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ABSTRACT This study investigated responses to Toll-like receptor 2 (TLR2)-driven
extracellular signal-related kinase (ERK) signaling in dendritic cells (DCs) versus mac-
rophages. TLR2 signaling was induced with Pam3Cys-Ser-Lys4, and the role of ERK
signaling was interrogated pharmacologically with MEK1/2 inhibitor U0126 or genet-
ically with bone marrow-derived macrophages or DCs from Tpl2�/� mice. We as-
sessed cytokine production via enzyme-linked immunosorbent assay (ELISA) or
V-Plex, and mRNA levels were assessed via reverse transcriptase quantitative PCR
(qRT-PCR). In macrophages, blockade of ERK signaling by pharmacologic or genetic
approaches inhibited interleukin 10 (IL-10) expression and increased expression of
the p40 subunit shared by IL-12 and IL-23 (IL-12/23p40). In DCs, blockade of ERK sig-
naling similarly inhibited IL-10 expression but decreased IL-12/23p40 expression,
which is opposite to the effect of ERK signaling blockade on IL-12/23p40 in macro-
phages. This difference in IL-12/23p40 regulation correlated with the differential ex-
pression of transcription factors cFos and IRF1, which are known to regulate IL-12
family members, including IL-12 and IL-23. Thus, the impact of ERK signaling in re-
sponse to TLR2 stimulation differs between macrophages and DCs, potentially regu-
lating their distinctive functions in the immune system. ERK-mediated suppression of
IL-12/23p40 in macrophages may prevent excessive inflammation and associated tis-
sue damage following TLR2-stimulation, while ERK-mediated induction of IL-12/
23p40 in DCs may promote priming of T helper 1 (Th1) responses. A greater under-
standing of the role that ERK signaling plays in different immune cell types may
inform the development of host-directed therapy and optimal adjuvanticity for a
number of infectious pathogens.
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Toll-like receptors (TLRs) on macrophages and dendritic cells (DCs) play important
roles in innate and adaptive immune responses by inducing effector molecule

production and DC maturation in response to a wide range of microbial molecules (1–4).
Depending on the specific TLR and cell type, TLR signaling may induce molecules, such as
type I interferons (IFNs), interleukin 6 (IL-6), IL-8, IL-12, and tumor necrosis factor �

(TNF-�), which are important for protection following infection, and IL-10, IL-4, and
IL-13, which prevent excessive inflammation in response to infection. For example, TLR2
can form heterodimers with TLR1 or TLR6 to recognize tri- or di-acylated microbial
lipoproteins, respectively. TLR2 recognizes other ligands, such as alarmins, viral parti-
cles, and certain fungal infections (1), and this recognition can be enhanced by
coreceptors, including cluster of differentiation 14 (CD14) and scavenger receptors.
TLR2 signals through myeloid differentiation primary response 88 (MyD88) and Toll/
interleukin-1 receptor domain-containing adaptor protein (TIRAP) (3), and TLR2 signal-

Citation Groft SG, Nagy N, Boom WH, Harding
CV. 2021. Toll-like receptor 2-Tpl2-dependent
ERK signaling drives inverse interleukin 12
regulation in dendritic cells and macrophages.
Infect Immun 89:e00323-20. https://doi.org/10
.1128/IAI.00323-20.

Editor Craig R. Roy, Yale University School of
Medicine

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Clifford V. Harding,
cvh3@cwru.edu.

Received 28 May 2020
Returned for modification 20 July 2020
Accepted 14 October 2020

Accepted manuscript posted online 19
October 2020
Published

HOST RESPONSE AND INFLAMMATION

crossm

January 2021 Volume 89 Issue 1 e00323-20 iai.asm.org 1Infection and Immunity

15 December 2020

https://orcid.org/0000-0002-6333-162X
https://doi.org/10.1128/IAI.00323-20
https://doi.org/10.1128/IAI.00323-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:cvh3@cwru.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00323-20&domain=pdf&date_stamp=2020-10-19
https://iai.asm.org


ing induces most of the cytokines mentioned above (type I IFNs are not typically
induced by TLR2 signaling). Our previous studies have indicated an important role for
TLR2-specific extracellular signal-related kinase (ERK) pathway signaling in macrophage
responses to Mycobacterium tuberculosis, including a role in driving macrophage IL-10
expression, inhibiting IL-12 expression, and decreasing T helper 1 (Th1) responses to M.
tuberculosis-infected macrophages (5). The role of TLR2-tumor progression locus 2
(Tpl2)-ERK signaling in DCs is less clear and requires additional experimentation.

TLR signaling involves the activation of multiple signaling components, including
mitogen-activated protein kinases (MAPKs) and the I�B kinase (IKK) complex, which
drives nuclear factor kappa light chain enhancer of activated B cells (NF-�B) signaling
(1, 3). The MAPKs include ERK1 and ERK2, Jun N-terminal protein kinases (JNKs), and
p38. In macrophages, microtubule-associated protein kinase kinase kinase (MAP3K)
Tpl2 mediates TLR activation of ERK1/2 through phosphorylation of mitogen-activated
ERK kinase (MEK1/2) but not JNK or p38 (5). The role of Tpl2 in DC MAPK regulation is
less clear. ERK1/2 activation is central to the regulation of IL-10 and IL-12 production
(5–8) through phosphorylation of transcription factors (9) such as cFos and interferon
regulatory factor 1 (IRF1). cFos, a subunit of activator protein 1 (AP-1), promotes NF-�B
binding to IL-12 promoters and decreases NF-�B binding to IL-10 promoters. IRF1
associates with MyD88, and the complex translocates into the nucleus (a process
termed IRF licensing), resulting in the induction of a subset of TLR-induced genes,
including nitric oxide synthase 2 (Nos2) and Il12p40 (Il12a) (7). ERK activation has been
correlated with IL-10 production, resulting in dampened IL-12 production (5, 8).

