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Abstract

We examined the signaling pathways and cell type-specific responses of interferon regulatory 

factor (IRF)5, an immune-regulatory transcription factor. We show that the protein kinases IKKα, 

IKKβ, IKKε and TBK1 each confer IRF5 phosphorylation/dimerization, thus extending the family 

of IRF5 activator kinases. Among primary human immune cell subsets, we found that IRF5 is 

most abundant in plasmacytoid dendritic cells (pDCs). Flow cytometric cell imaging revealed that 

IRF5 is specifically activated by endosomal Toll-like receptor (TLR) signaling. Comparative 

analyses revealed that IRF3 is activated in pDCs uniquely through RIG-I-like receptor (RLR) 

signaling. Transcriptomic analyses of pDCs show that the partitioning of TLR7/IRF5 and RLR/

IRF3 pathways confers differential gene expression and immune cytokine production in pDCs, 

linking IRF5 with immune regulatory and proinflammatory gene expression. Thus, TLR7/IRF5 

and RLR-IRF3 partitioning serve to polarize pDC response outcome. Strategies to differentially 

engage IRF signaling pathways should be considered in the design of immunotherapeutic 

approaches to modulate or polarize the immune response for specific outcome.

Introduction

Interferon Regulatory Factors (IRFs) are transcription factors that regulate the intricate gene 

networks essential for coordinating an appropriate and effective immune response(1, 2). In 

particular, IRF3 and IRF7 have been extensively studied and shown to regulate the induction 
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of type I interferons (IFNs) and other cytokines in response to pattern recognition receptor 

(PRR) recognition of pathogen associated molecular patterns (PAMPs) during virus 

infection(3, 4). During RNA virus infection, viral PAMP RNA motifs are recognized by 

RIG-I-like receptors (RLRs), leading to RLR signaling activation and interaction with the 

adaptor MAVS(5). MAVS recruits TANK-binding kinase 1 (TBK1), which phosphorylates 

IRF3 and IRF7, leading to the homodimerization of these IRFs and translocation into the 

nucleus to induce gene expression(6). Stimulation of some Toll-like receptors (TLRs) also 

activates IRF3 and IRF7 to induce type I interferons (IFNs)(7).

In contrast to IRF3 and IRF7, IRF5 regulation and function are less well-characterized. 

Mouse studies revealed essential roles of IRF5 in the production of IFNβ and 

proinflammatory mediators including interleukin (IL)-6, IL-12, and tumor necrosis factor α 
(TNFα)(8–10) (11) (12). In humans, carriers of autoimmune risk haplotypes at the IRF5 
locus exhibit elevated levels of IFNα(13–16), and dendritic cells (DCs) from these carriers 

produced elevated TNFα and IL-12 upon TLR stimulation(17, 18). In HEK293 cells 

overexpressing TLR7, the TLR7/8 agonist R848 induced activation of an IRF5 reporter, 

accompanied by the translocation of IRF5-GFP into the nucleus(19). TBK1 was reported to 

phosphorylate IRF5(19, 20), and a kinase-dead mutant of TBK1 or the related IKKε 
inhibited the TLR7-dependent activation of a Gal4-IRF5 reporter(19). These results suggest 

that TBK1 and IKKε activate both IRF5 and IRF3. Subsequent reports identified IKKβ as 

the activating kinase of IRF5(21, 22). MAVS overexpression also was shown to induce IRF5 

dimerization in HEK293T cells(21, 22), and RIG-I and IRF5 co-expression rescued cytokine 

production defects in Irf3/5/7-deficient mouse cells(23), suggesting that both TLR and RLR 

stimulation may activate IRF5. Of note is that these studies have typically relied on 

overexpression approaches often in epithelial cell lines to evaluate IRF5 functions. In human 

plasmacytoid DC (pDC) cell lines, RNAi-mediated IRF5 knockdown experiments have 

established IRF5 as a crucial mediator type I IFN induction(21, 24). However, the relevant 

regulatory pathways, endogenous steps of IRF5 activation, and IRF5 transcriptional 

signatures have not been defined nor directly compared to signaling from other IRFs.

Here we evaluated the IRF5 activation process and defined the IRF5 transcriptome. Our 

study shows that each IKK kinase can direct IRF5 phosphorylation for dimerization/

activation and that IRF5 is variably present in different primary immune cell subsets wherein 

it is highly abundant in pDCs. Using robust assays to assess and compare endogenous IRF5 

and IRF3 activation in pDCs, we show that IRF5 is activated upon endosomal TLR7/8 

stimulation, whereas RLR stimulation leads to IRF3 activation. High throughput 

transcriptomic analyses reveal that triggering pDCs through TLR7/IRF5 and RLR/IRF3 

pathways leads to a response that induces specific gene expression profiles and the 

production of distinct sets of cytokines for differential immune activation. This unique 

partitioning of TLR7/IRF5 and RLR/IRF3 signaling serves to drive expanded 

proinflammatory, immune regulatory, and antiviral actions of pDCs.
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Materials and Methods

Cells

CAL-1 was gifted by Dr. Takahiro Maeda (Nagasaki University). PMDC05 cells were from 

Miwako Narita (Niigata University). BJAB and Ramos were gifted by Dr. Ed Clark 

(University of Washington). MUTZ-3 was purchased from DSMZ. Jurkat, THP-1 and 

HEK293T were purchased from ATCC. HEK293T was cultured in DMEM supplemented 

with 5% FBS, L-glutamine, and sodium pyruvate. MUTZ-3 was cultured in α-MEM 

supplemented with 20% FBS and 20% conditioned medium from 5637 cells (purchased 

from DSMZ). All other cell lines used in this study were cultured in RPMI 1640 

supplemented with 10% FBS, L-glutamine, sodium pyruvate, HEPES, and β-

mercaptoethanol. THP-1 cells were differentiated in complete RPMI supplemented with 

40nM PMA (Sigma) for 18–24 hours. MUTZ-3 cells were differentiated in complete 

conditioned α-MEM supplemented with 20ng/ml recombinant human IL-4 (Peprotech) and 

50ng/ml recombinant human GM-CSF (Peprotech) for 5 days, and then 12ng/ml 

recombinant human TNFα (Peprotech) for an additional 2 days. All cells were grown at 

37°C in 5% CO2.

Whole blood was obtained from healthy individuals under IRB approval. LRS chambers 

containing white blood cell concentrate were obtained from Bloodworks NW. Peripheral 

blood mononuclear cells (PBMCs) were purified using Ficoll-Paque Plus (GE Healthcare). 

