μM dexamethasone. Toll-like receptor 2 mRNA was
induced by dexamethasone (pEC50 = 7.4 ± 0.1) in a
concentration-dependent manner with a maximal effect (EMax)
of 3.5-fold (Fig. 2C). In the presence of 1 ng/ml IL1B, which
induced TLR2 mRNA by 4.5-fold, the EMax achieved by
dexamethasone increased to 31.2-fold. This corresponded to
8.9-fold enhancement over the EMax achieved by dexametha-
sone alone and occurred without measurable change to the
pEC50 (Fig. 2C). Similarly, IL1B induced TLR2 mRNA with an
EMax of 4.1-fold and a pEC50 of 2.04 ± 0.3 (Fig. 2C). Dexa-
methasone at 1 μM induced TLR2 mRNA by 3.4-fold, and
combination with IL1B concentrations produced an EMax of
29.8-fold with a pEC50 of 1.3 ± 0.2. This represented a 7.3-fold
enhancement from the effect of IL1B alone and occurred
without significant change in the pEC50 (Fig. 2C). These data
unequivocally show positive cooperativity between IL1B and
dexamethasone leading to substantially increased TLR2
expression without changing the sensitivity to either stimulus.
Proinflammatory cytokines and glucocorticoids enhance TLR2
transcription

To investigate effects on TLR2 transcription, unspliced
nuclear RNA (unRNA) was detected using primers spanning
the TLR2 intron 2/exon 3 splice junction and used as a sur-
rogate of transcription rate (Fig. S2E). In A549 cells, 2 h of
IL1B and dexamethasone treatment induced TLR2 unRNA by
4 J. Biol. Chem. (2022) 298(4) 101747
3.4-fold and 2.7-fold, respectively, while cotreatment enhanced
this to 11.5-fold (Fig. 2D). Thus, supra-additivity at a tran-
scriptional level is confirmed. Following IL1B-plus-
dexamethasone cotreatment, TLR2 unRNA was increased
1 h post-stimulation with a maximum at 4 h that preceded the
6 h maximum in TLR2 mRNA (Fig. S2F). From 6 h, reduced
TLR2 unRNA levels were consistent with declines in mRNA.
Similarly, in pHBECs, IL1B and dexamethasone induced TLR2
unRNA by 17.4 ± 3.6-fold and 11.1 ± 1.5-fold, respectively, at
2 h, while IL1B-plus-dexamethasone cotreatment increased
this to 95.6 ± 24.0-fold (Fig. 2E). This effect was significantly
greater than the sum of the effects produced by IL1B and
dexamethasone alone at 2 h (Fig. 2E, lower panel). Thus,
combinatorial enhancements in TLR2 expression by proin-
flammatory cytokines and glucocorticoids involve supra-
additivity that occurs at a transcriptional level in the model cell
line, A549, and in pHBECs.
TLR2 expression induced by proinflammatory
cytokine-plus-glucocorticoid requires NF-κB and GR

A role for NF-κB in inducing TLR2 expression was tested
using adenoviral-mediated overexpression of IκBαΔN, a
dominant inhibitor of NF-κB that lacks the N-terminal region
necessary for phosphorylation-induced degradation, thereby
efficiently inhibiting NF-κB in A549 cells (41). IL1B-induced
NF-κB reporter activity in A549 cells showed near maximal
inhibition by adenovirus serotype 5 (Ad5)-IκBαΔN at a mul-
tiplicity of infection (MOI) of 25, whereas the control,
Ad5-GFP, had negligible effect (Fig. S3A). NF-κB reporter cells
were infected with Ad5-IκBαΔN or Ad5-GFP, each at MOI 25,
followed by treatment with IL1B or IL1B-plus-dexamethasone.
Western blotting confirmed the expression of GFP and
IκBαΔN, and luciferase activity induced by IL1B or IL1B-plus-
dexamethasone was prevented in the presence of Ad-IκBαΔN,
but not Ad5-GFP (Fig. 3A). Similar inhibitory effects were
found for IκBα expression, which being an NF-κB-dependent
target also confirms effective inhibition of NF-κB. Analysis of
TLR2 mRNA at 6 h and protein at 8 h showed IκBαΔN, but
not GFP, overexpression to abolish IL1B- and IL1B-plus-
dexamethasone-induced TLR2 expression (Fig. 3A). To pro-
vide additional support for a role of the NF-κB pathway in the
induction of TLR2, A549 cells were treated with PS-1145, a
selective IKK2 inhibitor (42, 43). Following stimulation with
IL1B, NF-κB reporter activity was reduced by PS-1145
(pEC50 = 5.38), with EMax achieved at 30 μM (Fig. S3B). At
30 μM, PS-1145 significantly, but partially, decreased TLR2
mRNA and protein induced by IL1B-plus-dexamethasone at 6
and 8 h, respectively (Fig. S3C). PS-1145 also reduced IL1B-
induced TLR2 mRNA, but had no effect on dexamethasone-
induced TLR2 (Fig. S3C). These data support a role for the
IKK2-NF-κB pathway in the induction of TLR2 expression by
IL1B and IL1B-plus-dexamethasone.

A549 cells harboring a stably integrated 2 × GRE-dependent
luciferase reporter (A549.2 × GRE cells) (44) were transfected
with GR-targeting or control siRNAs before treatment with



Figure 3. NF-κB and GR are necessary to induce TLR2 expression by proinflammatory cytokines plus glucocorticoid. A, A549 and NF-κB reporter
(A549.6κBtk) cells were either not infected, or infected with Ad5-IκBαΔN or Ad5-GFP at an MOI of 25, before treatment with IL1B (1 ng/ml) and/or
dexamethasone (Dex; 1 μM). B, A549 and A549.2XGRE cells were incubated with LMNA or GR-specific siRNAs (si1 and si2; 25 nM each) prior to stimulation
with IL1B and/or Dex. The cells were harvested for luciferase assay, qPCR, and western blotting at the indicated times. Blots representative of at least five
independent experiments (N) are shown. Note, in A, the respective GAPDH blot for GFP and IκBα is also reproduced below TLR2 as these represent
sequential reprobing of the same membrane. Luciferase activity and qPCR data of TLR2 normalized to GAPDH were expressed as fold of untreated. Sig-
nificance was assessed by ANOVA with a Dunnett’s post-hoc test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Ad5, adenovirus serotype 5; GR, glucocorticoid receptor;
GRE, glucocorticoid response element; LMNA, lamin A/C; MOI, multiplicity of infection; NF-κB, nuclear factor-κB; TLR, toll-like receptor.

Cytokine and glucocorticoid synergy on TLR2 expression
IL1B-plus-dexamethasone. The two GR-targeting siRNAs
strongly suppressed GR protein expression and significantly
reduced 2 × GRE reporter activity induced by IL1B-plus-
dexamethasone, whereas control siRNA had no effect
(Fig. 3B, upper and middle panels). The GR-targeting siRNAs
significantly reduced IL1B-plus-dexamethasone–induced
TLR2 mRNA and protein levels at 6 and 8 h, respectively
(Fig. 3B, lower panels). Control siRNA had no effect, thereby
confirming a role for GR in the induction of TLR2 expression
by IL1B-plus-dexamethasone.

Effect of proinflammatory cytokines and glucocorticoids on
GRE- and NF-κB–dependent transcription

Effects of dexamethasone on the NF-κB pathway were
investigated in A549 cells. Phosphorylation of IκBα at Ser32
and Ser36 was induced by IL1B within 2 min, reached a
maximum at 5 to 10 min, and was paralleled by complete loss
of IκBα by 15 min (Fig. S4A). IL1B also induced Ser536
phosphorylation of p65, which was maximal at 10 to 15 min,
while total p65 remained constant (Fig. S4A). There was no
effect of dexamethasone cotreatment on IL1B-induced
phosphorylation of IκBα or p65 or on loss of IκBα
(Fig. S4B). Likewise, dexamethasone modestly decreased NF-
κB reporter activity induced by IL1B or TNF (Fig. S4C).
Similarly, GRE reporter activity was induced 20.6-fold by
dexamethasone, but this was largely unaffected by IL1B or
TNF (Fig. S4D). Thus, the effects of dexamethasone on the
NF-κB pathway, or of IL1B/TNF on GRE-dependent tran-
scription, cannot explain synergy occurring at the level of
TLR2 expression.

Recruitment of p65 and GR to the TLR2 locus

Recruitment of the NF-κB subunit, p65, and GR to the TLR2
locus was investigated in chromatin immunoprecipitation
(ChIP)-seq data from BEAS-2B cells (26). Visualizing these
data in the UCSC Genome Browser identified two GR-binding
regions, R1 and R2, located �32 and �7.3 kb, respectively,
upstream of the TLR2 transcription start site(Fig. 4A).
Glucocorticoid receptor enrichment at the distal, R1 region
was dexamethasone-induced and remained unaffected by TNF
as cotreatment in BEAS-2B cells. At the proximal, R2 region,
dexamethasone-induced GR enrichment was marginal in
BEAS-2B cells, although this was modestly enhanced on TNF
cotreatment (Fig. 4A). ChIP-qPCR in A549 cells confirmed
increased GR occupancy at R1 following 1 h of budesonide
that was unaffected by IL1B cotreatment (Fig. 4B). In pHBECs,
GR occupancy at R1 was strongly enhanced by budesonide at
1 h and this was unaffected by IL1B cotreatment (Fig. 4B). At
R2, while ChIP-qPCR showed no clear effect of budesonide on
GR occupancy at 1 h in A549 cells, IL1B-plus-budesonide
modestly increased GR recruitment, an effect that was signif-
icant in pHBECs (Fig. 4B).