While many other cell types express TLRs, macrophages and myeloid DCs have
particularly important roles in TLR-mediated regulation of immune responses to patho-
gens. Macrophages are essential in innate immune responses. Their functions include
phagocytosis, secretion of cytokines, and antigen presentation to effector T cells at sites
of infection, resulting in the regulation of effector T cell responses. Upon induction of
DC maturation, DCs migrate from peripheral tissues to reside in lymph nodes, where
they present antigen to naive T cells, inducing primary T cell responses. DCs also secrete
cytokines to regulate immune responses. Macrophages and DCs are regulated by TLR
signaling, which drives DC maturation, induces macrophage and DC cytokine expres-
sion, and influences the spectrum of cytokines expressed, regulating other functions
(e.g., the differentiation into functionally distinct macrophage phenotypes with differ-
ent inflammatory properties and cytokine profiles) (4, 10, 11).

In this study, we investigated the role of TLR2-induced Tpl2-ERK signaling in the
regulation of pro- and anti-inflammatory markers (particularly IL-12/23p40 and IL-10) in
macrophages and DCs. TLR2-mediated ERK activation was dependent on Tpl2 in both
macrophages and DCs. In both cell types, TLR2 induction of IL-10 and Arginase 1 (Arg1)
was decreased in cells lacking functional ERK signaling. In contrast, expression levels for
IL-12/23p40 and Nos2 mRNA were increased in macrophages by pharmacologic or
genetic blockade of ERK signaling (use of U0126 to inhibit ERK activation or use of
Tpl2�/� macrophages), consistent with our prior observations in an M. tuberculosis
infection model (5). Surprisingly, DCs exhibited an inverse regulatory pattern, as
IL-12/23p40 and Nos2 levels were decreased by blockade of ERK signaling. Thus, ERK
signaling promotes the expression of IL-12/23p40 and Nos2 mRNA by DCs but inhibits
IL-expression of 12/23p40 and Nos2 mRNA by macrophages. This differing, cell type-
specific role of ERK signaling correlated with differences in the regulation of cFos and
IRF1, which are known to regulate IL-12 expression.

RESULTS
TLR2-ERK signaling is dependent on Tpl2 in macrophages and DCs. To interro-

gate the role of ERK signaling in the regulation of macrophages and DC responses to
the stimulation of TLR2, we used both pharmacologic and genetic means to block the
ERK signaling pathway. Genetic deletion of Tpl2 was one approach. In some cells,
TLR-dependent activation of ERK signaling occurs by Tpl2 acting as a MAP3K (5). The
role of Tpl2 in this signaling cascade has not been analyzed in DCs, and some receptors
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(e.g., growth factor receptors) can activate MEK/ERK signaling independently of Tpl2
(12–15). To confirm that TLR2-dependent ERK activation is deficient in both macro-
phages and DCs from Tpl2�/� mice, cells were stimulated with 10 ng/ml Pam3Cys-Ser-
Lys4 (P3C) for 0, 5, 15, 30, 45, and 60 min, and phosphorylated ERK1/2 was examined
by Western blot analysis of cell lysates. In wild-type macrophages and DCs, P3C induced
phosphorylation of ERK1 and ERK2 within 15 min of stimulation (Fig. 1A and B,
respectively). NF-�B activation (represented by nuclear factor of kappa light polypep-
tide gene enhancer in B cells inhibitor, alpha [I�B�] degradation) was also observed in

FIG 1 ERK phosphorylation is dependent on Tpl2 and MEK1/2. Wild-type and Tpl2�/� macrophages (A)
and DCs (B) were stimulated with P3C for 0, 5, 15, 30, 45, and 60 min and assessed by Western blotting.
The density of bands was quantified by densitometry with results indicated below each panel. For ERK
and pERK, both ERK1 and ERK2 were included in the quantification. (C) Wild-type macrophages and DCs
were incubated for 30 min with or without P3C in the presence or absence of U0126. Results are
representative of three independent experiments.
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wild-type macrophages and DCs, peaking at 15 min (Fig. 1A and B). In contrast,
TLR2-dependent ERK1/2 phosphorylation was absent or minimal in Tpl2�/� macro-
phages and DCs (Fig. 1A and B). Both wild-type and Tpl2�/� DCs showed basal levels
of ERK1/2 phosphorylation, as seen previously (16). Tpl2�/� macrophages and DCs both
showed less recovery of I�B� expression relative to wild-type cells through the end of
the time course measured (Fig. 1A and B, respectively), but the significance of this
observation is unclear. To validate a pharmacologic approach for inhibition of ERK
signaling, wild-type macrophages and DCs were treated with MEK1/2 inhibitor U0126
to block ERK activation, which resulted in blockade of TLR2-induced ERK1/2 phosphor-
ylation in both cell types (Fig. 1C). These data establish that TLR2-induced ERK activa-
tion is dependent on both Tpl2 and MEK1/2 in macrophages and DCs, and these
findings validate genetic and pharmacologic means to ablate this pathway.

TLR2-Tpl2-ERK signaling enhances IL-10 expression in both macrophages and
DCs but drives inverse regulation of IL-12/23p40 in the two cell types. To identify

the role of ERK signaling in TLR2-mediated cytokine regulation, macrophages and DCs
were stimulated with P3C with or without genetic or pharmacologic inhibition of the
ERK pathway. Cytokine protein concentrations were measured by ELISA, and mRNA
expression levels were evaluated by qRT-PCR to assess the expression of IL-10 and
IL-12/23p40 (encoding the p40 subunit shared by IL-12 and IL-23), representing anti-
inflammatory and proinflammatory cytokines, respectively.