To obtain pDCs, purified PBMCs were negatively selected by an EasySep Human 

Plasmacytoid DC Enrichment Kit (STEMCELL Technologies). Autologous PBMCs were 

added back to the purified pDCs such that final pDCs consisted of 5–10% of population to 

allow for sufficient cell number for subsequent analysis.

Chemicals

LTA-SA, FSL-1, FLA-ST, poly(I:C), LPS, R837, R848, CpG-A (ODN 2216) and CpG-B 

(ODN 2006) were purchased from Invivogen.

Viruses

Sendai virus (SeV; Cantell strain) was purchased from Charles River and cells were infected 

at 20–200 HAU/ml.

Transfection

CAL-1 and PMDC05 cells were transfected using the Amaxa 96-well shuttle nucleofector 

system (Lonza) according to manufacturer’s protocol. 1ug of RNA was transfected into 1 × 

106 cells/well in 16-well strips using buffer SF and program CM130.

Immunoblot

Cells were lysed in NP-40 buffer and then clarified. Protein was quantified with Bradford 

Protein Assay (Bio-Rad). For SDS-PAGE, 10–50ug of lysate was separated by 7.5% Tris-

glycine gels with SDS. For Mn2+-Phos-Tag SDS-PAGE, 20–40ug of lysate was separated by 

8% gel containing 50uM Phos-Tag reagent (Wako). For IRF5 Native-PAGE, 10ug of lysate 

was separated by 3–12% Bis-Tris NativePAGE gels (Invitrogen). For IRF3 Native-PAGE, 
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10ug of lysate was separated by 7.5% Tris-Glysine gels without SDS. Native gels were 

soaked in running buffer with SDS for 30 minutes at room temperature prior to transfer. All 

gels were transferred to PVDF-FL (Millipore) membranes, blocked in PBS or TBS blocking 

buffer (Li-COR Biosciences), and labeled with primary and secondary antibodies according 

to the manufacturer’s instructions. Blots were analyzed with the Odyssey Infrared Imaging 

System (LI-COR Biosciences). The following primary antibodies were used in this study: 

anti-FLAG (M2; Sigma), anti-phospho-IRF5 (a kind gift from Dr. Phil Cohen; University of 

Dundee), anti-IRF5 (A303–385 or A303–386; Bethyl), anti-LSD1 (C69G12; Cell 

Signaling), anti-HA (Y11; Santa Cruz Biotechnology), anti-Actin (C4; Santa Cruz 

Biotechnology), anti-IRF3 (dimer) (AR-1; previously described(25)), anti-IRF3 (D83B9; 

Cell Signaling). AF680- or AF790-conjugated secondary antibodies were purchased from 

Jackson Immunoresearch.

ImageStream imaging flow cytometry

PBMCs or enriched pDCs were stained with the following cell surface markers: CD3-FITC 

(UCHT1, BD Biosciences), CD14-AF488 (M5E2, BD Biosciences), CD19-FITC (HIB19, 

BD Biosciences), CD56-AF488 (B159, BD Biosciences), CD11c-FITC, HLA-DR-PE 

(L243, Biolegend), BCDA2-PE (AC144, Miltenyi), FITC-conjugated lineage cocktail panel 

1 (BD Biosciences). Cells were fixed and permeabilized using the Cytofix/perm kit (BD), 

and stained with IRF5-AF647 antibody (EPR6094, Abcam) and DAPI (Life Technologies). 

Stained cells were acquired on an ImageStreamX Mark II imaging flow cytometer at 60x 

magnification (Amnis/EMD Millipore). At least 10,000 cells per condition were analyzed. 

Data were compensated and analyzed using the IDEAS software. Following standard 

analysis procedures(26), single focused cells were analyzed using Nuclear Localization 

Wizard to calculate similarity score (SS) between IRF5 and DAPI, which quantifies the 

correlation of pixel values of the two stains on a per cell basis. Representative images of 

cells and/or SS plotted on histograms are displayed.

Luminex

Forty five cytokines/chemokines were measured using a Cytokine/Chemokine/Growth 

Factor 45-Plex Human ProcartaPlex Panel 1 immunoassay kit (eBioscience): BDNF; 

Eotaxin/CCL11; EGF; FGF-2; GM-CSF; GROα/CXCL1; HGF; NGFβ; LIF; IFNα; IFNγ; 

IL-1β; IL-1α; IL-1Rα; IL-2; IL-4; IL-5; IL-6; IL-7; IL-8/CXCL8; IL-9; IL-10; IL-12p70; 

IL-13; IL-15; IL-17α; IL-18; IL-21; IL-22; IL-23; IL-27; IL-31; IP-10/CXCL10; MCP-1/

CCL2; MIP-1α/CCL3; MIP-1β/CCL4; RANTES/CCL5; SDF-1α/CXCL12; TNFα; TNFβ/

LTA; PDGF-BB; PLGF; SCF; VEGF-A; VEGF-D. Biological triplicates were used for each 

treatment condition, and each sample was prepared and run in technical duplicate according 

to manufacturer’s protocol. Standards provided by manufacturer were run on each plate to 

create a standard curve for each analyte. Data were acquired using a Luminex 200 system 

and analyzed using Bio-Plex Manager software (Bio-Rad). Concentration of each analyte 

was determined by standard curve method. Levels beyond standard curve were assigned the 

highest standard concentration. Undetected values were assigned the limit of detection to 

allow for calculation of fold change over baseline.
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RNA sequencing and transcriptomic analysis

Total RNA was purified from cells using an RNeasy kit in RLT buffer (QIAGEN). RNA with 

a Bioanalyzer (Agilent, USA) RNA integrity number (RIN) of ≥8 was sent to Seattle 

Genomics (University of Washington) for cDNA library construction and next-generation 

sequencing on the Illumina Nextseq 500 instrument. Raw FASTQ files were demultiplexed 

and quality checked through FastQC. Adapters and rRNA sequences that remained were 

digitally removed using Cutadapt (version 1.8.3) and Bowtie2 (version 2.2.5). The remaining 

reads (~20 million reads per sample) were mapped to the human genome (build NCBI_build 

37.2) using the STAR aligner (version 2.4.2), and alignments were further converted into 

gene counts using HTSeq (version 0.6.0).

Statistical analysis of RNA-seq data was performed using the R statistical software (version 

3.4.0). Gene counts were filtered by sum counts >75 across all samples to remove 

unexpressed and lowly-expressed genes. Samples were voom normalized using the limma 

package (version 3.32.2), and differential expression was calculated using linear regression 

against a defined contrast matrix followed by eBayes testing (all within the limma package). 

