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Abstract

Sluggish was identified in a population of third generation mice descended from N-ethyl-N-
nitrosourea (ENU3)-mutagenized sires. Macrophages from homozygotes exhibited impaired
TNFa production in response to all TLR ligands tested, and displayed impaired type I IFN
production in response to TLR7 and 9 stimulations. The phenotype was confined to a critical
region on mouse chromosome 18, and then ascribed to a T to A transversion in the acceptor
splice site of intron 4 at position 13346 of the Map3k8 gene, resulting in defective splicing. The
Map3k85'499ish mutation does not result in susceptibility to viral infections, but S/uggish mice
displayed high susceptibility to group B streptococcus (GBS) infection, with impaired TNFa and
type I IFN production in infected macrophages. Our data demonstrate that the encoded protein
kinase Tpl2 plays an essential role in cell signaling in the immune response to certain pathogens.

Introduction

Via the TLRs, the innate immune system senses conserved molecules of microbial origin,
and triggers innate immune responses that include production of inflammatory cytokines,
chemokines and type | IFNs. Most of the TLRs signal through the MyD88 adaptor protein,
while TLR3 signals through a MyD88-independent pathway and TLR4 signals through both
MyD88-dependent and independent processes [reviewed in (1, 2)].

Cytokines produced in response to TLR signaling, including TNFa and IFNs, are critical for
controlling microbial infections. The production of type | IFNs by plasmacytoid dendritic
cells (pDCs) in response to the stimulation of TLR7 (which senses ssRNA) and/or TLR9
(which senses CpG DNA) is necessary for the host defense against certain viruses (3),

while both TNFa and type I IFNs play important roles in the host response to bacterial
infections (4-6). For instance, 7777~ and 7nfrI”~ mice are highly susceptible to infection
with the intracellular pathogen Listeria monocytogenes (5, 6), and TNF production has
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dendritic cells; ssRNA, single-stranded RNA; Tpl2, tumor progression locus 2.
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been shown to be an important component of the immune response to extracellular group
B streptococcus (GBS) infection (7, 8). Mice deficient in type | IFN signaling display
impaired immune responses to a variety of bacterial infections including GBS (9), but
display increased resistance to L. monocytogenes (10-12).

Tpl2 (tumor progression locus 2)/COT (cancer Osaka thyroid)/MAP3KS8 is a serine/
threonine protein kinase that is a member of the mitogen-activated protein kinase kinase
kinase (MAP3K) family of proteins. /n vitro, Tpl2 can activate important immune response
factors including the JNK, p38, and ERK protein kinases, as well as NF-xB and NFAT (13-
15). Tpl2-deficient mice are resistant to LPS-induced shock, due to low levels of circulating
TNFa (16), and Tpl2-deficient macrophages demonstrate impaired ERK activation and
TNFa production in response to multiple TLR ligands (17, 18).

We have identified an N-ethyl-N-nitrosourea (ENU)-induced mutation, termed S/uggish,
resulting in defective splicing of the Map3k8encoded Tpl2 transcript. Animals homozygous
for the mutation show impaired TNFa secretion in response to all TLR stimuli, while
heterozygotes displayed intermediate responses to some TLR ligands. Macrophages isolated
from homozygous Map3k8599isi/Sluggish mice show impaired type | IFN production
specifically in response to TLR7 and 9 stimulations, but are able to control viral infections.
In addition, Map3k8S!u99isivSiuggish mice are resistant to mouse cytomegalovirus (MCMV)
infection. Although these animals display resistance to infection by L. monocytogenes, they
are highly susceptible to GBS infection. Macrophages isolated from Map3k85/L9gisiSliggish
mice exhibit altered type | IFN and TNFa production in response to bacteria. Our results
confirm the obligatory role Tpl2 plays in response to TLR signaling, and show that Tpl2

is necessary for type I IFN production downstream of specific signals. Furthermore, we
demonstrate that Tpl2 is obligatory for controlling GBS infection.