Following P3C stimulation, macrophages and DCs expressed high levels of Il10
mRNA, with a peak at 2 h of stimulation and sustained expression through 6 h (Fig. 2A
and B). Treatment of macrophages and DCs with U0126 reduced Il10 transcript levels
at all time points examined (Fig. 2A to C). U0126 also reduced IL-10 protein expression
in both cell types (Fig. 2D). Thus, IL-10 expression is driven by ERK signaling in both
macrophages and DCs. Il12p40 mRNA was induced with a slower time course, peaking
at approximately 6 h in macrophages or 4 h in DCs (Fig. 3A and B, respectively). In DCs,
U0126 inhibited P3C induction of Il12p40 mRNA at all examined time points (Fig. 3B and
C) and similarly inhibited protein expression for the p40 subunit that is shared between
IL-12 and IL-23 (IL-12/23p40) (Fig. 3D). In contrast, treatment of macrophages with
U0126 increased Il12p40 mRNA (Fig. 3A and C) and IL-12/23p40 protein expression (Fig.
3D). Thus, ERK signaling drives IL-12/23p40 expression in DCs but inhibits IL-12/23p40
expression in macrophages.

It was important to determine the role of Tpl2 in both macrophages and DCs since
it may vary depending on the specific surface receptors, scaffolding proteins, and
signaling molecules present in different cell types (12–15). In macrophages and DCs,
P3C induction of Il10 mRNA (Fig. 4A) and IL-10 protein (Fig. 4B) was significantly
reduced in Tpl2�/� cells. In contrast, Tpl2 deletion had opposite effects on TLR2-
induced IL-12/23p40 expression in macrophages versus DCs, paralleling results with
pharmacologic inhibition of MEK1/2 (Fig. 2 and 3). P3C induction of Il12p40 mRNA (Fig.
4C) and IL-12/23p40 protein (Fig. 4D) was decreased in Tpl2�/� DCs but increased in
Tpl2�/� macrophages. In conclusion, TLR2-Tpl2-ERK signaling drives IL-12/23p40 ex-
pression in DCs but inhibits IL-12/23p40 expression in macrophages.

Different roles for ERK signaling in regulation of Arg1 and Nos2 in macro-
phages versus DCs. To test whether ERK differentially regulates other proteins in
macrophages and DCs, we examined the expression of Nos2 and Arg1 following
pharmacological inhibition of the ERK pathway. Arg1, like IL-10, is associated with
anti-inflammatory responses, whereas NOS2, like IL-12, is associated with proinflam-
matory responses (IL-12 is also involved in NOS2 regulation). Similar to the pattern seen
for Il10, U0126 treatment inhibited P3C-induced Arg1 mRNA in both macrophages and
DCs (Fig. 5A). In contrast, U0126 had different effects on Nos2 mRNA in DCs versus
macrophages. Treatment with U0126 decreased Nos2 mRNA expression in DCs but
increased it in macrophages (Fig. 5B), mimicking the pattern seen with IL-12/23p40.
These data demonstrate that, like IL-10, Arg1 expression is driven by ERK signaling in
macrophages and DCs. On the other hand, ERK signaling drives Nos2 expression in DCs
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but inhibits it in macrophages. The parallel regulation of Nos2 and IL-12/23p40 in both
cell types likely results from the ability of IL-12 to induce Nos2 expression.

Inverse roles of ERK signaling in macrophages versus DCs for regulation of
IL-12/23p40 parallel differential regulation of cFos and IRF1. We considered the
hypothesis that the inverse role of ERK in regulating IL-12/23p40 in macrophages
versus DCs may be related to the differential regulation of transcription factors that
control IL-12 and IL-23 expression (7). To assess this hypothesis, macrophages and DCs
were stimulated with P3C in the presence or absence of U0126, followed by qRT-PCR
to assess the expression of mRNA for transcription factors known to regulate IL-12
expression. Expression of mRNA for CCAAT enhancer binding protein � (c/EBP�),
spi-1/SFFV provirus integration site 1 (Pu.1), signal transducer and activator of tran-
scription (Stat1), and Stat3 was unaffected by U0126 treatment in macrophages and
DCs (see Fig. S2 in the supplemental material). Expression of mRNA for cJun was
enhanced by U0126 treatment, and expression of mRNA for cRel and Irf4 was inhibited
by U0126 in both cell types (Fig. S2). None of these transcription factors showed inverse
regulation in macrophages versus DCs in response to inhibition of the ERK pathway. On
the other hand, U0126 significantly inhibited P3C induction of Irf1 and cFos mRNA

FIG 2 ERK inhibition by U0126 decreases P3C-induced IL-10 expression in macrophages and DCs. Wild-type macrophages and
DCs were incubated with P3C for the indicated time points in the presence or absence of U0126. Macrophage (A) and DC (B)
Il10 mRNA expression were assessed by qRT-PCR after 2, 4, or 6 h of stimulation with P3C. (C) Il10 mRNA expression after 2 h
of stimulation with P3C was assessed by qRT-PCR. (D) Supernatant IL-10 protein after 24 h of stimulation with P3C was assessed
by ELISA. Data points indicate mean � SD for triplicate samples in a single experiment (representative of two independent
experiments for A and B and six independent experiments for C and D). Statistical significance is indicated for comparison of
treatment with P3C versus control with no P3C (� symbols) or treatment with P3C plus U0126 versus treatment with P3C
without U0126 (* symbols) using 4 symbols for a P value of �0.0001 and 3 symbols for a P value of �0.001.
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expression in DCs but increased P3C induction of Irf1 and cFos mRNA expression in
macrophages (Fig. 6A and B), a pattern similar to that seen for IL-12/23p40. This inverse
regulatory pattern was also seen at the level of IRF1 and cFos protein expression. U0126
enhanced P3C-induced cFos and IRF1 expression in macrophages but inhibited cFos
and IRF1 expression in DCs (Fig. 6C). The U0126-induced decrease in IRF1 expression in
DCs is slight but is clearly not an increase as that seen with macrophages. Thus, ERK
signaling drives IRF1 and cFos expression in DCs but inhibits IRF1 and cFos expression
in macrophages. IRF1 and cFos are known to enhance IL-12 expression (7, 17, 18), and
this aspect is incorporated in our model. We confirmed the importance of Irf1 in this
system, as Irf1�/� macrophages showed reduced Il12p40 and Il27p28 mRNA expression
(see Fig. S3 in the supplemental material). Our data suggest a role for IRF1 and cFos in
determining the inverse effects of ERK signaling on IL-12/23p40 expression in DCs
versus macrophages and suggest the need for further research in this area.

