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Abstract

Tumor progression locus 2 (Tpl2, also known as Map3k8 and Cot) is a serine-threonine kinase critical
in innate immunity, linking toll-like receptors (TLRs) to tumor necrosis factor (TNF) production
through its activation of extracellular signal-regulated kinase (ERK). Tpl2~/~ macrophages have
abrogated TNF production but overproduce interleukin (IL)-12 in response to TLR ligands. Despite
enhanced IL-12 production, Tpl2~/~ T cells have impaired interferon (IFN)-y production. Therefore,
the role of Tpl2 in a bona fide bacterial infection where all of these cytokines are important in host
defense is unclear. To address this issue, we infected Tpl2~/~ mice with the model pathogen Listeria
monocytogenes. We found that Tpl2~/~ mice infected intravenously with L. monocytogenes had
increased pathogen burdens compared to wild type mice, and rapidly succumbed to infection.
Enhanced susceptibility correlated with impaired signaling through TLR2 and Nucleotide-binding
oligomerization domain 2 (Nod2), two receptors previously shown to mediate Listeria recognition.
Surprisingly, TNF production in response to infection was not significantly impaired, even though
Tpl2 has been implicated in the regulation of TNF. We found that the role of Tpl2 has cell-type
specific effects in regulating TNF and transduces signals from some, but not all, pattern recognition
receptors (PRR). In contrast to the cell-type- and receptor-specific regulation of TNF, we found that
Tpl2 is essential for IL-1p production from both macrophages and dendritic cells. These studies
implicate Tpl2 as an important mediator for collaboration of PRR with danger-associated molecular
patterns to induce TNF and IL-1p production and optimal host defense.

Keywords
cytokine; dendritic cell; macrophage; pattern recognition receptors; toll-like receptors

Address correspondence to: Wendy Watford, PhD Department of Infectious Diseases College of Veterinary Medicine University of
eorgia Athens, GA 30602 watfordw@uga.edu phone: (706) 542-4585 FAX: (706) 542-5771.
WTW is supported by NIH grant #1 K22 AR53953-01.

PNT is supported by NIH grant #R01 CA095431.

*



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

INTRODUCTION

The innate immune system uses pattern recognition receptors (PRRS) to recognize various
pathogens based on their molecular structures. This leads to cellular activation and
inflammatory cytokine production required for proper host defense (1). Cytokines produced
by macrophages, dendritic cells (DC), neutrophils and natural Killer (NK) cells in response to
ligation of PRRs in the early phases of infection serve to control pathogen replication and
initiate adaptive responses. The toll-like receptors (TLRs) are a large family of evolutionarily
conserved PRRs that recognize a range of microbial products (1,2). TLR1, 2, 4, 5, and 6 are
located at the plasma membrane, whereas nucleic acid sensing TLRs (TLR3, 7, 8 and 9) are
located intracellularly, where they are thought to signal from acidic endosomes (2). In addition
to TLRs, other PRR exist including nucleotide-binding and leucine-rich repeat containing
molecules (NLRs). Nod2, a member of the NLR family, is expressed in the cell cytoplasm and
senses muramyl dipeptide (MDP), a component of peptidoglycan common to both gram-
positive and gram-negative bacteria (3-7). Other PRRs include C-type lectin receptors (CLRs),
such as DC-associated C-type lectin 1 (dectin-1), which recognizes the B-glucan component
commonly present in fungal cell walls (8).

Tpl2 is a serine-threonine kinase expressed in hematopoietic cells that was originally identified
as a proto-oncogene (9-11). Early studies demonstrated that Tpl2 is critical for the production
of TNF due to its role in ERK activation downstream of TLR4 (12,13). TNF production occurs
in response to infection, and in cases of sepsis, can result in toxic shock. The criticality of Tpl2
in TNF regulation is supported by the finding that Tpl2~/~ mice are resistant to LPS-induced
endotoxic shock, a model for gram negative bacterial infection (13). The abrogation of TNF
production in Tpl2-deficient macrophages has been reported to occur by multiple mechanisms,
including transcriptional and post-translational control (13-15). In addition, we have recently
shown that Tpl2 is important for CD4* T cell IFN-y production (16). Of note, Tpl2 does not
serve as an essential, positive regulator of all TLR-induced cytokines. For example, Tpl2-
deficiency is associated with increased IL-12 production in response to TLR4 and 9
stimulation; however the molecular mechanism has not been fully determined (14).

While many studies have focused on the role of Tpl2 in response to single TLR ligands (13,
14,17), microbial pathogens activate multiple TLRs along with alternative PRR pathways (2).
Listeria monocytogenes is an intracellular gram-positive bacterium capable of activating both
TLRs and non-TLR PRRs, but its detection by the host depends primarily on TLR2, Nod1 and
Nod2 (18). The role of Tpl2 in response to gram-positive bacterial infection is unclear, but
TNF, IFN-y and 1L-12 are all produced during the early course of L. monocytogenes infection.
These cytokines help to control replication of bacteria and activate adaptive immune responses,
and mice unable to produce these cytokines are more susceptible to infection with this pathogen
(19). Since Tpl2 is important for the production of TNF, IFN-y and 1L-12, we investigated the
role of Tpl2 in L. monocytogenes infection and other settings in which multiple PRRs are
activated. We found that Tpl2~/~ mice infected with L. monocytogenes displayed significantly
increased mortality rates and bacterial burdens. Enhanced susceptibility to infection in Tpl2-
deficient mice correlated with impaired signaling through TLR2 and Nod2, two receptors
previously shown to mediate Listeria recognition; however, contrary to expectations, there was
no deficit in serum TNF production in mice infected with L. monocytogenes. To gain insight
into why TNF production was unaffected in this model, we analyzed innate immune responses
to a variety of model ligands for several classes of PRR. We observed cell-type specific effects
for Tpl2 in TLR signaling and TNF production, with macrophages being more dependent upon
Tpl2 than DCs for TNF production. Importantly, in contrast to TNF, we show that Tpl2 is
essential for IL-1B production from all cell types analyzed, regardless of the PRR stimulus.
These findings demonstrate that Tpl2 transduces signals by multiple PRRs but has complex,
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cell-specific functions in cytokine production. Consequently, Tpl2 has a critical function in
integrating host immune responses to complex pathogens like L. monocytogenes.