Materials and methods

Reagents and antibodies

LPS [Salmonella minnesota R959 (Re)], macrophage-activating lipopeptide-2 (Malp2),
ODN 2216 (CpG-A) were obtained from Alexis. Unmethylated DNA oligonucleotide (CpG-
B) 5’-TCCATGACGTTCCTGATGCT-3’ was synthesized by Integrated DNA Technologies
(Coralville, 1A). Resiquimod was obtained from 3M. Pam3CSK, were obtained from EMC
Microcollections (Tiibingen, Germany). Peptidoglycan was purchased from Fluka. dsSRNA
poly(l:C) was obtained from Amersham Pharmacia Biotech. Recombinant Mouse IFN-y was
obtained from PBL Biomedical Laboratories. DOTAP was obtained from Roche. Antibodies
against phosphorylated or total ERK were from Cell Signaling Technology (Beverly, MA).
Fluorescent-labeled antibodies against CD11b, and TNFa used in FACS analysis were from
eBioscience (San Diego, CA). Antibodies against influenza A virus Hemagglutinin (clone
IV.C102), sc-80550 was from Santa Cruz Biotech. Secondary antibody was goat anti-mouse
IgG-FITC, sc-2010 (Santa Cruz).
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Mice, ENU mutagenesis

C57BL/6J (also referred to as WT), C3H/HeN, MyD88Poc/oc, TlrgcrGL/CpGl
TIrgePG3/CpG3  Stargdom/dom Tir7~/~or Tir7”Y, Irak4otiose/otiose and Sfuggish/Sluggish mice
(MMRRC: 030499-UCD ) were maintained and bred in The Scripps Research Institute
vivarium under the supervision of the Department of Animal Resources. All studies
involving mice were performed in accordance with the rules of Institutional Animal Care
and Use Committee of The Scripps Research Institute. ENU mutagenesis was performed in
a C57BL/6J background as described previously (19).

Genetic mapping and position cloning of Sluggish

Sluggish homozygotes were outcrossed to C3H/HeN mice and F1 Hybrids were backcrossed
to Sluggish homozygotes. 39 mice were genotyped using microsatellite polymorphisms
markers. The mutation was confined upstream of D18mit110 on chromosome 18.
Genotyping was carried out by fragment length analysis with fluorescent primers.
Genotyping and sequencing were done using the ABI 3100 DNA sequencer.

Peritoneal macrophage response assays

C57BL/6J mice (germline mutants or controls) were injected intraperitoneally with 4%
thioglycolate. 3 days later, macrophages were harvested. For the screening of TLR signaling,
cells were cultured at a density of 5x10% cells/well (96 well) with varying concentration of
TLR agonists as follows: LPS (500 pg/ml), poly(I:C) (5 pg/ml), Lipoprotein Pam3CSK4 (50
ng/ml), resiquimod (100 ng/ml), CpG-B (100 nM), peptidoglycan (2 ug/ml), Malp2 (100
ng/ml) or left unstimulated. Cells were incubated at 37° C for 4h, and culture media were
collected for the TNF bioassay or cytokine ELISAs (Ebioscience).

For type | IFN produced by peritoneal macrophages, cells were primed with 10 ng/ml IFNy
for 4 h, and then washed twice with medium; then cells were stimulated with CpG-B (500,
100, 20, 0.1 nM) or resiquimod (100, 20, 4, 0 ng/ml) for another 4 h and media were
collected for the TNF and IFN bioassays. Cells were also stimulated with 500, 100, 20, 0
pg/ml LPS and 20, 4, 0.8, 0 pg/ml poly(1:C) for 4 h without priming with IFNy, and media
were collected for the TNF and IFN bioassays.

FACS analysis

Peritoneal macrophages were challenged with Malp2 (100 ng/ml), PGN (2ug/ml) or CpG-B
(100 nM) for 4 h in the presence (intracellular staining) or absence (cell surface staining) of
5 pg/ml of Brefeldin A. For intracellular staining, the cells were washed with ice cold FACS
Buffer and then incubated with CD11b-APC antibody at 4° C for 30 minutes. The cells
were then permeabilised for 20 minutes with BD Fix+Perm solution (BD cytofix/Cytoperm)
followed by staining with TNF-PE antibody for 40 minutes. For cell surface staining, cells
were washed with ice cold FACS Buffer and then incubated with CD11b-APC and TNF-PE
antibody at 4° C for 30 minutes. Cells were acquired by flow cytometry on a FACSCalibur
(BD) and data were analyzed using FlowJo software.

Peritoneal macrophages were infected with GFP-tagged MCMV (kindly provided by
Christopher Benedict, La Jolla Institute of Allergy and Immunology), GFP-tagged
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adenoviral vector Ad5.F16-GFP (gift from Glen Nemerow, The Scripps Research Institute),
or a mouse-adapted human influenza A (PR8 strain) virus. Cells were collected for FACS
analysis after 24 hours for MCMV, 24h for influenza and 72 hours for Ad5.F16-GFP.
Medium was collected to determine cytokine production by ELISA or bioassay. Cells

were washed twice with PBS, and incubated with trypsin at 37° C for 15 minutes. Cells
were collected by centrifugation and resuspended in FACS buffer, and then acquired on a
FACSCalibur (BD) and analyzed using FlowJo software.

