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Abstract

Microglia are the resident mononuclear phagocytes of the CNS parenchyma and represent an
initial line of defense against invading microorganisms. Microglia utilize Toll-like receptors
(TLRs) for pathogen recognition and TLR2 specifically senses conserved motifs of Gram-positive
bacteria including lipoproteins, lipoteichoic acids, and peptidoglycan (PGN) leading to cytokine/
chemokine production. Interestingly, primary microglia derived from TLR2 knockout (KO) mice
over-expressed numerous I1L-12 family members, including IL-12p40, 1L-12p70, and IL-27 in
response to intact S. aureus, but not the less structurally complex TLR2 ligands Pam3CSK4 or
PGN. The ability of intact bacteria to augment IL-12 family member expression was specific for
Gram-positive organisms since numerous Gram-negative strains were unable to elicit exaggerated
responses in TLR2 KO microglia. Inhibition of SYK or IRAK4 signaling did not impact
heightened IL-12 family member production in S. aureus-treated TLR2 KO microglia, whereas
PI3K, MAPK, and JNK inhibitors were all capable of restoring exaggerated cytokine expression to
WT levels. Additionally, elevated IL-12 production in TLR2 KO microglia was ablated by a
TLR9 antagonist, suggesting that TLR9 drives IL-12 family member production following
exposure to intact bacteria that remains unchecked in the absence of TLR2 signaling. Collectively,
these findings indicate crosstalk between TLR2 and TLR9 pathways to regulate IL-12 family
member production by microglia. The summation of TLR signals must be tightly controlled to
ensure the timely cessation and/or fine tuning of cytokine signaling to avoid non-specific
bystander damage due to sustained IL-12 release.
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INTRODUCTION

Toll-like receptors (TLRs) are a group of germ-line encoded pattern recognition receptors
(PRRs) expressed by cells of the innate and, more recently appreciated, adaptive immune
systems (Blasius and Beutler 2010; Kawai and Akira 2010). TLRs mediate rapid cellular
activation and proinflammatory mediator production in response to conserved pathogen-
associated molecular patterns (PAMPs) found in bacteria, viruses, and fungi (Blasius and

"Corresponding Author: Tammy Kielian, Ph.D. University of Nebraska Medical Center Department of Pathology and Microbiology
985900 Nebraska Medical Center Omaha, NE 68198-5900 Phone: (402) 559-8002 FAX: (402) 559-5900 tkielian@unmc.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holley et al.

Page 2

Beutler 2010; Kawai and Akira 2010). TLR2 plays an important role in recognizing a wide
array of PAMPs, including lipoproteins, lipoteichoic acids, and peptidoglycan (PGN) found
in Gram-positive bacteria such as S. aureus (Takeuchi et al. 2000; Takeuchi et al. 1999).
Indeed, recent studies have established the importance of TLR2 during Gram-positive CNS
infections (Echchannaoui et al. 2002; Kielian et al. 2005b; Stenzel et al. 2008; Takeuchi et
al. 2000; Vidlak et al. 2010). However, intact Gram-positive bacteria are capable of
activating multiple TLRs since they harbor a thick cell wall composed of several TLR2
ligands as well as unmethlyated CpG DNA, the latter of which activates TLR9
(Alexopoulou et al. 2001). To date, the number of studies investigating TLR pathways
triggered by intact bacteria in various cell types is limited. Instead, most reports have
utilized purified PAMPs, which is less representative of events elicited during infection. For
this reason, we have examined the impact of TLR2 deficiency on microglial activation
following exposure to intact bacteria.

Microglia are the resident phagocytes of the CNS parenchyma and provide an initial line of
defense against bacterial colonization (Aloisi 2001; Colton 2009), in part, due to their
constitutive expression of numerous TLRs including TLR2 (Kielian 2006; Okun et al.
2011). Previous work from our laboratory revealed that although TLR2 is pivotal for PGN
recognition, inflammatory cytokine expression in response to intact S. aureus was
qualitatively similar. However, one exception was IL-12p40, which was significantly
elevated in TLR2 KO microglia following exposure to intact bacteria (Kielian et al. 2005a).

The IL-12 cytokine family includes members composed of a common p40 subunit that
heterodimerizes with a unique subunit that identifies each cytokine (Goriely et al. 2008;
Trinchieri 2003). IL-12p40 is produced in excess of the other IL-12 family subunits and can
exert negative regulatory effects as a homodimer by competitively binding the IL-12
receptor; however, it can also act as a macrophage chemoattractant and promote dendritic
cell migration in response to bacterial stimulation (Cooper and Khader 2007; Gillessen et al.
1995). IL-12p70 is composed of both heavy (p40) and light chain (p35) subunits (Gately et
al. 1998) and plays a central role in Th1 development and NK cell activation (Jana et al.
2003; Kobayashi et al. 1989). I1L-23 is formed by the combination of p40 and p19 subunits
and both IL-12 and IL-23 are critical for anti-bacterial host defense and have also been
linked to autoimmune diseases, including multiple sclerosis and arthritis (Gee et al. 2009;
Goriely et al. 2008; McAleer and Kolls 2011). IL-27 is comprised of a p28 subunit and
Epstein-Barr virus induced gene 3 (EBI3),(Ghilardi et al. 2004; Goriely et al. 2008;
Lankford and Frucht 2003) and antagonizes the actions of 1L-23 to inhibit Th17
development (lvanov et al. 2007). TLR ligands, in particular CpG DNA engagement of
TLR9, induce the expression of several IL-12 family subunits including p40, p35, and p19,
and the crosstalk between TLRs and IFN-y influences both p40 and p35 production (Bode et
al. 2009; Ma et al. 1996; Re and Strominger 2001). Based on their wide array of functions,
IL-12 family members are key players in dictating the nature of CNS inflammatory
responses (Gran et al. 2004).

