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Abstract
Toll-like receptors (TLRs) are key receptors in innate immunity and trigger responses following
interaction with pathogen-associated molecular patterns (PAMPs). TLR3, TLR4 and TLR9
recognize double stranded RNA, lipopolysaccharide (LPS) and CpG DNA, respectively. These
receptors differ importantly in downstream adaptor molecules. TLR4 signals through MyD88 and
TRIF; in contrast, the TLR3 pathway involves only TRIF while TLR9 signals solely through
MyD88. To determine how differences in downstream signaling could influence gene expression
in innate immunity, gene expression patterns were determined for the RAW264.7 macrophage cell
line stimulated with LPS, poly (I:C), or CpG DNA. Gene expression profiles 6 and 24 hrs post-
stimulation were analyzed to determine genes, pathways and transcriptional networks induced. As
these experiments showed, the number and extent of genes expressed varied with stimulus. LPS
and poly (I:C) induced an abundant array of genes in RAW264.7 cells at 6 hrs and 24 hrs
following treatment while CpG DNA induced many fewer. By analyzing data for networks and
pathways, we prioritized differentially expressed genes with respect to those common to the three
TLR ligands as well as those shared by LPS and poly (I:C) but not CpG DNA. The importance of
changes in gene expression was demonstrated by experiments indicating that RNA interference-
mediated inhibition of two genes identified in this analysis, PLEC1 and TPST1, reduced IL-6
production by J774A.1 and RAW264.7 macrophages stimulated with LPS. Together, these
findings delineate macrophage gene response patterns induced by different PAMPs and identify
new genes that have not previously been implicated in innate immunity.
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1. Introduction
Toll-like receptors are key receptors in the innate immune system and play a critical role in
host defense against infection. As pattern recognition receptors (PRRs), TLRs interact with
molecular components of bacterial, viral and fungal organisms that collectively are called
pathogen-associated molecular patterns (PAMPs). These interactions have high specificity
and involve ligands that are biochemically different (Akira and Takeda, 2004; Ishii et al.,
2008; Takeuchi and Akira, 2010). Among PRRs, TLR4 is the receptor for bacterial
lipopolysaccharide (LPS), TLR3 binds dsRNA including the viral mimic poly (I:C), while
TLR9 binds to bacterial CpG DNA (Akira and Takeda, 2004; Ishii et al., 2008; Takeuchi
and Akira, 2010). These receptors differ in intracellular location as well as downstream
signaling pathways. TLR4 signaling involves the adaptor molecules MyD88 and TRIF. In
contrast, the TLR3 pathway involves only the TRIF adaptor while TLR9 signals solely
through MyD88. Signaling through the MyD88 adaptor leads to early NF-κB activation and
pro-inflammatory cytokine production while signaling through the TRIF adaptor gives rise
to late NF-κB activation and production of type I interferons as well as other cytokines.

Genome-wide transcriptional profiling of host cells in response to PAMPs or intact
microorganisms using microarrays allows for the identification of novel candidate genes to
elucidate the biology of the innate immune system and to develop new targets for
therapeutic intervention (Jenner and Young, 2005). Previous genomic studies using
microarrays have identified differentially regulated transcripts in murine macrophages in
response to stimulation by PAMPs (Gao et al., 2003; Schmitz et al., 2004). Schmitz et al.
described genomic signatures attributable to signaling through MyD88 and TRIF adaptors
(Schmitz et al., 2004). In a related study, Gao et al. compared transcriptional profiles of
macrophages in response to LPS and CpG DNA stimulation and showed that the CpG DNA
transcriptional profile is a subset of the LPS profile (Gao et al., 2003). A more recent study
combined gene expression profiling of macrophages stimulated with 6 PAMPs (LPS,
Pam2CSK4, Pam3CSK4, CpG DNA, poly I:C and R484) with transcription factor binding
site analysis to infer a network of associations between transcription factors and clusters of
co-expressed target genes; this analysis identified TGIF1 as a novel regulator of macrophage
activation (Ramsey et al., 2008). Tross et al. showed that co-stimulation with poly(I:C) and
CpG DNA accelerated gene expression and synergistically activated genes primarily
associated with immune function (Tross et al., 2009). Finally, a recent study of gene
expression following in vivo CpG administration identified two discrete peaks of gene
activation (at 3h and 5 days); initial gene up-regulation corresponded to a period in which
genes stimulated by TLR9 ligation were functionally associated with the generation of
innate and adaptive immune responses; in contrast, the second peak reflected processes
associated with cell division (Klaschik et al., 2010).