All samples were contrasted against appropriate negative controls. Genes designated as 

significantly differentially expressed (DE) had a fold change over control >2 (above or 

below), with a Benjamini-Hochberg adjusted p-value <0.05. Heat maps of DE genes were 

created using a modified version of the heatmap2 function within the gplots package. Red = 

increased expression and blue = reduced expression. Sequence data have been deposited into 

GEO with accession number GSE108526 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE108526).

Expression plasmids

IRF5 was gifted by Dr. Savan Ram. IKKα was gifted by Dr. Kim Orth (UT Southwestern). 

IKKβ was purchased from Dharmacon. IKKε and TBK1 were gifted by Dr. Tom Maniatis 

(Columbia University). All open reading frames were confirmed by DNA sequence analysis.

Results

Activation of endogenous IRF5 by IKK family kinases and RLR signaling

To evaluate IRF5 function, we first sought to develop a sensitive IRF5 dimerization assay to 

measure the abundance of monomeric/resting and active/dimeric IRF5 in response to PRR 

signaling. This task was important because to date, most IRF5 activation assays have been 

performed with overexpressing IRF5 and detecting with antibodies against the epitope tags 

instead of IRF5 itself(19, 20, 27, 28). Moreover, though multiple IRF5 antibodies are 

available, a recent report highlighted the issues misleading the understanding of IRF5 

activation processes due to use of non-specific/unreliable antibodies(29). IKKβ has been 

shown to activate IRF5 by phosphorylating serine 462 (S462) that facilitates subsequent 

dimerization(21, 22, 30). We found that the Bis-Tris NativePage system consistently allowed 

separation and detection of IRF5 dimers when epitope tagged-IRF5 was co-expressed with 

IKKβ in HEK293T cells (Fig. S1A). Using a phospho-S462 specific IRF5 antibody, we 

confirmed that dimeric but not monomeric IRF5 was indeed phosphorylated at S462 (Fig 

S1A). We also tested several IRF5 antibodies and identified one (A303–385/A303–386; 
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Bethyl) that detects both monomeric and dimeric forms of IRF5. When increasing amount of 

IKKβ expression plasmid was co-transfected with fixed amount of IRF5 into HEK293T 

cells, a corresponding increase of IRF5 dimer abundance was detected (Fig. S1B). To 

determine the ability of IKK family kinases (IKKα, IKKβ, IKKε and TBK1)(19, 21, 22, 31) 

to induce IRF5 dimerization, we co-expressed each with IRF5, finding that all four kinases 

variably induced IRF5 activation (Fig. 1A). Previous studies implicated the RLR pathway in 

IRF5 activation(23). Overexpression of the constitutively active form of RLRs (N-RIG and 

N-MDA5) or MAVS(32, 33) led to moderate level of IRF5 dimerization (Fig. 1B). Thus, 

different IKK family kinases and RLR pathway signaling have the potential to induce IRF5 

activation.

Single cell analysis of IRF5 activation

To validate dimerization as a marker for IRF5 activation, we used ImageStream imaging 

flow cytometry to measure IRF5 nuclear translocation under similar conditions that confer 

IRF5 dimerization. We first tested antibody specificity by transfecting HEK293T cells with 

constructs encoding empty vector (EV) or IRF5. EV-transfected cells showed no IRF5 

signal, while IRF5-transfected cells showed specific IRF5 staining (Fig. S1C). To assess 

subcellular localization of IRF5, we used the IDEAS software to calculate a similarity score 

based on the pixel overlap between nucleus (DAPI) and IRF5 staining. A high similarity 

score represents high degree of overlap, thus indicating nuclear localization. We analyzed 

HEK293T cells transfected with IRF5 alone or co-transfected with IRF5 and IKKβ. We 

observed marked shift toward higher similarity score when IRF5 was co-transfected with 

IKKβ, corresponding to increased number of cells with nuclear IRF5 (Fig. 1C). These 

results indicate that IKKβ induced IRF5 dimerization as well as IRF5 translocation into the 

nucleus. These two orthogonal assays thus allow examination of the activation process of 

endogenous IRF5.

TLR7/8 signaling drives variable IRF5 activation in PBMC subsets

Since IRF5 is critical for modulating the immune response(8, 34–37), we evaluated IRF5 

activation in primary peripheral blood mononuclear cells (PBMCs). We isolated and 

stimulated PBMCs with R848, a TLR7/8 agonist previously shown to activate IRF5 (19, 38, 

39). Cells were stained with surface markers corresponding to T cells (CD3+), monocytes 

(CD14+), B cells (CD19+), natural killer (NK) cells (CD56+), or DCs (lineage lacking CD3, 

CD14, CD16, CD19, CD20, and CD56, but HLA-DR+) and then were fixed, permeabilized 

and stained with anti-IRF5 antibody and DAPI. Cells were then analyzed by ImageStream to 

assess the percentage of cells within each subset having nuclear/activate IRF5 upon R848 

treatment. T cells (CD3+) and NK cells (CD56+) exhibited little to no IRF5 expression (Fig. 

S1D) nor did we detect nuclear IRF5 translocation in these cells upon R848 treatment (Fig. 

1D). B cells (CD19+) had detectable level of IRF5 and a low frequency of cells responded to 

R848 treatment (Figs. S1D and 1D). Monocytes (CD14+) displayed varying levels of IRF5 

expression, likely representing the heterogeneous nature of this cell subset(40) (Fig. S1D) 

wherein a more prominent shift of CD14+ cells with nuclear IRF5 was detected in response 

to R848 treatment (Fig. 1D). DCs (lineage- HLA-DR+), which included conventional DCs 

(cDCs) and pDCs within our staining scheme, expressed IRF5 in a range of levels (Fig. 
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S1D) and exhibited the most robust IRF5 nuclear accumulation in response to R848 among 

the PBMC cell populations (see Fig. 1D).

To further subset the DC population, we concurrently stained PBMCs with FITC-antibodies 

specific to lineage markers and CD11c, a marker of cDCs(41), together with PE-antibody to 

BDCA2, a pDC-specific marker. We defined pDCs as lineage/CD11c-FITC- and BDCA2-

PE+ (Fig. 1E), and observed consistent IRF5 accumulation in the nucleus in response to 

TLR7/8 stimulation (Figs. 1F and 1G). pDCs thus represent a major IRF5-repsonsive cell 

type.

IRF5 is activated by endosomal TLR stimulation in pDCs

Because we observed modest IRF5 response in B cells and monocytes upon R848 treatment 

in primary PBMCs, we tested IRF5 activation in human cell line models corresponding to 

each cell type. We first measured IRF5 protein level in a panel of cell lines (Fig. 2A), and 

found that Jurkat T cells(42) had nearly undetectable level of IRF5, followed by B cell lines 

(BJAB and Ramos(43, 44)) that had low IRF5 expression, consistent with our PBMC 

datasets (Fig. S1D). THP-1 monocytic cell line(45) had moderate level of IRF5 expression, 

which significantly increased upon differentiation into macrophage-like cells by PMA(46). 