The objective of this study was to define the degree of crosstalk between TLR2 and TLR9
signaling in the context of intact bacteria and how these receptors regulate 1L-12 family
member production in microglia. Collectively, our results demonstrate that TLR9 triggers
IL-12 family member production in response to intact Gram-positive bacteria, which
becomes exaggerated in the absence of TLR2 signaling. These findings have identified a
novel pathway of TLR crosstalk and highlight the importance of examining cellular
responses to intact bacteria in addition to purified PAMPSs, since the former is more
reflective of events encountered during CNS bacterial infection in vivo.
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MATERIALS AND METHODS

Primary microglial cultures

TLR2 knockout (KO) mice were generously provided by Dr. Shizuo Akira (Osaka
University, Japan) and backcrossed with C57BL/6 animals for a minimum of eight
generations prior to use in these studies, with C57BL/6 mice used as wild type (WT)
controls (Charles River, Frederick, MD). Primary mixed glial cultures were prepared on the
same day from the cerebral cortices of neonatal TLR2 KO and WT mice as previously
described (Esen and Kielian 2007). Microglia were harvested from mixed glial cultures
using a differential shaking technique with a purity of > 98%. The animal use protocol,
approved by the University of Nebraska Medical Center Animal Care and Use Committee,
is in accord with the National Institutes of Health guidelines for the use of rodents.

Bacterial strains, TLR ligands, and inhibitors

A USA300 community-acquired methicillin-resistant S. aureus (CA-MRSA) isolate
recovered from a patient with a fatal brain abscess was kindly provided by Dr. Costi Sifri
(University of Virginia School of Medicine, Charlottesville, VA)(Sifri et al. 2007).
Citrobacter koseri strain 4036, originally isolated from the cerebrospinal fluid of an infant
with meningitis, was kindly provided by Dr. J.G. Vallejo (Baylor College of Medicine,
Houston, TX) (Liu and Kielian 2009). Other bacterial isolates including S. aureus Newman,
Streptococcus pneumoniae, Streptococcus pyogenes, Staphylococcus epidermidis,
Pseudomonas aeruginosa, and Escherichia coli were provided by Dr. Paul Dunman
(University of Rochester Medical Center, Rochester, NY). Bacterial strains were heat-
inactivated as previously described and used to stimulate microglia at 107 colony forming
units (cfu)/well (Kielian et al. 2002). In some experiments, microglia were exposed to live
bacteria at a multiplicity of infection (MOI) of 1:1 for 6 h to prevent bacterial overgrowth of
microglial cultures. Microglia were also treated with purified TLR ligands, including
stimulatory and inhibitory ODNs (ODNs 1826 and 2088, respectively), Pam3CSK4, and
PGN-derived from S. aureus based on previously optimized concentrations (verified low
endotoxin; all from Invivogen, San Diego, CA) (Gurley et al. 2008). Inhibitors for
phosphatidylinositol 3-kinase (P13K; wortmannin), MAP Kinase Kinase (MAPKK;
PD98059), c-Jun N-terminal kinase (JNK; SP600125), and MAP Kinase Kinase 1/2
(MEKZ1/2; U0126) were purchased from Invivogen. Inhibitors for spleen tyrosine kinase
(Syk) and IL-1R-associated kinase 1/4 (IRAK1/4) were purchased from Calbiochem (San
Diego, CA).

Enzyme-linked immunosorbent assay (ELISA)

Comparisons in cytokine and chemokine expression between TLR2 WT and KO microglia
were performed using standard sandwich ELISA Kits according to the manufacturer's
instructions (OptEIA mouse 1L-12p40, IL-12p70, and CCL2/MCP-1, BD Biosciences, San
Diego, CA; IL-23 and IL-27, eBiosciences, San Diego, CA).

Cell Viability Assays

To assess whether various inhibitors exhibited any toxic effects on microglia, standard MTT
assays were performed as previously described based on the mitochondrial conversion of (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) into formazan crystals
(Kielian et al. 2005a).

lllumina oligonucleotide microarray

Transcriptional profiling of S. aureus-stimulated TLR2 WT and KO microglia was
performed as previously described using Illumina Sentrix MouseRef-8 Expression
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BeadChips containing 24,000 well-annotated RefSeq transcripts with approximately 30-fold
redundancy (Garg et al. 2009). For statistical analysis, expression data were filtered to
include only probes with a consistent signal on each chip; the probe original signal filter
value was established at detecton p-value < 0.02. The resulting dataset was next analyzed
with DIANE 6.0 (an overview of DIANE can be found online at
http://www.grc.nia.nih.gov/branches/rrb/dna/diane_software.pdf). Using DIANE, the results
were normalized with a Z-Score transformation (Cheadle et al. 2003) followed by principal
component analysis (PCA). To determine gene expression changes caused by each specific
RNA comparison, Z-Scores for paired treatment groups were compared using the Z-Ratio
statistic (Cheadle et al. 2003):

Z- SCO?‘ETLR: Ko~ Z- Scoreruez wT

Z — Ratio=
o [Z - ScoreT,‘Rz Ko — Z- SCOI’@T,RZ u‘T]

Expression changes for individual genes were considered significant if they met four
criteria: Z-Ratio above 1.5 or below -1.5; false detection rate (FDR) (Tusher et al. 2001) of
less than 0.30; a p-value statistic for Z-Score replicability below 0.05; and mean
background-corrected signal intensity greater than zero. A total of 1,700 differentially
expressed genes were identified as significant (p < 0.05) based on Z-scores and organized
into common pathways. Although numerous genes were differentially expressed, only a
subset is presented (i.e. fold-change or Z-score > 2.0) to limit the size of tables. A complete
listing of microarray results has been placed in the GEO repository (accession number
GSE24935; http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24935).