Biological assays

Type | IFN activity was measured with reference to a recombinant mouse IFNp standard
by using an L-929 cell line transfected with an interferon-sensitive luciferase construct.
TNF activity produced by peritoneal macrophages or dendritic cells was determined with
reference to a recombinant mouse TNFa standard by using the L-929 cell cytolytic assay
(20).

In vivo CpG challenge

Mice were injected intravenously with 2ug CpG-A. Six hours later, blood was collected and
serum type IFN was measured by ELISA.

Cytokine measurement

IL-6, IL-12p40, I1L-12p70, TNFa, IFN-y concentrations in culture media or sera were
measured by ELISA kit (eBioscience). IFNa and IFN concentrations in culture media
or sera were measured by ELISA (PBL Biomedical Laboratories).

Mouse infection models

MCMV (Smith strain) was prepared as described previously (21). 6 week-old male mice
were injected intraperitoneally with 2x10° PFU of MCMV. 36 hours after infection, mice
were bled and cytokines in the serum were measured by ELISA.

Bioluminescent bacteria Listeria monocytogenes (strain 10403S; Xenogen) were prepared as
described (22). 6 week-old male mice were injected intravenously with 10° CFU of Listeria
monocytogenes. Serum cytokines were measured at 24 hours after infection by ELISA or
Bioassay.

Type 11 COH1 strain or type Ib H36B strain of GBS (provided by Giuseppe Teti, University
of Messina, Italy) were grown to the early-log phase in Todd-Hewitt broth (BD) and were
diluted to the appropriate concentration in PBS. 8 week-old male mice were inoculated
intraperitoneally with 108 CFU of the type Ib strain H36B (23). Each experiment included
one group of S/uggish mice and wild-type C57BL/6J mice. The groups did not differ in

the age or the weight of the animals. Mice were observed for 7 days after infection, but

the deaths were never recorded after 4 days. In additional experiments, blood, spleens, and
kidneys were harvested 20 hours after GBS infection. Serum cytokine concentrations were
measured by ELISA. Bacterial loads in spleen, kidney and blood were determined by colony
counts on Todd-Hewitt Agar plates.
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Statistical data analysis

Results

Data were analyzed using the GraphPad Prism4® software (GraphPad Software, San Diego,
CA). The statistical significance of the differences among groups was determined by
Student’s two-tailed test or by one-way ANOVA followed by Dunnett’s test for three or
more groups. Survival data were determined by Log-rank (Mantel-Cox) Test. Data were
considered significant when P<0.05.

Sluggish macrophages exhibit impaired cytokine production in response to TLR signaling

Sluggishwas identified as a semidominant mutation in a screen for genetic defects

of TLR signaling in peritoneal macrophages derived from third generation C57BL/6J

mice homozygous for N-ethyl-N-nitrosourea (ENU)-induced germline mutations (19).
Thioglycolate-elicited peritoneal macrophages from S/uggish homozygote mice showed
defective responses for all known TLR ligands and secreted little to no TNFa in response to
the TLR2/6 ligands peptidoglycan (PGN) and macrophage-activating lipopeptide 2 (Malp2),
the TLR9 ligand CpG-B DNA, the TLR4 ligand LPS, the TLR1/2 ligand PAM3CSK4 (a
triacyl lipopeptide), the TLR7 ligand resiquimod (a sSRNA mimetic), and the TLR3 ligand
poly I:C (a dsRNA mimetic). Heterozygote animals exhibited impaired TNFa responses to
some, but not all, TLR ligands (Figure 1A).

In order to identify the stage at which TNFa production is compromised, macrophages
from Sluggish homozygotes were tested in an intracellular cytokine staining assay after
activation. We noted only a slight, or no, reduction in intracellular TNFa concentration in
response to CpG-B DNA, PGN, and Malp2 (Figure 1B, left panel), while macrophages from
the appropriate negative controls showed little to no intracellular TNFa (data not shown).
While TNF was detected on the surface of wild-type macrophages, it was not detected on
the surface of homozygous S/uggish macrophages (Figure 1B, right panel). This strongly
suggests that the diminished concentration of soluble TNFa in culture medium conditioned
by activated S/uggish macrophages is mainly due to impairment of TNFa secretion rather
than impairment of TNFa biosynthesis.