MUTZ3 DC precursor cell line(47) expressed little to undetectable level of IRF5, but 

induced IRF5 expression upon differentiation into immature DCs by IL-4 and GM-CSF or 

into mature DCs by additional TNFα treatment(48). CAL-1 pDC cell line(49) had the 

highest level of IRF5 expression amongst the panel of cell lines tested. We then stimulated 

BJAB, Ramos, THP-1 (undifferentiated and PMA-differentiated), MUTZ3 (undifferentiated 

or IL-4/GM-CSF/TNFα differentiated), and CAL-1 with R848. Only CAL-1 cells robustly 

activated IRF5 upon R848 treatment (Fig. 2B). These results indicate that IRF5 is 

differentially regulated among the different cell types/lines and PBMC subsets.

Due to extremely low frequency of pDCs in PBMCs, we utilized CAL-1 cells to study IRF5 

regulation as they have been shown to recapitulate multiple aspects of human pDC 

physiology with an ability to mirror the response of primary human pDCs to stimulation(24, 

49–51). Consistent with primary pDCs, we observed rapid and robust IRF5 activation upon 

R848 treatment of CAL-1 pDCs (Figs. 2C and 2D). Using ImageStream analysis, we 

confirmed that the percentage of cells with nuclear IRF5 markedly increased upon R848 

stimulation as compared to untreated cells (Fig. 2E), in agreement with results from the 

dimerization assay. We did not detect IRF7 dimer formation upon TLR7/8 stimulation in 

R848-treated CAL-1 cells (Fig. S1E).

We focused on CAL-1 cells to identify the PRR signaling pathways that activate IRF5. We 

stimulated CAL-1 pDCs with a panel of agonists: LTA-SA (TLR2), FSL-1 (TLR2/6), 

poly(I:C) (TLR3), LPS (TLR4), FLA-ST (TLR5), R837 (TLR7), R848 (TLR7/8), CpG-A 

ODN2216 or CpG-B ODN2006 (TLR9) to assess whether IRF5 is activated by other TLRs. 

We observed IRF5 dimerization when CAL-1 cells were stimulated with R837 and R848. 

We also observed IRF5 dimerization upon stimulation with CpG-B, but not CpG-A, 

corroborating with previous findings that TLR9 stimulation activates IRF5 in primary 

human pDCs(24). These data indicate that endogenous IRF5 is activated downstream of 

endosomal TLRs, including TLR7, 8 and 9, in pDCs (Fig. 2F).
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PRR-specific activation of IRF3 and IRF5

Previous studies showed that RLR signaling in pDCs can drive IFN production 

independently of TLR signaling(52). To determine whether CAL-1 cells had a functional 

RLR pathway, we infected cells with increasing dosage of Sendai virus (SeV) and assayed 

for the activation of IRF3, which is activated by RLR signaling(53). Upon SeV infection, we 

detected robust IRF3 activation/dimerization in CAL-1 cells, but IRF5 remained latent/

monomeric (Fig. 3A and 3B). We also evaluated RLR signaling by transfection of the poly-

U/UC motif from the Hepatitis C virus (HCV) genome, a known RIG-I-specific PAMP(54–

56), or by high molecular weight poly(I:C) that activates MDA5(57). The non-stimulatory × 

region of the HCV genome (xRNA) was used as a negative control RNA. We simultaneously 

assessed IRF3 and IRF5 activation from the same cell extracts. We found that while IRF3 

activation/dimerization occurred in cells transfected with poly-U/UC or poly(I:C) but not 

with xRNA, IRF5 remained in its latent/monomeric form upon each treatment (Fig. 3C). 

These results show that in CAL-1 pDCs, RLR signaling via RIG-I and MDA5 is fully intact 

to activate IRF3, whereas TLR7/8 signaling activates IRF5. To confirm these observations, 

we employed a Phos-Tag western blot assay to detect phosphorylated/activated forms of 

IRF3 and IRF5. The Phos-Tag reagent binds to phosphate groups of phosphorylated proteins 

to mediate mass shift for identification of phosphorylated isoforms by immunoblot(58). We 

identified phosphorylated/Phos-Tag bound IRF3 but not IRF5 in cells infected with SeV, 

while phosphorylated/Phos-Tag-bound IRF5 but not IRF3 was found in cells treated with 

R848 (Fig. S1F).

To assure that differential IRF3 and IRF5 activation in pDCs are not a spurious feature of 

CAL-1 pDCs, we utilized an additional human pDC cell line, PMDC05, which displays 

many hallmarks of pDCs and has been used for studying pDC biology(59, 60). We observed 

similar partitioning of IRF3 and IRF5 signaling in these cells, where SeV infection activated 

IRF3 but not IRF5, and R848 treatment activated IRF5 but not IRF3 (Fig. 3D). We then 

obtained primary human pDCs from healthy donors and tested IRF3 and IRF5 activation 

upon R848 treatment or SeV infection using ImageStream. Similar to our results in CAL-1 

and PMDC05 cells, we observed IRF3 translocation into the nucleus upon SeV infection but 

not R848 treatment, whereas R848 treatment resulted in IRF5 nuclear translocation while 

IRF3 remained cytoplasmic in the primary human pDCs from each donor (Fig. 3E). These 

results show that activation of IRF3 and IRF5 are regulated by distinct PRR pathways in 

human pDCs.

IRF3 and IRF5 are both activated by IKK family kinases(21, 22, 28, 61). To test which 

activates the respective IRF, we ectopically expressed the four IKK kinases in HEK293T 

cells and assayed for IRF3 and IRF5 dimerization. While all IKKs induced IRF5 

dimerization to various extents, only IKKε and TBK1 induced IRF3 dimerization (Fig. 3F). 

