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Abstract

Plasmacytoid dendritic cells (pDCs) are potent producers of type-I and type-III interferons (IFNs) 

and play a major role in antiviral immunity and autoimmune disorders. The innate sensing of 

nucleic acids remains the major initiating factor for IFN production by pDCs. Toll-like receptor 

(TLR)-mediated sensing of nucleic acids via endosomal pathways has been studied and 

documented in detail, while the sensing of DNA in cytosolic compartment in human pDCs 

remains relatively unexplored. We now demonstrate the existence and functionality of the 

components of cytosolic DNA sensing pathway comprising of cGAMP synthetase (cGAS) and 

stimulator of interferon gene (STING) in human pDCs. cGAS was initially located in the cytosolic 

compartment of pDCs and time-dependently co-localized with non-CpG double-stranded immuno-

stimulatory DNA (ISD). Following the co-localization of ISD with cGAS, the downstream 

pathway was triggered as STING disassociated from its location at the endoplasmic reticulum. 

Upon direct stimulation of pDCs by STING agonist 2′3′ cyclic AMP-GMP (cGAMP) or dsDNA, 

pDCs produced type-I, and type-III interferon. Moreover, we documented that cGAS/STING-

mediated IFN production is mediated by nuclear translocation of IRF3 while TLR9-mediated 

activation occurs through IRF7. Our data also indicate that pDC pre-stimulation of cGAS/STING 

dampened the TLR9-mediated IFN production. Further, triggering of cGAS-STING induced 

expression of SOCS1 and SOCS3 in pDCs, indicating a possible autoinhibitory loop that impedes 

IFN production by pDCs. Thus, our study indicates that the cGAS-STING pathway exists in 

parallel to the TLR9-mediated DNA recognition in human pDCs with cross-talk between these 

two pathways.
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Introduction:

Plasmacytoid dendritic cells (pDCs) function as key mediators of innate immunity by 

producing copious amount of type I and III interferons (IFNs) in response to pathogenic 

stimuli (1–5). To initiate IFN production, pDCs have to successfully sense of the pathogen-

associated molecular patterns (PAMP) via innate sensors. One of the principal PAMPs is 

pathogen-derived DNA that can be recognized by either endosomal or cytosolic DNA 

sensors present in various immune cells (6). Human pDCs express the endosomal DNA 

sensor toll-like receptor 9 (TLR9), which is involved both in recognition of pathogen-

derived DNA as well as self-DNA from dying cells, mounting a robust immune or 

autoimmune response by inducing IFN production (7). Although endosomal DNA 

recognition has been studied extensively in human pDCs, the realm of cytosolic DNA 

sensors in pDC is less well understood.

The innate DNA sensor cyclic GMP-AMP synthase (cGAS) is a newly found player in the 

world of innate immunity. Upon sensing of double-stranded DNA, cGAS recruits 

endogenous ATP and GTP to produce cyclin dinucleotide 2′5′cyclic GMP-AMP (cGAMP) 

(8, 9). Like bacterial cyclic dinucleotides, the mammalian non-canonical 2′5′cGAMP is also 

recognized by the endoplasmic resident (ER) protein stimulator of interferon genes (STING) 

(10, 11). STING (also known as ERIS, MITA, or MPYS) is a transmembrane domain 

protein (TMEM173) that phosphorylates and activates the TBK1-IKKε mediated 

downstream pathway to produce Type I IFN (12). Activated STING gets dissociated from 

the endoplasmic reticulum (ER) and accumulates in the perinuclear space where its N-

terminal end works as a scaffold for both TBK1 and IRF3. STING phosphorylates and 

activates TBK1, which then phosphorylates IRF3 that dimerizes before translocating into the 

nucleus and inducing type I IFN production (13, 14).

pDCs produce IFN-α in response to both RNA and DNA viruses (2). They also produce 

other Type I IFNs including IFN-β, IFN-ω, IFN-κ to varying amounts (15). Following the 

discovery of Type III IFN, it was confirmed that pDCs act as the major immune cell 

producer of that particular subtype of antiviral protein as well (4, 5). In response to both 

DNA and RNA viruses, pDCs produce a broad range of IFN-α subtypes as seen at the 

transcript level (3, 15). Moreover, human pDC also produce the full-range of Type III IFNs: 

IFN-λ1, −2 and −3, (5). pDCs express both Type I and Type III IFN receptors on their 

surface and hence, are capable of responding to IFN in both an autocrine and paracrine 

manner (5). IFN-α can prime pDCs to produce more interferons (along with upregulation of 

other interferon-stimulated genes (ISGs), thus creating an autocrine loop of antiviral immune 

reaction (16).