The ChIP-seq data from Kadiyala et al. (26) also shows
recruitment of p65 to the R2 region, but not R1, in BEAS-2B
J. Biol. Chem. (2022) 298(4) 101747 5



Figure 4. p65 and GR binding and transcriptional activity at TLR2 locus. A, genome browser snapshot of the TLR2 gene and �40 kb upstream of TLR2
showing histone marks from the ENCODE project (46), ChIP-seq data derived from (26), and GRO-seq data from (45). Regions R1 and R2 are highlighted. GR
(blue) and p65 (red) ChIP-seq peaks are shown from BEAS-2B treated with vehicle (veh), dexamethasone (Dex; 100 nM), and/or TNF (20 ng/ml), as indicated.
GRO-seq (lower four tracks) shows nascent RNA mapped to the ‘+’ strand (black) or ‘−’ strand (gray) from BEAS-2B cells treated as above for 30 min. B–F,
ChIP-qPCR for GR and p65 was performed in A549 and pHBECs either untreated or stimulated with IL1B (1 ng/ml) and/or budesonide (Bud; 300 nM) for 1 h.
The data from N independent experiments were expressed as log2 fold enrichment. Significance relative to untreated control (*) or to treated at ½ h (#) was
assessed by ANOVA with a Dunnett’s post-hoc test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. ChIP, chromatin immunoprecipitation; GR, glucocorticoid receptor;
GRO-seq, global run-on followed by sequencing; pHBEC, primary human bronchial epithelial cell; TLR, toll-like receptor.

Cytokine and glucocorticoid synergy on TLR2 expression
cells treated with TNF or TNF-plus-dexamethasone for 1 h
(Fig. 4A). In A549 cells, ChIP-qPCR at R2 also suggested
increased p65 occupancy following IL1B treatment and this
reached significance with IL1B-plus-budesonide (Fig. 4C).
More robust effects were apparent in pHBECs, where p65
enrichment at R2 was significant for both IL1B and IL1B-plus-
budesonide (Fig. 4C).

Kinetic analysis in A549 cells showed that IL1B alone had no
effect on GR enrichment at R1 (not shown). Similarly, at R2,
GR recruitment was unaffected by IL1B (not shown) or by
IL1B-plus-budesonide (Fig. 4D). Budesonide alone induced GR
enrichment at R1 from 30 min that peaked at 1 h and remained
elevated until 4 h (Fig. 4E, left panel). IL1B-plus-budesonide
cotreatment increased GR enrichment at R1 from 30 min on-
wards, and this was significantly more at 2 and 4 h relative to
30 min (Fig. 4E, right panel). Similarly, IL1B modestly, but
variably, increased p65 enrichment at R2 with an apparent peak
from 2 to 4 h (Fig. 4F, left panel). Budesonide alone showed no
enrichment of p65 at R2 (data not shown), whereas IL1B-plus-
budesonide significantly enhanced p65 enrichment at 2 and 4 h
compared to untreated cells (Fig. 4F, right panel). Moreover,
p65 enrichment was significantly higher at 2 and 4 h compared
to 30 min of IL1B-plus-budesonide treatment.

The above data confirm the recruitment and binding of GR
to the R1 region of the TLR2 locus following glucocorticoid
6 J. Biol. Chem. (2022) 298(4) 101747
treatment of A549, BEAS-2B, and pHBECs. Similarly, IL1B or
TNF resulted in p65 enrichment at R2 in each of these sys-
tems. In each case, these recruitments of GR or p65 were not
materially altered by combination treatment.

The p65 and GR-binding regions upstream of the TLR2 gene
drive transcription

Global run-on (GRO)-seq data from BEAS-2B cells treated
with TNF and/or dexamethasone for 30 min show bidirec-
tional transcriptional activity, i.e., enhancer RNA (eRNA)
production, from the p65- and GR-binding regions, R1 and R2,
upstream of the TLR2 locus (Fig. 4A) (45). Modest increases in
nascent RNA production were observed from R1 following
stimulation by dexamethasone and TNF-plus-dexamethasone.
Similarly, TNF and dexamethasone increased nascent tran-
scripts from R2, and this was enhanced by costimulation.
Additionally, cotreatment with TNF-plus-dexamethasone
stimulated transcriptional activity throughout the TLR2
gene. While these data indicate transcriptional activity at R1
and R2, the absence of run-on transcripts from other regions
within 50 kb of the TLR2 locus raise the possibility that R1 and
R2 represent the main regions required for TLR2 upregulation
by glucocorticoids and NF-κB–inducing stimuli. As deter-
mined by ENCODE (46), these sites coincide with peaks of
histone H3 lysine 27 acetylation and lysine 4 methylation,
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which also supports their role as conserved enhancers (Fig. 4A,
upper two tracks).

Motif analysis, using the JASPAR CORE database (47, 48),
identified three GREs in the R1 region and two p65-binding
sites plus one GRE in the R2 region with similarity scores
≥300 (Figs. 5A and S5). This corresponds to a p value ≤10−3

and represents significant matching to the respective
consensus. To assess their ability to drive transcription, DNA
encompassing the three GREs in R1 or the RELA sites and
GRE in R2 were cloned separately, or together, into a TATA-
containing luciferase reporter prior to transfection into
A549 cells and generation of stable lines. In cells harboring the
R1-luc reporter, budesonide increased luciferase activity at 6 h
with further enhancements at 8 and 24 h (Fig. 5B, left).
Figure 5. Transcriptional activity from the NF-κB- and GR-binding region
region showing the GR- and p65-binding regions, R1 and R2, described in Figur
with GR and p65 ChIP-seq traces from BEAS-2B cells treated with vehicle (veh
from (26)). GRE- (light blue boxes) and RELA-binding motifs (orange boxes), as pr
arrowheads represent approximate positions of the primers used to PCR am
luciferase vector. B, A549 cells stably transfected with empty vector or the R1
graph) were either not treated or treated with IL1B (1 ng/ml) and/or budeson
from N independent experiments were normalized to empty vector control an
(#; in R2-luc) at each time was assessed by ANOVA with a Dunnett’s post-hoc t
the effect of combination treatment (comb) is shown. Significance at each t
chromatin immunoprecipitation; GR, glucocorticoid receptor; GRE, glucocortic
Reporter activity from this construct was unaffected by IL1B,
whether in the absence or presence of budesonide. For the R2-
luc reporter, IL1B increased luciferase activity at 6 h, with
further increases apparent until at least 24 h (Fig. 5B, middle).
IL1B-plus-budesonide significantly reduced the IL1B-induced
luciferase activity at 24 h. For the R1+R2-luc construct, lucif-
erase activity was very modestly but significantly induced by
budesonide at 6, 8, and 24 h (Fig. 5B, right). While IL1B alone
robustly increased reporter activity, this was markedly
enhanced by IL1B-plus-budesonide in a manner that revealed
supra-additivity (Fig. 5B, lower right).

To explore the contribution of each putative GRE or p65-
binding site in driving transcription from R1 and R2, each
site was deleted, and stable lines were generated in A549 cells.
s upstream of TLR2. A, schematic of the TLR2 gene and �40 kb upstream
e 4. Insets show zoomed-in genome browser snapshots for regions R1 and R2
), dexamethasone (Dex; 100 nM), and/or TNF (20 ng/ml), as indicated (data
edicted from the JASPAR CORE database (score ≥ 300) are highlighted. Black
plify focused regions from R1 and R2 for cloning into a TATA-containing
, R2, or R1 + R2 reporter constructs (shown in the schematics above each
ide (Bud; 300 nM) for times indicated followed by luciferase assay. The data
d plotted as fold of untreated. Significance relative to untreated (*) or IL1B
est. Lower panels, the sum effect (i.e., fold – 1) of both treatments (sum) and
ime was tested by paired t test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. ChIP,
oid response element; NF-κB, nuclear factor-κB; TLR, toll-like receptor.
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Deletion of GRE-1, GRE-2, or GRE-3 in the R1-luc reporter
produced partial but significant loss of reporter activity driven
by either budesonide or IL1B-plus-budesonide (Fig. 6A).
Deletion of all three GREs ablated luciferase activity and
supports a role for all three sites in the overall glucocorticoid-
mediated transcriptional drive from R1 (Fig. 6A).

In the R2-luc reporter, RELA-1 deletion produced no sig-
nificant changes in reporter activity induced by either IL1B or
IL1B-plus-budesonide (Fig. S6A). Deletion of either RELA-2 or
the GRE from the R2-luc reporter significantly enhanced re-
porter activation by IL1B and IL1B-plus-budesonide
(Fig. S6A). Deletion of both RELA-1 and RELA-2 modestly
reduced IL1B-induced R2 reporter activity, and IL1B-plus-
budesonide–induced reporter activity was significantly, but
only marginally, decreased compared to WT (Fig. 6B). How-
ever, when the GRE was deleted along with the two RELA
sites, no significant change was observed in the IL1B- and
IL1B-plus-budesonide-induced luciferase activity compared to
the native R2-luc reporter (Fig. 6B). Thus, despite the R2-luc
construct showing IL1B-inducibility, classical functional roles
for RELA-1, RELA-2, or the GRE were lacking. Rather, nega-
tive regulatory functions for factors acting at RELA-2 and the
GRE were suggested in the context of IL1B and IL1B-plus-
budesonide. Indeed, binding of multiple transcription factors
Figure 6. Transcriptional synergy between the GR-binding, R1, and NF-κB
with reporter constructs containing empty vector, wild type R1 (R1), or R1 with
were either not treated or stimulated with IL1B (1 ng/ml) and/or budesonide (B
containing empty vector, wild type R2 (R2), or R2 with the RELA sites and GREs
24 h. C, A549 cells stably harboring the R2-luc (top panel) or R1+R2-luc (botto
IκBαΔN or Ad5-GFP at an MOI of 25, before treatment with IL1B and/or Bud
(bottom panel) reporters were pretreated with PS-1145 (30 μM) for 90 min f
transfected with reporter constructs containing empty vector, Wild type R1+R2
or ΔR1 + ΔR2). In each case, the cells were harvested for luciferase assay. The
Significance relative to IL1B (*), Bud (#), or IL1B+Bud ($) was assessed by ANO
adenovirus serotype 5; GR, glucocorticoid receptor; GRE, glucocorticoid respon
like receptor.
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other than REL proteins are apparent at these sites and thus
complexity of transcriptional control is likely (Fig. S6B).