In our recent studies, we have investigated the response of the RAW264.7 murine
macrophage cell line to TLR stimulation by assessing the translocation and extracellular
release of HMGB1, a non-nuclear protein that is a prototype alarmin. These studies showed
that HMGB1 is released in response to stimulation by LPS and poly (I:C) but not CpG DNA
(Jiang et al., 2007; Jiang and Pisetsky, 2006). We have also shown that HMGB1 release in
response to LPS and poly (I:C) is correlated with the occurrence of apoptosis (Jiang et al.,
2007). Together, these studies indicate complexity in the innate immune response to TLR
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stimulation, highlighting the differences in response induced by different TLR ligands and
their consequences with respect to gene expression, alarmin release, and apoptosis.

Elucidating differences in the macrophage response to TLR stimulation thus requires more
detailed genomic analysis in terms of genes, networks and pathways that are involved in the
innate immune response. We have therefore conducted a gene expression profiling study of
the effects of TLR stimulation using RAW264.7 macrophages as a model in view of the
many prior studies with this cell type, including our investigation of alarmin release. For this
purpose, RAW264.7 cells were stimulated with LPS, poly (I:C), or CpG DNA for either 6 or
24 hrs, and RNA was profiled on Agilent microarrays containing probes for approximately
20,000 mouse genes. Gene expression data were analyzed to determine genes, pathways and
transcriptional networks that are in common and unique to each of the three TLR stimuli.
Potentially novel candidates revealed by this analysis were tested for their role in innate
immunity using RNA interference. As the results presented herein show, gene expression
profiles differ among TLR ligands in patterns that likely depend on downstream signaling
adaptors. Furthermore, this analysis has also revealed two novel genes PLEC1 and TPST1 as
genes involved in regulation of macrophage response to innate immune stimuli.

2. Materials and Methods
2.1 Cell Culture

RAW 264.7 cells were maintained in RPMI 1640 supplemented with 10% FBS and 200 µg/
ml gentamicin (Invitrogen Life Technologies, Carlsbad, CA). For stimulation of the RAW
264.7 cell, cells were plated in 6-well culture plates (3 × 106 cells/well) overnight. The
overnight growth was performed to allow the cells to rest prior to. Cells were then washed
twice with Opti-MEM (Invitrogen Life Technologies, Carlsbad, CA) and stimulated with
either 0.05 µg/ml Escherichia coli 0111:B4 Ultrapure LPS (List Biological Laboratories,
Campbell, CA), 0.25 µg/ml poly (I:C) (InvivoGen, San Diego, CA), 1.5 µM CpG ODN
1826 (Midland Certified Reagents, Midland, TX), or no stimulation (media control). All
treatments were performed in triplicate. Cells were harvested 6 or 24 hours post-treatment
and RNA was extracted using Trizol following the manufacturer’s protocols (Invitrogen Life
Technologies, Carlsbad, CA).

Concentrations of the PAMPs used in the array study were chosen based on our prior
titration experiments to produce similar levels of stimulation by the three PAMPs as
measured by concentrations of TNF-α, NO and HMGB1 release (Jiang et al., 2005). It
should be noted, however, that stimulation with CpG DNA, while inducing TNF-α and NO,
was shown to induce less HMGB1 release concentration used than did either LPS or poly
(I:C). Of note, as shown previously (Jiang et al, 2007), at 20 hours after stimulation, the
amount of apoptosis varied among the PAMPs, with the frequency of apoptotic cells much
greater with poly (I:C) stimulation than with either LPS or CpG DNA. Thus, while the
concentrations of stimuli were chosen on the basis of the production of TNF-α and NO,
other differences (i.e., HMGB1, apoptosis) in cellular responses can occur under these
conditions.

2.2 Gene Expression Profiling
Total RNA from three separate cell cultures, treatments and isolations (biological replicates)
was used for microarray analysis. The eight conditions examined by microarray analysis
included the following: media control 6 hrs, LPS 6 hrs, poly (I:C) 6 hrs, CpG DNA 6 hrs,
media control 24 hrs, LPS 24 hrs, poly(I:C) 24 hrs, and CpG DNA 24 hrs. Fluorescently
labeled cDNA targets were prepared by reverse transcribing 5 µg of total RNA in the
presence of aminoallyl-dUTP followed by chemical coupling of NHS-esters of cyanine 3
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(Cy3) and cyanine (Cy5) to the aminoallyl linker, according to published protocols (Yang et
al., 2002). All samples were co-hybridized with the Mouse Universal Cell Line Reference
RNA (Stratagene, La Jolla, CA), and hybridizations were replicated with the two dyes
swapped. We used microarrays containing in situ synthesized 60-mer oligoucleotides with
sequences that represent over 20,000 unique well-characterized mouse genes (Agilent
Technologies mouse oligo array). Arrays were washed using the recommended SSC washes
and scanned on the DNA Microarray Scanner (Agilent Technologies, Santa Clara, CA).