We infected the cells with SeV to test whether overexpression of IKKs sensitized the cells to 

RLR pathway activation upon virus infection. SeV infection alone induced IRF3 

dimerization but not IRF5, and infection did not enhance IRF5 dimerization upon IKK 

overexpression (Fig. 3F). Together our datasets show that IRF3 and IRF5 activation are 

partitioned in pDCs wherein endosomal TLR signaling activates IRF5 but not IRF3, while 

IRF3 activation links specifically with RLR signaling.
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TLR7/8 and RLR signaling direct differential and overlapping IRF3 and IRF5 
transcriptomes

To determine how the partitioning of PRR signaling through TLR7/IRF5 and RLR/IRF3 

directs the innate immune response in pDCs, we performed transcriptional profiling of 

CAL-1 cells by RNA-seq analysis. We focused on identifying IRF5- and IRF3-responsive 

genes respectively regulated by R848 treatment and poly-U/UC transfection. Control 

treatments included vehicle and transfection with non-signaling X-RNA or no RNA. X-RNA 

had little effect on gene expression when compared to no RNA transfection. Because X-

RNA transfection resulted in mild changes in expression of some genes as compared to 

vehicle control (data not shown), indicating that the transfection process may trigger gene 

expression changes, we opted to use X-RNA as the proper control for poly-U/UC 

transfection. We identified differentially expressed (DE) genes (fold change>2; p<0.05) in 

R848-treated cells as compared to vehicle-treated cells, and in poly-U/UC-transfected cells 

as compared to X-RNA-transfected cells (Fig. 4A). Overall, the number of DE genes in 

R848 treatment exceeded that in poly-U/UC transfection, especially at the earlier time point 

(Fig. 4A). Analysis of gene function within the global DE gene set revealed distinct 

expression signatures of TLR7/IRF5 and RLR/IRF3 signaling (Fig. 4B). We examined the 

immune related gene modules and observed remarkable differences in R848- and pU/UC-

specific programs that included differential innate immune response, inflammatory response, 

and immune activation driven by each stimulus representing distinct RLR/IRF3 and TLR7/

IRF5 axes (Fig. S2).

To ensure that the RLR/IRF3 and TLR7/IRF5 signaling bifurcation is a physiologically 

relevant process in pDCs, we evaluated the expression of IRF3- and IRF5-responsive gene 

targets in R848-treated or SeV-infected primary human pDCs freshly isolated from healthy 

donors. We chose to assess the expression of individual genes rather than entire gene 

modules as biomarkers of IRF3 or IRF5 actions in order to validate each pathway marked by 

its responding gene as guided by the respective transcriptomics signature. Corroborating 

with our RNA-seq results, we observed induction of IFNA21, a known IRF3-responsive 

gene, upon SeV infection but occurring to a much lesser extent in R848 treatment. We 

assessed expression level of IL12B, an IRF5-responsive gene, and found that it was largely 

induced in R848 treatment but not upon SeV infection. IFIT1, a gene responsive to both 

IRF3 and IRF5, was induced both upon R848 treatment and SeV infection (Fig. 4C). We 

note that other factors, such as IRF7, likely play a role in regulating these genes in primary 

human pDCs, such that response variation is expected in primary human pDCs compared to 

a homogenous cell line. Importantly, given the expected donor-to-donor variability in 

responses, the major trends in IRF3- and IRF5-regulated gene expression were conserved in 

primary pDCs and pDC cell lines.

To definitively show the unique dependence of IRF3 and IRF5 in RLR and TLR7 signaling 

respectively, we first performed knockdown studies using siRNA and evaluated the 

expression of IRF3- and IRF5-repsonsive genes in CAL-1 pDCs upon SeV infection or 

R848 treatment. We observed a dependence of IRF5 but not IRF3 in the induction of CCL4, 

CCL3, TNFSF9, and SLC1A2, which are all R848- but not SeV-induced genes via IRF5 and 

IRF3, respectively (Fig.4D). We further validated these results by knocking down IRF3 or 
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IRF5 in PMDC05 pDCs, another human pDC cell line (59). We observed similar 

dependence of IRF5 in the induction of R848-induced genes (IL12B and CD40) (Fig. 4E). 

Further, we observed dependence on IRF3, but not IRF5, in IFNλ2 expression, an SeV-

induced gene (Fig. 4E). Together these results indicate that the observed partitioning of 

RLR/IRF3 and TLR7/IRF5 signaling is an intrinsic feature of pDCs.

To reveal the biological pathways regulated by the two axes, we performed functional 

analysis on all the DE genes from each treatment group to compare the enriched pathways. 

R848 and poly-U/UC stimulation resulted in a shared and distinct set of pathway enrichment 

(Fig. S3). Fig. 4C shows the top 20 most enriched gene ontology (GO) terms for DE genes 

regulated by RLR/IRF3 and TLR7/IRF5 activation. The top most enriched GO categories 

unique in R848-treated cells included antigen processing and presentation (GO:0002504) 

and T cell costimulation (GO:0031295), pointing to a bias towards activating adaptive 

immunity in response to IRF5 activation. On the other hand, GO terms unique in poly-

U/UC-transfected cells included immune cell activation (GO:0002323 and GO:0002286), 

STAT protein activation (GO:0033141), and response to RNA (GO:0043330), showing a 

polarization towards cell-intrinsic innate immune activation driven by RLR/IRF3 signaling.

We observed that GO terms enriched by both stimuli are often driven by distinct genes (Fig. 

5A and Fig. S3). For example, within the antiviral response (GO:0051607) and 

inflammatory response (GO:0006954) modules, poly-U/UC stimulation specifically induced 

the expression of various type I IFN subtypes, whereas R848 treatment signaled the 

induction of inflammatory cytokine genes, genes of immune activation, and molecules 

involved in pathogen sensing. The NF-kB pathway for inflammatory response featured 

prominently amongst DE genes shared by both poly-U/UC and R848 stimulations in these 

GO categories, suggesting a common immune activation pathway by both stimuli (Fig. 5B). 

Additional GO categories displayed a similar expression pattern, where TLR7/IRF5 and 

RLR/IRF3 signaling resulted in overlapping and distinct sets of DE genes (Fig. S4).

We then examined DE genes in each stimulus to distinguish them into three groups: 1) those 

only induced by R848 treatment, 2) those only induced by poly-U/UC stimulation, and 3) 

those induced by both. We identified shared DE genes between R848 and poly-U/UC 

stimulations, but the majority of DE genes were respectively segregated into TLR7/IRF5 

response and RLR/IRF3 response sets especially at the earlier time point (Fig. 5C). We 

performed DAVID functional analysis(62) on each group of DE genes to respectively reveal 

the pathways of TLR7/IRF5 and RLR/IRF3 activation in pDCs. We found that the pathways 

shared by both stimuli included chemotaxis, chemokine production, inflammatory response 

genes, and apoptosis (Fig. 5D). DE genes uniquely responsive to TLR7/IRF5 signaling by 