To explore a possible role for NF-κB, Ad5-IκBαΔN was
introduced at an MOI of 25 to cause near complete ablation of
NF-κB activity (Fig. S3A). Subsequent treatment with IL1B or
IL1B-plus-budesonide induced R2 and R1+R2 reporter activity
and this was markedly reduced by IκBαΔN (Fig. 6C). Similarly,
pretreatment with PS-1145 (30 μM) significantly decreased
IL1B- and IL1B-plus-budesonide–induced activity of the
R2-luc and R1+R2-luc reporters (Fig. 6D). Thus, induction of
reporter activity by IL1B or IL1B-plus-budesonide requires
NF-κB signaling.

Roles for the GRE and RELA sites in the R1 and R2 regions
were interrogated in the context of the combined R1+R2-luc
construct. In each case, combined deletion of the three GREs
in R1 or/and the two RELA sites and one GRE in R2 signifi-
cantly attenuated R1+R2 reporter activity by both IL1B and
budesonide (Fig. 6E). However, most striking was the sub-
stantial loss of IL1B-plus-budesonide–induced reporter activ-
ity following these deletions. Not only was R1+R2-luc
inducibility by IL1B and budesonide dependent on these sites,
but synergy between IL1B and budesonide was completely lost
upon deletion of these sites (Fig. 6E). These data strongly
implicate a need for both the three GREs in R1 and despite
-binding, R2, regions upstream of TLR2. A, A549 cells stably transfected
the GREs deleted (R1_ΔGRE1, R1_ ΔGRE2, R1_ ΔGRE3, or R1_ ΔGRE1/2/3 [ΔR1])
ud; 300 nM) for 8 h. B, A549 cells stably transfected with reporter constructs
deleted (R2_ΔRELA-1/2 or R2_ΔRELA-1/2_ΔGRE [ΔR2]) were treated as in A for
m panel) reporter constructs were either not infected or infected with Ad5-
for 24 h. D, A549 cells stably harboring the R2-luc (top panel) or R1+R2-luc
ollowed by the addition of IL1B and/or Bud for 24 h. E, A549 cells stably
(R1 + R2), or R1+R2 with GRE and/or RELA sites deleted (ΔR1 + R2, R1 + ΔR2,
data from N independent experiments were expressed as fold of untreated.
VA with a Dunnett’s post-hoc test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Ad5,
se element; MOI, multiplicity of infection; NF-κB, nuclear factor-κB; TLR, toll-
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nonclassical functional roles, RELA-1, RELA-2, and the GRE in
R2 in mediating synergy between IL1B and budesonide.
Inhibition of p38 MAPK enhances IL1B-induced TLR2
expression

In A549 cells, IL1B activates the p38, extracellular regulated
kinase (ERK), and c-Jun N-terminal kinase (JNK) MAPK
pathways, while glucocorticoids reduce MAPK activity (49).
Overexpression of DUSP1 inactivates these MAPK pathways
but increases IL1B-induced TLR2 mRNA expression (28). This
implies a negative role for MAPKs in the regulation of TLR2.
To confirm this, A549 cells were pretreated with maximally
effective concentrations of SB203580 (10 μM), U0126 (10 μM),
and JNK inhibitor VIII (JNK-IN-VIII) (10 μM), which inhibit
the p38, ERK, and JNK MAPK pathways, respectively.
Following stimulation with IL1B, SB203580 significantly
increased IL1B-induced TLR2 mRNA at 6 h, while U0126 and
JNK-IN-VIII had no effect (Fig. 7A). As a combination of the
three inhibitors produced a similar effect to SB203580 alone, a
primary role for p38 MAPK inhibition is suggested. Further-
more, the ability of SB203580 to enhance IL1B-induced TLR2
mRNA expression only starts to become apparent from 2 h
onward, before reaching significance at 6 h (Fig. 7B). In
Figure 7. Effect of MAPK inhibition on IL1B- and dexamethasone-induced
inhibitors of p38 (SB203580), MEK1/2 (U0126), or JNK (JNK-IN-VIII) (each 10 μM
(1 ng/ml) or dexamethasone (Dex; 1 μM), as indicated. The cells were harvested
were normalized to GAPDH and plotted as fold of untreated. Significance rela
A549 cells were either not treated or pretreated with SB203580 for 30 min, fol
indicated times. TLR2 mRNA data from N independent experiments were no
Significance relative to IL1B at each time was tested by paired t test. C, A549 cel
addition of IL1B and/or Dex prior to harvesting for qPCR analysis at 6 h. TLR2 m
plotted as fold of untreated at each time point. Significance relative to withou
were either not treated or pretreated with SB203580 (10 μM) or a combinatio
prior to addition of IL1B. After 2 h, the cells were harvested for qPCR analysis
plotted as fold of untreated. Significance relative to IL1B-treated was tested usin
stimulated with IL1B and/or Dex prior to harvesting for western blotting at t
(p38), and GAPDH from N independent experiments are shown. Densitometric
control at 15 min. Significance at each time was tested by paired t test. F, A549
at indicated times after addition of IL1B (SB time). The cells were harvested fo
periments was normalized to GAPDH and plotted as fold of untreated contr
mitogen-activated protein kinase; qPCR, quantitative PCR; TLR, toll-like recept
addition, SB203580 enhanced TLR2 mRNA expression in the
presence of IL1B, but not in untreated, dexamethasone-
treated, or IL1B-plus-dexamethasone-treated cells (Fig. 7C).
Thus, the effect of SB203580 is only relevant to the enhance-
ment of TLR2 expression in the context of IL1B treatment. As
SB203580, and the combination of SB203580, U0126, and
JNK-IN-VIII enhanced IL1B-induced TLR2 unRNA to similar
extents at 2 h, an inhibitory effect of p38 MAPK is implicated
on TLR2 transcription (Fig. 7D).

In A549 cells, IL1B-induced p38 phosphorylation was
maximal at 30 min, before declining by 1 h and thereafter
remaining low (Fig. 7E). While dexamethasone had no effect
on the initial peak in IL1B-induced p38 phosphorylation, sig-
nificant inhibition occurred from 1 h onward (Fig. 7E). As the
inhibition of p38 MAPK activity by glucocorticoids may
contribute to an increase in TLR2 expression, the effect of
timing of p38 MAPK inhibition on IL1B-induced TLR2 mRNA
was investigated. A549 cells were pretreated, cotreated, or
post-treated with SB203580 along with IL1B stimulation prior
to analysis of TLR2 mRNA 6 h after the IL1B addition
(Fig. 7F). IL1B-induced TLR2 mRNA was significantly
enhanced by SB203580 pretreatment and cotreatment.
Notably, similar median enhancements of IL1B-induced TLR2
mRNA were achieved with the addition of SB203580 1 h post-
TLR2 expression. A, A549 cells were either not treated or pretreated with
), either alone or in combination, for 30 min, followed by addition of IL1B
for qPCR analysis at 6 h. TLR2 mRNA data from N independent experiments
tive to IL1B-treated was tested using ANOVA with a Dunnett’s post-test. B,
lowed by addition of IL1B. The cells were harvested for qPCR analysis at the
rmalized to GAPDH and plotted as a fold of untreated at each time point.
ls were either untreated or pretreated with SB203580 for 30 min, followed by
RNA data from N independent experiments were normalized to GAPDH and
t SB203580 treatment in each case was tested by paired t test. D, A549 cells
n of SB203580, U0126, and JNK-IN-VIII (SB+U0+JNK; 10 μM each) for 30 min
. TLR2 unRNA from N independent experiments was normalized to U6 and
g ANOVA with a Dunnett’s post-test. E, A549 cells were either not treated or
he times indicated. Representative blots of phospho-p38 (P-p38), total p38
data for P-p38 was normalized to GAPDH and expressed as fold of untreated
cells were either pretreated for 30 min, cotreated, or treated with SB203580
r qPCR analysis 6 h after IL1B addition. TLR2 data from N independent ex-
ol. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. JNK-IN-VIII, JNK inhibitor VIII; MAPK,
or.
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IL1B. However, with longer post-treatment times (>1 h), the
ability of SB203580 to enhance TLR2 mRNA expression was
progressively lost until by 3 h post-treatment, there was no
significant enhancement of IL1B-induced TLR2 mRNA. Thus,
the inhibition of IL1B-induced p38 MAPK activity from 1 h
onward by dexamethasone overlaps with those times (pre-
treatment to 2 h post-treatment) that were necessary for p38
MAPK inhibition to enhance TLR2 mRNA.
p38α MAPK negatively regulates IL1B-induced TLR2
expression and TLR2 promoter activity

Given selectivity of SB203580 for p38α and β over p38δ and
γ (Table 1) (50), roles for p38α and β in the enhancement of
IL1B-induced TLR2 expression were investigated. A549 cells
were pretreated with the p38 inhibitors, SB203580, BIRB796,
and VX745 for 30 min, prior to treatment with IL1B. IL1B-
induced phosphorylation of MAPKAPK2, also known as
MAPK-activated protein kinase 2 (MK2), a downstream target
of p38α (51), revealed concentration-dependent reductions
(pEC50 values = 6.2, 7.9 and 7.8, respectively) by each com-
pound (Figs. 8A and S7A, top panels and Table 1). Likewise,
SB203580, BIRB796, and VX745 enhanced IL1B-induced
TLR2 mRNA at 6 h (Figs. 8A and S7A, bottom panels), with
pEC50 values of 5.85, 7.61, and 6.61 respectively. These were
not significantly different from the effects on MK-2 phos-
phorylation and are therefore consistent with mechanisms that
involve p38α MAPK inhibition (Table 1).