2.3 Microarray Analysis
Image analysis was performed using Agilent Feature Extraction software, and lowess-
normalized intensities were used in all further analyses performed in TIGR MIDAS and
Multiexperiment Viewer (Saeed et al., 2003). All primary data have been deposited to the
Gene Expression Omnibus database (accession GSE15066). Dye flip replicas were filtered,
merged to produce a single expression ratio measure for each gene, and log-base2-
transformed. Differentially expressed genes for TLR ligand-stimulated cells vs. untreated
control were identified using significance analysis of microarrays (SAM) with 100
permutations. For each of the six two-group SAM comparison (LPS vs media control at 6
hrs, poly (I:C) vs media control at 6 hours, CpG DNA vs media control at 6 hrs, LPS vs
media control at 24 hrs, poly (I:C) vs media control at 24 hours, and CpG DNA vs media
control at 24 hrs), we identified differentially expressed genes as those with median false
discovery rate (FDR) of 1% and 2-fold change between treatment and control. Lists of
differentially expressed genes in response to LPS, poly (I:C) and CpG DNA were compared
and analyzed for enriched pathways and protein networks using the Ingenuity Pathway
Analysis (IPA) software (Ingenuity Systems, Redwood City, CA).

2.4 RNA Interference
RNA interference was carried out as previously described (Alper et al., 2008). Briefly, pools
of 4 siRNA duplexes/gene (Dharmacon, Lafayette, CO) were transfected into J774A.1 or
RAW264.7 cells (100,000 cells/well) using the Amaxa Nucleofector 96 well shuttle. 24–36
hours after siRNA transfection, LPS was added to a final concentration of 20 ng/ml LPS
(List Biological Labs). Supernatant was collected 5 hours post-LPS treatment and cytokine
production was assayed using the Lincoplex kit (Millipore, Billerica, MA) and read on a
Luminex system (Bio-Rad, Hercules, CA). All siRNA assays were performed in triplicate,
as independent siRNA transfections, followed by PAMP treatments and cytokine assays.
The time-point and concentration of LPS used in this study were chosen based on screening
experiment for purposes of consistency with our previously optimized siRNA screens (Alper
et al., 2008; Fernandez-Botran and Vt'vička, 2001); in this assay, we use to 20 ng/ml LPS
for 5 hours, a slightly lower dose than the 50 ng/ml LPS used in array experiments because
we can obtain better RNAi responsiveness under these conditions. Cell viability was
monitored and cell number normalized using fluorescien diacetate as described (Alper et al.,
2008; Fernandez-Botran and Vt'vička, 2001). Cytokine production was normalized relative
to a negative control siRNA described in (Sorensen et al., 2003) (first negative control
siRNA in Figure 4). The other negative control siRNAs that do not target any mouse gene in
Figure 4 in order were non-targeting siRNA pool #1, non-targeting siRNA#1, and non-
targeting siRNA #2 (all from Dharmacon). RNA was isolated using the RNAEasy kit
(Qiagen, Germantown, MD), and gene knockdown was monitored by real-time RT-PCR
with SYBR Green on a 7900HT sequence detection system (Applied Biosystems, Foster
City, CA).

2.5 Taqman Gene Expression Assays
Taqman gene expression assays for PLEC1, TPST1, GAPDH, β-actin and 18S RNA were
obtained from Applied Biosystems and performed in a 384-well format according to
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manufacturer’s protocols and reagents. Briefly, each 10 µL reaction contained 50 ng cDNA
template, 1X Taqman probe mix and 1X Taqman Expression PCR mix. Data were collected
in a 7900HT sequence detection system and analyzed using the ΔΔCt method (Schmittgen
and Livak, 2008). We observed significant changes in the expression of GAPDH and β-actin
(raw Ct values) in response to LPS and poly(I:C) treatment while no changes in 18S RNA
were observed; we therefore used 18S RNA as the endogenous control.