We also examined the early production of other cytokines in peritoneal macrophages
stimulated with TLR ligands for 4 hours. The secretion of I1L-6, another proinflammatory
cytokine, was profoundly impaired in homozygous S/uggish macrophages in response to
most TLR ligands (Supplemental Figure 1A). The levels of IL-12p40, which enhances NK
and T cell functions, were normal or increased in homozygous S/uggish macrophages in
response to TLR signaling (Supplemental Figure 1B). Macrophages from the appropriate
negative controls showed no cytokine production (data not shown).

The Sluggish mutation impairs TLR7 and 9-induced type | IFN production in peritoneal
macrophages, but does not impair the immune response to viral infections

In addition to the induction of genes encoding proinflammatory cytokines, TLR-mediated
signaling can induce type | IFN production. TLR3 and 4 primarily elicit IFNB production
through a MyD88-independent pathway (24, 25), while TLR7 and TLR9 signal through
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MyD88 to induce production of type I IFNs primarily in DCs (3, 23, 26). Following
IFN-y-priming, macrophages are able to induce IFNB production in response to CpG-B (27,
28). In order to examine the effects of the S/uggish mutation on type I IFN production,
peritoneal macrophages were pretreated with IFN-y and then challenged with various
concentrations of CpG-B or resiquimod, or were exposed directly to LPS or poly(l:C). CpG-
B- and resiquimod-induced type I IFN production were significantly reduced in homozygous
Sluggish macrophages (Figure 2A), while LPS and poly(l:C)-induced type | IFN production
was unaffected (Figure 2B). Macrophages from the appropriate negative controls showed
little to no type | IFN production in responses to TLR ligands (data not shown). These
results suggest that Tpl2 is important for type | IFN production in peritoneal macrophages
specifically in response to MyD88-dependent TLR signals.

As pDCs are the primary producers of type | IFN /n vivo (29), we wanted to know if the type
I IFN defect seen in S/uggish macrophages also appeared in pDCs. We injected mice with
CpG-A intravenously together with DOTAP and examined serum concentration of type |
IFN. The IFNa production in homozygous Sfuggish mice was unaffected. By contrast, IFNy
was decreased in S/uggish mice (Figure 2C), suggesting that IFN-y production in response

to TLR signaling is affected by the S/uggish mutation. These results demonstrate that the
protein affected by the S/uggish mutation is not critically involved in type I IFN production
in response to TLRY stimulation in pDCs.

To further test whether the S/luggish mutation may affect type | IFN production /n vivo,
we infected homozygous S/uggish mice with 2x10° PFU of MCMV. Sluggish animals
were resistant to MCMV similar to C57BL/6J control mice, while highly susceptible
STAT1-deficient mice died within four days (Figure 2D) (30). Furthermore, homozygous
Sluggish macrophages infected with either GFP-tagged MCMV, GFP-tagged adenoviral
vector, or a mouse-adapted human influenza A (PR8 strain) virus were able to control
viral infections (Supplemental Figure 2A) and displayed normal type I IFN production
(Supplemental Figure 2B), although TNFa production remained impaired (Supplemental
Figure 2C).

Sluggish mice are specifically susceptible to group B streptococci (GBS) infection

Because macrophages have a central role in innate immunity, we examined the responses of
Sluggish animals and macrophages to bacterial infection. Adherent peritoneal macrophages
were exposed to L. monocytogenes or live GBS, and at 8 hour post-infection, culture
supernatants were collected and subjected to bioassay to determine TNFa and type |

IFN production. TNFa production was severely impaired, but type | IFN production

was not significantly different, in response to L. monocytogenes infection in Sluggish
macrophages, while macrophages isolated from Myd88°°¢/Po¢ control mice displayed normal
TNFa production due to the partial preservation of TLR2/TLR6 signaling (Figure 3A)

(28). Despite reductions in TNF and I1L-6 production relative to wild-type animals, most
homozygous S/uggish mice resisted L. monocytogenes infection. By contrast, Mya88°oc/Poc
animals were highly susceptible to infection by L. monocytogenes and displayed a severe
reduction in all serum cytokine levels including IL-12p70, which was unaffected in S/uggish
mice (Figure 3B,C). After infection with 1x10% CFU/ml GBS, S/uggish homozygous
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macrophages displayed severely impaired production of both TNFa and type | IFN (Figure
4A), and most homozygous S/uggish mice died within two days with elevated levels of
inflammatory cytokines due to an increased bacterial load in spleen, kidney and blood
(Figure 4B-D; data not shown). Surviving S/uggish animals exhibited decreased bacterial
loads, which correlated with lower levels of proinflammatory cytokines relative to the
susceptible mice.