MATERIALS AND METHODS

Mice and in vivo infections

The National Institute of Arthritis and Musculoskeletal and Skin Diseases animal care and use
committee approved all animal experiments. Wild-type C57BL/6J mice were purchased from
The Jackson Laboratory (Bar Harbor, ME). Tpl2~/~ mice were bred at the National Institutes
of Health (Bethesda, Maryland) (13). Tpl2~/~ mice and age- and sex-matched control mice
were infected via the tail vein with varying doses of L. monocytogenes strain EGD, obtained
originally from ATCC (#BAA-679). Bacterial stocks were prepared by growth in Luria broth
(LB) to mid-log phase, aliquoted, frozen at —70°C, and thawed immediately before use. The
approximate intravenous LDsg in adult male C57BL/6J mice is 5 x 104 colony forming units
(CFU). Spleens were collected and digested with Liberase RI (Roche) according to the
manufacturer's protocol. Livers were mechanically digested. CFU were determined by culture
on LB agar plates. Female Tpl2~/~ mice and littermate controls were treated intraperitoneally
with 6 mg of zymosan (Sigma) for 3h or 100 pg of LPS (Salmonella enterica, Sigma) for 30
min or 3h.

Bone marrow DC and macrophage culture

BMDCs were produced by culture of bone marrow cells from femurs and tibias of 6-12-week-
old mice 1 x 106 cells/mL in complete RPMI (RPMI 1640 containing 10% fetal calf serum
(FCS) (Biosource), 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine
(Invitrogen) and 50 uM 2-mercaptoethanol (Sigma) at 37°C and 5% CO»), supplemented with
40 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech) and 20
ng/mL IL-4 (Peprotech). On days 3 and 5, fresh medium equal to half of the initial culture
volume containing 40 ng/mL GM-CSF and 20 ng/mL IL-4 was added to culture. On day 7
non-adherent cells were collected, incubated with anti-mouse CD11c labeled microbeads
(Miltenyi Biotech) and CD11c* cells were selected using an AUTOMACS (Miltenyi Biotech)
according to the manufacturer’s instructions. The purity of the cell population was determined
to be more than 90% CD11c* by flow cytometry. Macrophage differentiation was induced by
culture of mouse bone marrow in complete DME (Dulbecco's Modified Eagles media
containing 10% fetal calf serum (FCS) (Biosource), 100 U/mL penicillin, 100 pg/mL
streptomycin, 2 mM L-glutamine (Invitrogen) at 37°C and 5% CO5,), on non tissue culture
treated plates supplemented with macrophage colony-stimulating factor (M-CSF) at 10 ng/ml
for 7 days at 37°C and 5% CO»,. On day 7 macrophages were washed with phosphate buffered
saline (PBS) and incubated with cell dissociation buffer (Invitrogen) for 10 min at 37°C to
remove macrophages from the culture dish. The cells were counted, re-plated in complete DME
with 10 ng/ml of M-CSF and allowed to adhere overnight before stimulation or infection.

Cell stimulation, in vitro infection and measurement of cytokines

BMDC, bone marrow macrophages, or mouse spleen cells were plated at 1x10%/mL. Cells
were stimulated with lipopolysaccharide (LPS) from Escherichia coli 1 pg/mL (Sigma),
zymosan A from Saccharomyces cerevisiae 10 ug/mL (Sigma), cytosine-phosphate-guanosine
(CpG) DNA ODN2395 10 pg/mL (Invivogen), polyinosine-polycytidylic acid (poly IC) 5 pg/
mL (Sigma), R848 1 ug/mL (Alexis Biochemicals), Pam3CSK4 (50 ng/mL), Curdlan (10 pg/
mL), IFN-y 10 ng/mL (Peprotech), L-18-Muramyl dipeptide (MDP) 50 ng/mL (Invivogen)
and ATP 5 mM (Alexis Biochemicals). Bone marrow macrophages were infected for 2h with
L. monocytogenes at a ratio of 1 bacterium to 40 macrophages. Cells were treated with
gentamicin for 45 min, washed with fresh media, and cultured for a further 18h. Cell culture
supernatants were collected 18h after stimulation or infection for analysis of cytokine levels.
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For detection of IL-1p in response to PRR ligands, cells were stimulated with PRR ligands for
4 h followed by ATP stimulation for 20 min. Cytometric bead array (BD Pharmingen) or
luminex bead array (Bio Rad) was used to detect TNF, IL-1p and IL-12(p70) from cell culture
supernatants and serum. ELISA (R&D systems) was used for detection of I1L-27.

Analysis of IL-18 mRNA expression

Following stimulation, cells were washed with PBS, and RNA was extracted using RNeasy
kit (Qiagen) per the manufacturers instructions. Reverse transcription was performed using
Tagman reverse transcription reagents (Roche) followed by real-time PCR using ABI
PRISM7500 Sequence Detection System (Applied Biosystems). Analysis of IL-1f and
GAPDH mRNA levels was performed using commercially available primer/probe sets
(Applied Biosystems). Relative levels of IL-1p were determined by normalization to GAPDH
levels and are presented as relative to the un-stimulated control which was arbitrarily
designated a value of 1.