In pHBECs, EMax BIRB796 (100 nM) and VX745 (300 nM)
significantly enhanced IL1B-induced TLR2 mRNA at 2 and 6 h
(Fig. 8B, top panel), whereas the less selective SB203580
(10 μM) had no significant effect (data not shown). Likewise,
TLR2 unRNA was robustly and significantly enhanced by
BIRB796 and VX745 post-IL1B treatment at 2 h, with reduced
effects apparent at 6 h (Fig. 8B, bottom panel). Notably, both
TLR2 mRNA and unRNA were significantly more induced by
IL1B-plus-dexamethasone compared to IL1B in the presence
of p38 inhibitors (Table 2). Thus, direct GR-driven transcrip-
tion of TLR2, along with the inhibitory effect of dexametha-
sone on p38, may both contribute to the TLR2 expression
induced by IL1B-plus-dexamethasone.

To distinguish roles for p38α and β in regulating TLR2
expression, A549 cells were transfected with either p38α- or
p38β-targeting siRNAs followed by IL1B treatment. While
nontargeting control siRNA had no effect on p38α, p38β, or
phospho-MK2 protein levels (Fig. S7B), the p38α-targeting
siRNAs reduced p38α protein expression and IL1B-induced
phospho-MK2 (Fig. 8C). There were no effects on p38β
Table 1
Selectivity of SB203580, BIRB796, and VX745 for p38α/β/δ/γ

MAPK inhibitor

pEC50

p-MK2 reduction TLR2 enhancement

SB203580 6.2±0.25 5.85±0.28
BIRB796 7.94±0.21 7.61±0.18
VX745 7.79±0.30 6.61±0.29

pEC50 values of the three p38 inhibitors on p-MK2 reduction and TLR2 mRNA enhanceme
the inhibitors on the p38 isoforms were derived from Davis et al. (50).
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protein expression, but IL1B-induced TLR2 protein at 8 h was
markedly increased by each siRNA (Fig. 8C). Conversely,
p38β-targeting siRNAs reduced p38β protein and showed no
effect on p38α expression or on IL1B-induced phospho-MK2
protein or IL1B-induced TLR2 expression (Fig. S7, C and D).
These effects were reproduced on TLR2 mRNA where IL1B-
induced TLR2 mRNA was significantly increased at 6 h in
the presence of 1 nM siRNAs targeting p38α, while control
siRNA or p38β-targeting siRNAs had no effect (Fig. 8D). These
data confirm that inhibition of p38α MAPK leads to increased
IL1B-induced TLR2 expression.

A549 cells harboring the TLR2 R1-luc, R2-luc, or R1+R2-luc
constructs were transfected with 1 nM p38α- or p38β-targeting
siRNA pools prior to treatment with IL1B. In R1-luc containing
cells, neither the p38α- nor p38β-targeting siRNAs had any
effect on reporter activity either in the presence or absence of
IL1B (Fig. S8A, left panel). With the R2-luc reporter, p38α-
targeting siRNAs significantly increased IL1B-induced reporter
activity, while control or p38β-targeting siRNAs had no effect
(Fig. S8A, right panel). With the R1+R2-luc reporter, p38α-
targeting siRNAs significantly increased baseline and IL1B-
induced reporter activity (Fig. 8E). In contrast, nontargeting
control and p38β-targeting siRNAs had no effect on baseline or
IL1B-induced reporter activity. Similarly, whereas the R1-luc
construct was unaffected by the p38 inhibitors (Fig. S8B, left
panel), in cells harboring the R2-luc construct, both BIRB796
and VX745 modestly increased IL1B-induced reporter activity
at 6, 10, and 24 h (Fig. S8B, middle panel). With the R1+R2-luc
reporter cells, BIRB796 and/or VX745 significantly increased
IL1B-induced reporter activation at 6, 10, and 24 h (Fig. 8F).
Thus, p38α MAPK acts to dampen IL1B-induced transcrip-
tional activity from these TLR2 reporters.

Since p38 MAPK inhibition enhanced IL1B-induced TLR2,
but not baseline-, dexamethasone-, or IL1B-plus-dexametha-
sone–induced TLR2 mRNA (Fig. 7C), the effects of p38 MAPK
inhibition were examined on IL1B-induced recruitment of p65
to the TLR2 promoter (Fig. 8G). However, no obvious effect of
BIRB796 was apparent on the recruitment of p65 to the R2
region at either 2 or 4 h post-IL1B treatment. Similarly,
dexamethasone was also without effect at these same times
(Fig. 8G). Indeed, combining these data with those from
Figure 4F confirms no overall effect (N = 7) of glucocorticoid
on the recruitment of p65 by IL1B to R2 (Fig. S9). Despite this,
p38 MAPK phosphorylation was significantly reduced by
glucocorticoid at both 2 and 4 h (Fig. 7E). These data do not,
therefore, support an effect of p38 MAPK inhibition, whether
due to direct kinase inhibition or the effects of glucocorticoid,
on the recruitment of p65 to the R2 region of TLR2.
p value

pKi

p38α p38β p38δ p38γ

0.4375 7.92 7.15 5 5.82
0.0625 9.35 8.14 7.11 8.54
0.0625 8.55 6.8 5 5

nt in IL1B-treated A549 cells are shown (related to Figs. 8A and S7A). The pKi values of



Figure 8. p38α MAPK inhibition upregulates IL1B-induced TLR2 expression and R1+R2-reporter activity. A, A549 cells were either not treated or
pretreated with BIRB796 at various concentrations for 30 min prior to stimulation with IL1B (1 ng/ml). The cells were harvested at 30 min for Western blot
analysis and 6 h for qPCR analysis. Blots representative of N independent experiments for phospho-MK2 (P-MK2), total MK2 (MK2), and GAPDH are shown.
Densitometric data for P-MK2 and TLR2 mRNA, each normalized to GAPDH, were plotted as fold relative to untreated. B, pHBECs grown in submersion
culture were either not stimulated or pretreated with BIRB796 (100 nM) or VX745 (300 nM) for 30 min, followed by addition of IL1B. The cells were harvested
for qPCR analysis at 2 and 6 h. Upper panel, TLR2 mRNA was normalized to GAPDH and (lower panel) TLR2 unRNA was normalized to U6. In each case, data
from N independent experiments were expressed as fold relative to untreated control. C, A549 cells were incubated with concentrations of p38α siRNAs (si5,
si7, and si12) as indicated, prior to addition of IL1B. The cells were harvested after 30 min and 8 h for western blot analysis. Blots representative of at least
four independent experiments are shown. D, A549 cells were incubated with either control siRNA (siC), p38α siRNAs (si5, si7, and si12), or p38β siRNAs (si4,
si6, and si7), each at 1 nM, followed by treatment with IL1B. The cells were harvested at 6 h for qPCR analysis. TLR2 mRNA data from N independent
experiments was normalized to GAPDH and expressed as fold of untreated. A549 cells stably harboring the R1+R2-luc reporter were either (E) incubated
with pools of the p38α or p38β siRNAs used in C and D (1 nM) or (F) pretreated with BIRB796 (100 nM) or VX745 (300 nM) for 30 min, followed by treatment
with IL1B. The cells were harvested for luciferase assay at indicated times. Luciferase activity from N independent experiments was expressed as fold relative
to untreated. In B, D, E, and F, significance relative to IL1B was tested by ANOVA with a Dunnett’s post-hoc test. In F, * and $ represent significance of
IL1B+BIRB796 and IL1B+VX745, respectively, relative to IL1B. G, A549 cells were either not treated or pretreated with BIRB796 (100 nM) for 30 min, followed
by addition of IL1B and/or dexamethasone (Dex; 1 μM). The cells were harvested at the indicated times, and ChIP-qPCR for p65 was performed. Data from N
independent experiments were plotted as log2fold enrichment. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. ChIP, chromatin immunoprecipitation MAPK, mitogen-
activated protein kinase; pHBEC, primary human bronchial epithelial cell; qPCR, quantitative PCR; TLR, toll-like receptor.
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Proinflammatory signaling by IL1B-plus-dexamethasone–
induced TLR2

To explore the functionality of TLR2 expression that was
induced by IL1B-plus-glucocorticoid, A549 cells were pre-
treated with IL1B-plus-dexamethasone for 24 h to induce
Table 2
Fold differences between IL1B+MAPK inhibitor and IL1B-plus-dexamet

Time (h)

mRNA

IL1B IL1B+BIRB796 IL1B+VX745 IL1B+De

2 3.32±0.44 5.08±0.84* 4.45±0.93** 7.24±1.4
6 8.924±1.21 12.54±1.40*** 13.71±1.14*** 30.81±3.2

Primary human bronchial epithelial cells were either untreated or pretreated with BIRB
and/or dexamethasone (Dex; 1 μM). The cells were harvested for qPCR analysis of mR
unRNA was normalized to U6. Data from 5 independent experiments are shown as fold
test). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
TLR2 expression. The medium was then changed to serum-
free medium containing the Ad5-NF-κB.luc vector for 14 h,
to allow the analysis of NF-κB–dependent reporter activity.
After changing to fresh serum-free medium, the cells were
either not stimulated or were stimulated for 6 h with the TLR2
hasone-induced TLR2 mRNA and unRNA

unRNA

x IL1B IL1B+BIRB796 IL1B+VX745 IL1B+Dex

9 22.24±3.47 58.92±24.16** 50.97±26.87 103.83±48.60
63 2.72±0.61 5.52±1.01*** 4.11±1.06*** 24.44±4.95