Along with TNFa, type | IFN signaling is critical for host protection against GBS (9, 23).
As Tpl2 appears to mediate TLR7 and 9-induced type | IFN production in macrophages,
we examined the production of type I IFNs and TNFa in macrophages with mutations in
Tlr7and TIr9in response to GBS exposure, as well as macrophages deficient in critical
components of the TLR signaling pathway. Macrophages with mutations in Myd88and
Irak4 have profoundly impaired levels of type | IFN and TNFa in response to GBS
infection, similar to S/uggish macrophages. In response to GBS exposure, macrophages
with mutations in 7/r7and 7/r9display intermediate levels of type I IFN, and relatively
normal TNFa production (Supplemental Figure 3). These data suggest that multiple TLR
signals contribute to GBS sensing and production of important immune factors in response
to this pathogen.

Sluggish is a mutation in Tpl2/Map3k8

The Sluggish phenotype was mapped by outcrossing the mutant stock to C3H/HeN and
backcrossing the F1 hybrids to the mutant stock. F2 mice were scored on the TNFa
response of peritoneal macrophages to Malp2 and PGN. On 39 meioses, the mutation
was mapped to chromosome 18 (peak LOD score of 11.74; Figure 6A) to an 11.9 Mb
critical region upstream of marker D18Mit110 (Figure 6A). The critical region contained
a total of 54 annotated genes. Among these was the gene encoding MAP3K8/Tpl2/Cot,

a protein kinase previously implicated in TLR signaling (16, 31). Knockout 7p/2mice
and macrophages display a defect in TNFa secretion and pre-TNFa synthesis in response
to LPS (16, 32). Moreover, these animals exhibit an impairment of IL-6, but an increase
in IL-12, in response to various stimuli (16, 33, 34). These phenotypes paralleled the
defects observed in Sluggish mice. Thus, the Map3k8 gene was an excellent candidate for
sequencing in S/luggishanimals.

The Map3k8locus was sequenced and found to be modified by a T to A transversion in
the acceptor splice site of intron 4 at position 13346 of the Map3k8 gene according to

the Genbank genomic region NC_000084 (Figure 5B). Three different splice forms caused
by the mutation have been observed, one of which is the wild-type transcript. The splice
variants were sequenced, and are shown in Figure 5C. The first splice variant results in
skipping the 107-nucleotide exon 5 (out of 8 total exons), causing a frame-shift and insertion
of 64 aberrant amino acids (corresponding to positions 255-319) before a premature stop
codon, while the second splice variant results in skipping of exons 4 and 5, resulting in an
in-frame splice to exon 6 and an internal deletion of 123 amino acids. These splice variants
remove exons encoding critical portions of the Tpl2 kinase domain including the activation
loop containing the critical threonine 290 residue needed for Tpl2 activation (Figure 5C)
(35-37).
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ERK phosphorylation in response to TLR signaling is absent in homozygous Sluggish
macrophages

In the innate immune system, Tpl2 primarily functions to regulate the MEK/ERK

pathway downstream of most TLR signaling pathways (16, 18, 33). In order to determine
whether the S/uggish mutation abolishes Tpl2 function, we analyzed ERK activation in
Map3k8SI9gishvSluggish (or Map3kem1BU’m1Btny macrophages stimulated with the TLR2/6
ligand Malp2 or the TLR9 ligand CpG-B. As shown in Figure 5D, phosphorylation

of ERK was observed in C57BL/6J wild-type macrophages in response to Malp2 and
CpG-B. However, in Map3k859gisivSluggish macrophages, both Malp2 and CpG-B-induced
phosphorylation of ERK are strongly reduced. These data demonstrate that the S/uggish
mutation strongly affects the role of Tpl2 in TLR signaling.

Discussion.

Here, we report the discovery of a splice site mutation in the Map3k8 gene resulting in
production of aberrant transcripts that encode proteins lacking critical regions of the Tpl2
kinase domain necessary both for post-translational Tpl2 regulation as well as kinase activity
(35, 38). Since low levels of wild-type transcript are produced in Map3k85uggisiSluggish
animals, it is possible that small quantities of functional Tpl2 exist in these mice

resulting in a hypomorphic phenotype. Alternatively, the aberrant transcripts resulting

from the S/uggish mutation may produce proteins with dominant-negative functions. These
possibilities may explain the TLR signaling defects also observed in Map3kg5/9gish/*
mice. However, the Map3k85/1991si/Sluggish mutant shows a strong phenotypic similarity to
Map3k8 knockout animals by displaying a lack of ERK activation and the same abnormal
cytokine production in response to TLR signaling [reviewed by (31)]. In addition, we
observe that Map3k85/'99ish/Sluggish macrophages are able to produce near normal levels of
pre-TNFa, but fail to express TNFa. on the cell surface. This observation recapitulates the
discovery in Tpl2-knockout macrophages that Tpl2-regulated ERK activity is necessary for
LPS-induced expression of pre-TNFa on the cell surface, and that ERK activates the TNFa
convertase (TACE) needed for TNFa secretion (32). Taken together, these data suggest that
Tpl2 function is severely compromised in Map3k859gish/Sluggish mice,