3. Results
3.1 Gene expression profiles of RAW264.7 macrophages in response to LPS, poly (I:C) and
CpG DNA

To study the transcriptional response to TLR stimulation, we treated RAW264.7
macrophages with LPS, poly (I:C) or CpG DNA, and extracted RNA 6 and 24 hours post-
treatment for profiling on Agilent oligonucleotide arrays containing probes for
approximately 20,000 mouse genes. Differentially expressed genes were identified using the
significance analysis of microarrays (SAM) algorithm (Tusher et al., 2001) for each TLR
ligand compared to a media control treatment. We used a 1% false discovery rate (FDR) and
≥ 2 fold up- or-down-regulation as criteria for defining differentially expressed genes.

This analysis revealed a large number of differentially expressed genes in response to either
LPS or poly (I:C) stimulation after 6 hours, with many genes in common to the two TLR
ligands (Figure 1A). CpG DNA, on the other hand, elicited a much less pronounced change
in the transcriptional profile with no unique genes induced in response to stimulation with
this TLR ligand; this result is consistent with previous findings (Gao et al., 2003). Many
more genes were induced or repressed 24 hours post-stimulation for each of the TLR ligands
but the pattern of gene expression in response to the three TLR ligands was similar to that at
6 hours (Figure 1B). Complete lists of genes with SAM d scores and TLR ligand/media fold
changes are given in Supplemental Tables 2 and 3.

At both time-points, we found that poly (I:C) and LPS elicit a more pronounced
transcriptional response than does CpG DNA both 6 and 24 hours post-treatment. To ensure
that this observation was not simply a result of the doses of the three PAMPs we chose for
this study, we examined gene expression levels of all genes that are differentially expressed
in response to all three PAMPs at 6 hours post stimulation (Supplemental Table 1). It is
apparent from data in Supplemental Table 1 that fold change in response to CpG DNA
stimulation is often comparable and sometimes exceeds that of poly (I:C). This finding
strongly suggests that the reduced transcriptional response of macrophages to CpG
stimulation is not a result of the dose of CpG DNA used in our study; rather, this is a
biological phenomenon that has been described in a previous study (Gao et al., 2003).
Moreover, it is important to note that we chose concentrations of LPS, poly (I:C), and CpG
DNA based on our previous studies (Jiang et al., 2007; Jiang and Pisetsky, 2006) in which
we show comparable cytokine production at the PAMP concentrations but differences in
apoptosis and HMGB1 release.

3.2 Different molecular pathways activated/repressed by PAMP stimulation 6 and 24 hours
post-treatment

Ingenuity Pathway Analysis (IPA) software and the underlying database (Ganter et al.,
2008) were utilized to identify molecular pathways that are activated/repressed in response
to stimulation by each TLR ligand. The top 10 significantly altered pathways at the 6 hour
time point (Figure 2A) are consistent with the current knowledge of TLR signaling.
Interferon signaling is a result of activation of the TRIF-dependent arm of the TLR pathway
(Ishii et al., 2008) and is therefore shared by LPS and poly (I:C) but not CpG DNA. The
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induction of other pathways which are known to be activated in response to TLR stimulation
(death receptor, IL-6, NF-κB, apoptosis, and complement/coagulation cascades) (Akira and
Takeda, 2004; Raschi et al., 2008; Salaun et al., 2007) were shared by all three TLR ligands
but were less pronounced following CpG stimulation.

The profile of the top 10 activated/repressed pathways 24 hours post-stimulation is very
different from that observed at 6 hours. Most pathways are shared by all three TLR ligands
and are involved in fatty acid metabolism (fatty acid biosynthesis, eicosanoid signaling,
prostaglandin and leukotriene metabolism) and general stress response pathways (cell cycle
regulation, ER stress). The Sonic Hedgehog pathway is activated in response to LPS and
poly (I:C) which is consistent with our recent findings on the role that Hedgehog plays in the
murine response to systemic LPS (Yang et al., 2010).

3.3 Transcriptional networks
We also used the IPA software to identify the most significant transcriptional networks that
were altered in the macrophage response to the TLR ligands at 6 hours post-treatment
(Figure 3). The top significantly altered network in response to each of the three stimuli
centers around TNF-α and contains many of the genes with known function in TLR
signaling. The second altered network in the poly (I:C) gene expression data contains NF-κB
and STAT1 transcription factors as well as a number of cytokines and chemokines whose
expression is regulated by these two transcription factors. The second altered network in the
LPS gene expression data is focused on the IL-6 cytokine but also contains other cytokines
and chemokines with known functions in the macrophage response to LPS. The second
altered network of genes identified in response to CpG DNA contains very few differentially
expressed genes and has a substantially lower score than networks ranked as second in
response to poly (I:C) and LPS; the CpG altered network includes the CXCL1 chemokine.