796 (100 nM) or VX745 (300 nM) for 30 min prior to the addition of IL1B (1 ng/ml)
NA and unRNA at 2 and 6 h. TLR2 mRNA was normalized to GAPDH, and TLR2
relative to untreated. * = comparison with IL1B+Dex (ANOVA with a Dunnet’s post-
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agonists, Pam2CSK4 and Pam3CSK4 (52, 53), prior to lucif-
erase assay (See Fig. S10A for a schematic of the experimental
protocol). Cells that were not pretreated and those that were
pretreated with IL1B-plus-dexamethasone, but then not
further stimulated, showed only very low levels of NF-κB ac-
tivity. However, stimulation with Pam2CSK4 and Pam3CSK4
increased NF-κB reporter activity in a concentration-
dependent manner (pEC50 values = 8.51 and 6.0, respec-
tively) (Fig. 9A). Using a similar experimental approach
(Fig. S10A), A549 cells harboring an interferon regulatory
factor 1 (IRF1)-driven luciferase reporter were either not
pretreated or pretreated with IL1B-plus-dexamethasone for
24 h to induce TLR2 expression prior to incubating in serum-
free medium for 14 h. After a further change to fresh serum-
free medium, the cells were either not stimulated or treated
with Pam2CSK4 and Pam3CSK4 (Fig. 9B). Relative to no
Figure 9. Proinflammatory signaling following agonism of IL1B plus de
pretreated with IL1B (1 ng/ml) plus dexamethasone (Dex; 1 μM) for 24 h to indu
14 h prior to either no stimulation (NS) or stimulation for 6 h with Pam2CSK4 (P
experimental design. B, IRF reporter (A549.6 × IRF1.luc) cells were treated as in
were harvested 8 h after stimulation with Pam2 and Pam3. In (A) and (B), lucife
with no pretreatment. C, A549 cells, or D, pHBECs grown in submersion cultur
each) prior to addition of IL1B plus Dex for 24 h. The cells were incubated in SF
of six independent experiments (N) are shown. Note, the siRNA controls sho
analysis, the data for TLR2 were normalized to GAPDH and plotted as fold of un
ANOVA with a Dunnett’s post-test. E, A549 cells (top panel), IRF reporter (A54
(lower panel) were incubated with pools of control siRNAs or TLR2 siRNAs (1 nM
expression. After 14 h in SFM + Ad5.NF-κB.luc, or SFM (for IRF1 reporter cells), th
were harvested after 6 h (top and bottom panels) or 8 h (middle panel) for lucife
untreated control. F, A549 cells, or G, pHBECs in submersion culture, were trea
After 24 h, supernatants were collected for analysis of CXCL8 and CCL5 protein
release. Significance in E–G was tested by paired t test. *p ≤ 0.05, **p ≤ 0.01,
primary human bronchial epithelial cell; TLR, toll-like receptor.
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pretreatment, the IL1B-plus-dexamethasone pretreated cells
revealed a modestly, �2-fold, elevated level of luciferase ac-
tivity. This showed further concentration-dependent increases
in response to Pam2CSK4 and Pam3CSK4 (pEC50 values =
9.09 and 6.05, respectively) (Fig. 9B). Thus, Pam2CSK4 and
Pam3CSK4 induce activation of NF-κB- and IRF1-dependent
reporter activity in IL1B-plus-dexamethasone-treated
A549 cells.

To confirm roles for TLR2 in the NF-κB– and IRF1-induced
activity in IL1B-plus-dexamethasone pretreated cells, silencing
of TLR2 was performed in A549 cells and pHBECs prior to
stimulation with Pam2CSK4 and Pam3CSK4. While non-
targeting control siRNAs had no effect on IL1B-plus-dexa-
methasone–induced TLR2 expression, TLR2-targeting siRNAs
substantially reduced TLR2 protein expression in both
A549 cells (Figs. 9C and S10, B and C) and pHBECs (Fig. 9D).
xamethasone-induced TLR2. A, A549 cells were either not pretreated or
ce TLR2. Ad5-NF-κB.luc reporter was added in serum-free medium (SFM) for
am2) and Pam3CSK4 (Pam3) at the indicated concentrations. See Fig. S9A for
A except that SFM alone was added (instead of Ad5-NF-κB.luc) and the cells
rase activity from N independent experiments was expressed as fold of cells
e, were incubated with pools of either control siRNAs or TLR2 siRNAs (1 nM
M for 14 h prior to harvesting for Western blot analysis. Blots representative
wn in C also appear in Fig. S10B. (D - lower panel) following densitometric
treated. Significance relative to IL1B plus Dex treatment was assessed using
9.6 × IRF1.luc) cells (middle panel), or pHBECs grown in submersion culture
each) prior to stimulation with IL1B plus Dex (IL1B+Dex pre) to induced TLR2
e cells were stimulated with Pam2 (100 ng/ml) or Pam3 (10 μg/ml). The cells
rase assay. Data from N independent experiments were expressed as fold of
ted as in E, prior to stimulation with Pam2 (100 ng/ml) or Pam3 (10 μg/ml).
by ELISA. Data from N independent experiments were plotted as chemokine
***p ≤ 0.001. Ad5, adenovirus serotype 5; NF-κB, nuclear factor-κB; pHBEC,
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The ability of Pam2CSK4 and Pam3CSK4 to induce NF-κB
and IRF1 reporter activity in IL1B-plus-dexamethasone pre-
treated A549 cells, or pHBECs, was unaffected by the control
siRNAs but essentially abolished by TLR2-targeting siRNAs
(Fig. 9, E and F). In IL1B-plus-dexamethasone pretreated
A549 cells, Pam2CSK4 and Pam3CSK4 both induced release of
CXCL8 and CCL5 (Fig. 9F). In each case, this response was
prevented by the TLR2-targeting siRNAs, but not affected by
control siRNA (Fig. 9F). Similar results were obtained for
CXCL8 in pHBECs (Fig. 9G). CCL5 release from pHBECs was
below the detection limit of the ELISA (data not shown).
Taken together, these data show that TLR2, when induced by
IL1B-plus-dexamethasone, drives proinflammatory responses
that include activation of NF-κB and IRF1 and the release of
inflammatory chemokines.
Discussion

Glucocorticoid therapies represent an effective means to
reduce the inflammation that drives many chronic inflamma-
tory diseases, including asthma. However, a growing body of
literature suggests that glucocorticoids can also induce
proinflammatory effects (54, 55). While these may variously
promote, or help spare, host defense mechanisms in the
context of an otherwise anti-inflammatory glucocorticoid (56),
the underlying molecular mechanisms remain poorly charac-
terized. Examples of glucocorticoid-induced proinflammatory
responses include NLRP3 inflammasome-mediated sensitiza-
tion with the release of proinflammatory cytokines (57) and
upregulation of cytokine-induced TLR2 (30, 31, 58–63). Thus,
in pulmonary epithelial cells, the addition of dexamethasone to
nontypeable Haemophilus influenzae or TNF-plus-interferon γ
as stimuli further increased TLR2 expression (30, 58, 59).
Moreover, inhalation of a clinically accepted high dose of
budesonide by healthy male volunteers induced TLR2
expression in bronchial biopsies and peripheral blood (17).
The current analysis expands on these findings to clearly
document synergistic upregulation of TLR2 expression by in-
flammatory cytokines and glucocorticoids in epithelial cell
lines (A549, BEAS-2B) and in pHBECs grown as undifferen-
tiated submersion culture or as highly differentiated ALI cul-
tures. In each system, modest induction of TLR2 expression by
EMax concentrations of IL1B, TNF, or glucocorticoid resulted
in robust supra-additive effects on TLR2 expression when
either cytokine was combined with glucocorticoid. This syn-
ergy also occurred for TLR2 unRNA and suggests mechanisms
operating at the level of transcription.

Molecular and pharmacological interventions demonstrated
that the induction of TLR2 expression by inflammatory
cytokine-plus-glucocorticoid required both NF-κB and GR.
However, while IL1B- and IL1B-plus-dexamethasone–induced
TLR2 expression was prevented by a dominant inhibitor of
NF-κB, the partial (�50%) reduction in TLR2 expression
produced by a selective IKK2 inhibitor suggests contributions
from additional IKK2-independent pathways. Furthermore,
glucocorticoids showed little effect on NF-κB–dependent re-
porter activation (or on upstream pathways), while
inflammatory stimuli modestly reduced GRE reporter activity.
Thus, the mechanisms of cooperativity are unlikely to be
mediated via simple effects on each core pathway. This is
borne out by ChIP analysis of two novel NF-κB/p65 and GR-
binding regions, R1 and R2, located �32 and �7.3 kb up-
stream respectively, of the TLR2 transcription start site. In
response to glucocorticoid, robust GR binding primarily to the
distal R1 region was shown in A549 and BEAS-2B cells as well
as in pHBECs. This pattern was similar to that in data from a
prior ChIP-seq analysis of dexamethasone-treated A549 cells
in which modest GR binding to R1 and no GR enrichment at
the R2 region was shown (64). At 1 h, this recruitment of GR
was unaffected by cotreatment of glucocorticoid with IL1B or
TNF. Similarly, p65 binding at the proximal R2 region, in
response to IL1B or TNF treatment, was not further altered by
cotreatment with glucocorticoid. Thus, the delivery of GR or
p65 to R1 or R2, respectively, does not account for cytokine/
glucocorticoid synergy on TLR2 expression (Fig. 10A).