Inverse regulation of TLR2-Tpl2-ERK signaling response in macrophages versus
DCs is restricted to IL-12 and a small subset of molecules. To investigate whether

FIG 3 ERK inhibition by U0126 enhances IL-12/23p40 levels in macrophages and decreases IL-12/23p40 levels in DCs.
Wild-type macrophages and DCs were stimulated with P3C in the presence or absence of U0126 for the indicated times.
Macrophage (A) and DC (B) Il12p40 mRNA expression were assessed by qRT-PCR after 2, 4, or 6 h of stimulation with P3C. (C)
Il12p40 mRNA expression after 6 h of stimulation with P3C was assessed by qRT-PCR. (D) Supernatant IL-12/23p40 protein
expression after 24 h of stimulation with P3C was assessed by ELISA. Data points indicate mean � SD for triplicate samples
in a single experiment (representative of two independent experiments for A and B and six independent experiments for C
and D). Statistical significance is indicated for comparison of treatment with P3C versus control with no P3C (� symbols) or
treatment with P3C plus U0126 versus treatment with P3C without U0126 (* symbols) using 4 symbols for a P value of �0.0001,
3 symbols for a P value of �0.001, 2 symbols for a P value of �0.01, or 1 symbol for a P value of �0.05. Arrows call attention
to the inverse regulatory role of U0126 in P3C-stimulated macrophages versus DCs for Il12p40 mRNA or the IL-12/23 p40
protein that it encodes.
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TLR2-Tpl2-ERK signaling results in the differential expression of additional proteins in
DCs versus macrophages, we used V-Plex technology to study the expression of
additional immune regulatory molecules by wild-type versus Tpl2�/� cells. Three MSD
V-Plex plates (proinflammatory panel 1, cytokine panel 1, and Th17 panel 1) were run
with supernatants from cells cultured with P3C for 24 h. The IL-10 protein production
was reduced in Tpl2�/� macrophages and DCs compared with that of wild-type cells,
confirming the role for ERK in regulating IL-10 in both cell types (see Fig. S1A in the
supplemental material, consistent with results in Fig. 4B). As predicted by our earlier
results, a deficiency of Tpl2 decreased the expression of IL-12p70 (the heterodimer
containing IL-12/23p40 and IL-12p30) in DCs but increased it in macrophages (Fig. S1B),
confirming the trend seen with IL-12/23p40 (Fig. 4D). The majority of other proteins (15
of 20 examined) studied showed a regulatory pattern similar to that of IL-10, with
production decreased by Tpl2 deficiency in both macrophages and DCs, delineating a
role for TLR2-Tpl2-ERK signaling in the induction of multiple cytokines and chemokines,
including IL-6 and TNF-� (Fig. 7A and B, respectively), as well as IL-1�, monocyte
chemoattractant protein-1 (MCP-1), IL-15, and keratinocyte-derived cytokine (KC/GRO)
(Fig. S1C to F).

FIG 4 Inhibition of TLR2-ERK signaling by genetic deletion of Tpl2 enhances IL-12/23p40 levels in macrophages and decreases
IL-12/23p40 levels in DCs. Wild-type and Tpl2�/� macrophages and DCs were stimulated with P3C for the indicated times. (A)
Il10 mRNA expression after 2 h of stimulation with P3C was assessed by qRT-PCR. (B) Supernatant IL-10 protein after 24 h of
stimulation with P3C was assessed by ELISA. (C) Il12p40 mRNA expression after 6 h of stimulation with P3C was assessed by
qRT-PCR. (D) Supernatant IL-12/23p40 protein after 24 h of stimulation with P3C was assessed by ELISA. Data points indicate
mean � SD for triplicate samples in a single experiment (representative of six independent experiments). Statistical
significance is indicated for the comparison of treatment with P3C versus control with no P3C (� symbols) or Tpl2�/� cells
versus wild-type cells (* symbols) using 4 symbols for a P value of �0.0001, 3 symbols for a P value of �0.001, and 2 symbols
for a P value of �0.01. Arrows call attention to the inverse regulatory role of Tpl2 in P3C-stimulated macrophages versus DCs
for Il12p40 mRNA or the IL-12/23p40 protein that it encodes.
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A limited number of proteins showed the differential pattern seen with IL-12/23p40,
with Tpl2 deficiency causing decreased expression in DCs but increased expression in
macrophages. These proteins included IL-27p28 (Fig. 7C), a member of the IL-12 cytokine
family that upregulates natural killer (NK) cell activation (19) and acts as an antagonist of
IL-27 and IL-6 signaling in murine cells (20). Interferon gamma-induced protein 10 (IP-10),
a chemokine produced by macrophages after challenge (21), which may have a role in DC
migration to lymph nodes (22), was also differentially regulated (Fig. 7E). Protein expression
levels for these molecules were significantly lower in DCs than in macrophages, which was
recapitulated at the mRNA level (Fig. 7D and F). While P3C-stimulated IL27p28 and Ip10
mRNA were significantly higher in Tpl2�/� macrophages than those in wild-type cells, the
change in Il27p28 and Ip10 expression in DCs was not significant (Fig. 7D and F, respec-
tively). Since macrophages generate considerably larger quantities of these molecules, ERK
signaling in macrophages may have a larger impact on their secretion. Thus, for these
genes, the IL-12/23p40 regulation model may be slightly modified with ERK inhibiting
expression in macrophages (as for IL-12/23p40) but having little effect in DCs (as opposed
to driving expression in DCs for IL-12/23p40). Nonetheless, IL-27p28 and IP-10 share much