Flow Cytometry

Spleen cells were stimulated with PRR ligands in the presence of IFN-y and golgi plug (BD
Pharmingen) for 4h. Cells were stained with anti-CD11b-PerCP and anti-CD11c-APC (BD
Pharmingen). Cells were washed with PBS/2%FCS and fixed with CytoFix/Perm buffer (BD
Pharmingen) for 30 min. Intracellular staining was performed in Perm buffer (BD Pharmingen)
for 1h with anti-TNF-FITC or anti-1L-12(p40)-PE (BD Pharmingen). Spleen cells from mice
infected with L. monocytogenes were cultured with Golgi Plug for 4h and stained for CD11b,
CD11c, Grl and intracellular TNF and IL-12 p40 (BD Pharmingen). Acquisition was
performed using a BD FACSCanto or FACSCalibur flow cytometer (BD Pharmingen).

Western blotting

RESULTS

Cell lysates were separated on 4-12% gradient gels (Invitrogen) and probed with antibodies to
detect phospho-ERK1/2 (Th4202/Tyr204) and ERK1/2 (Cell Signaling Technology), IxBa
(Santa Cruz Biotechnology), phospho-Jnk and Jnk (Cell Signaling), IL-1p (R&D Systems),
phospho-Raf-1 (ser 338) and Raf-1 (Cell Signaling) and Actin (Chemicon International). Image
J software was used to quantitate band intensity.

Tpl2 regulates cytokine production in response to L. monocytogenes

Tpl2 is essential for TNF production by macrophages in response to TLR ligation in a murine
model of septic shock, although it also negatively regulates macrophage IL-12 production
(13,14). Therefore we sought to determine the role of Tpl2 in response to a bacterial infection
where production of both IL-12 and TNF participate in successful resolution of disease. Mice
were infected intravenously (i.v.) with 2 x 103 CFU L. monocytogenes, and sera from wild-
type and Tpl2~/~ mice were analyzed at 48h. Surprisingly, TNF levels were comparable
between wild-type and Tpl2~/~ mice (Figure 1A). IL-12 was increased in sera of Tpl2~/~ mice
compared to wild-type controls (Figure 1A), but the 1L-12-related cytokine IL-23 was not
detected (data not shown). IL-27 is another IL-12 family member that plays an essential role
in host defense (20,21), which in contrast to IL-12 and IL-23, has critical anti-inflammatory
effects (20,21). Compared to wild-type controls, increased levels of IL-27 were detected in
sera from Tpl2~/~ mice (Figure 1A); however, there was no difference between wild-type and
Tpl2~/~ mice in the levels of other cytokines, such as IL-10, IL-6 and IFN-y (data not shown).

To explore the unexpected finding of normal TNF production in L. monocytogenes-infected
Tpl2~/~ mice, we analyzed TNF levels in sera from infected mice at earlier timepoints. We
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infected wild-type and Tpl2~/~ mice with 2x103 CFU and assessed TNF levels in sera obtained
6 h and 24 h after infection. In two independent experiments, the TNF levels at these earlier
time-points were very low, and even undetectable in some samples; nonetheless, levels were
generally comparable between wild-type and Tpl2~/~ mice (Supplemental Figure 1A). In
addition, we assessed levels of TNF in sera obtained from wild-type and Tpl2~/~ mice infected
for 48 h with a higher dose of 2x10% CFU, which is a lethal dose for Tpl2~/~ mice (see
Supplementary Table 1); under these conditions, levels were readily detectable and comparable
between the two groups (Supplemental Figure 1B).

We also considered the possibility that Tpl2 might have cell-specific functions in the regulation
of TNF production. For example, Tpl2 was previously shown to differentially regulate
signaling pathways in macrophages and fibroblasts (22). To this end, intracellular cytokine
staining was performed for IL-12(p40) and TNF on spleen cells taken from wild-type and
Tpl2~/~ mice infected with 2x103 L. monocytogenes for 48 h. Cells were also stained with
CD11b to identify the types of cells making cytokines 48 h after infection. Prior to infection,
very few cells stained positive for IL-12p40 or TNF (Figure 1B); however following infection,
IL-12p40 was detected in cells from both wild-type and Tpl2~/~ mice. An increase in the
proportion of p40* cells was detected from Tpl2~/~ spleen compared to wild-type spleen
(Figure 1B). After L. monocytogenes infection of wild-type mice, two different populations of
CD11b* splenocytes (FigurelB) were noted to produce TNF (CD11b"9h and
CD11pintermediate) ‘Based on other cell surface markers and light scatter characteristics, the
CD11bN9" population consisted of monocytes and neutrophils (data not shown), whereas the
CD11pintermediate ce||s comprised so-called inflammatory DCs (23). Interestingly, we found
that these populations have differential requirements for Tpl2 to induce TNF protein
production; TNF production in monocytes and neutrophils (CD11b"9") was completely
dependent upon Tpl2, whereas TNF production by CD11bintermediate ce||s was Tpl2-
independent (Figure 1B). Together, the normal production of TNF by CD11bintermediate ce|js,
as assessed by intracellular staining, and the similar levels of TNF secretion in Figure 1A
suggest that Tpl2 is not obligatory for all TNF production.

Tpl2 is important for host defense against L. monocytogenes

Based on the normal serum levels of TNF and hyper-production of IL-12 during infection, it
was reasonable to expect that Tpl2~/~ mice might readily survive infection with L.
monocytogenes. To test this hypothesis, we initially infected wild-type and Tpl2~/~ mice with
various doses of L. monocytogenes ranging from 2x102 to 2x10° CFU. Surprisingly, at a dose
of 2x104 CFU, there was a marked reduction in the survival of Tpl2~/~ mice compared to wild-
type controls (Supplemental Table I). We further explored the finding of increased
susceptibility of Tpl2~/~ mice to L. monocytogenes infection at this dose (Figure 1C). While
most wild-type mice infected with 2x10% CFU survived, all Tpl2~/~ mice rapidly succumbed
to infection between days 3 and 5 (Figure 1C).