The third significant network identified in the LPS data involves the STAT1, STAT2, and
IRF1 transcription factors, all of which are involved in regulation of interferon-responsive
genes. Also identified in this network is myc, an oncogene with an established role in cell
cycle progression and apoptosis that has been implicated in host defense. The third
significant network in the macrophage response to poly (I:C) contains the STAT3
transcription factor and pro-inflammatory (CASP1, CASP4) and apoptotic (CASP7, CASP8)
caspases, among others. Expression profiles of macrophages treated with CpG DNA contain
fewer differentially expressed genes than those treated with poly (I:C) or LPS; therefore,
only two significant networks were identified in the CpG DNA dataset.

We prioritized genes in the most significant networks in the macrophage response to the
three TLR ligands based on their known or predicted function. Our goal was to focus our
further functional studies on genes that could be candidate innate immune genes based on
their function but whose role in innate immunity has not been extensively studied. We
generally included kinases, proteases, transcription factors, and genes of unknown function.
We excluded genes involved in metabolism. We also focused on genes that are members of
gene families which include members with a known role in immune response. Slfn5, for
example, is a member of the schlafen family in which schlafen 2 has been identified as a
gene with a role in TLR signaling (Sohn et al., 2007). Genes that have black boxes drawn
around them in Figure 3 were selected for RNA interference assays based on these criteria.
A few genes were excluded from the current investigation based on our published data on
the effect of RNAi of these genes on LPS-induced cytokine production by macrophages.
PML and IFIT2 (green boxes) are two genes that we identified in our previous studies whose
RNAi-mediated inhibition resulted in significantly lower cytokine production in
macrophages (Alper et al., 2008); NMI and TRIM30 (red boxes) are two genes that we
identified in our previous studies whose RNAi-mediated inhibition did not result in
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significantly lower cytokine production in macrophages (Yang et al., 2010; Yang et al.,
2009). In total, 23 genes were selected for further investigation in this study.

3.4 Novel role of TSPT1 and PLEC1 in the innate immune response
To test novel candidate genes identified by our gene expression analysis for a role in the
innate immune response, we inhibited 23 genes using RNA interference in a mouse
macrophage cell line and subsequently monitored inflammatory cytokine production
following LPS treatment. For this purpose, we initially used the mouse macrophage cell line
J774A.1. Our laboratory has conducted extensive RNAi optimization in several macrophage
cell lines and found that these cells exhibited a slightly better RNAi response than the
RAW264.7 cells [(Alper et al., 2008) and unpublished data]. We transfected J774A.1 cells
with a pool of 4 siRNA duplexes for each gene, stimulated cells with LPS, and measured
cytokine production 5 hours after LPS treatment. As a control, we inhibited several negative
control genes that should not affect cytokine production; this had little effect on cytokine
production (Figure 4A). As a positive control for the RNAi, we demonstrated that inhibition
of TLR4 and IL-6 strongly decreased the production of IL-6.

Importantly, inhibition of five candidate genes (TPST1, PLEC1, BCAR3, LGALS8, and
NFAT5) led to >50% inhibition of IL-6 production. We performed additional siRNA
experiments focusing on these five genes to confirm the RNAi results. First, we titrated the
siRNA concentration down (1 µM, 0.5 µM, and 0.25 µM siRNA) and monitored IL-6
production and RNA knockdown using qPCR. Inhibition of only two of the candidate genes
(TPST1 and PLEC1) consistently inhibited production of IL-6, with the effect lost at lower
siRNA concentrations (Supplemental Figure 1A). The ability of the siRNAs to inhibit IL-6
production for these two genes also correlated with the extent of gene expression
knockdown (Supplemental Figure 1B). As an additional confirmation of the RNAi results,
we transfected each of the four siRNA duplexes in each of these two siRNA pools
individually, and demonstrated that at least two out of the four individual siRNAs in each
pool significantly inhibited production of IL-6 (Figure 4B). This demonstrates that the effect
on IL-6 is likely due to specific inhibition of that target gene and not an off-target siRNA
effect.