FIG 5 Inhibition of TLR2-ERK signaling by U0126 enhances Nos2 levels in macrophages and decreases
Nos2 levels in DCs. Wild-type macrophages and DCs were incubated with P3C in the presence or absence
of U0126 for the indicated times. qRT-PCR was used to assess mRNA expression of Arg1 after 24 h of
stimulation with P3C (A) and Nos2 after 6 h of stimulation with P3C (B) in macrophages and DCs. Data
points indicate mean � SD for triplicate samples in a single experiment (representative of two
independent experiments). Statistical significance is indicated for the comparison of treatment with P3C
versus control with no P3C (� symbols) or treatment with P3C plus U0126 versus treatment with P3C
without U0126 (* symbols) using 4 symbols for a P value of �0.0001 and 3 symbols for a P value
of �0.001. Arrows call attention to the inverse regulatory role of U0126 in P3C-stimulated macrophages
versus DCs for Nos2, similar to the pattern seen in other figures for Il12p40.
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of the IL-12/23p40 regulatory pattern. Since IL-27p28 and IP-10, like IL-12, are regulated by
IRF1 (17, 18, 23) and cFos (24), these transcription factors may be the drivers behind the
differential outcomes of TLR2-Tpl2-ERK signaling seen in macrophages versus DCs.

DISCUSSION

TLR2 regulates macrophage and DC functions that are important for immune
responses to infectious pathogens. How TLR2 may differentially regulate their functions
remains largely unexplored. TLR2 dimers respond to bacterial lipoproteins/lipopep-
tides, alarmins, viral particles, and certain fungal infections (1). Given the broad roles
ascribed to TLR2, it is important to understand its downstream signaling and associated
outcomes in cell types that are important in immunity to infections. Our previous
studies revealed an important role for TLR2-driven ERK pathway signaling in macro-
phage responses to M. tuberculosis, including a role for TLR2-ERK signaling in driving
macrophage IL-10 expression, inhibiting macrophage IL-12 expression, and decreasing
Th1 responses to M. tuberculosis-infected macrophages (5). Other studies have implied
an important regulatory relationship between IL-10 and IL-12, where high IL-10 expres-
sion can dampen IL-12 expression (25, 26). In this study, we assessed and compared the
outcomes of TLR2-ERK signaling in macrophages and DCs. In both cell types, TLR2
contributes to the detection and clearance of pathogens via induction of cytokines and
chemokines that recruit and activate other inflammatory cell types (3), as well as by the
induction of defense mechanisms intrinsic to macrophages and DCs. We observed both

FIG 6 Inhibition of TLR2-ERK signaling by U0126 enhances Irf1 and cFos expression in macrophages and decreases Irf1 and cFos expression
in DCs. Wild-type macrophages and DCs were incubated with P3C in the presence or absence of U0126. Expression of cFos (A) and Irf1
(B) mRNA was assessed by qRT-PCR after stimulation for 1 h with P3C (with or without U0126). (C) cFos and IRF1 protein expression were
examined by Western blotting after 2 h of incubation with or without P3C in the presence or absence of U0126. The density of bands was
quantified by densitometry with results indicated below each panel. Data points indicate mean � SD for triplicate samples in a single
experiment (representative of three independent experiments). Statistical significance is indicated for the comparison of treatment with
P3C versus control with no P3C (� symbols), treatment with P3C plus U0126 versus treatment with P3C without U0126 (* symbols), or
treatment of U0126 versus untreated control (# symbols), using 4 symbols for a P value of �0.0001 and 3 symbols for a P value of �0.001;
ns, not significant. Arrows call attention to the inverse regulatory role of U0126 in P3C-stimulated macrophages versus DCs for cFos and
Irf1, similar to the pattern seen in other figures for Il12p40.
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similarities and important differences in the TLR2 regulation of gene and protein
expression in DCs relative to macrophages.

Our studies revealed inverse roles for TLR2-Tpl2-ERK signaling in the regulation of
IL-12 in macrophages and DCs. These roles were dissected using both a genetic

FIG 7 Inhibition of TLR2-ERK signaling by genetic deletion of Tpl2 differentially regulates a small number of cytokines in macrophages
and DCs. Wild-type and Tpl2�/� macrophages and DCs were stimulated with P3C for the indicated times. Supernatant IL-6 (A), TNF-�
(B), and IL-27p28 (C) protein after 24 h of stimulation with P3C was assessed via ELISA. (D) Il27p28 mRNA expression was assessed by
qRT-PCR after 2, 4, or 6 h of stimulation with P3C. (E) Supernatant IP-10 protein after 24 h of stimulation with P3C was assessed via
ELISA. (F) Ip10 mRNA was assessed by qRT-PCR after 2, 4, or 6 h of stimulation with P3C. Data points indicate mean � SD of triplicate
samples for a single experiment. Statistical significance is indicated for the comparison of treatment with P3C versus control with no
P3C (� symbols) or Tpl2�/� cells versus wild-type cells (* symbols) using 4 symbols for a P value of �0.0001, 3 symbols for a P value
of �0.001, 2 symbols for a P value of �0.01, or 1 symbol for a P value of �0.05. Arrows call attention to the inverse regulatory role
of Tpl2 in P3C-stimulated macrophages versus DCs for IL-27p28 and IP-10, similar to the pattern seen in other figures for IL-12/23p40.
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knockout of Tpl2 and pharmacologic inhibition of MEK1/2 with U0126. In both macro-
phages and DCs, TLR2-mediated ERK1/2 phosphorylation was dependent on Tpl2 (Fig.
1A and B) and inhibited by U0126 (Fig. 1C). Other studies have shown that ERK1/2
phosphorylation is also dependent on Tpl2 downstream of TLR3, TLR4 (14, 27), TLR7 (14,
28), and TLR9 (14, 27, 28) signaling. However, the MAPKs controlled by Tpl2 vary, not
just within these TLR pathways, but also by cell type, temporal and spatial regulation,
and differences in scaffolding proteins present during signaling (15).