As GRO-seq data from cytokine- and glucocorticoid-
stimulated BEAS-2B cells revealed enhancer RNA transcrip-
tion, primarily from R1 and R2, critical roles for these two
regions in promoting TLR2 expression were suggested. This
concept is supported by the histone modifications, H3K27Ac
and H3K4Me1, which often mark active enhancers (65, 66),
being present at R1 and R2, but not elsewhere in the vicinity of
the TLR2 locus. Indeed, cloning of the R1 region revealed
glucocorticoid-inducible transcription due to three simple
GREs. Likewise, motif analysis identified two putative p65-
binding sequences and a GRE in the R2 region. This region
also drove cytokine-inducible transcriptional activity that was
prevented by inhibition of NF-κB. Despite this, the deletion of
these sites in R2 showed minimal effect on IL1B-induced
transcription and suggests that additional sites might be
important. Indeed, the enrichment of p65 at R2 was relatively
weak, relative to sites in highly cytokine-induced genes, such as
TNF or CXCL8 (data not shown). This questions whether
direct binding of p65 to R2 is the only, or even, a main, driver
of TLR2 synergy. For example, additional factors, even
including other NF-κB subunits, could play contributing roles.
However, the R1 reporter showed glucocorticoid-inducibility
that was unaffected by IL1B, while budesonide repressed the
IL1B-induced R2 reporter. Nevertheless, juxtaposing R1 and
R2 resulted in IL1B- and modest budesonide-induced tran-
scription that was synergistically increased by IL1B-plus-
budesonide. Importantly, loss of the three GRE sites in R1
and/or the p65 and GRE sites in R2 prevented this synergy.
Thus, essential roles for these sites in regulating TLR2 tran-
scription are indicated.

Taken together, our results support positive cooperative
effects between the GR and NF-κB pathways acting via distinct
and distantly located genomic regions upstream of TLR2
(Fig. 10, A and B). Superficially, similar effects were suggested
for the mouse TLR2 promoter (29). However, this study
involved only <1.5 kb of upstream DNA and is therefore not
reflective of the more distal binding of GR and p65 to R1 and
R2, which are �32 and �7.3 kb upstream of the human TLR2
locus. This illustrates why studies using human TLR2 are
J. Biol. Chem. (2022) 298(4) 101747 13



Figure 10. Model for synergy between proinflammatory cytokines and glucocorticoid on TLR2 expression. A, the proinflammatory cytokines, IL1B
and TNF, activate NF-κB signaling through their receptors, IL1R/IL1RAP and TNFR, respectively. This leads to the recruitment of NF-κB (p50/p65) to RELA sites
in the R2 region upstream of the TLR2 transcription start site. IL1B and TNF also activate p38 MAPK. As shown by small molecule inhibitors and silencing, this
negatively regulates TLR2 transcription via an effect that occurs downstream of binding of p65 to R2. Glucocorticoid (GC) binds to cytoplasmic gluco-
corticoid receptor (GR). This translocates to the nucleus and primarily binds GREs in the R1 region and to a lesser extent in the R2 region upstream of the
TLR2 gene. GCs only modestly induce TLR2 expression. However, in the presence of IL1B or TNF, GR and NF-κB cooperate to increase transcription from the
TLR2 gene. In addition, GCs inactivate p38 MAPK via a variety of mechanisms (not shown). This switches off the p38 MAPK-dependent feed-forward control
loop and enables enhanced transcription of TLR2. These events combine to synergistically induce TLR2 expression following cotreatment with IL1B/TNF and
a GC. Functionally, the TLR2 ligands, Pam2CSK4 and Pam3CSK4, act on TLR2 (presumably localized in the cell membrane; dotted line) to induce NF-κB and
IRF-dependent transcription (note that in each case, the specific factors involved were not identified and are not shown). The release of inflammatory
chemokines, such as, CXCL8 and CCL5, is also increased following the agonism of TLR2. B, a proposed model for the genomic events leading to enhanced
TLR2 gene transcription is shown. Positive cooperative interaction between GR and p50/p65 may occur via looping between distantly located DNA ele-
ments, R1 and R2, upstream to the TLR2 gene. Such events can bring GR and p50/p65 in close proximity. These can then act together to enhance TLR2
transcription by RNA polymerase II. C, upper graph, delayed inhibition of p38 MAPK by GC (from 1 h onwards; dotted line) is depicted in A549 cells. Lower
graph, effect of SB203580 (SB), a p38 inhibitor, on IL1B-induced TLR2 mRNA in A549 cells over time is shown. Upper and lower graphs are adapted from
Figure 7, B and E, respectively. D, enhancement of IL1B-induced TLR2 mRNA expression by SB203580 when added at different times pre- and post-IL1B. A
schematic shows the addition of SB203580 relative to IL1B addition and the graph is adapted from Figure 7F. Progressive loss of the ability of SB203580 to
enhance IL1B-induced TLR2 mRNA, when added 1 h after IL1B treatment indicates that p38 inhibition occurring at �1 h (either by SB203580 or by GC) is
essential to enhance cytokine-driven TLR2 expression. GRE, glucocorticoid response element; MAPK, mitogen-activated protein kinase; NF-κB, nuclear
factor-κB; TLR, toll-like receptor.

Cytokine and glucocorticoid synergy on TLR2 expression
necessary to unravel mechanistic effects relevant to synergy in
human epithelial cells. Such mechanisms might include DNA
looping between R1 and R2 to allow interaction between these
distant, but active, enhancer regions. Indeed, H3K4Me1 is
suggested to play a role in recruiting chromatin remodeling
complexes into enhancers, while H3K27Ac may help with
eRNA production (67, 68). Furthermore, eRNAs, as observed
for R1 and R2, may promote RNA pol II recruitment (69, 70)
as well as interactions between enhancers and promoters via
DNA looping (71, 72). Certainly, DNA looping can occur be-
tween GR-binding sites that cluster near many glucocorticoid-
responsive gene loci (73). Indeed, the modest enrichment of
GR observed at the p65-binding R2 region upon co-treatment
14 J. Biol. Chem. (2022) 298(4) 101747
with IL1B-plus-budesonide may be indicative of looping, and
such interactions could enable cooperation between R1 and R2
to synergistically drive TLR2 gene expression. Similar looping
mechanisms are suggested for GR/AP-1 interactions that
promote synergistic activation of transcription from GREs
(74). Likewise, physical interactions between GR and p65 are
well-established (75). Thus, DNA looping to enable interaction
between GR at R1 and p65 at R2 could contribute to synergy
on TLR2 expression (Fig. 10B). Indeed, juxtaposition of GREs
and NF-κB–binding sites in reporter constructs can produce
transcriptional synergy (24). Similar GR/NF-κB interactions
are also implicated in the cooperative effects between gluco-
corticoid and cytokines at multiple loci (25, 26), including anti-
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inflammatory genes (14, 27). While other mechanisms of
synergy might include the ability of one factor to enhance
binding by the other, as is described for pioneer factors (76),
the enrichment of p65 by IL1B at R2 was not materially altered
with IL1B-plus-glucocorticoid at 1, 2, or 4 h. However, despite
budesonide-induced GR binding at R1 being relatively unaf-
fected at 1 h by costimulation, GR enrichment showed
persistent time-dependent increases with IL1B-plus-
budesonide cotreatment. Thus, time-dependent enhancement
of GR recruitment to the TLR2 locus may possibly contribute
to transcriptional synergy. This requires further examination,
particularly in the context of DNA looping and possible
changes to the chromatin environment.

A further mechanism contributing to cytokine/glucocorti-
coid synergy is the regulation of TLR2 expression by p38
MAPK. Unlike many inflammatory genes, where MAPKs
positively regulate transcription, mRNA stability, or trans-
lation (77), TLR2 expression is negatively regulated by p38
MAPK. Thus, overexpression of the MAPK phosphatase,
DUSP1, reduces activity of all MAPKs but enhances TLR2
expression in response to proinflammatory stimuli, including
IL1B in A549 cells (28, 31, 58). Likewise, p38 inhibitors
enhance TLR2 expression in the context of IL1B and our
analysis of TLR2 unRNA indicates this to be transcriptional.
Furthermore, the effect was also apparent in pHBECs and this
suggests physiological relevance. In terms of mechanism,
IL1B-induced activation of the R1+R2 reporters was also
enhanced by p38 inhibition. However, this effect was consid-
erably reduced compared to the enhancement of TLR2
expression. Thus, the reporters may lack some components,
for example other DNA-binding regions, necessary to fully
capture the negative regulation by p38 MAPK. Using selective
p38α inhibitors and siRNAs, we report, for the first time, a role
for p38α, but not p38β, in the negative regulation of TLR2
expression in A549 cells. In addition, the delayed timing of p38
MAPK inhibition by dexamethasone, i.e., from 1 h onwards,
coincides with the times when TLR2 mRNA expression be-
comes enhanced following inhibition of p38 MAPK (Fig. 10C).
Furthermore, addition of p38 inhibitors 1 h after IL1B addition
retained the ability to enhance TLR2 mRNA expression,
whereas further delay in p38 MAPK inhibition progressively
reduced the ability to enhance TLR2 mRNA expression
(Fig. 10D). Thus, inhibition of the rapid activation of p38
MAPK by IL1B, which peaks at �30 min, but is greatly
reduced by 1 h, was not necessary to enhance TLR2 expres-
sion. However, inhibition of p38 MAPK activity occurring after
1 h appeared essential for the enhancement of TLR2 mRNA
expression. This timeframe coincides with when glucocorti-
coids both inhibit p38 MAPK and enhance TLR2 mRNA
expression. Thus, it is the relatively low levels of p38 MAPK
activity, occurring from 1 h post-IL1B stimulation, which are
responsible for restricting TLR2 expression. Equally, the loss of
p38 MAPK activity at these times due to inhibition of p38
MAPK by kinase inhibitors or glucocorticoids promotes TLR2
expression (Fig. 10, C and D). This novel regulatory framework
means that the inhibition of MAPKs by glucocorticoids can
yield divergent effects on gene expression. Glucocorticoids will
reduce IL1B-induced expression of numerous inflammatory
genes that require MAPK activity (28, 49, 78), whereas the
expression of TLR2, and certain other genes (23), will be
simultaneously enhanced. These modulatory effects on in-
flammatory gene expression are not only underappreciated but
are likely to be fundamentally important to understanding
inflammatory events that resist repression by glucocorticoids.