Infection with microbial pathogens can result in increased lethality due to either impaired or
exaggerated immune responses. For instance, IL-12- and IFN-y-deficient mice are more
susceptible to Toxoplasma gondii because of impaired host defense, whereas IL-27- or IL-10-
deficient mice infected with this pathogen die of overwhelming inflammatory disease (20,
21). To address why Tpl2~/~ mice were more susceptible to infection with L.
monocytogenes, we assessed bacterial burdens by removing livers and spleens from wild-type
and Tpl2~/~ mice 48 h after infection with a lower dose (2x103 CFU). Consistent with the idea
that Tpl2-deficiency resulted in impaired host defense, we found no different in bacterial
burdens at 6 or 24 h after infection with 2 x 103 CFU i.v. (data not shown), but we consistently
noted significantly more bacteria in organs from Tpl2~/~ mice by 48 h (Figure 1D). We
conclude that the increased 1L-12 production from Tpl2~/~ mice does not confer a survival
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advantage; on the contrary, Tpl2 is important for optimal host defense to L. monocytogenes.
However, equally surprising was that systemic TNF production was not impaired.

Distinct requirement for Tpl2 in response to different pattern recognition receptors in
different cell types

Normal in vivo production of TNF from Listeria-infected Tpl2~/~ mice (Figure 1A) was
surprising to us, since Tpl2 has been reported to be essential for macrophage TNF production
in response to a range of different TLR ligands, including those activated during Listeria
infection (13, 14, 17). Our results indicate that the requirement for Tpl2 in TNF production
was cell type-specific (Figure 1B). Therefore, to gain insight into how Listeria might be
inducing TNF in a Tpl2-independent manner, both bone marrow-derived macrophages and
bone marrow-derived dendritic cells (BMDCs) were stimulated with various TLR ligands, and
TNF secretion was assessed. Ligands for TLR2 (zymosan) and TLR9 (CpG) have previously
been shown to be involved in Listeria recognition, while ligands for TLR4 (LPS), TLR3 (Poly
IC) and TLR7/8 (R848) have been shown to induce TNF from macrophages in a Tpl2-
dependent manner (13, 17). In agreement with these published results, wild-type macrophages
produced large amounts of TNF in response to LPS, whereas Tpl2~/~ macrophages displayed
a severe defect in TNF production (Figure 2A). Wild-type BMDCs produced even more TNF
than macrophages (Figure 2A); however, in sharp contrast to Tpl2~/~ macrophages in which
TNF production was abrogated, Tpl2~/~ BMDCs activated with LPS, Poly IC or CpG produced
TNF, albeit at somewhat reduced levels (Figure 2A). Interestingly, there was no difference in
the amount of TNF released from BMDCs stimulated with zymosan (Figure 2A). Thus, while
Tpl2 is absolutely essential for the secretion of TNF by macrophages (13), these results show
that Tpl2 is only partially required by DC to induce TNF.

We considered the possibility that BMDCs might not reflect the functionality of freshly isolated
primary DCs. To determine if similar effects were observed with splenic DCs, wild-type or
Tpl2~/~ spleen cells were stimulated in vitro with the same panel of TLR ligands in the presence
of IFN-y. Intracellular staining was performed to determine the level of TNF production.
Consistent with secretion of TNF from in vitro cultured BMDCs, Tpl2~/~ CD11c* splenic DCs
also displayed reduced, but not absent, TNF production (Figure 2B). Again, unlike other TLR
ligands, zymosan induced relatively normal levels of TNF from Tpl2~/~ cells (Figure 2B). In
addition to ligands for TLR2, zymosan contains B-glucan, a component of yeast cell walls,
which stimulates dectin-1 (8, 24, 25). In vivo treatment of mice with LPS induced TNF in wild-
type mice, whereas TNF production was completely abrogated in the absence of Tpl2 (Figure
2C). In contrast, treatment of mice with zymosan resulted in only a partial reduction, and not
an abrogation, of TNF production in Tpl2~~ compared to wild-type mice. Taken together,
these results strongly argue that the ability of Tpl2~/~ mice infected with L. monocytogenes to
produce TNF (Figure 1A) can be explained by the finding that Tpl2-independent pathways
exist in DCs to produce TNF. Furthermore, with respect to TNF production, some PRRs are
more dependent upon Tpl2 than others.

Nodz2 is an intracellular pathogen sensor capable of recognizing MDP, a component in the cell
wall of L. monocytogenes (4-7). To test whether Tpl2 contributes to this alternative PRR
signaling pathway, cells were stimulated with the Nod?2 ligand, muramyl dipeptide (MDP).
MDP alone did not induce measurable TNF in wild-type macrophages (26); however, LPS
plus MDP acted synergistically to increase TNF production in wild-type cells (Figure 2D). In
contrast, no TNF production was detected in Tpl2~/~ macrophages (Figure 2D). Unlike
macrophages, stimulation with MDP alone induced TNF production in BMDCs, and this was
abrogated in Tpl2~/~ BMDCs (Figure 2D). Combinations of MDP with LPS or zymosan acted
to increase TNF production from wild-type cells, and this increase was diminished in the
absence of Tpl2 (Figure 2D). Thus, while Nod2 requires Tpl2 for TNF production in both
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macrophages and DCs, most TLRs evidently have alternative means of inducing TNF in
BMDCs.

Tpl2-dependent TNF production correlates with cell-type-specific coupling to NF-kB

Having observed distinct requirements for Tpl2 by different receptors and cell types in vitro
and in the context of Listeria infection in vivo, we next sought to determine the role of this
kinase in signaling by different PRRs. Our intent was to define correlates that might help
explain the cell-type specific role of Tpl2 in regulating TNF. Wild-type and Tpl2~/~
macrophages or BMDCs were stimulated with LPS for various times, and the activation of
MAPKSs (ERK and Jnk) were assessed by immunoblotting. LPS induced phosphorylation of
ERK1/2 in wild-type macrophages and, consistent with previous reports (13,14), failed to
induce ERK1/2 phosphorylation in Tpl2~/~ macrophages (Figure 3A). Interestingly, LPS also
failed to induce phosphorylation of ERK1/2 in Tpl2-deficient BMDCs (Figure 3B). To compare
the effect of Tpl2 on other signaling pathways commonly activated by PRRS, we next assessed
the role of Tpl2 in the activation of Jnk. Using scanning densitometry to quantitate results,
there was no consistent difference in the activation of Jnk between wild-type and Tpl2~/~
macrophages (Figure 3A) and BMDC (Figure 3B) (data not shown).