TLR2-Tpl2-ERK signaling enhanced IL-10 expression in both cell types (Fig. 2) but
had an inverse role in regulating IL-12/23p40 in DCs versus macrophages. In macro-
phages, IL-12/23p40 expression was enhanced by blockade of TLR2-induced ERK
signaling with U0126 (Fig. 3A, C, and D) or genetic deletion of Tpl2 (Fig. 4C and D) (all
ELISA data for IL-12/23p40 represent the p40 subunit that is shared by IL-12 and IL-23
and is encoded by Il12p40). In DCs, IL-12/23p40 expression was decreased by blockade
of ERK signaling by U0126 or Tpl2 genetic deletion. Other data (not shown) demon-
strated that Il23 mRNA expression under these conditions follows an expression pattern
similar to that of Il12p40 for both cell types. These data, in addition to the enhanced
IL-12p70 expression seen in Tpl2�/� macrophages and decreased IL-12p70 expression
seen in Tpl2�/� DCs (Fig. S1B), indicate that regulatory differences between macro-
phages and DCs may broadly affect the IL-12 family. As mentioned previously, through-
out all experiments, the effect of U0126 and/or Tpl2�/� is of greater magnitude in
macrophages versus DCs, potentially indicating a more significant role for ERK signaling
in the regulation of macrophage cytokine expression.

Other studies have observed Tpl2-mediated inhibition of IL-12 in macrophages
downstream of TLR4 and TLR9 (27); our studies demonstrate that this also occurs
downstream of TLR2. Preliminary data from our lab show that M. tuberculosis produces
similar, albeit more complex, trends regarding cytokine regulation in macrophages and
DCs. While TLR2 is a potent regulator of macrophages and DCs, future studies should
extend the understanding of the cytokine regulatory mechanisms identified in this
study, the roles of implicated transcription factors, and differences between macro-
phages and DCs to a clinically relevant model, such as M. tuberculosis infection.

Studies have shown that induction of IL-12 expression by DCs follows a pattern
similar to that of macrophages, with increased induction following ablation of Tpl2-ERK
signaling (27–29). We have considered two explanations for why our results differ. First,
these studies investigated IL-12 production by DCs downstream of TLR4 (27, 29), TLR9
(27, 29), and TLR11 (28), as opposed to TLR2, suggesting the possibility of a unique role
for TLR2-dependent Tpl2-ERK signaling in promoting IL-12 production in DCs. A second
hypothesis concerns differences due to distinct DC culture systems. The granulocyte
macrophage colony-stimulating factor (GM-CSF)/IL-4 growth system utilized in the
other studies results in a mixed population of cells more closely resembling macro-
phages. GM-CSF-derived DCs are much larger and more granular with lower major
histocompatibility complex class II (MHC-II) expression than Flt3-derived DCs (30). When
stimulated through a variety of TLRs, GM-CSF-derived DCs produced a proinflammatory
panel of cytokines and showed a distinct lack of migration to draining lymph nodes
(30). Furthermore, GM-CSF-derived cells include two distinct major populations,
namely, an MHC-II-high, F4/80-low DC-like population that makes up 8% to 37% of
cultured cells, and an MHC-II-low, F4/80-high macrophage-like population that makes
up approximately 34% to 67% (31). In addition, in preliminary flow cytometry studies,
we observed that GM-CSF-derived DC size and granularity values were in between the
values seen for Flt3-derived DCs and LADMAC-cultured macrophages. Our GM-CSF-
derived DC population had very few CD11c� cells and a larger percentage of F4/80�

cells (a macrophage marker) than Flt3-derived DCs (data not shown). Together, these
results indicate that the Flt3 culture system produces DCs that are more distinct from
macrophages.

ERK signaling regulates additional molecules important for host defenses, such as
NOS2 and Arg1 (32). Blockade of TLR2-induced ERK signaling by U0126 inhibited Arg1
expression in both macrophages and DCs (Fig. 5A), following the pattern seen for IL-10
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expression. In contrast, Nos2 expression was promoted by ERK signaling in DCs but
inhibited in macrophages (Fig. 5B), mimicking the pattern seen with IL-12/23p40. IL-10
is a negative regulator of IL-12 expression, and Arg1 acts as a negative regulator of
NOS2 activity (through mechanisms such as competition for substrate L-arginine [33],
uncoupling NOS2 from its cofactor or substrate resulting in nitric oxide scavenger
superoxide production, and increasing sensitization of NOS2 to its endogenous inhib-
itor asymmetric dimethyl-L-arginine [34]). High IL-10 and Arg1 expression in macro-
phages is associated with decreased MHC-II expression, leading to diminished CD4� T
cell responses (35) and an immunosuppressive macrophage phenotype. IL-12 and
NOS2 expression is associated with an inflammatory macrophage phenotype (7, 10).
TLR2-Tpl2-ERK regulatory differences between macrophages and DCs may underlie
differences between these cells in antigen presentation, inflammatory responses, and
tissue damage (10, 11, 36).