To validate further findings for PLEC1 and TPST1, we repeated the siRNA assays for these
two genes in a second mouse macrophage cell line, RAW 264.7 macrophages, at 5 hours
post-LPS treatment. These data confirmed that RNAi-mediated inhibition of PLEC1 and
TPST1 inhibited LPS-induced IL-6 production (Figure 4C). To study the effect of RNAi-
mediate inhibition of these two genes on cytokine production in response to poly (I:C) and
CpG DNA, we first measured the levels of IL-6 and IFN-β produced by RAW 264.7
macrophages in response to these two PAMPs at the same concentrations used in the
microarray study at 4, 8, 12, and 24 hours post-treatment. These data showed a peak in IFN-
β production at 12 hours post poly (I:C) treatment and very low cytokine production in
response to CpG DNA at any of the time-points (data not shown). We therefore chose to
examine the effect of inhibition of PLEC1 and TPST1 expression on poly (I:C)-induced
IFN-β production 12 hours post treatment; in these experiments, we observed only a modest
decrease in poly (I:C)-induced IFN-β production as a result of inhibition of PLEC1 and
TPST1 poly (I:C)-induced IFN-β as a result of inhibition of TLR3 (data not shown).

Finally, to validate our microarray data, we examined the expression of PLEC1 and TPST1
at four different time-points (4, 8, 12, and 24 hrs) in response to three different
concentrations of each PAMP (concentration used in the microarray study and two
additional concentrations) by Taqman gene expression assays. Data in Table 1 demonstrate
the induction of TPST1 expression in response to LPS and poly (I:C) at all time-points other
than 24 hours; at 24 hrs, we observed a decrease in TPST1 expression compared to no

Yang et al. Page 7

Mol Immunol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment in concordance with microarray data. Similarly, the expression of PLEC1 was
induced by poly (I:C) but not LPS at all time-points other than 24 hours, which parallels our
microarray findings. We observed downregulation of PLEC1 in response to poly(I:C), a
finding that was not measured on the microarray. Finally, in accord with our microarray
findings, no significant change in expression of either gene was observed in response to
CpG DNA. Together, these studies implicate PLEC1 and TPST1 in the regulation of the
innate immune response and show that transcriptional analysis can identify new genes
important in the regulation of the macrophage innate immune response.

4. Discussion
Our analyses provide new insights into the transcriptional response of macrophages to TLR
stimulation and have identified genes, pathways, and transcriptional networks that are
differentially expressed in response to stimulation with poly (I:C), LPS, or CpG DNA.
Using the well-characterized mouse macrophage cell line RAW264.7 as a model and
standard criteria for defining differential gene expression (1% FDR and 2 fold change), we
identified a large number of transcriptional changes in macrophages in response to PAMP
stimulation. We chose not to restrict our further analysis to a smaller number of genes that
are differentially expressed using more stringent criteria (higher fold change, for example)
because pathway and network analysis provides a second statistical analysis and associated
significance levels, i.e. identifies pathways/networks that are enriched in differentially
expressed genes.

We found that poly (I:C) and LPS elicit a more pronounced transcriptional response than
does CpG DNA both 6 and 24 hours post-treatment. A large proportion of induced/repressed
genes are shared by the two PAMPs; these common genes are presumably induced or
repressed through the TRIF-mediated arm of the TLR pathway. Similarly, genes regulated
by LPS and CpG DNA are presumably induced/repressed through the MyD88-mediated arm
of the TLR pathway. However, the majority of the genes that are differentially expressed in
response to CpG DNA are also regulated by LPS and poly (I:C) (middle section of Venn
diagrams in Figure 1); these are most likely genes regulated by NF-κB, which acts
downstream of both the MyD88 and TRIF adaptors. No genes found are unique to CpG
DNA stimulation at 6 hrs; this finding is in agreement with the study by Gao et al. showing
that the CpG transcriptional profile is a subset of the LPS profile (Gao et al., 2003).

Similar conclusions about the differences in the consequences of TLR stimulation emerge
from the pathway analysis. For example, interferon signaling, which is a result of TLR
signaling through TRIF, is shared by LPS and poly (I:C) but not CpG DNA. Other pathways
known to be activated in response to TLR stimulation (death receptor, IL-6, NF-κB,
apoptosis, and complement/coagulation cascades) are shared by all three PAMPs but are less
pronounced in the response to CpG DNA. These patterns are consistent with our studies
showing the consequences of TLR stimulation with respect to release of HMGB1 and the
induction of apoptosis (Jiang et al., 2007; Pisetsky, 2007). Of note, the top 10 pathways that
are over-represented in gene expression profiles 24 hours post-treatment are very different
from those at 6 hours post-treatment. This change most likely reflects the secondary
response of macrophages at this later time point to cytokines and other molecules produced
in response to PAMP stimulation.