Mechanistically, the above data point to a delayed effect of
the p38 MAPK pathway in restricting the expression of TLR2
when induced by inflammatory stimuli. What mediates this
effect is currently unclear, but clues may be gained from the
current data. Inhibition of p38 MAPK enhanced IL1B-induced
TLR2 mRNA, but not basal TLR2 mRNA, or following either
glucocorticoid treatment or glucocorticoid-plus-IL1B, where
p38 MAPK will have been repressed by the glucocorticoid.
Thus, the restrictive effects of p38 MAPK operate primarily on
IL1B-induced pathways rather than on those mediated by the
glucocorticoid. In this regard, p38 MAPK inhibition produced
no obvious effect on the recruitment of p65 to R2, and indeed,
p38 MAPK inhibition is most generally associated with
reduced NF-κB activity (77). However, MAPKs may play active
roles in the switching off of transcription factors (79, 80). For
example, the inactivation of ELK1 has been shown to involve a
MAPK-dependent SUMOlyation event (81). Similarly,
SB203580 can promote expression of the acute phase tran-
scription factor, c-fos (82). We therefore hypothesize the ex-
istence of factors that are negatively regulated by p38 MAPK
and which are important for the upregulation of TLR2.
Interestingly, blockade of protein synthesis, using cyclohexi-
mide, upregulates IL1B-induced TLR2 mRNA in a manner
that is not then enhanced by glucocorticoid (data not shown).
This suggests that a gene expression-dependent event in
addition to the delayed loss of p38 MAPK activity is necessary
for synergy.

Finally, TLR2 has variously been suggested to elicit both
proinflammatory and anti-inflammatory effects (58, 59, 83), or
even be a nonfunctional decoy (63). Given the high levels of
TLR2 expression induced by IL1B-plus-glucocorticoid, we
explored whether this newly expressed TLR2 was functionally
active. In A549 and pHBECs that had been pretreated with
IL1B-plus-dexamethasone, agonism of TLR2 significantly
increased NF-κB and IRF1-dependent reporter activity. This
also led to the release of the proinflammatory mediators,
CXCL8 and CCL5, which are here used as representative in-
flammatory responses. Thus, when induced by inflammatory
cytokine combined with glucocorticoid, TLR2 behaves like
other TLR- and IL-1 type receptors to promote inflammatory
responses (84). Consistent with the ideas presented by Busillo
et al. (56), we postulate that synergy at TLR2 may allow in-
flammatory responses to occur, for example, as a part of the
innate immune response. As these effects may occur despite
the local release of glucocorticoids that will more generally act
to resolve inflammation, future studies will be needed to
explore functional roles for TLR2 both in the absence and
presence of glucocorticoids.

In conclusion, we show synergy between inflammatory cy-
tokines and glucocorticoids to induce TLR2 expression in cell
J. Biol. Chem. (2022) 298(4) 101747 15
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lines and in primary human airway epithelial cells. We identify
novel enhancers upstream of human TLR2 that bind GR and
NF-κB in cell lines and in pHBECs. These regions, along with
GR and NF-κB, appear to be important for synergy between
glucocorticoids and the cytokines, IL1B and TNF. Unlike other
inflammatory genes, TLR2 expression is transcriptionally
enhanced following p38α MAPK inhibition. As p38 MAPK is
inhibited by glucocorticoids, we present a model whereby
cooperativity between NF-κB and GR, acting via R1 and R2
upstream of TLR2, combined with delayed glucocorticoid in-
hibition of p38α, contribute to synergy (Fig. 10). TLR2 can
then respond to activating ligands and promotes inflammatory
responses. This may be a part of the normal host defense
response, for example, by promoting pathogen clearance.
However, such effects require careful examination in condi-
tions such as severe asthma, COPD, or possibly viral infections,
where anti-inflammatory effects of therapeutic glucocorticoid
treatment could be compromised by inflammatory responses
consequent on increased TLR2 expression. These consider-
ations maybe be particularly important where TLR2 ligands
are variously generated during infection, for example, SARS-
CoV-2 (85), or as a result of infection-free inflammation
(86). On one hand, increased TLR2 signaling could be bene-
ficial in reducing the shedding of SARS-CoV-2 (87), whereas
increasing inflammation in asthma or COPD is likely to be
detrimental.

Experimental procedures

Drugs, inhibitors, and stimuli

Recombinant human IL1β (R&D Systems) and TNF-α (R&D
Systems) were dissolved in PBS containing 0.1% bovine serum
albumin (Sigma-Aldrich). Budesonide (gift from AstraZeneca),
dexamethasone (Sigma-Aldrich), SB203580 (Calbiochem),
JNK-IN-VIII (Calbiochem), U0126 (Calbiochem), BIRB796
(Tocris), and VX745 (Tocris) were dissolved in dimethyl
sulfoxide as stocks of 10 μM. Toll-like receptor 2 agonists,
Pam2CSK4, and Pam3CSK4 (both Invivogen) were prepared as
stocks of 1 mg/ml in sterile water.

Submersion cell culture

The human pulmonary type II epithelial cell line, A549
(American Type Culture Collection CCL-185) was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and 2 mM L-glutamine (all from
Thermo Fisher Scientific). The human bronchial epithelial cell
line, BEAS-2B (American Type Culture Collection CRL-9609),
was grown in DMEM/F12 (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum and 2 mM L-glutamine.
Primary human bronchial epithelial cells were isolated from
nontransplanted normal human lungs through the tissue
retrieval service at the International Institute for the
Advancement of Medicine, as previously described (88). No
personal identifying information was provided for donors, and
local ethics approval was granted by the Conjoint Health
Research Ethics Board of the University of Calgary. The cells
were grown in submersion culture in complete airway
16 J. Biol. Chem. (2022) 298(4) 101747
epithelial cell medium (PromoCell). All cells were incubated at
37 �C in 5% CO2:95% air and passaged when 90 to 95%
confluent. Prior to all experiments, the cells were incubated
overnight with serum- and additive-free basal medium to ar-
rest cell growth.

Air-liquid interface culture of pHBECs

Primary human bronchial epithelial cells were grown in ALI
culture as previously described (89, 90). Primary human
bronchial epithelial cells were seeded in PneumaCult-EX
expansion medium (05009, StemCell) containing 50X Sup-
plement (05019, StemCell), 25 μg/ml fluconazole (F8929,
Sigma-Aldrich), 100 U/ml penicillin/streptomycin (15140-122,
Thermo Fisher Scientific), and 1 μM hydrocortisone (07904,
StemCell)). The cells were supplemented with fresh growth
medium every 48 h until 90% confluent. Cells were then lifted
using Trypsin/EGTA (CC-5012, Lonza) and Trypsin Neutral-
izing Solution (CC-5002, Lonza), seeded at 2.0 × 105 cells/cm2

onto the apical surface of transwell inserts (3408, Corning)
coated with bovine collagen Type I/III (5005-B, Advanced
BioMatrix), and maintained at 37 �C, 5% CO2. After 48 h,
growth medium from the apical surface was removed to
expose cells to air and the basal growth medium replaced with
differentiation medium (PneumaCult-ALI basal medium
(05002, StemCell) containing PneumaCult-ALI supplement
(05003, StemCell), 25 μg/ml fluconazole, 100 U/ml penicillin/
streptomycin, 1 μM hydrocortisone, and 4 μg/ml heparin
(07980, StemCell)). Cells were fed basally every 48 h with
differentiation medium. From 14 days post seeding into
transwell inserts, cells were washed apically once per week
with PBS to remove excess mucus resulting from goblet cell
differentiation. Five to six weeks post transwell seeding, highly
differentiated ALI cultures were used for experiments. Air-
liquid interface cultures were fed basally with PneumaCult-
ALI basal medium, with no supplements, 18 h prior to
experiments. The cells were then washed with PBS to remove
excess mucus prior to apical and basolateral application of
fresh medium containing drugs and stimuli. Apical treatments
were diluted in 0.025 M Hepes in F12 (200 μl/well), and
basolateral treatments were diluted in PneumaCult-ALI basal
medium (1 ml/well).

RNA extraction, cDNA synthesis, and qPCR

Total RNA was extracted using the NucleoSpin RNA
Extraction kit (MN-740955, Macherey-Nagel), and 500 ng
RNA was used for cDNA synthesis by qScript cDNA Syn-
thesis Kit (CA101414-098, Quantabio). The resultant cDNA
was diluted 1:5 with RNase-free water and stored at −20 �C.
PCR was carried out using 2.5 μl of cDNA using Fast SYBR
Green Master Mix (4385618, Thermo Fisher Scientific) and
primers specific for genes/regions of interest (Table S2).
StepOnePlus (Applied Biosciences) or QuantStudio3
(Thermo Fisher Scientific) PCR systems were utilized for
qPCR analysis. Relative cDNA concentrations were obtained
from standard curves generated by half-log serial dilution of
a stimulated cDNA sample and analyzed at the same time as
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experimental samples. The quantity of the target from two
technical replicates was averaged and normalized to the
mean quantity of GAPDH determined from the same cDNA
sample. The conditions for amplifications were as follows:
95 �C for 20 s, then 40 cycles of 95 �C for 3 s and 60 �C for
30 s. All primers were designed using NCBI PrimerBLAST
and synthesized by the DNA synthesis lab at the University of
Calgary or Thermo Fisher Scientific. Primer specificity was
assessed through primer melt curve analysis using the
following conditions: 95 �C for 3 s, 60 �C for 30 s followed by
ramping to 95 �C at 0.1 �C/s with continuous fluorescent
measurement. A single peak in the change of fluorescence
with temperature was an indicative of acceptable primer
specificity.