Microarray bioinformatics analysis

Gene expression values, provided as Z-scores, were taken from the microarray data and
analyzed by the Parameterized Analysis of Gene Enrichment (PAGE) algorithm (Kim and
Volsky 2005) to organize genes according to known biological pathways based on data sets
provided by the Gene Ontology and MIT Broad Institutes. Pathways were identified if they
encompassed a minimum of three differentially expressed genes in the microarray data set.
A p-value < 0.05 and FDR of < 0.3 were used as cutoff criteria for the selection of
significant pathways. In addition, a network of TLR2-regulated genes was constructed using
Ingenuity Pathways Analysis IPA (Ingenuity Systems, Redwood City, CA) and/or Pathway
Studio 6.1 to demonstrate various molecules that are both positively and negatively
impacted following TLR2 loss.

Quantitative Real-Time RT-PCR (qRT-PCR)

Total RNA from TLR2 WT and KO microglia was isolated using the TriZol reagent and
treated with DNase 1 (both from Invitrogen, Carlsbad, CA) before use in gqRT-PCR studies.
ABI Assays-on-Demand™ Tagman kits for TNF receptor associated factor 6 (TRAF6),
IFN-B, and TGF- were used to confirm gene expression levels identified by microarray
analysis. Calculations were normalized against cycle thresholds for the housekeeping gene
GAPDH and are presented as the fold-induction (272ACY) value relative to unstimulated
microglia.

Statistical Analysis

Significant differences in cytokine production between TLR2 KO versus WT microglia
across multiple experimental groups were determined by one-way analysis of variance
(ANOVA) followed by the Holm-Sidak method for multiple pair-wise comparisons using
Sigma Stat (SPSS Science, Chicago, IL). For all analyses, a p-value of less than 0.05 was
considered statistically significant.
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RESULTS

TLR2 loss elevates IL-12 family cytokine production upon exposure to intact S. aureus

Previous work from our laboratory demonstrated that 1L-12p40 production was significantly
elevated in TLR2 KO microglia in response to intact S. aureus but not the TLR2 ligand PGN
(Kielian et al. 2005a). To further investigate this relationship and determine whether it
extended to additional I1L-12 family members, TLR2 WT and KO microglia were exposed to
intact heat-inactivated S. aureus, whereupon inflammatory cytokine production was
assessed. TLR2 KO microglia produced significantly more 1L-12p40, IL-12p70, and IL-27
in response to intact S. aureus compared to WT cells (Fig. LA-C, respectively). In contrast,
the production of other inflammatory mediators, such as CCL2, was equivalent between
TLR2 KO and WT microglia (Fig. 1D), indicating that the absence of TLR2 signaling only
affects the expression of a subset of inflammatory genes. IL-23 expression was also
examined; however, it was consistently below detectable levels in all treatment groups (i.e.
< 15.6 pg/ml; data not shown). Interestingly, the same trend of elevated IL-12 family
member expression was also observed in TLR2 KO macrophages (Supplemental Figs. 1 and
2), suggesting a conserved regulatory response among these two mononuclear phagocyte
populations.

Exaggerated IL-12 family member expression by TLR2 KO microglia is selective for Gram-
positive bacteria

To address the concept of specificity in tailoring immune responses to distinct pathogens
(Gekara et al. 2009; Santos-Sierra et al. 2006; Vance et al. 2009), we next examined whether
heightened IL-12 family member cytokine release in TLR2 KO microglia extended to other
Gram-positive or Gram-negative bacteria. Interestingly, TLR2 KO microglia over-produced
IL-12p40, p70, and IL-27 in response to several live Gram-positive bacterial strains,
including multiple S. aureus isolates, Streptococcus pneumonia, and Streptococcus pyogenes
(Fig. 2). Exaggerated IL-12 family production in the absence of TLR2 signaling was not
influenced by a virulence factor produced by viable organisms since similar responses were
also observed with heat-inactivated bacteria (Fig. 1 and data not shown). Microglia treated
with live S. aureus produced less 1L-12p40 compared to heat-killed bacteria (i.e. 0.5 vs. 10
ng/ml, respectively). This may be explained, in part, by the different intervals used for
microglial exposure to live versus heat-killed organisms (i.e. 6 and 24 h, respectively) to
prevent culture overgrowth with the former. This provided additional time for IL-12p40
accumulation in cultures exposed to heat-killed bacteria; therefore, it is difficult to make
direct comparisons between each treatment paradigm. In contrast, TLR2 KO and WT
microglia produced similar levels of 1L-12p40, p70, and IL-27 upon exposure to various
Gram-negative bacteria including Pseudomonas aeruginosa, Escherichia coli, and
Citrobacter koseri, which are abundant in the TLR4 ligand LPS (Fig. 3). This selectivity
was also observed in TLR2 KO macrophages (Supplemental Figs. 2 and 3), highlighting the
fact that both microglia and macrophages are capable of pathogen discrimination and that
TLR2 loss only impacts IL-12 family member production in response to Gram-positive but
not Gram-negative bacteria.

Identification of differentially expressed genes following TLR2 loss using microarray and
pathway analysis

Due to the myriad of potential pathways that could be responsible for the increase in 1L-12
family member expression in TLR2 KO microglia upon exposure to intact S. aureus,
microarray analysis was performed to identify probable candidates that could be targeted in
follow-up studies. Although we had previously performed microarray analysis on TLR2 WT
and KO microglia utilizing a targeted array of approximately 240 genes, the microarray used
in the current study encompassed the entire mouse genome. Microarray analyses, filtered to
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only include significant (p < 0.05) changes in gene expression, revealed roughly 1,700
differentially regulated genes between TLR2 WT and KO microglia, a subset of which were
organized into functional groups to identify potential pathways that may be responsible for
exaggerated IL-12 family member production (Table 1). This analysis revealed that TLR2
loss led to significant perturbations in several signaling pathways, including MAPK and
interferon regulatory factors (IRFs), providing candidate signaling cascades that may be
responsible for regulating 1L-12 expression in microglia following exposure to intact Gram-
positive bacteria. Similar changes in gene profiles between TLR2 WT and KO microglia
were observed at both 6 and 12 h following S. aureus exposure (data not shown).