R848 were enriched for NK and T cell proliferation, Th17 response, and antigen processing/

presentation. In contrast, poly-U/UC stimulation of RLR/IRF3 signaling enriched for genes 

that respond to virus infection (Fig. 5D). These results indicate that while IRF5 and IRF3 

both serve to program pDCs for immune response activation, the TLR7/IRF5 and RLR/IRF3 

pathways mediate differential immune polarization by pDCs to support an inflammatory 

response favoring T cell activation (TLR7/IRF5) or antiviral response (RLR/IRF3).
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Because RLR/IRF3 and TLR7/IRF5 activation regulated genes that polarize toward distinct 

immune response programs, we examined the expression of chemokine genes. Chemokines 

play a major role in immune polarization(63, 64), and we found that most DE chemokine 

genes are regulated by both RLR/IRF3 and TLR7/IRF5 at the early time point (Fig. 6A). At 

the later time point, both RLR/IRF3 and TLR7/IRF5 regulated CCL5, CXCL10, CXCL11 

and CCL22, but TLR7/IRF5 stimulation uniquely induced other chemokines. These results 

indicate that both pathways stimulated an initial burst of chemokines, but bifurcate in their 

chemokine profiles later that likely polarize the immune response by recruiting specific 

subsets of immune cells through chemokine actions.

We also assessed DE cytokine gene expression (Fig. 6B). At 6 hours, poly-U/UC stimulation 

induced the expression of 12 different IFNA subtypes as well as IFNE and IFNW1, none of 

which was induced by R848 treatment. At 16 hours, 11 IFNA subtypes continued to be 

uniquely induced by poly-U/UC stimulation, while both poly-U/UC and R848 treatment 

induced IFNE. This expression profile reveals a dynamic regulation of type I IFN subtype 

expression signaled by both the RLR/IRF3 and TLR7/IRF5 pathways. On the other hand, 

R848 treatment induced proinflammatory cytokines as well as TGFB, which respectively are 

crucial for initiating the inflammatory response and supporting T cell differentiation(63). 

Other cytokines, such as the TNF super family cytokines, also displayed overlapping and 

distinct expression patterns differentially induced by RLR/IRF3 and TLR7/IRF5 signaling.

Taken together, these data show that TLR7/8 and RLR preferentially utilize IRF5 and IRF3 

respectively to shape the immune response that is relevant to the danger at hand.

Differential cytokine and chemokine expression profiles regulated by IRF3 and IRF5 in 
pDCs

To further evaluate and validate the differential profiles of cytokines/chemokines produced 

in response to TLR7/IRF5 and RLR/IRF3 signaling, we analyzed cell supernatants for a 

panel of 45 secreted cytokines/chemokines using a Luminex multiplex assay. We found 28 

analytes to be elevated by more than 2-fold after R848 treatment or SeV infection of CAL-1 

cells in at least 1 time point (Fig. 7A). R848 treatment resulted in a more rapid and robust 

response overall than SeV infection in CAL-1 pDCs, likely due to the temporal nature of 

direct TLR7/8 stimulation compared to the processes of virus replication and PAMP 

signaling through RLRs(65). Of the panel of factors evaluated, some were highly induced by 

R848 but exhibited much lower induction in cells infected with SeV. These included major 

inflammatory cytokines such as IL-18, IL-1, IL-4, TNF, IL-6, and IL-8/CXCL8, as well as 

cytokines involved in immune activation and polarization including IL-2, IL-5, IL-23, IL-10, 

IL-22, IL-12, IFNγ, GM-CSF, GROα/CXCL1, MIP-1α/CCL3, and MIP-1β/CCL4. Some 

factors were produced robustly upon RLR/IRF3 signaling (LIF, IL-15, RANTES/CCL5, and 

IFNα), while the rest were induced in response to both TLR7/IRF5 and RLR/IRF3 signaling 

(Fig. 7B). While there are slight differences between the transcriptomic and proteomic 

datasets, likely indicating additional levels of regulation in cytokine production beyond 

transcription, these datasets are in overall agreement that TLR7/IRF5 signaling resulted in 

the preferred induction of proinflammatory cytokines in general, whereas RLR/IRF3 

strongly favors type I IFN production and an antiviral response.
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Discussion

In this study we developed and utilized robust assays to detect endogenous IRF5 activation 

in primary human cells and cell lines. We revealed that IRF5 activation occurs in response to 

endosomal TLR signaling in a cell type-dependent manner. Examination of PBMC subsets 

showed that pDCs exhibit a robust response through the TLR7/IRF5 pathway. The high 

responsiveness of IRF5 activation in response to R848 treatment in pDCs compared to other 

cell subsets was recapitulated in both PMDC05 and CAL-1 pDC cell lines. Moreover, we 

demonstrate that RLR signaling in pDCs causes activation of IRF3 but not IRF5. Secreted 

cytokine/chemokine profiling and transcriptomic analyses showed distinct gene regulation 

profiles between IRF5 and IRF3. These results reveal a partitioning of TLR and RLR 

signaling that leads to activation of differential downstream transcription factors to direct 

appropriately tuned immune programs in pDCs.

While IRFs are well-studied and recognized as crucial factors in mediating PRR signaling, 

our study clarified several important aspects of IRF biology. We note that the regulation of 

IRF5 activity in vivo has remained elusive despite extensive studies. Important insights were 

provided by knockout mouse studies(8, 66), but key differences between human and mice 

necessitate careful examination, especially since earlier mouse studies harbored an 

additional confounding mutation(11, 12). In humans, much of our knowledge in IRF5 

regulation has been gleaned from overexpression studies often in irrelevant cell types, 

sometimes using unreliable reagents(19–22, 29). Recently, several studies mainly using 

RNAi-knockdown approaches to examine endogenous IRF5 regulation support the notion 

that much remains to be learned about the multifaceted functions IRF5(21, 24, 67). A first 

major feature of our study is that we have now identified a relevant human cell type that 

provides an appropriate context to study IRF5 functions, and we have developed tools to 

interrogate endogenous IRF5 regulation. Second, RLR signaling is sometimes considered 

dispensable in pDCs(68), even though others have provided evidence for its utilization in 

specific contexts(52, 69). In our study and others’, RLR signaling has been shown to be 

capable in regulating IRF5 activation(22, 23). Our observations clearly show that the RLR 

pathway is intact and utilized in pDCs for pathogen sensing, but importantly its stimulation 

activates IRF3 and not IRF5. This outcome is clinically important as expression of both 

IRF3 and IRF5 in pDCs has been shown to play a role in systemic lupus erythematosus 