Activation of PRRs also results in the degradation of 1kBa. to release NF-«xB subunits, which
dimerize and translocate to the nucleus to initiate gene transcription. In response to LPS,
IxBa was degraded by 30 min in both wild-type and Tpl2~/~ macrophages (Figure 3A). On
the other hand, lkBa degradation was accelerated in Tpl2~/~ BMDCs compared to wild-type
cells; LPS-dependent IkBa degradation occurred at 30 min in controls, but was nearly complete
at 15 min in Tpl2~/~ BMDCs (Figure 3B). To further investigate the apparent increase in NF-
kB activation, we performed transcription factor ELISA to measure the nuclear levels of NF-
«B-p65 before and after LPS stimulation of BMDC for 30 min. Tpl2~/~ BMDCs displayed
increased nuclear NF-xB-p65 both basally and after stimulation with LPS compared to wild-
type controls (Supplemental Figure 2). While the fold-change was actually lower in the Tpl2-
deficient cells upon LPS treatment, this was likely due to the already high level of NFxB activity
observed even at basal conditions. The increased NF-kB activity observed in Tpl2~/~ BMDCs
measured both by kB degradation and transcription factor ELISA may, in part, explain why
these cells have residual TNF production, whereas Tpl2~/~ macrophages are absolutely
defective.

To characterize the mechanism by which Tpl2 might contribute to Nod2 signaling, wild-type
and Tpl2~/~ macrophages were stimulated with MDP. As shown in Figure 3C, MDP induced
ERKZ1/2 phosphorylation in wild-type cells; however, ERK1/2 phosphorylation was abrogated
in Tpl2~/~ macrophages, suggesting that Tpl2 also regulates Nod2 signaling at the level of
ERK activation.

As indicated above, Tpl2 was dispensable for zymosan-induced TNF production in BMDCs,
but was important to induce normal levels of LPS-induced TNF. We therefore sought to
determine if the ability to activate ERK correlated with cytokine production. Unlike LPS,
zymosan induced strong phosphorylation of ERK1/2 in both wild-type and Tpl2~/~ BMDCs
(Figure 3D), consistent with the contention that pathways independent of Tpl2 are utilized in
DCs.

An ITAM-containing PRR utilizes a distinct MAP3K

Because the complex TLR2 ligand zymosan induced TNF and activated ERK normally in

Tpl2~/~ DCs, we considered the possibility that ligation of non-TLR PRR by components of
zymosan might activate alternative signaling pathways through dectin-1. Dectin-1 couples to
the spleen tyrosine kinase (Syk) viaan ITAM-like domain to induce NF-xB and ERK activation
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(8,27-32). As signaling through TLR2 is required for optimal control of Listeria infection
(18), it is important to determine whether the TLR2 and/or dectin-1 pathways are both intact
in Tpl2-deficient mice. To delineate the potential contribution of Tpl2 to signaling via each
receptor, we used model ligands that selectively utilize TLR2 or dectin-1. Pam3CSK4 (Pam3),
a selective TLR2 ligand, induced production of TNF and strong ERK1/2 phosphorylation in
wild-type BMDCs, which was abrogated in Tpl2~/~ BMDCs (Figure 4A); however, curdlan,
a selective dectin-1 ligand, generated equivalent levels of TNF and ERK phosphorylation in
both wild-type and Tpl2~/~ cells (Figure 4B). v-raf-1 murine leukemia viral oncogene homolog
1 (Raf-1), like Tpl2, is a MAP3K, which links to a variety of ITAM-containing
immunoreceptors (33). Stimulation of wild type BMDCs with curdlan induced rapid Raf-1
phosphorylation at serine 338, consistent with another recent report (34), whereas stimulation
with Pam3 failed to induce phosphorylation of Raf-1. Even in Tpl2~/~ BMDCs, curdlan
induced prominent Raf-1 phosphorylation (Figure 4C). These results suggest that dectin-1
utilizes the MAP3K Raf-1 to induce ERK activation independent of Tpl2.

Tpl2 is critical for IL-1 production by both macrophages and dendritic cells

The above results indicate that Tpl2 is important in signaling in response to TLR and Nod2
ligands, but is dispensable when microbes, complex microbial products and dectin-1 ligands
are used to induce TNF production. Therefore, despite its essential role in mediating LPS-
induced septic shock (13), Tpl2 links some but not all PRRs to TNF production. Moreover,
some cell types (macrophages) absolutely require Tpl2 expression to induce TNF, whereas
others (DCs) only partially require Tpl2. While these findings explained some of the results
we observed, the lethality seen in Tpl2~/~ mice infected with L. monocytogenes remained
enigmatic. We therefore hypothesized that Tpl2 might regulate production of other important
pro-inflammatory cytokines. Previous reports have suggested that Tpl2 also regulates the
production of IL-1p (13,35); however, this has not been studied in detail in Tpl2~/~ mice.
IL-1p is prominently induced in innate responses to microbial pathogens and is known to
contribute to resistance of Listeria infection (36-41). Like TNF, the production of active
IL-1p is a two-step process. First, TLR ligation triggers pro-IL-1 production; second, a
multimeric protein complex called the inflammasome assembles to promote caspase-1-
dependent cleavage of pro-IL-1f into its mature, secreted form (42). This process is thought
to be activated by danger-associated molecular patterns (DAMPSs), which include endogenous
danger or stress signals (43,44). To explore whether Tpl2 plays a role in IL-1f production, we
stimulated macrophages with LPS, poly IC or MDP for 4h to up-regulate pro-1L-1. The cells
were then stimulated with adenosine triphosphate (ATP) to trigger caspase-1-induced cleavage
of pro-IL-1p to its active form. As expected, wild-type macrophages produced large amounts
of IL-1p in response to LPS, poly IC and the combination of LPS and MDP. In contrast,
Tpl2~/~ macrophages produced significantly less IL-1p in response to all of these ligands
(Figure 5A). We similarly explored the response of BMDCs (Figure 5B). Consistent with
IL-1B production from macrophages, we observed a significant reduction in IL-1p secretion
from Tpl2~/~ BMDCs compared to wild-type controls, even when zymosan was used to
stimulate cells (Figure 5B). These results show that IL-1p is not subject to the same cell type
specific effects that control TNF production. Furthermore, they suggest that Tpl2 regulates
IL-1B production via a mechanism independent of the ERK pathway, since ERK activation
was normal in Tpl2-deficient BMDCs stimulated with zymosan (Figure 3D).