Pathway analysis was also performed to identify cascades that were affected by TLR2 loss
in response to intact bacteria. As expected, numerous pathways were augmented in TLR2
WT microglia following S. aureus exposure, many of which are involved in
proinflammatory mediator signaling (Table 2). Although S. aureus does not possess LPS,
pathways related to LPS signaling were increased, which was not surprising since several
Gram-positive motifs, including PGN and lipoteichoic acids, can trigger similar
proinflammatory pathways. The loss of TLR2 led to increased expression of negative
regulatory signal transduction pathways as well as factors influencing myeloid dendritic cell
differentiation (Table 2).

To visualize the cadre of molecular targets for TLR2 in microglia, an interaction map was
formulated (Fig. 4). Interestingly, TLR2 signaling was shown to negatively impact several
molecules including the transcription factor Rel, catalase (CAT), matrix metalloproteinase-3
(MMP-3), and vascular cellular adhesion molecule-1 (VCAM-1). Indeed, as shown by our
microarray analysis, the loss of TLR2 signaling in TLR2 KO microglia led to increases in
these same molecules (Table 1). The interaction map of molecules that are both positively
and negatively regulated by TLR2 in microglia highlights the complexity whereby the
receptor can impact multiple cellular responses (Fig. 4). Microarray analysis also revealed
that the production of some cytokines unrelated to the IL-12 family was also altered in the
absence of TLR2 signaling. For example, multiple interferon regulated genes were
significantly changed, as well as genes involved in TGF-f expression (Table 1). These
differences were confirmed by qRT-PCR, where IFN-B levels were significantly increased
in TLR2 KO microglia, whereas TGF-pB was reduced (Fig. 5). Collectively, microarray
analysis identified candidate pathways that were targeted in subsequent studies to elucidate
mechanisms contributing to exaggerated I1L-12 family member production in TLR2 KO
microglia.

Loss of TLR2-dependent signaling leads to unchecked TLR9 activation and heightened
IL-12 production in microglia

Since CpG DNA in intact bacteria can activate TLR9, a potent inducer of IL-12p40, its role
in regulating 1L-12 family member production was next examined. Similar to what was
observed with intact S. aureus, triggering TLR9 activation with CpG ODN treatment also
led to exaggerated I1L-12p40 expression in TLR2 KO microglia (Fig. 6). As expected,
IL-12p40 release in TLR2 KO microglia was completely attenuated in response to
Pam3CSK4 (Fig. 6), in agreement with our previous studies with PGN, since both represent
TLR2 ligands. Similar findings were obtained for 1L-12p70 and IL-27 (data not shown).

To further demonstrate the involvement of TLR9, microglia were exposed to an inhibitory
ODN that blocks TLR9 signaling (Krieg et al. 1998; Stunz et al. 2002). Importantly,
inhibitory ODN treatment of TLR2 KO microglia prevented exaggerated IL-12 production
typically elicited by intact S. aureus with minimal effect on WT cells (Fig. 7). Further
evidence to suggest TLR2-TLR9 crosstalk in regulating microglial 1L-12 family member
production was demonstrated by the finding that cytokine secretion was equivalent in TLR9
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KO and WT microglia following S. aureus exposure, where TLR2 signaling remained intact
(Fig. 8). Similar findings were obtained with TLR2 KO macrophages, where inhibitory
ODN treatment was also capable of restoring 1L-12 production to WT levels (Supplemental
Fig. 4). Collectively, these findings indicate that TLR2 normally regulates TLR9-dependent
signaling to control 1L-12 production by an, as of yet, unidentified mechanism.

Heightened IL-12p40 production by TLR2 KO microglia is influenced by PI3K but not SYK
or IRAK4 signaling pathways

After establishing that excessive IL-12 family member production occurred in the context of
intact TLR9 but absence of TLR2 signaling, we next investigated signal transduction
pathway(s) that may impact this phenomenon. Four signaling cascades can be triggered
following TLR engagement, namely NF-kB, MAPK, PI3K, and members of the IFN
regulatory factor (IRF) family (Kawai and Akira 2010). Of the four signaling pathways, our
microarray analysis identified increases in members of the PI3K and MAPK family (Table
1). Based on this, we elected to first inhibit PI3K, a major signaling molecule for TLR2
activation and IRAK4, which is further upstream in the pathway. SYK was chosen to
examine possible inflammasome involvement due to reported SYK activation of NLRP3-
containing inflammasomes and downstream inflammatory cytokine production (Gross et al.
2009). Inhibition of PI3K signaling by wortmannin attenuated IL-12p40 production in TLR2
KO microglia in a dose-dependent manner and returned expression to nearly WT levels at
the highest dose examined without any evidence of toxicity (Fig. 9A and B). In contrast,
although SYK and IRAK1/4 inhibitors attenuated IL-12p40 production at various doses in
both TLR2 KO and WT microglia, neither was able to return cytokine production in the
former to WT levels (Fig. 9C and E). In addition to IL-12p40, IL-12p70 and IL-27
production was similarly affected by the inhibitors tested (data not shown). Taken together,
these findings indicate that PI3K signaling contributes to the exaggerated production of
IL-12 family cytokines in the absence of TLR2.