When we assessed whether other immune mediators showed inverse regulation by
Tpl2-ERK, as seen for IL-12/23p40 and Nos2, V-Plex analysis revealed that a number of
molecules, including IL-6 and TNF-�, were reduced by genetic depletion of Tpl2 in both
macrophages and DCs (Fig. 7A and B), similar to the pattern seen for IL-10. In contrast,
ERK signaling had an inverse regulatory impact in macrophages versus DCs for IL-27p28
and IP-10 (Fig. 7C to F), similar to the pattern seen for IL-12/23p40. IL-27p28, a IL-12
family cytokine subunit that heterodimerizes with Epstein-Barr virus induced gene 3
(EBI3) to create IL-27, has both pro- and anti-inflammatory roles (17). IP-10 acts as a
chemoattractant for activated T cells (22) and is directly regulated by IL-27p28 (37).
These results demonstrate the existence of a set of immune regulatory molecules
(IL-12/23p40, NOS2, IL-27p28, and IP-10) that are inhibited by ERK signaling in macro-
phages but enhanced by ERK signaling in DCs, whereas others are positively regulated
by ERK signaling in both cell types (e.g., IL-10, Arg1, TNF-�, and IL-6).

Transcriptional regulation of IL-12 involves many transcription factors, including
negative regulation by c/EBP�, cJun, IRF4, and STAT3 and positive regulation by cRel,
STAT1, PU.1, cFos, and IRF1 (7). Expression of cJun, cRel, and Irf4 was dependent on ERK
signaling in both macrophages and DCs, while expression of c/ebp�, Pu.1, Stat1, and
Stat3 were largely unaffected by ERK signaling in either cell type (Fig. S2). In contrast,
ERK signaling had an inverse regulatory impact on the expression of cFos and Irf1 in
macrophages versus DCs. U0126 treatment produced a 2-fold increase in P3C-induced
expression of cFos and Irf1 in macrophages as opposed to a modest decrease in DCs
(Fig. 6A and B). IRF1 enhances TLR-dependent IL-12 production (17, 18), promotes
expression of NOS2, a molecule that can also be produced synergistically following
release of certain proinflammatory mediators (38), and induces transcription of Il12p40,
Nos2, Il27p28 (17, 18), and Ip10 (23). Consistent with this model, we observed a
decreased expression of Il12p40 and Il27p28 in macrophages from Irf1�/� mice (Fig. S3).
cFos is a known positive regulator of IL-12 and NOS2 downstream of TLR2, TLR4, TLR5,
and TLR9 (27, 39) through regulation of cFos expression and differential binding of
NF-�B to IL-12 and IL-10 promoters (7, 40), but its role in regulating IL-27p28 and IP-10
is less well elucidated and needs further study. Together, these data suggest that IRF1
and cFos may be important transcription factors downstream of TLR2-Tpl2-ERK in
macrophages and DCs for regulation of IL-12/23p40 and other coregulated molecules.

While TLR2-driven ERK signaling regulates many molecules, a select subset of these
molecules are enhanced by Tpl2-ERK signaling in DCs but inhibited by ERK signaling in
macrophages. These different regulatory patterns may allow them to drive different
functional responses in macrophages versus DCs in response to TLR2-Tpl2-ERK signal-
ing, related to the distinct functions of these cell types in the immune system.
Speculatively, while ERK-mediated suppression of IL-12 in macrophages may avert
tissue damage associated with prolonged inflammation, ERK-mediated enhancement
of IL-12 production in DCs may promote priming of Th1 responses and DC migration
to draining lymph nodes (39, 41, 42). A greater understanding of the roles that
TLR2-dependent ERK signaling plays in different immune cell types may inform the
development of more effective cellular responses via host-directed therapy or selected
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adjuvant activity for priming responses to infectious pathogens for whom TLR2 signal-
ing is the major mechanism for innate cell recognition.

MATERIALS AND METHODS
Animals. All experiments using animals were reviewed and approved by the Institutional Animal

Care and Use Committee (IACUC) of Case Western Reserve University. C57BL/6J and Irf1�/� mice were
acquired from Jackson Laboratories (Bar Harbor, ME, USA). Tpl2�/� mice were a generous gift from Philip
Tsichlis (Tufts University, Boston, USA) and were generated and back-crossed onto the C57BL/6J genetic
background as described previously (43).

Cells and reagents. In all components of this study, macrophages and DCs were obtained by culture
of bone marrow harvested from mouse femurs and tibias. Bone marrow cells were incubated with
ammonium-chloride-potassium (ACK) lysis buffer (Lonza, Walkersville, MD, USA) to lyse red blood cells.
Cells were cultured in a humidified incubator at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) (HyClone, Logan, UT, USA) for macrophages or Roswell Park Memorial Institute medium
(RPMI) (HyClone) for DCs, supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco,
Carlsbad, CA, USA), 50 �M 2-mercaptoethanol (Bio-Rad, Hercules, CA, USA), 1 mM sodium pyruvate
(HyClone), 10 mM HEPES (HyClone), 100 U/ml penicillin, and 100 �g/ml streptomycin (HyClone) (referred
to as D10F or complete RPMI, respectively). Macrophage cultures were supplemented with 20% LADMAC
cell-conditioned medium (made with a transformed cell line that secretes M-CSF [CSF-1]) (ATCC,
Manassas, VA, USA). Macrophage medium was changed once on day 5. DC cultures included 2 �g/ml
Fms-like tyrosine kinase 3 (Flt3) (Bio X Cell, West Lebanon, NH, USA). We chose to study Flt3-stimulated
cultures in order to focus on cells with a DC phenotype distinct from macrophages (in contrast,
granulocyte macrophage colony-stimulating factor [GM-CSF]-stimulated cultures produce DCs that
display greater phenotypic overlap with macrophages) (30, 31). On day 9, cells were plated in 96-well
plates in complete D10F without penicillin or streptomycin (106 cells/ml; 150 �l) and incubated with
10 ng/ml synthetic lipopeptide Pam3Cys-Ser-Lys4 (P3C) (Invivogen, San Diego, CA, USA) for 2, 4, 6, and/or
24 h. In experiments utilizing U0126, macrophages and DCs were incubated with 10 �M U0126
(Calbiochem, Billerica, MA, USA) for 30 min prior to and during exposure to P3C. Each condition was
performed in triplicate. U0126 stocks were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St.
Louis, MO, USA); the maximum concentration of DMSO in cell incubations was 1%, and DMSO was
included at the same concentration in control incubations without U0126.