Tpl2 regulates IL-1 mMRNA production

We have shown previously that Tpl2 regulates TNF production post-transcriptionally (13,
45). Others have alternatively proposed that Tpl2 regulates TNF at the level of transcription
(14,15). To determine whether Tpl2 regulates IL-1p production by similar mechanism(s), we
analyzed the production of IL-1f pro-protein or mMRNA. Wild-type and Tpl2~/~ macrophages
were stimulated with LPS, poly IC, MDP or the combination of MDP and LPS for 4 h, followed
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by stimulation with ATP for 20 min. The cells were lysed and the pro- and active forms of
IL-1p were detected by immunoblotting (Figure 5C). Pro-1L-1p is strongly induced in wild-
type macrophages, while Tpl2~/~ macrophages display significantly reduced levels of pro-
IL-1p in response to simulation with LPS, poly IC and the combination of LPS and MDP
(Figure 5C). As a result, the processed active form of IL-1p could not be detected in Tpl2~/~
cells compared to wild-type macrophages (Figure 5C).

To determine if Tpl2 regulates production of IL-1p mRNA, we stimulated macrophages with
LPS for 3-12 h (Figure 5D). IL-1p mRNA from wild-type macrophages increased 800-fold
over un-stimulated controls after LPS treatment, while IL-1p mRNA from Tpl2~/~
macrophages remained unchanged (Figure 5D). These results show that Tpl2 plays an
important role in the transcriptional regulation of IL-1p and explains why cells lacking Tpl2
fail to produce normal levels of pro-IL-1f protein.

Tpl2 controls IL-1B production in response to L. monocytogenes

IL-1p production is typically transient and difficult to reliably measure in vivo in the context
of infection. Therefore, to determine the role of Tpl2 in IL-1p production in response to
infection with L. monocytogenes, we isolated bone marrow derived macrophages and infected
them in vitro. This resulted in the production of IL-1p and other cytokines from wild-type
macrophages (Figure 6A). Infection of Tpl2~/~ macrophages resulted in more I1L-27 and less
TNF and IL-1p production compared to wild-type cells. IL-12 could not be detected. Notably,
IL-1p production was even more dramatically impaired than TNF in Tpl2~/~ macrophages.

Since we observed cell type-specific effects of Tpl2-deficiency on TNF production, we sought
to determine whether IL-1p production would have a similar requirement for Tpl2. We
therefore cultured freshly isolated, un-fractionated spleen cells with L. monocytogenes and
again measured cytokine production. As with bone marrow-derived macrophages, infection of
Tpl2-deficient spleen cells resulted in significantly impaired IL-1p production (Figure 6B).
Increased IL-12 production was also observed. However, Tpl2~/~ spleen cells produced normal
amounts of TNF (Figure 6B). These results indicate that Tpl2 is critical for multiple cell types
to produce IL-1B; in contrast, Tpl2 is not required for TNF production from spleen cells infected
with L. monocytogenes.

To ensure that differences observed were not related to different pathogen burdens, we
measured bacterial numbers after initial phagocytosis and overnight culture. Bacterial counts
revealed no significant difference in uptake or bacterial growth within wild-type or Tpl2~/~
macrophages or spleen cells at these time points (data not shown). These results suggest that
the increased bacterial burden observed in Tpl2~/~ mice in vivo was not due to differences in
macrophage uptake or bacterial survival within macrophages.

Finally, to confirm the in vivo relevance of our findings, we treated Tpl2~/~ mice with LPS for
3 h and measure systemic IL-1f3 production in serum. IL-1p was strongly induced in wild-type
control mice. In contrast, IL-1p was severely reduced in Tpl2~/~ mice (Figure 6C). These
results confirm a critical role for Tpl2 in IL-1p production and further establish a major role
for Tpl2 in the activation and control of innate immune responses.

DISCUSSION

Tpl2 is essential for TNF production in models of septic shock (13); however, the role of Tpl2
in host defense against a gram positive organism such as Listeria monocytogenes has not been
previously assessed. In this study, we report that Tpl2~/~ mice are more susceptible to primary
L. monocytogenes infection, due to a primary failure in innate host defense likely involving
defects in both PRR signaling and cytokine production. Although Tpl2 is not required for
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systemic TNF production and has distinct roles in different innate immune cells, Tpl2 is critical
for production of IL-1pB. Furthermore, a range of structurally distinct PRRs evidently utilize
Tpl2 for the induction of IL-1p. Thus, the present study establishes a new role for Tpl2 in host
defense and immunoregulation.