MAPK/JNK signaling impacts IL-12 expression in the context of TLR2 loss

Our microarray studies revealed significant increases in molecules belonging to the MAPK/
JNK kinase family in TLR2 KO microglia (Table 1). Therefore, this pathway was also
targeted to evaluate its role in regulating excessive I1L-12 production in response to S.
aureus. All three MAPK inhibitors tested (MAPKKK, JNK, and MEK1/2) restored
IL-12p40 production in TLR2 KO microglia to levels observed in WT cells in a dose-
dependent manner without any evidence of toxicity (Fig. 10). In addition to 1L-12p40,
IL-12p70 and IL-27 production was similarly affected by the inhibitors tested (data not
shown). Collectively, these findings indicate that MAPK/INK pathways also contribute to
exaggerated IL-12 family member production in the absence of TLR2 signaling.

DISCUSSION

Microglial TLR2 plays an important role in sensing S. aureus- derived PAMPs (Kielian et
al. 2005a); however, TLR2 loss also leads to increased 1L-12 family cytokine production in
response to intact bacteria, suggesting that TLR2 may also deliver a regulatory signal(s) to
attenuate cytokine release. Our results indicate that TLR9 triggers microglial 1L-12 family
member production in response to intact Gram-positive bacteria and that the lack of TLR2
signaling leads to exaggerated cytokine release. This conclusion was formulated by several
key findings. First, we showed that IL-12 production is similar in TLR9 WT and KO
microglia, which both possess intact TLR2. Second, we demonstrated that treatment of
TLR2 KO microglia with inhibitory ODN, which blocks TLR9 signaling, prevents excessive
IL-12 family mediator release. This data strongly suggests that TLR2-TLR9 crosstalk
regulates 1L-12 family mediator expression in microglia. Both MAPK and PI3K inhibitors
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inhibited IL-12 family member production in TLR2 KO microglia, and to a lesser extent, in
WT cells. This led us to conclude that MAPK and PI3K signaling are major pathways
responsible for IL-12 family member release in the absence of TLR2 signaling. In contrast,
we suggest that TLR2 engagement induces comparatively less MAPK and PI3K signaling in
WT microglia because of TLR9 crosstalk; therefore, WT cells were only slightly affected by
inhibitor treatment. We propose that the mechanism of action leading to exaggerated 1L-12
family member production in TLR2 KO microglia is primarily mediated by the inability to
regulate ongoing TLR9 signaling in the absence of TLR2 (Fig. 11).

To the best of our knowledge, this report is a novel example of TLR crosstalk and, by
extension, implies that under normal circumstances TLR2 holds TLR9 signaling in check to
control IL-12 and 1L-27 production. Indeed, several reports have identified molecules that
attenuate TLR signaling including Tollip, SARM, TANK, and SHP-1 (Kawai and Akira
2010; O'Neill and Bowie 2007). However, it is important to note that we cannot definitively
conclude that TLR2 acts directly on TLR9 to modulate IL-12 production. Indeed, since only
intact Gram-positive bacteria elicited heightened IL-12 release and whole bacteria harbor
numerous PAMPs, it is likely that multiple receptors are engaged at the microglial surface
and/or intracellularly. In this case, the integrated balance of these receptor signaling
pathways would dictate IL-12 production and the regulatory effect of TLR2 on TLR9
signaling could be indirect. Indeed, S. aureus has been shown to engage numerous surface
receptors including CD36 and mannose receptors that are expressed on microglia (Lefkowitz
et al. 1997; Stuart et al. 2005; Zimmer et al. 2003). In addition, Shida et al. demonstrated
that TLR2 KO macrophages exhibited increased IL-12 production when exposed to a
combination of the Gram-positive bacterium L. casei and PGN, the latter of which would
normally trigger TLR2 signaling (Shida et al. 2009). Although not examined by these
investigators, TLR9 engagement by bacterial DNA may be responsible for augmenting
IL-12 release, as demonstrated in the current study. Additionally, the cytoplasmic pattern
recognition receptor NOD2 has been reported to negatively impact IL-12 production
(Watanabe et al. 2008) and antagonize TLR2-dependent signaling (Tsai et al. 2011;
Watanabe et al. 2004; Watanabe et al. 2006). PARP-1 has also been shown to effect TLR-
mediated signaling (Farez et al. 2009); however, the potential impact of these alternative
inhibitory mechanisms is beyond the scope of the current study. The finding that Gram-
positive but not Gram-negative bacteria augmented IL-12 production in TLR2 KO
microglia, yet both harbor CpG DNA, can be explained by a recent study by Bode et al.
where TLR4 was shown to negatively regulate IL-12 production (Bode et al. 2009). Since
TLR4-mediated signaling remains intact in TLR2 KO microglia, LPS present in the outer
cell wall of Gram-negative bacteria is able to trigger TLR4 resulting in controlled IL-12
release, which was observed in the present study.

An intriguing aspect of the current report was the relative selectivity of intact Gram-positive
bacteria to augment the expression of 1L-12 family cytokines but not other inflammatory
mediators. CpG DNA has been shown to induce high levels of IL-12 by trigging epigenetic
modifications within the IL-12p40 promoter, including acetylation and nucleosome
remodeling as well as transcriptional effects via NF-xB (Bode et al. 2009; Heeg et al. 2008).
Furthermore, c-Rel is involved in the induction of p40, p35, and p19 in response to TLR
stimulation (Goriely et al. 2008; Sanjabi et al. 2000). Our microarray analysis identified
increases in c-Rel (3-fold) and RelB (2-fold) in TLR2 KO microglia exposed to intact S.
aureus. These NF-kB family members may play important roles in IL-12 transcriptional
regulation in microglia, which appears plausible based on a recent study demonstrating that
CpG DNA stimulation resulted in prolonged RelA activity at the IL-12p40 promoter.
Conversely, TLR2 ligands were capable of inducing S536 phosphorylation of RelA, which
has been implicated in early NF-kB termination (Bode et al. 2009) and may be partially
responsible for downregulating I1L-12p40 production. By extension, Rel A-dependent
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activation of the IL-12 promoter by CpG DNA in the absence of TLR2 would be expected to
proceed unchecked, resulting in exaggerated cytokine expression as observed in the current
study. However, this possibility remains speculative at the present time.