Western blots. Antibodies for Western blotting were obtained from Cell Signaling Technology
(Danvers, MA, USA) and included rabbit anti-phospho ERK1/2 (D13.14.4E), anti-ERK1/2 (137F5), anti-I�B�

(polyclonal), anti-cFos (9F6), anti-IRF1 (D5E4), anti-�-actin (D6A8), and horseradish peroxidase-linked goat
anti-rabbit IgG (catalog number 7074). Macrophages or DCs were plated, incubated with or without
U0126 for 30 min, incubated with or without P3C (in the continuing absence or presence of U0126) for
indicated periods, washed in cold phosphate-buffered saline (PBS), and then lysed using radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, and 0.1% SDS) supplemented with a protease and protein phosphatase inhibitor cocktail
(Pierce). The lysates were quantified using a bicinchoninic acid (BCA) protein assay (Pierce Biotechnology,
Waltham, MA, USA). Equal protein samples were boiled in reducing sample buffer (Bio-Rad), loaded on
SDS-PAGE gels (Bio-Rad), and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA,
USA). Membranes were incubated with blocking buffer (5% nonfat dry milk in PBS-0.1% Tween 20) for
1 h at room temperature and then with primary antibodies in blocking buffer overnight at 4°C.
Membranes were washed with PBS-0.1% Tween 20, incubated with secondary antibody in blocking
buffer, washed, treated with enhanced chemiluminescence reagent (Pierce), and exposed to autoradiog-
raphy film (Amersham GE Healthcare, Pittsburgh, PA, USA). Films were developed with an automated film
processor (Konica Minolta, Wayne, NJ, USA). Photographs of the resulting bands were cropped, aligned,
and converted to black and white images. Densitometric quantification was done using Image Studio
Lite version 5.2 (Li-Cor Biosciences, Lincoln, NE, USA), and the analyte signal was divided by the �-actin
signal for each lane to calculate normalized expression values. The relative expression was calculated by
dividing normalized expression values (e.g., normalized expression of Tpl2�/� or wild-type cells at various
time points) by the normalized expression of wild-type cells at time zero).

Enzyme-linked immunosorbent assay. Macrophages or DCs were plated, cultured overnight,
incubated with or without U0126 for 30 min, and then incubated with or without P3C (10 ng/ml) for 24
h in the continuing presence or absence of U0126. Cell-free supernatants were collected and frozen at
�80°C until analysis. Duoset IL-10 (DY417) and IL-12/23p40 (DY2398) ELISA kits were obtained from R&D
Systems, and the manufacturer protocols were followed. ELISA plates were read using a model 680
microplate reader (Bio-Rad). Cytokine concentrations were determined from a seven-point standard
curve from the same plates.

Reverse transcriptase quantitative PCR. Macrophages or DCs were plated, cultured overnight,
incubated with or without U0126 for 30 min, and incubated with or without P3C (10 ng/ml) in the
continuing presence or absence of U0126 for the indicated time points. Cells were lysed with 150 �l cell
lysis buffer from the RNeasy Plus minikit (Qiagen, Valencia, CA, USA). RNA was prepared following the
manufacturer’s protocol and was reverse transcribed into cDNA using the QuantiTect reverse transcrip-
tion kit (Qiagen). Equal amounts of cDNA per condition were amplified by real-time PCR using iQ SYBR
green supermix (Bio-Rad) utilizing the primers shown in Table S1 in the supplemental material. Samples
were amplified using a hot start at 95°C for 3 min, followed by 50 cycles (10 s at 95°C, 10 s at 59°C, and
30 s at 72°C) with a postamplification melting curve ramping from 65°C to 95°C in increments of 0.5°C

TLR2-Tpl2-ERK Signaling Regulates APC Cytokines Infection and Immunity

January 2021 Volume 89 Issue 1 e00323-20 iai.asm.org 13

https://iai.asm.org


per 5 s. The abundance of each transcript was calculated relative to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene expression in each sample using the formula 2��CT�target gene��CT�GAPDH gene��.

V-Plex. Macrophages or DCs were plated, cultured overnight, and then exposed to P3C (10 ng/ml)
for 24 h. Cell-free supernatants were collected and frozen at �80°C until analysis. V-Plex kits were
obtained from Meso Scale Discovery (Rockville, MD, USA), and the manufacturer’s protocols were
followed (proinflammatory, number K15048D; cytokine, number K15267D; Th17, number K15246D).
V-Plex plates were read using a QuickPlex SG 120 reader (Meso Scale Discovery). Molecule concentrations
were determined from a seven-point standard curve from the same plates.

Statistical tests. Data were analyzed using Prism 7 (GraphPad, La Jolla, CA, USA). The unpaired
Student’s t test was used to assess significance for individual comparisons, and grouped two-way analysis
of variance (ANOVA) was used to compare time course data points.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.3 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 4, PDF file, 0.7 MB.
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