(SLE) pathology(70–74). Our study implies that different stimuli and cellular pathways can 

signal IRF3 and IRF5 activation underlying disease in SLE patients. Of note, our 

observations also highlighted the cell type differences in IRF5 regulation, raising the 

possibility that RLRs may regulate IRF5 activity in other cell types. Third, despite the lack 

of TLR7/IRF7 signaling in CAL-1 cells(24), we demonstrate that these cells are a useful 

model to study pDC biology(75, 76). In this case the lack of IRF7 activation serendipitously 

allowed us to define the relative contribution of IRF3 and IRF5 in pDCs, which otherwise 

could be masked by dominant effects of IRF7. Indeed, others have used CAL-1 cells to 

define processes of TLR9 signaling to distinct IRF family members(77). That we observed 

similar activation of IRF5 in response to TLR7/8 stimulation in primary pDCs, our results 

reflect relevant pDC physiology. In this regard, we note that besides IRF3 and IRF5, IRF7 

plays an important role in PRR signaling in pDCs as demonstrated by many studies (78–80). 
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In most cell types, IRF7 is IFN-inducible but IRF3 and IRF5 are constitutively expressed 

(81–84). Constitutive expression of IRF7 is a unique feature of pDCs, in which IRF7 has 

been shown to mediate late IFN production (24). It is possible that IRF3 and IRF5 mediate 

the acute response of pDC to specific TLR or RLR stimuli, while IRF7 serves an important 

role to amplify these responses and drive the high level production of IFN. However, we 

refrain from drawing any conclusion about IRF7 in this study, which focuses on the 

regulation and function of IRF3 and IRF5 in pDCs. Finally, IRFs share a common DNA 

binding domain (DBD) and are often hypothesized to have similar gene targets. Our study 

shows that despite sharing a conserved DBD, IRF members regulate disparate set of genes. 

We note that NF-kB activation is a shared component response of both TLR7 and RLR 

signaling(5) and likely contributes to the co-regulation of gene expression shared by TLR7/

IRF5 and RLR/IRF3 pathways in the pDCs, as suggested by our transcriptomic and GO 

analyses.

The partitioning of IRF5 and IRF3 activation in pDCs presents mechanistic insights into 

how pDCs can be activated in different ways to exert various immune effector functions and 

immune polarization. Our observations are supported by recent studies that pDCs have 

diverse functions in immune regulation going beyond IFN production, to produce 

proinflammatory cytokines, and to mediate antigen presentation and T cell co-

stimulation(64, 85–88). We expanded the repertoire of cytokines and chemokines that are 

produced by pDCs in response to differential stimulation of PRRs, and demonstrated the 

multifaceted functions of pDCs in response to TLR7/IRF5 and RLR/IRF3 pathway 

signaling. Our observations overall support a role for pDCs as more than professional type I 

IFN producing cells, but as a regulator of immune polarization and response. Thus, 

differential TLR versus RLR signaling outcome should be considered for targeting pDCs in 

immunotherapy and vaccine strategies aimed at modulating and enhancing specific 

components of the innate and adaptive immune response through differential usage of IRFs.
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Figure 1. IRF5 is activated by TLR7/8 stimulus in primary human pDCs
(a) Native PAGE immunoblot analysis of IRF5 (top) and SDS-PAGE (bottom) immunoblot 

analysis of LSD1 (loading control), HA (IKK kinases), and FLAG (IRF5) in HEK293T cells 

overexpressing IRF5 and indicated IKK family kinases. (b) Native PAGE immunoblot 

analysis of IRF5 in HEK293T cells overexpressing IRF5 and indicated RLR pathway 

components or IKKβ (positive control). (c) ImageStream analysis of HEK293T cells 

overexpressing IRF5 alone or IRF5+IKKβ. Brightfield, DAPI (blue), IRF5-AF647 (red) and 

merged DAPI/IRF5 channels are shown for 5 representative images. Histograms showing 
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similarity score of IRF5-AF647 and DAPI are shown for IRF5 only (blue) and IRF5+IKKβ 
(red) expressing cells. (d) ImageStream analysis of PBMCs unstimulated or treated with 

1ug/ml R848 for 1.5 hours. Cells were labeled with CD3-FITC, CD56-AF488, CD19-FITC, 

CD14-AF488, or FITC-conjugated lineage panel together with HLA-DR-PE, and analyses 

were performed on cells gated on the indicated cell surface markers. Similarity scores were 

calculated for IRF5-AF647 and DAPI and displayed in histograms for unstimulated (top 

panel) or R848-treated (bottom panel) cells. (e) ImageStream analysis of purified primary 

human pDCs unstimulated or treated with 1ug/ml R848 for 1.5 hours. The analysis was 

gated on lineage/CD11c- and BDCA2+ cells. Brightfield, DAPI (blue), lineage/CD11c-FITC 

(green), BDCA2-PE (yellow), IRF5-AF647 (red) and merged DAPI/IRF5 and DAPI/IRF5/

BDCA2 channels are shown for 5 representative images of unstimulated (top panel) or 

R848-treated (bottom panel) pDCs. (f) ImageStream analysis of lineage/CD11c- and 

BDCA2+ pDCs as described in (e). Similarity scores were calculated for IRF5-AF647 and 

DAPI and displayed in histograms for unstimulated (blue) or R848-treated (red) cells. (g) 
ImageStream analysis of lineage/CD11c- and BDCA2+ pDCs as described in (e). The 

percentage of cells with similarity score above 1 was calculated. T-test was performed and p-

value is displayed between unstimulated and R848-treated pDCs across three independent 

experiments. Immunoblot experiments in (a-c) were performed at least 3 times. 

ImageStream experiments in (d-g) were performed once with 3 donors.
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Figure 2. IRF5 is activated by TLR7/8 stimulation specifically in pDCs
(a) Immunoblot analysis of IRF5 expression in a panel of cell lines. Actin was used as a 

loading control. (b) Native PAGE immunoblot analysis of IRF5 in a panel of cell lines 

treated with 1ug/ml R848 for 2 hours. (c) Native PAGE immunoblot analysis of IRF5 in 

CAL-1 cells treated with increasing dose of R848 for 2 hours (d) Native PAGE immunoblot 

analysis of IRF5 in CAL-1 cells treated with 1ug/ml R848 over a time course of 0–24 hours. 