The concept of TLR crosstalk, as shown here by the ability of TLR2 and TLR9 to impact
IL-12 production, is in agreement with other recent reports. For example, Butchi et al.
demonstrated that the synthetic TLR7 agonist, imigimod, could inhibit TLR9-induced
cytokine/chemokine secretion in microglia and astrocytes (Butchi et al. 2010) and TLR7-
deficient microglia displayed enhanced cytokine responses to CpG ODN stimulation (Butchi
et al. 2010). However, an important distinction between these studies and the current report
is our use of intact bacteria, which is expected to more accurately mimic responses
encountered during infection in vivo. Another recent study has revealed that PGN can exert
negative effects on IL-12p40 production in human monocytes following exposure to intact
S. aureus (Chau et al. 2009). The ability of PGN to inhibit cytokine production was
attributed to 1L-10 and PI3K signaling, although the role of TLR2 was not examined. We
did not find any evidence for autocrine/paracrine 1L-10 in regulating I1L-12p40 production
by S. aureus stimulated microglia in this study, since treatment of WT microglia with an
IL-10 neutralizing antibody could not mimic the exaggerated I1L-12p40 response observed in
TLR2 KO microglia (data not shown). Another possible negative regulator is TGF-B, which
waits examination in future studies.

In summary, we have demonstrated that TLR2 deficiency results in aberrant IL-12 family
member expression by microglia when exposed to intact S. aureus or other Gram-positive
species. We propose that the ability of inhibitory ODN to ablate heightened IL-12
production in TLR2 KO microglia is due to the failure to deliver negative regulatory signals
to TLR9 in the context of TLR2 deficiency. It is currently unclear whether this is a direct or
indirect effect stemming from TLR2 loss. The regulatory signals altered following TLR2
loss discriminate between Gram-positive and —hegative bacteria, likely based upon the
disparate ligands contained within their cell walls. To the best of our knowledge, this study
is the first to report a regulatory effect of TLR2 activation on I1L-12 family member
production in response to intact Gram-positive bacteria and delineates the specificity of TLR
signaling and subsequent inflammatory cytokine expression. This point is particularly
relevant given the fact that natural polymorphisms exist in the human population that result
in TLR2 inactivation (Kang and Chae 2001; Kang et al. 2002).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TLR2 loss leads to elevated IL-12 family cytokine production in microglia upon
exposure to intact S. aureus

Primary TLR2 WT and KO microglia were seeded at 2 x 10° cells per well in 96-well plates
and incubated overnight. After 24 h, cells were exposed to 107 cfu heat-inactivated S. aureus
for 24 h, whereupon IL-12p40 (A), IL-12p70 (B), IL-27 (C) and CCL2 (D) production was
quantitated by ELISA. Significant differences between TLR2 KO versus WT microglia are
indicated by asterisks (*, p < 0.001). Results are reported as the mean + SD of three
independent wells for each experimental treatment and were identical across three separate
experiments.
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Figure 2. Exaggerated IL-12 family member production by TLR2 KO microglia is conserved
upon exposure to various streptococcal and staphylococcal species

Primary TLR2 WT and KO microglia were seeded at 2 x 10° cells per well in 96-well plates
and incubated overnight. After 24 h, cells were exposed to 2 x 10° cfu/well of live Gram-
positive bacteria for 6 h, whereupon IL-12p40, IL-12p70, and IL-27 production was
quantitated by ELISA. Significant differences between TLR2 KO versus WT microglia are
indicated by asterisks (*, p < 0.05). Results are reported as the mean + SD of three
independent wells for each experimental treatment and were identical across three separate
experiments.
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Figure 3. Gram-negative bacteria do not augment IL-12 family member production in TLR2 KO
microglia

Primary TLR2 WT and KO microglia were seeded at 2 x 10° cells per well in 96-well plates
and incubated overnight. After 24 h, cells were exposed to 2 x 10° cfu/well of live Gram-
negative bacteria for 6 h, whereupon IL-12p40, IL-12p70, and IL-27 production was
quantitated by ELISA. Results are reported as the mean + SD of three independent wells for
each experimental treatment and were identical across three separate experiments.
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Figure 4. Interaction network depicting molecules both positively and negatively impacted by
TLR2

Molecules that are regulated by TLR2 in microglia following S. aureus exposure are
presented with their putative roles defined at the left. Molecules that are positively affected
by TLR2 are delineated with arrows, whereas those that are negatively regulated by TLR2
are depicted by blunted lines. Molecules that were upregulated in the microarray analysis are
depicted in red and those shown in purple were downregulated.
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Figure 5. TLR2 differentially regulates inflammatory genes in microglia

TLR2 WT and KO microglia were seeded at 2 x 10° cells per well in 6-well plates and
incubated overnight. The following day, cells were stimulated with 107 heat-inactivated S.
aureus/well for 6 or 12 h, whereupon total RNA was isolated and examined for IFN-B (A) or
TGF-B (B) expression by gRT-PCR. Gene expression levels were calculated after
normalizing cytokine signals against GAPDH and are presented as the fold-induction
(2-AACY valye relative to unstimulated microglia (mean + SD from three independent
experiments). Significant differences between TLR2 KO versus WT microglia are indicated
by asterisks (*, p < 0.05).
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Figure 6. 1L-12p40 expression is exaggerated in TLR2 KO microglia following exposure to intact
S. aureus and the TLR9 ligand ODN

Primary TLR2 WT and KO microglia were seeded at 2 x 10° cells per well in 96-well plates
and incubated overnight. After 24 h, cells were exposed to heat-inactivated S. aureus (107
cfu/well), Pam3CSK4 (1 ug/ml), or CpG ODN (0.1 uM) for 24 h, whereupon IL-12p40
production was quantitated by ELISA. Significant differences between TLR2 KO versus
WT microglia are indicated by asterisks (*, p < 0.001). Results are reported as the mean +
SD of three independent wells for each experimental treatment and were identical across
three separate experiments.