Our analysis also identified pathways whose role in innate immunity has been less well
documented. One example concerns the role of the Hedgehog signaling pathway. Hedgehog
is one of the key regulators of animal development, is conserved from flies to humans, and
has also been implicated in the development of some cancers. Our recent studies identified
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Hedgehog signaling as a component of the innate immune response to systemic LPS in mice
(Yang et al., 2010).

Network analysis of gene expression profiles allowed us to identify 23 genes as candidate
genes for regulation of the innate immune response. We chose to use network analysis to
focus our attention on genes that may or may not be differentially expressed themselves but
that interact with genes that are known to be important in the innate immune response;
TNFα is for example in the center of the top network for all three PAMPs and we aimed to
identify novel genes that are involved in regulation of TNFα production. We selected these
genes based on their known or predicted function and on the lack of previous studies on
their involvement in innate immunity. By utilizing RNAi-mediated suppression of gene
expression in cultured macrophages, two genes with no previously known role in innate
immunity were shown to affect cytokine production in macrophages, namely, TPST1 and
PLEC1.

TPST1 expression is upregulated in response to poly (I:C) and LPS, and is in the top
significantly altered transcriptional networks in both gene expression datasets. IPA shows an
indirect action of TNF-α on this gene. TPST1 is one of the two known Golgi tyrosylprotein
sulfotransferases that mediate protein tyrosine sulfation, a posttranslational modification that
plays a role in strengthening protein-protein interactions. Tyrosine sulfation has been shown
to increase activity of C4 in the complement cascade (Hortin et al., 1989) and contribute to
the binding of the CCR5 chemokine receptor to MIP-1α, MIP-1β, and HIV-1 gp120/CD4
complexes and to the ability of HIV-1 to enter cells (Seibert et al., 2002). In mice, it has
been shown that tyrosine sulfation is required for normal pulmonary function at birth
(Westmuckett et al., 2008). Based on these published studies, it is possible that tyrosine
sulfation may be involved in the macrophage response to TLR ligand stimulation. Further
studies will be necessary to determine which proteins in the TLR or other signaling
pathways are sulfated and how this posttranslational modification affects innate immune
response.

In response to poly (I:C) stimulation of macrophages, PLEC1 is also upregulated and is in
the second significant transcriptional network in this dataset, with the CCL5 chemokine
having an indirect action on this gene. PLEC1 is a prominent member of a family of
structurally and functionally related proteins, termed plakins or cytolinkers, that are capable
of interlinking different elements of the cytoskeleton. Plakins play crucial roles in
maintaining cell and tissue integrity and orchestrating dynamic changes in cytoarchitecture
and cell shape; they also serve as scaffolding platforms for the assembly, positioning, and
regulation of signaling complexes. PLEC1 has been shown to interact with CXCR4 and play
a significant role in CXCR4 signaling and trafficking in HEK293 and Jurkat T cells (Ding et
al., 2008); it thus may be an important factor in HIV-1 infections. Targeted deletion of
plectin isoform 1 in mice results in reduced leukocyte infiltration during wound healing; this
study established a role of cytolinker proteins in leukocyte recruitment (Abrahamsberg et al.,
2005). These previous studies provide a basis for the potential role of PLEC1 in innate
immune signaling in macrophages.

The remaining 21 genes tested in the RNAi assay did not significantly and consistently
affect cytokine production by macrophages. However, genes whose inhibition by RNAi did
not affect cytokine production in J774A.1 macrophages should not be disregarded as
potentially important in innate immunity. There are at least two limitations to the RNAi
assay utilized in this study. First, some of our candidate genes may regulate innate immunity
through mechanisms that do not affect cytokine production; as such, their function may be
revealed in assays that measure other responses such as production of superoxide or nitric
oxide, phagocytosis, apoptosis, etc. Second, RNA interference is not always effective in
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silencing target genes due to a number of factors, including the chosen siRNA sequence and
the structure of the siRNA. Finally, it should be noted that genes identified as differentially
expressed by microarrays that we did not prioritize for siRNA analysis could be important in
innate immunity and are good candidates for further studies.