We were very surprised to find that Tpl2~/~ mice infected with L. monocytogenes produced
abundant TNF. Upon further analysis, we found that Tpl2 is required in macrophages but is
not essential in DCs for TNF induction. Moreover, production of this cytokine in response to
some ligands was entirely independent of Tpl2. What might account for the cell type- and
receptor-specific requirements for Tpl2 in TNF production? It is abundantly clear that Tpl2 is
essential in macrophages for linking all TLRs to ERK, and our data are consistent with this
conclusion (13,17); however, other signaling pathways are activated by TLRs, and we found
that in the absence of Tpl2, these pathways are differentially activated in macrophages and
BMDCs. The absence of Tpl2 resulted in increased NF-«xB activation in BMDCs but not in
macrophages. Another PRR commonly activated by bacterial products is Nod2 (4). Our results
show that Tpl2 is required for ERK activation in response to the Nod2 ligand, MDP. Tpl2 also
plays a role in TNF production in response to MDP in both macrophages and BMDCs. It will
be useful to ascertain whether Tpl2 is involved in signaling by other intracellular pathogen
sensors and to dissect how Tpl2 is biochemically linked to these diverse PRRs. In contrast, we
found that ligands that engage dectin-1 activate ERK and TNF production independent of Tpl2.

The data provided in the present study indicate that Tpl2 is also critical for IL-1p production
—even more so than TNF. We show that Tpl2 is required for maximal production of IL-1f in
macrophages and BMDCs, independent of the PRR engaged. Tpl2 regulates the transcription
of IL-1p. Further work is needed to dissect where Tpl2 fits into the pathway leading to IL-1
production. It has previously been shown that inhibition of ERK interferes with TLR-induced
IL-1B production (46). This might lead one to suspect that this would be the mechanism by
which Tpl2 contributes to IL-1f induction; however, zymosan-dependent IL-1f production is
also disrupted by the absence of Tpl2, even though ERK activation is normal. This implies that
Tpl2 has an additional, ERK-independent role in linking PRRs to the regulation of IL-1p.
Regulation of IL-12 production by Tpl2 is also thought to be independent of ERK (14). Clearly,
identification of additional downstream targets of Tpl2 will be an important area for future
investigation.

TNF is absolutely essential for defense against L. monocytogenes (47), and the fact that some
cell types are not able to produce TNF in the absence of Tpl2 may contribute to susceptibility
of infection. Importantly, responsiveness to TNF is also altered in Tpl2~/~ antigen presenting
cells (22). While IL-1 is not absolutely required for host defense against L. monocytogenes, it
also clearly plays a role (37-41). Likely, the absence of IL-13 production and the loss of TNF
in certain cell types in combination with diminished responsiveness to TNF by Tpl2~~ cells
contribute to increased susceptibility to L. monocytogenes in Tpl2~/~ mice. It is also possible
that Tpl2 plays an important role for other cytokines as well.

Our findings have important implications in terms of signal transduction, but also have very
practical implications. The treatment of rheumatoid arthritis (RA) and inflammatory bowel
disease (IBD) has been revolutionized by the use of TNF antagonists (48). Because of its
profound role in models of septic shock, Tpl2 has been considered an important target for the
generation of new immunosuppressive drugs (49-53). Consistent with this notion, mice bearing
adeletion in the 3’ AU-rich element of TNF mRNA (TnfAARE) over-produce TNF and develop
IBD with a histopathologic phenotype similar to Crohn's disease (54). When the TnfAARE mice
are crossed onto a Tpl2~/~ background, onset of intestinal inflammation is significantly delayed
(55); however, the work presented herein provides a cautionary note with respect to the idea
that Tpl2 antagonism will necessarily block TNF production, even though TNF signal
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transduction might be impaired in some cell types (22). Our results clearly show that different
PRRs have distinct dependence upon Tpl2 for TNF production; in fact, with some ligands,
TNF production is entirely normal in the absence of Tpl2. Moreover, some cells, like DCs only
display partial reductions in TNF in the absence of Tpl2 in response to TLR stimulation. Gut
flora express multiple PRRs that are thought to play a role in disease pathogenesis of IBD
(56). Clearly, it will be of interest to examine the role of Tpl2 in models of IBD and to determine
if and how cytokine production is affected. Conversely, our results argue that inhibition of Tpl2
could be an effective means of antagonizing IL-1p. This could be useful in the spectrum of
inflammatory diseases characterized by overproduction of IL-1p, like neonatal onset
multisystem inflammatory disease and other cryopyrinopathies, Still's disease, and possibly
diabetes (57-60).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Prof. Douglas J. Hilton for insights regarding this study. The authors would also like to thank Jim Simone
and the flow cytometry core, as well as the animal care staff of the NIAMS Office of Science and Technology for
excellent support.

Abbreviations used in this paper

BMDC Bone marrow derived dendritic cell

CpG cytosine-phosphate-guanosine

DC dendritic cell

dectin-1 DC-associated C-type lectin 1

MDP muramyl dipeptide

Nod2 nucleotide-binding oligomerization domain 2

Pam3 Pam3CSK4

poly IC polyinosine-polycytidylic acid

PRR pattern recognition receptor

Tpl2 Tumor progression locus 2
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Figure 1. Tpl2 is important for host defense against Listeria monocytogenes

(A) Normal TNF production in serum of Tpl2-deficient mice infected with Listeria
monocytogenes. Wild-type (WT) and Tpl2~/~ mice were infected i.v. with 2x103 CFU L.
monocytogenes for 48 h. Sera were collected and analyzed for TNF, IL-12(p70) and IL-27. (B)
L. monocytogenes-induced TNF production is dependent on Tpl2 in some, but not all innate
immune cells. Spleens were removed from infected mice and splenocytes were fixed and
permeabilized. Intracellular cytokine levels were assessed by flow cytometry. (C) Tpl2-
deficient mice have enhanced lethality in response to L. monocytogenes. WT and Tpl2~/~ mice
were infected i.v. with 2x10% CFU L. monocytogenes, and survival was monitored. (D)
Lethality in Tpl2~/~ mice results from impaired host defense. WT and Tpl2~/~ mice were
infected i.v. with 2x103 CFU L. monocytogenes for 48 h. Spleens and livers were homogenized
and bacterial burden was measured by plating serial dilutions of homogenates on LB agar
plates. Results are representative of 3 — 4 independent experiments. Error bars correspond to
standard deviations and * denotes p<0.05 as determined by Student's t-test. Abbreviations: not
significant (N.S.).
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Figure 2. Tpl2 regulates TNF production in a cell type- and PRR-specific manner