Glia. Author manuscript; available in PMC 2013 January 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Holley et al. Page 19

3.0 -

m. TLR2 WT
= TLRZKO 4

25 ] #

2.0

1.5 T I

1.0
0.5 -
0.0 e
&

[IL-12p40] (ng/mi)

& K
N > q,‘b > e)
o9 s P N
N ® s S
® ®
& R o
0\) '(0 )
&S fb" &
0% & P e®
N N o

Figure 7. Inhibitory ODN ablates exaggerated IL-12p40 expression in TLR2KO microglia
exposed to intact S. aureus
Primary TLR2 WT and KO microglia were seeded at 2 x 10° cells per well in 96-well plates

and incubated overnight. After 24 h, cells were exposed to heat-inactivated S. aureus (10°
cfu/well) £ the indicated concentrations of the inhibitory CpG ODN 2088 for 24 h,
whereupon IL-12p40 production was quantitated by ELISA. Significant differences between
TLR2 KO versus WT microglia are indicated by asterisks (*, p < 0.05), whereas differences
between TLR2 KO microglia treated with S. aureus only versus S. aureus + ODN 2088 are
indicated by hatched signs (#, p < 0.05). Results are reported as the mean £ SD of three
independent wells for each experimental treatment and were identical across two separate
experiments.
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Figure 8. IL-12 family member production is not exaggerated in TLR9 KO microglia

Primary WT, TLR2 KO, and TLR9 KO microglia were seeded at 2 x 10° cells per well in
96-well plates and incubated overnight. After 24 h, cells were exposed to heat-inactivated S.
aureus (107 cfu/well) % the inhibitory CpG ODN 2088 for 24 h, whereupon 1L-12p40 and
IL-12p70 production was quantitated by ELISA. Significant differences between TLR2 KO
versus WT and TLR9 KO microglia are indicated by asterisks (*, p < 0.05), whereas
differences between TLR2 KO microglia treated with S. aureus only versus S. aureus +
inhibitor are indicated by hatched signs (#, p < 0.05). Results are reported as the mean + SD
of three independent wells for each experimental treatment and were identical across two
separate experiments.
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Figure 9. The ability of intact S. aureus to augment IL-12p40 production in TLR2 KO microglia
is influenced by PI3K but not SYK or IRAKA4 signaling pathways

Primary TLR2 WT and KO microglia were seeded at 2 x 10° cells per well in 96-well plates
and incubated overnight. After 24 h, cells were pre-treated for 1 h with various
concentrations of wortmannin (A and B), SYK (C and D), or IRAK4 (E and F) inhibitors.
Following the pre-treatment period, microglia were exposed to 107 heat-inactivated S.
aureus/well for 24 h, whereupon IL-12p40 production was quantitated by ELISA. Cell
viability was evaluated by MTT assays where the mean ODs7q values are reported for each
inhibitor tested (B, D, and F). Significant differences between TLR2 WT and KO microglia
are denoted by asterisks (*, p < 0.05), whereas differences between TLR2 KO microglia
treated with S. aureus only versus S. aureus + inhibitors are indicated by hatched signs (#, p
< 0.05). Results are reported as the mean + SD of three independent wells for each
experimental treatment and were identical across three separate experiments.
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Figure 10. TLR2 delivers a regulatory signal to attenuate 1L-12 production in microglia via a
MAPK/INK pathway

Primary TLR2 WT and KO microglia were seeded at 2 x 10° cells per well in 96-well plates
and incubated overnight. After 24 h, cells were pre-treated for 1 h with INK (A and B),
MEKZ1/2 (C and D), or MAPKK (E and F) inhibitors. Following the pre-treatment period,
microglia were exposed to 107 heat-inactivated S. aureus for 24 h, whereupon IL-12p40
production was quantitated by ELISA. Significant differences between TLR2 WT and KO
microglia are denoted by asterisks (*, p < 0.05), whereas differences between TLR2 KO
microglia treated with S. aureus only versus S. aureus + inhibitors are indicated by hatched
signs (#, p < 0.05). Cell viability was evaluated by MTT assays where the mean ODs7g
values are reported for each inhibitor tested (B, D, and F). Results are reported as the mean
+ SD of three independent wells for each experimental treatment and were identical across
three separate experiments.
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Figure 11. Relationship between TLR2 and signaling pathways regulating IL-12 family member
expression in microglia

Intact Gram-positive bacteria trigger TLR9 activation via CpG DNA, which stimulates
IL-12 family member production. In the absence of TLR2, TLR9 activation remains
unchecked, resulting in exaggerated cytokine release. Both PI3K and MAPK pathways
influence IL-12 expression in response to intact bacteria.
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Analysis of differential gene expression in primary TLR2 KO versus WT microglia in response to intact S.