3 Conclusions
In summary, our study identified genes, pathways and transcriptional networks that
characterize the macrophage response to three TLR stimuli, LPS, poly (I:C) and CpG DNA
and demonstrated both common and unique patterns. By means of RNAi-mediated gene
inhibition, we showed that two genes identified in this way, TPST1 and PLEC1, play a role
in LPS-induced pro-inflammatory cytokine production by macrophages. Expression of
TPST1 and PLEC1 were both regulated by poly (I:C) and LPS but not CpG DNA,
suggesting that these genes may be downstream of the TRIF adaptor molecule in the TLR
signaling pathway. Further studies in macrophages and in in vivo mouse models are needed
to provide insight into how these genes participate in innate immunity. Moreover, studies in
human cohorts will be necessary to determine whether polymorphisms in these two genes
play a role in infections caused by microbial or viral pathogens.

Highlights

• Our analysis identified pathways and transcriptional networks involved in
macrophage response to three TLR ligands: LPS, poly (I:C), and CpG DNA.

• RNA interference-mediated inhibition of two genes identified in this analysis,
PLEC1 and TPST1, reduced IL-6 production by J774A.1 and RAW264.7
macrophages stimulated with LPS.

• These findings delineate macrophage gene response patterns induced by
different PAMPs and identify new genes that have not previously been
implicated in innate immunity.
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Refer to Web version on PubMed Central for supplementary material.
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RNAi RNA interference

TLR Toll-like receptor
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Figure 1.
Venn diagrams showing the number of transcripts that are differentially expressed in
response to poly (I:C) (orange circles), LPS (green circles), and CpG DNA (blue circles) in
RAW 264.7 macrophages at (A) 6 hours and (B) 24 hours post-treatment. Differentially
expressed genes are defined as those significant at 1% FDR by SAM and with ≥2 fold up- or
down-regulation (compared to media control). Differentially expressed transcripts are listed
in Supplemental Tables 2 and 3.
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Figure 2.
Over-represented canonical pathways identified by Ingenuity Pathway Analysis in
RAW264.7 macrophages at (A) 6 hours and (B) 24 hours post-treatment. Differentially
expressed genes from the Venn diagrams in Figure 1 were used for the pathway analysis.
Poly (I:C) data are shown in navy bars, LPS data are in medium blue, and CpG DNA data
are depicted by light blue bars.
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Figure 3.
Top significant transcriptional networks in (A) poly (I:C), (B) LPS, and (C) CpG DNA gene
expression data 6 hours post-treatment. Networks are labeled with their IPA ranking and
IPA score in parenthesis. The score is the negative exponent of the right-tailed Fisher's exact
test p-value that tests the likelihood that the Network Eligible Molecules that are part of a
network are found therein by random chance alone. Black boxes denote genes selected for
RNA interference assays in macrophages in this study, green boxes denote two genes we
have identified in our previous studies whose RNAi-mediated inhibition resulted in
significantly lower cytokine production in macrophages (Alper et al., 2008), and red boxes
denote two genes we identified in our previous studies whose RNAi-mediated inhibition did
not result in significantly lower cytokine production in macrophages (Yang et al., 2010;
Yang et al., 2009). IPA network legend is included in the figure.
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Figure 4.
(A) The effect of RNAi-mediated inhibition of selected differentially expressed genes in
Figure 3 in J77A4.1 macrophages on IL-6 production in response to LPS stimulation. Pools
of 4 siRNA duplexes per gene were transfected into J77A4.1 cells, LPS was added, and
cytokine production was monitored as described in Materials and Methods. Shown are the
results for 4 negative controls (non-targeting siRNAs described in Materials and Methods;
all data are normalized to the first negative control), 2 positive controls (TLR4 and IL-6),
and 23 genes identified in the network analysis of gene expression data. (B) To verify that
the phenotypes observed were caused by specific inhibition of that gene and not an off-
target siRNA effect, each of the 4 siRNA duplexes in the pools were transfected individually
for the 5 genes that had the strongest effect and IL-6 production was monitored. At least two
independent siRNAs induced a phenotype for each gene. (C) The effect of RNAi-mediated
inhibition of TPST1 and PLEC1 in RAW264.7 macrophages on IL-6 production in response
to LPS stimulation 5 hours post-treatment. Pools of 4 siRNA duplexes per gene were
transfected into RAW264.7 cells, LPS was added, and cytokine production was monitored
as described in Materials and Methods. Shown are the results for 4 negative controls (non-
targeting siRNAs described in Materials and Methods; all data are normalized to the first
negative control), a positive controls (TLR4), and TPST1 and PLEC1. In all three panels,
results plotted are the means of three independent siRNA experiments with error bars
representing standard deviations.
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