(A) Tpl2 is required for TLR-induced TNF production in macrophages. Bone marrow derived
macrophages or BMDCs from WT or Tpl2~/~ mice were stimulated with LPS, poly IC,
zymosan, R848 or CpG for 18 h, and TNF was measured in cell supernatants. (B) Tpl2 is not
required for TNF production by splenic DCs. Spleen cells from WT or Tpl2~/~ animals were
cultured with IFN-y or IFN-y plus LPS, poly IC, zymosan, R848 or CpG for 4 h. Cells were
stained with anti- CD11c and CD11b antibodies, fixed, permeabilized and stained with anti-
TNF antibody. Dot plots are gated on CD11c™ cells. (C) Tpl2 controls LPS and zymosan-
induced TNF production in vivo. WT or Tpl2~/~ mice were injected intraperitoneally with LPS
(30 min) or zymosan (3h), sera were collected to measure TNF concentrations. (D) Tpl2 is
important for Nod2 signaling in both macrophages and BMDCs. Bone marrow derived
macrophages were stimulated with LPS, MDP or combinations of LPS and MDP for 18 h.
BMDCs were stimulated with LPS, zymosan, MDP or combinations of these ligands for 18 h,
and TNF was measured in cell supernatants. Results are representative of 3 independent
experiments. Error bars correspond to standard deviations and * denotes p<0.05 as determined
by Student's t-test.
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Figure 3. Tpl2 controls the MAP kinase and NF-kB pathways in a cell type-specific and stimulus-
specific manner

(A-B) Enhanced activation of 1«Ba in Tpl2-deficient DCs. WT or Tpl2~/~ (A) macrophages
or (B) BMDCs were stimulated with LPS for 5, 15, 30, 60, or 120 min. Cell lysates were
immunoblotted with antibodies against phospho-ERK1/2, phospho-Jnk or 1kBo. Membranes
were re-probed with antibodies against ERK1/2, Jnk or actin as loading controls. (C) Tpl2 links
the Nod2 receptor to the ERK pathway. WT or Tpl2~/~ macrophages were stimulated with
MDP for 5, 15, 30, 60, or 120 min. The cell lysates were immunoblotted with anti-phospho-
ERKZ1/2 or anti-ERK1/2. (D) Tpl2 is not required for zymosan-induced ERK activation. WT
or Tpl2~/~ BMDCs were stimulated with zymosan for the indicated times and cell lysates were
probed with antibodies for phospho-ERK1/2. The membrane was stripped and re-probed for
total ERK1/2 as a loading control. Results are representative of at least 2 independent
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experiments.
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Figure 4. ITAM-containing PRRs can utilize a distinct MAP3K8

(A) Tpl2 is required for normal TNF production and ERK activation downstream of TLR2.
WT or Tpl2~/~ BMDCs were stimulated with Pam3 for 18 h to measure supernatant TNF
levels. BMDCs were also stimulated with Pam3 for 15, 30, 60, or 120 min, cell lysates were
probed for phospho-ERK1/2 and total ERK1/2. (B) Tpl2 is not required for dectin-1-induced
TNF production or signal transduction. WT or Tpl2~/~ BMDCs were stimulated with curdlan
for 18h to measure supernatant TNF levels. Cells were also stimulated with curdlan for 15, 30,
60, or 120 min, western blot was performed and cell lysates were probed for phospho-ERK1/2
and total ERK1/2. (C) Raf-1 is activated in response to stimulation of dectin-1. Western blot
was also performed on WT BMDCs stimulated with Pam3 or Curdlan for 15 or 30 min, cell
lysates were probed with anti-phospho-Raf-1, the membrane was stripped and re-probed for
total Raf-1 protein as a loading control. Results are representative of 2-3 independent
experiments. Error bars are equal to standard deviation and * p<0.05 as determined by Student's
t-test.
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Figure 5. Tpl2 regulates IL-1p production in response to TLR stimulation

(A-B) Tpl2 is essential for IL-1p production by macrophages and BMDCs. (A) Macrophages
from WT or Tpl2~/~ mice were cultured and stimulated with LPS, poly IC or MDP and the
combination of LPS and MDP for 4 h. The cells were stimulated with ATP for 20 min, after
which IL-1p was measured in cell supernatants. (B) WT or Tpl2~/~ BMDCs were stimulated
with LPS, poly IC, zymosan, MDP separately and LPS in combination with MDP for 4 h,
followed by a second stimulation with ATP for 20 min. Cell supernatants were collected, and
IL-1p was measured. (C) Tpl2 is critical for production of pro-1L-1p protein. Macrophages
were stimulated as in (A) cells were lysed and western blotting was performed to measure
IL-1B protein. (D) Tpl2 is essential for induction of IL-1p mRNA. WT or Tpl2~/~ bone marrow
macrophages were stimulated with LPS for 3, 6, 9 and 12 h. The cells were lysed and IL-1p
mMRNA expression was analyzed by real-time PCR relative to a GADPH control. Error bars
indicate standard deviations and * denotes p<0.05 as determined by Student's t-test.
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Figure 6. Tpl2 controls IL-1p production in response to L. monocytogenes

(A-B) Tpl2 is important for IL-1f production by macrophages and spleen cells. Bone marrow
derived macrophages (A) or total spleen cells (B) from WT or Tpl2~/~ mice were infected with
L. moncytogenes at a ratio of 1 bacteria to 40 cells for 2 h. Cells were treated with gentamicin,
washed with fresh media, cultured for an additional 18 h and cytokines were measured in cell
supernatants. (C) Tpl2 is important in vivo for the production of IL-1p. WT and Tpl2~/~ mice
were injected i.p with LPS. Serum was collected 3 h later, and IL-1p was measured.
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