Table 1
aureus
Gene Name* Accession # Z-score (TLR2 KO vs. TLR2 WT)
Signaling
SOX12 NM_011438.2 4.65
MAP2K1 NM_008927.3 4.16
RAB10 NM_016676.4 3.93
Jakl NM_146145.2 3.89
c-Fos NM_010234.2 3.78
RAB9 NM_019773.1 3.37
REL NM_009044.2 3.125
RIN2 NM_028724.3 311
SOX21 NM_177753.2 3.03
Rgs-1 NM_015811.1 2.79
NFIB NM_008687.2 2.65
NFKBIB NM_010908.3 2.64
RhoB NM_007483.2 2.46
MAP4K4 NM_008696.2 2.23
VAV3 NM_020505.2 2.23
RelB NM_009046.2 2.04
ASAH1 NM_019734.1 -7.14
UNC93B NM_019449.1 -5.66
PIK3AP1 NM_031376.3 -4.93
RAB7 NM_009005.1 -4.77
PLD3 NM_011116.1 -1.77
IRF1 NM_008390.1 -4.53
SGK3 NM_177547.3 -4.42
IRF9 NM_008394.2 -4.07
IRAK3 NM_028679.3 -2
Chemokine
CXCL9 NM_008599.3 5.59
CXCL4 NM_019932.2 3.85
CXCL1 NM_008176.1 -4.73
Cytokine
IFN-B NM_010510.1 1.52
TNFRSF1B NM_011610.1 -8.3
G-CSF NM_009971.1 -6.93
IL-10 NM_010548.1 -4.53
TGF-p1 NM_009369.3 -3.53
Receptor
AIF1 NM_019467.2 3.38
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Gene Name* Accession # Z-score (TLR2 KO vs. TLR2 WT)
CSF2RB2 NM_007781.2 2.56
IL-10RB NM_008349.4 2.53
TLR2 NM_011905.2 -18.7
EMR1 NM_010130.3 -7.64
P2RX4 NM_011026.2 -4.86
LOX NM_010728.1 -4.12
TLR8 NM_133212.2 -3.88
Enzymes

PTGS2 NM_011198.2 4.45
PTGES3 NM_019766.4 4.38
CTSA NM_001038492.1 3.85
CTSS NM_021281.1 3.83
ADAM9 NM_007404.1 3.74
MMP3 NM_010809.1 4.1
CAT NM_009804.1 2.0
CTSz NM_022325.4 1.7
NOS2 NM_010927.3 -6.36
TIMP-1 NM_011593.2 -5.55
MMP13 NM_008607.1 -4.97

Miscellaneous
RTN1 NM_153457.6 6.1
VCAM-1 NM_011693.2 2.2

*

MAP2K1, mitogen-activated protein kinase kinase 1; RAB10, Ras-related protein Rab-10; Jak1, Janus kinase 1; RAB9, Ras-related protein
Rab-9; RIN2, Ras and Rab interactor 2; Rgs-1, regulator of G-protein signaling 1; NFIB, nuclear factor 1/B; NFKBIB, NF-kappa-B inhibitor beta;
RhoB, Ras homolog gene family, member B; MAP4K4, mitogen-activated protein kinase kinase kinase kinase 4; VAV3, guanine nucleotide
exchange factor VAV3; ASAH1, acid ceramidase; UNC93B, transmembrane endoplasmic reticulum protein UNC-93B; PIK3AP1,
Phosphoinositide 3-kinase adapter protein 1; RAB7, Ras-related protein Rab-7; PLD3, phospholipase D3; IRF1, interferon regulatory factor 1;
SGK3, serum/glucocorticoid regulated kinase-like; IRF9, interferon regulatory factor 9; IRAKS, interleukin-1 receptor-associated kinase 3;
CXCL9, monokine induced by IFN-y (MIG); CXCL4, platelet factor-4 (PF4); CXCL1, keratinocyte-derived cytokine (KC); IFN-B, interferon-beta;
TNFRSF1B, tumor necrosis factor receptor superfamily member 1B; G-CSF, granulocyte-colony stimulating factor; IL-10, interleukin-10; TGF-
1, transforming growth factor-p1; AIF1, allograft inflammatory factor 1; CSF2RB2, colony stimulating factor 2 receptor, beta 2; IL-10RB,
interleukin-10 receptor beta; TLR2, Toll-like receptor 2; EMR1, EGF-like module-containing mucin-like hormone receptor-like 1; P2RX4, P2X
purinoceptor 4; LOX, lectin-like oxidized LDL receptor; TLR8, Toll-like receptor 8; PTGS2, prostaglandin-endoperoxide synthase 2,
cyclooxygenase-2 (COX-2); PTGES3, prostaglandin E synthase 3; CTSA, cathepsin A; CTSS, cathepsin S; ADAM9, disintegrin and
metalloproteinase domain-containing protein 9; MMP3, matrix metalloproteinase-3; CAT, catalase; CTSZ, cathepsin Z; NOS2, inducible nitric
oxide synthase; TIMP-1, tissue inhibitor of metalloproteinase-1; MMP-13, matrix metalloproteinase-13; RTN1, reticulon-1; VCAM-1, vascular
cellular adhesion molecule-1.
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Table 2

Pathway analysis of genes differentially expressed in primary TLR2 KO versus WT microglia in response to
intact S. aureus

Pathways increased in TLR2 WT microglia

GO term GO ID

Inflammatory response G0:0006954
Protein sumoylation G0:0016925
Immune response G0:0006955
GTPase activity G0:0003924
GTP binding G0:0005525
Cell motility G0:0006928
Positive regulation of apoptosis G0:0043065
Clathrin adaptor complex G0:0030131
Diacylglycerol binding G0:0019992
LPS-mediated signaling pathway G0:0031663
Response to LPS G0:0032496
Leukotriene biosynthetic process G0:0019370

Protein serine/threonine kinase activity =~ G0:0004674
Clathrin coated vesicle G0:0030136

Pathways increased in TLR2 KO microglia
GO term GO ID

Negative regulation of signal transduction ~ G0:0009968
Myeloid dendritic cell differentiation G0:0002284
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