(e) ImageStream analysis of CAL-1 cells unstimulated (left) and treated with 1ug/ml R848 

(right) for 1.5 hours. Brightfield, DAPI (purple), IRF5-AF647 (red) and merged DAPI/IRF5 
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channels are shown for 5 representative images (top panel). Similarity score were calculated 

for IRF5-AF647 and DAPI and displayed in histograms (bottom panel). Percentage of cells 

with similarity score above 1 is indicated. (f) Native PAGE immunoblot analyses of IRF5 in 

CAL-1 cells treated with a panel of TLR agonists at 5ug/ml for 4 hours. All data are 

representative of at least three independent experiments.
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Figure 3. PRR-specific activation of IRF3 and IRF5 in pDCs.
(a) Native PAGE immunoblot analysis of IRF5, total IRF3 and IRF3 dimers in CAL-1 cells 

untreated and treated with 1ug/ml R848 for 2 hours, or infected with SeV at 25–200 

HAU/ml for 16 hours. (b) Native PAGE immunoblot analysis of IRF5 in CAL-1 cells 

infected with SeV over a time course of 0–24 hours. Lysate from HEK293T cells 

overexpressing IRF5 and IKKβ was included in the same gel as positive control. (c) Native 

PAGE immunoblot analysis of IRF5 (top) or total IRF3 and IRF3 dimers (bottom) in CAL-1 

cells transfected with no RNA, HCV polyU/UC PAMP RNA (pU/UC), HCV xRNA negative 
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control (xRNA), or poly(I:C). Cells were harvested at 6 hours post transfection. (d) 
Immunoblot analysis of phosphor-IRF3 (S396) and total IRF3 (top panel), and native PAGE 

immunoblot analysis of IRF5 (bottom panel) in PMDC05 cells untreated and treated with 

1ug/ml R848 for 2 hours, or mock- and SeV-infected for 14 hours. (e) ImageStream analysis 

of primary pDCs unstimulated (gray shaded), treated with 1ug/ml R848 (red) for 2 hours, or 

infected with SeV with (light blue and dark blue) for 6 hours. Results from two individual 

donors are shown. Similarity score were calculated for IRF3-AF488 and DAPI (left panel) 

and IRF5-AF647 and DAPI (right panel). (f) Native PAGE immunoblot analysis of IRF5 

(top), or total IRF3 and IRF3 dimers (bottom) in HEK293T cells transfected with IRF5 

alone (−) or IRF5 along with indicated IKK kinases. Cells were allowed to recover for 24 

hours, then mock- or SeV-infected at 100 HAU/ml for 16 hours. Immunoblot experiments in 

(a-d, f) were performed at least 3 times. ImageStream experiments in (e) was performed 4 

times, each time with 1 donor.
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Figure 4. RLR/IRF3 and TLR7/IRF5 partitioning regulate different sets of genes in pDCs.
(a) RNAseq analysis of CAL-1 cells treated with vehicle or 1ug/ml R848, or transfected 

with xRNA (control) or poly-U/UC RNA. Number of differentially expressed (DE) genes 

(Fold change > 2, p-value < 0.05) upregulated (red) or downregulated (blue) at 6 and 16 hour 

time points compared to control samples are shown. (b) Heatmap showing gene expression 

profiles of all genes that are DE in at least one comparison (R848/vehicle-6hrs, R848/

vehicle-16hrs, pU/UC/xRNA-6hrs, and pU/UC/xRNA-16hrs), visualized by log2 fold 

change over control sample. (c) Quantitative real-time PCR of indicated genes in primary 
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human donor pDCs treated with 1ug/ml R848 for 6 hours, or infected with SeV 

(100HAU/ml) for 9 hours. Data represent results from 6 individual donors. (d) Quantitative 

real-time PCR of indicated genes in CAL-1 pDCs transfected with siRNAs against IRF3 or 

IRF5, followed by treatment with 1ug/ml R848 for 6 hours, or infection with SeV 

(100HAU/ml) for 9 hours. Data represent results from biological triplicates. (e) Quantitative 

real-time PCR of indicated genes in PMDC05 pDCs transfected with siRNAs against IRF3 

or IRF5, followed by treatment with 1ug/ml R848 for 6 hours, or infection with SeV 

(100HAU/ml) for 9 hours. RNAseq experiment was performed once with biological 

triplicates. Experiments with primary pDCs and pDC cell lines (c-e) were performed 4 

times; quantitative real-time PCR data represent results from 4 biological replicates. 

*p<0.05.
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Figure 5. TLR7/IRF5 and RLR/IRF3 regulate genes with distinct functions.
(a) Bar graphs showing the enrichment score of the top 20 most enriched gene ontology 

(GO) terms in DE genes from R848/vehicle and poly-U/UC/xRNA comparisons. poly-U/UC 

stimulation is shown in pink, R848 treatment is shown in purple. No bar is shown for 

categories that are not enriched in the specific comparison. (b) Networks showing genes 

within GO categories “defense response to virus” (GO:0051607) and “inflammatory 

response” (GO:0006954) that are DE in R848 treatment (blue), poly-U/UC stimulation 

(pink), or both (purple). (c) Venn diagrams of upregulated (red) or downregulated (blue) 
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genes in R848/vehicle and pU/UC/xRNA samples at 6 (top) and 16 (bottom) hour time 

points. (d) Diagram showing RLR and TLR pathway components leading to IRF3 and IRF5 

activation using ImmuneDB analysis. Solid lines denote known pathway components. 

Dotted lines denote potential regulatory relationships demonstrated in our study. Pathway 

categories enriched in DE gene sets only in R848/vehicle, poly-U/UC/xRNA, or both in 

RNAseq analysis are displayed on the bottom. Lines between categories denote presence of 

shared genes in the categories. GO term enrichment induced by poly-U/UC is in pink, those 

induced by R848 are in blue, those shared by poly-U/UC and R848 stimulation are in purple. 

RNAseq experiment was performed once with biological triplicates.
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Figure 6. IRF3 and IRF5 differentially regulate chemokine and cytokine gene expression in 
pDCs.
(a) Networks showing chemokine genes that are DE at 6 and 16 hrs post stimulation with 

R848 and poly-U/UC. (b) Networks showing cytokine genes that are DE at 6 and 16 hrs post 

stimulation with R848 and poly-U/UC. DE genes are shown for R848 treatment (blue), poly-

U/UC stimulation (pink), or both (purple). RNAseq experiment was performed once with 

biological triplicates.
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Figure 7. Differential cytokine and chemokine production by IRF3 and IRF5.
(a) Luminex analysis of CAL-1 cells treated with 1ug/ml R848 or infected with 100HAU/ml 

SeV for 6 or 16 hours. Fold change over untreated/mock-infected cells were calculated for 

each analyte, and those with fold change above 2 are displayed in the heap map. Log2 of 

fold change (log2(treatment) -log2 (baseline)) for each analyte was calculated and values 

were row-normalized and displayed as z-scores. (b) Luminex analysis in (a) displayed as 

networks showing 6 and 16 hour time points. Blue denotes factors only induced with R848 

treatment, pink denotes factors only induced with SeV infection, purple denotes factors 

induced by both treatments. Luminex experiment was performed once with biological 

triplicates analyzed in technical duplicates.
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