Analysis of unspliced nuclear TLR2 RNA

Nascent transcripts/unRNA accumulate transiently in the
nucleus post transcriptional activation and can be used as a
proxy of gene transcription (16, 78, 91). Toll-like receptor
2 unRNA was measured using SYBR Green primers spanning
the intron2/exon3 junction of the TLR2 gene. Primer se-
quences are shown in Table S2. Expression was normalized
using abundant small nuclear RNA, U6. Each RNA sample was
subjected to reverse transcription both in the presence and
absence of reverse transcriptase to assess the signal due to
genomic DNA contamination. The presence of an amplifica-
tion product in the reverse transcriptase-negative samples was
indicative of genomic DNA contamination. Samples with
>15% genomic DNA contamination for either U6 or TLR2
were excluded from the analysis.

Western blotting

Western blotting was carried out as described previously
(39). Following cell lysis, proteins were size-fractionated in
SDS-PAGE gels. Following electrophoresis, the proteins were
transferred to a nitrocellulose membrane followed by blocking
and probing with primary antibodies against TLR2 (12276,
Cell Signaling and ab108998, Abcam), GFP (2555, Cell
Signaling), IκBα (sc-371, SantaCruz), Ser32/Ser36 phosphory-
lated-IκBα (9246, Cell Signaling), p65 (sc-8008, SantaCruz),
Ser536 phosphorylated-p65 (3036, Cell Signaling), GR (PA1-
511A, Thermo Fisher Scientific), MAPKAPK2 (3042, Cell
Signaling), Thr334 phosphorylated-MAPKAPK2 (3041, Cell
Signaling), total p38 (9212, Cell Signaling), Thr180/Tyr182
phosphorylated-p38 (9211, Cell Signaling), p38α (9218, Cell
Signaling), p38β (2339, Cell Signaling), or GAPDH (MCA4739,
Bio-Rad), overnight at 4 ºC. Membranes were washed in Tris
Buffer Saline-Tween 20 followed by incubation with 1:5000 or
1:10,000 dilution of the respective rabbit or mouse horseradish
peroxidase-conjugated secondary immunoglobulin (Jackson
ImmunoResearch) at room temperature. Membranes were
washed 4 × 5 min prior to detection of immune complexes by
enhanced chemiluminescence (Bio-Rad). Images were ac-
quired using a ChemiDoc Touch imaging system (Bio-Rad),
and densitometric analysis was performed using ImageLab
software (Bio-Rad).
Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed in A549 or
pHBECs as described previously (92). Briefly, A549 or pHBECs
were grown to 90% confluency in 100 mm or 6-well culture
plates, respectively. Proteins were cross-linked to DNA using
1% formaldehyde at room temperature for 10 min followed by
quenching with 125 mM glycine for 5 min. Cells were then
rinsed and washed twice with ice-cold HBSS, collected by
scraping, and subjected to cytoplasmic and nuclei lysis in the
presence of protease and phosphatase inhibitors at ice-cold
temperature. Lysates were sonicated at 4 �C to shear DNA
to an average fragment size of 200 to 500 bp and subjected to
immunoprecipitation using magnetic beads incubated over-
night with 10 μg GR-356 (45) or p65 (8242, Cell Signaling)
antibody. Post immunoprecipitation, the beads were washed
with high- and low-salt buffers, and the cross-links were
reversed in the presence of proteinase K. DNA was then pu-
rified using a ChIP DNA Clean & Concentrator kit (D5205,
Zymo Research), and qPCR was performed using Fast SYBR
Green Master Mix (Thermo Fisher Scientific) as described
above. To analyze GR ChIP samples, ChIP-qPCR primers were
designed flanking a GR binding site upstream to the FKBP5
gene (used as positive control) as well as the two GR-binding
regions upstream of TLR2 gene, as identified in the GR ChIP-
seq data in BEAS-2B and A549 cells. Chromatin
immunoprecipitation-qPCR primers were also designed to
amplify the RELA-binding region upstream to the IL8 gene
(used as a positive control) as well as the region showing
RELA-binding upstream to the TLR2 gene based on the p65
ChIP-seq data in BEAS-2B cells. Relative occupancy at each
region was calculated as ΔΔCT after normalization to the
geometric mean of CT values for three negative control re-
gions, OLIG3, MYOD1, and MYOG, not predicted to be
occupied by GR. Primer pairs are listed in Table S3.

Short interfering RNA-mediated knockdown

A549 cells were plated at approximately 70% confluency.
Pools of four non-targeting siRNAs (SI03650325, SI03650318,
SI04380467, 1022064), GR siRNA, MAPK14 (p38α), MAPK11
(p38β) siRNA, or TLR2 siRNA (all from Qiagen) were mixed
with 3 μl Lipofectamine RNAiMax (13778150, Thermo Fisher
Scientific) in 100 μl Opti-MEM (31985070, Thermo Fisher
Scientific) and then incubated at room temperature for 5 min.
This mixture was then added to the cells in serum-containing
growth medium and incubated for 24 to 48 h until cells were
>90% confluent.

Luciferase reporter constructs and assay

A549 cells containing the NF-κB reporter, 6κBtk.luc, and
the GRE reporter, 2 × GRE.luc have been generated as previ-
ously described (44, 93). A KpnI-XbaI fragment from a
6 × IRF1 luciferase reporter (Panomics) containing the IRF1
sites and luciferase gene was used to replace the equivalent
region in pGL3.basic.neo prior to stable transfection into
A549 cells as described (44, 93). To generate R1/R2-luc con-
structs, primers were designed to amplify regions R1 and R2
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(557 bp and 658 bp, respectively) from upstream of the TLR2
locus (Table S4) using Platinum SuperFi PCR Master Mix
(12358010, Thermo Fisher Scientific). Polymerase chain reac-
tion products were then introduced into linearized and topo-
isomerase I-activated PCR Blunt II-TOPO vector (450245,
Thermo Fisher Scientific), followed by subcloning into the
empty pGL3.TATA.neo vector (38) using KpnI (R3142, New
England Biolabs) and XhoI (R0146, New England Biolabs)
enzymes. To generate R1+R2-luc constructs, R1 was ream-
plified from R1-luc using primers containing flanking restric-
tion sites for KpnI and SacI. Similarly, primers containing
restriction sites for SacI and XhoI were designed to reamplify
R2 from R2-luc. These PCR products were then purified and
religated into KpnI/XhoI-digested empty pGL3.TATA.neo
vector. Deletion of the GRE and RELA sites was performed
using the Q5 Site-Directed Mutagenesis Kit as per manufac-
turer’s protocol (E0554S, New England Biolabs). Primers for
site-directed mutagenesis were designed using the online tool
NEBaseChanger (https://nebasechanger.neb.com/). Primers
used for cloning and mutagenesis are listed in Table S4. Each
plasmid (12 μg) and the empty vector (as control) were
transfected into preconfluent A549 cells in T-75 flasks using
Lipofectamine 2000 (11668019, Thermo Fisher Scientific) 24 h
prior to the addition of 1 mg/ml G418 (Sigma-Aldrich). After
14 to 21 days, foci of G418-resistant cells were passaged in the
presence of G418 (0.6 mg/ml) prior to cryo-storage for future
experiments. Reporter assays were performed using the Firefly
Luciferase Assay Kit 2.0 (30085, Biotium Inc) according to
manufacturer’s protocol.

Adenovirus infection

As previously described (41), cells at �70% confluency were
infected with indicated MOI of either IκBαΔN or GFP-
expressing adenoviral vector (Ad5-IκBαΔN or Ad5-GFP,
respectively) in serum-containing medium. After 24 h, the cells
were incubated overnight in serum- and additive-free basal
medium prior to treatments.

Enzyme-linked immunosorbent assay

Supernatants were collected from the cells after experiments
and frozen prior to measuring cytokine release. CXCL8 was
quantified using sandwich ELISA as previously described (94).
CCL5 was measured using a human CCL5 DuoSet ELISA kit
from R&D Systems.

Data presentation and statistical analysis

GraphPad Prism 5 software was used for generating data
figures and performing statistical analysis. Data are plotted as
box-and-whiskers plots, where boxes represent lower and
upper quartile median values and whiskers indicate min-max
values, or as bar or line graphs showing means ± S.E. For
normally distributed data, multiple comparison between
groups were made by one-way ANOVA, with the appropriate
post-hoc test (Sidak’s or Dunnett’s), as indicated. Equivalent
nonparametric tests were utilized for non-normal distribution.
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Two-tailed, paired Student’s t test was used for comparing two
treatment groups. ‘N’ in the graphs represents the number of
independent experiments. To test for greater than simple
additivity, the sum of the effects (i.e., fold - 1) of each treat-
ment (IL1B, TNF, or glucocorticoid alone) (sum) was
compared to the effect of cotreatment (comb). Chromatin
immunoprecipitation-seq and GRO-seq data were visualized
using UCSC Genome Browser (https://genome.ucsc.edu/).
Glucocorticoid response element and RELA motifs upstream
to the TLR2 promoter regions were identified using JASPAR
CORE 2020 track in UCSC Genome Browser (47).
Data availability

All the data produced for this work are contained within the
article and the supporting information.

Supporting information—This article contains supporting informa-
tion. (46, 47)
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