Using the Sluggish allele, we demonstrate that Tpl2 plays a critical role in MyD88-
dependent type | IFN production in macrophages. Unlike the general defect seen with
TNFa production in response to TLR signaling in Tpl2-deficient mice, Tpl2 appears to
be required specifically for type | IFN production from IFNy-primed macrophages in
response to CpG-B and resiquimod, while type I IFN production in response to TLR3

and TLR4 remains intact. Although TLR7 and TLR9-induced type I IFN was affected in
Map3k8S!uagishvSiuggish macrophages, we demonstrate that Tpl2 is not necessary for type |
IFN production in response to CpG-A /n vivo, suggesting that Tpl2 is dispensable for type
I IFN production in pDCs (27). As pDCs are important responders and producers of type |
IFN in response to some (but not all) viral infections, this may explain why Tpl2-deficient
mice and macrophages remain resistant and able to produce appropriate amounts of type

I IFN in response to all viral infections tested [(16); this paper]. Concerning the MCMV
resistance found in these animals, we have also tested Map3k85L99is/Sluggish NK and
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T cytolytic function, as well as B cell responses, and have found these activities to be
completely normal in Map3k85/99isivSluggish mice (data not shown). As NK cell function is
important during the innate immune response to MCMYV, while T and B cells are required
during the adaptive immune response to this virus (1), we suggest that the apparently normal
function of these cell types contributes to the MCMV resistance of Map3k85agish/Sluggish
animals.

It was recently demonstrated that Tpl2 negatively regulates IFNB production in bone
marrow-derived macrophages (BMDMs) and myeloid dendritic cells in response to both
CpG and LPS, while appearing to be necessary for type I IFN production in pDCs in
response to CpG (39). These findings apparently contradict our own results that Tpl2 plays
a significant role in type I IFN production in response to CpG, but is not important for
type I IFN production in response to LPS in macrophages or CpG /n vivo. We point

out that the type I IFN responses examined in this study occur at a much later time

point (24 hours) than the primary responses we have looked at in our own experiments.
These discrepancies may also be partially explained by the differences that exist between
BMDM and peritoneal macrophages. Previous data suggest that Tpl2-deficient BMDMs and
peritoneal macrophages may differ in their response to TLR stimulation (18,33).

Type | IFN signaling is critical for host defense against a variety of pathogenic bacteria,
including GBS, pneumococci, and Escherichia coli (9). Recently, it was reported that
recognition of GBS RNA by TLR7 in conventional DCs activates a MyD88-dependent
pathway leading to type I IFN production that is essential for host response to this disease
(23). As we demonstrate that Tpl2 is necessary to produce type | IFNs in macrophages

in response to GBS, it is possible that that the impairment of type I IFN responses in
Tpl2-deficient macrophages contributes to the high susceptibility of Map3k85/uagisivSluggish
mice to this pathogen. Conversely, type | IFN signaling has been shown to decrease

host resistance against L. monocytogenes (10-12), making it unlikely that the type I IFN
defect we observe in Map3kgS99ishSliggish macrophages would negatively impact the host
response to this disease. Indeed, a type | IFN defect may contribute to resistance against this
pathogen. However, we do not observe any significant differences in the type I IFN response
to L. monocytogenesin Sluggish macrophages or animals.

In addition to a type | IFN defect, we demonstrate a profound impairment of TNFa
production by Tpl2-deficient mice in response to TLR signaling and suggest that this

may be the major cause for GBS susceptibility. TNFa production in response to GBS is
important in controlling the infection. Animals with deficiencies in TLR2 or MyD88, or
treated with anti-TNF antibodies, were protected against GBS-induced septic shock under
certain conditions, but were unable to control the spread of infection (7, 8). In addition, GBS
stimulation in human monocytes results in the phosphorylation and activation of various
MAPKSs, including ERK1/2, which is regulated by Tpl2 kinase activity (16, 18). Inhibition
of MAPK activation resulted in reduced TNFa production (40). Finally, TLR9 signaling in
macrophages has also been shown to be important for TNFa production in response to GBS
(41). This same study demonstrated normal IFN production in TLR9-deficient macrophages
in response to GBS infection. Although we were unable to demonstrate that either TLR7 or
TLR9 by themselves were essential for TNFa production in response to GBS (Supplemental
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Figure 1), our data clearly show a lack of TNFa production in Tpl2-deficient macrophages,
either in response to TLR signals or to GBS. It is likely that Tpl2 functions downstream of
multiple TLRs, including TLR2, TLR7 and TLR9, to induce TNFa production in response
to GBS. Thus, lack of appropriate TLR signaling in Tpl2-deficient mice leads to a deficient
early response to GBS infection and causes susceptibility. The defect in the primary immune
response of Map3k85uagish/Sliggish mice to GBS infection results in unrestrained bacterial
proliferation, the stimulation of secondary immune responses, production of inflammatory
cytokines, and death.

We also demonstrate a reduction in TNFa production in both Map3k85/u9gishvStuggish
macrophages and animals in response to infection with Listeria monocytogenes. The
absence of elevated cytokine levels in Map3k85/99isi/Sluggish mice infected with L.
monocytogenes may be due to the resistance of these animals to this pathogen and

the failure of secondary immune responses to hide the primary TLR sensing defect.
TNFa is an important component of the immune response to this pathogen (5, 6),

but Map3k8Suagish/Sluggish mice appear resistant to this disease. Previous work suggests
that only a small amount of TNFa may be sufficient to protect animals against this
pathogen, although complete inhibition leads to susceptibility (42). Thus, the resistance
of Map3k8S!uagisivSluggish animals to L. monocytogenes infection may be explained by
the presence of residual TNFa levels. We also note that the Mya88°°¢ mutation, which
renders mice highly susceptible to L. monocytogenes, allows normal TNFa production in
macrophages in responses to this bacterium, suggesting that factors other than TNFa are
important in the immune response to L. monocytogenes.

In addition to impairment of type | IFN and TNFa production, Tpl2-deficient mice have
significantly reduced levels of IFN-y (type Il IFN) in response to CpG stimulation. TNFa
and IFN+y play interconnected roles in the host response to GBS. TNFa released from
microbe stimulated macrophages has been shown to be important for IFNy production,
and TNFa and IFN+y together activate macrophage killing of intracellular bacteria (41,
43). Moreover, Tpl2 knockout mice exhibit decreased IFNvy production and consequent
susceptibility to 7oxoplasma gondiiinfection (34). Although IFN-y levels are markedly
increased in GBS-infected animals with unrestrained bacterial infection, it is possible that
impaired IFNy production from specific immune cell types relatively early in the response
to bacterial infection may contribute to the GBS-susceptibility of Tpl2-deficient mice.

In summary, we have discovered a novel allele of Map3k8, and have demonstrated a
significant role for this kinase in the production of type | IFNs in response to specific
stimuli. Furthermore, our data suggest that Tpl2 plays an essential role in the production of
multiple factors that are important for the control of GBS infection.
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Refer to Web version on PubMed Central for supplementary material.
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heterozygous S/uggish (gray triangles), and homozygous S/uggish (gray squares) mice were
stimulated with various concentrations of TLR agonists as indicated, and after 4 hours of
incubation supernatants were tested for TNF bioactivity. n=3 mice per group. (B) In the

left panel, peritoneal macrophages of the indicated genotypes were challenged with various
TLR ligands in the presence of brefeldin A. After 4 hours hours of stimulation, cells were
permeabilized and subjected to intracellular TNFa staining. In the right panel, peritoneal
macrophages were challenged with various TLR ligands in the absence of brefeldin A. After
4 hours of stimulation, cells were subjected to cell surface TNFa staining. n=3 mice per
group. Data represent mean £ SEM. * = P < 0.05, ** P < 0.01, *** P < 0.005.
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Figure 2.

The Sluggish mutation impairs type | IFN production in response to TLR7 and 9 signaling in
peritoneal macrophages, but does not affect susceptibility to viral infections. (A) Peritoneal
macrophages from the indicated genotypes were primed with IFNy (10 ng/ml) for 4 hours.
Cells were washed with medium twice and then stimulated with various concentrations

of CpG-B (500, 100, 20, 0.1 nM left panel) and resiquimod (100, 20, 4, 0 ng/ml right

panel) for another 4 hours. The supernatants were collected for a L929-1SRE-Luc-based IFN
bioassay. C57BL/6J, n=3; Sluggish™", n=5. (B) Peritoneal macrophages from the indicated
genotypes were treated with various concentrations of LPS (500, 100, 20, 0 pg/ml left panel)
and poly(1:C) (20, 4, 0.8, 0 pg/ml right panel) for 4 hours. C57BL/6J, n=3; Sluggish™",

n=4. (C) Mice from the indicated genotypes were injected intravenously with CpG-A and
DOTAP. Sera were collected and the concentrations of IFNa and IFN-y were determined by
ELISA. n=3 mice per group. (D) Homozygous S/uggish mice are not susceptible to MCMV
infection. Mice were injected intraperitoneally with 2x10° plaque-forming units (PFU) of
MCMV. The survival of these mice was monitored during a 7 day period. C57BL/6J (black
triangles), Sluggish™~ (gray squares), Star190m/dom (hlack diamonds). n=6 mice per group.
Data represent mean £ SEM. * = P < 0.05, ** P < 0.01, *** P < 0.005.
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Figure 3.
Sluggish mice are mostly resistant to Listeria monocytogenes infection. (A) Adherent

peritoneal macrophages isolated from the indicated genotypes were exposed to 108 CFU/ml

of L. monocytogenes. 8 hours post-infection, culture supernatants were subjected to bioassay

to determine TNF and type | IFN production. n=5 per group. (B) Homozygous S/uggish

mice were not susceptible to L. monocytogenes infection. Mice were injected intravenously

with 10° CFU of L. monocytogenes. The survival of these mice was monitored during
a 7 day period. (C) Blood was collected 24 hours after infection, Serum cytokines were
measured by ELISA or bioassay. C57BL/6J (black triangles), n=10; Sluggish™~ (gray
squares), n=7; Myad88°°/Poc (black diamonds), n=5. Data represent mean + SEM. * = P
<0.05, ** P <0.01, *** P < 0.005.
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Figure 4.

Sluggish mice are specifically susceptible to GBS infection. (A) Adherent peritoneal
macrophages isolated from the indicated genotypes were exposed to 1x10% CFU/ml of live
GBS strain COHL1. 8 hours post-infection, culture supernatants were collected and subjected
to TNF bioassay and IFN bioassay. n=5 per group. Data represent mean + SEM. (B)
Survival of adult mice of the indicated genotypes after intraperitoneal challenge with 1x108
CFU of live type Ib GBS strain H36B. C57BL/6J (black triangles), n=10; Sluggish™~ (gray
squares), n=15. (C-D) In a similar infection experiment, 20 hours after infection, colony
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counts were measured in spleen (C), while serum cytokines (D) were determined by ELISA.
C57BL/6J, n=7; Sluggish™~, n=8. Data represent mean + SEM. * = P < 0.05, ** P < 0.01,
*** P < 0.005.
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Figure5.
Cloning and sequencing of the S/uggish mutation. (A) Based on 39 meioses, the mutation

was mapped to Chromosome 18 with a peak LOD score of 11.74 to an 11.9 Mb critical
region upstream of Marker D18Mit110. (B) DNA sequence of the gene coding for
MAP3K8/Tpl2 in a C57BL/6J wild-type control (upper panel) and a Sluggish homozygous
mouse (/ower panel). The mutation is a T to A transversion in the acceptor splice site of
intron 4 at position 13346 of the Map3k8 gene. (C) Effect of the S/uggish mutation at

the MRNA level. Three different splice forms of Map3k8have been observed in Sluggish
homozygotes; wild-type, one missing exons 4 and 5, and one missing exon 5. Upper panel
depicts PCR using two different primer sets. PCR bands are labeled 1, 2, and 3. +/+ and
—/- indicates C57BL/6J wild-type controls and S/uggish homozygous samples, respectively.
Arrows in the bottom panel indicate the location of primer sets. Also depicted are the
wild-type protein and the protein products arising from the aberrantly spliced transcripts.
The kinase domain is shaded in gray and subdivided according to exon organization. The
conserved ATP-binding lysine (K167), activation loop phosphorylated residue (T290), and
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conserved activation loop motif DFG are indicated. Frame-shifted amino acids caused by the
first aberrantly spliced transcript are depicted by cross-hatching. (D) ERK phosphorylation
is impaired in Map3k85l99isVSluggish macrophages. Peritoneal macrophages from the
indicated genotypes were stimulated with 100 ng/ml of Malp2 (left panel) or CpG-B (right
panel) for the indicated time. Cell lysates were subjected to Western blot with the indicated
antibodies.
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