The role of pDCs as the professional producers of type I IFNs renders any innate sensing 

pathway special in this particular cell type. The TLR9-mediated pathway in human pDCs is 

well-documented, while few studies have addressed cytosolic DNA sensors in these cells. 

Putative cytosolic DNA sensor DDX41 was reported to be functional in pDCs via STING, 

although the pathway was not fully elucidated (17). Other putative DNA sensors such as Z-

DNA binding protein (also known as DAI), AIM2, IFI16 have not been studied in pDCs. 
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Recently, the cGAS-STING pathway was documented to be existent and functional in pDCs 

(18–20), but how it may intersect with the endosomal TLR9 pathway was not clear.

In our current study, we investigated if the cGAS-STING pathway in primary human pDCs 

runs parallel to the TLR9-mediated pathway and if they intersect with each other. We 

hypothesized that the molecular machinery used by the cGAS-STING pathway will be 

expressed in human pDCs and tested to see the sub-cellular localization and movement of 

the key molecules upon the stimulation of this pathway. We observed the exclusivity of the 

involvement of IRF3 vs. IRF7 in cGAS-STING and TLR9 pathways, respectively. To our 

surprise, we did not observe any nuclear translocation of NF-κB or the production of NF-

κB-dependent cytokines with cGAS-STING stimulation in pDCs. We have also shown how 

cGAS-STING pathway stimulation impedes TLR9-mediated interferon production, possibly 

through the induction of SOCS1 and SOCS3. These data suggest that an interplay between 

the cGAS-STING pathway and TLR9-mediated pathway exists in human pDCs that can 

potentially be harnessed and modulated to reap clinical benefits in both host immune 

response and autoimmunity.

Materials and Methods:

Viruses and cell lines

The THP1 monocytic cell line was grown in RPMI 1640 medium with L-glutamine 

(Mediatech, Manassas, VA) containing 10% heat-inactivated fetal bovine serum (FBS), 100 

U/ml penicillin, 100 mg/ml streptomycin, 100 mg/ml gentamicin (Mediatech, Manassas, 

VA), and 25 mM HEPES (Sigma-Aldrich) (complete RPMI). HEK293 cells were grown in 

DMEM containing 10% FBS and same antibiotics.

HSV-1 strain 2931 (HSV) was originally obtained from Dr. C. Lopez, then at the Sloan-

Kettering Institute (New York, NY). The HSV stocks were expanded in VERO cells 

(American Type Culture Collection, Manassas, VA) and titered by a plaque assay on VERO 

cells. Influenza virus A (IAV) strain PR/8/34 propagated in SPF eggs and Sendai virus (SeV) 

strain Sendai/Cantell (ATCC VR-907 Parainfluenza 1) grown in amnioallantoic fluid from 

SPF chicken embryos were purchased from Charles River Laboratory (SPAFAS, N. 

Franklin, CT). Aldithrion-2 (AT2)–inactivated HIV-1, strain MN, lot P3939, was kindly 

provided by Dr. Jeff Lifson of the Biological Products Core of the AIDS and Cancer Virus 

Program of the Frederick National Laboratory for Cancer Research. All viruses were stored 

at −80 ˚C until use. HSV K26-GFP was originally provided by P. Desai (Johns Hopkins 

University, Baltimore, MD) and was grown in VERO cells.

Preparation of PBMCs and purified pDCs

PBMCs were isolated by Ficoll–hypaque (Mediatech, Manassas, VA) density centrifugation 

from fresh, heparinized blood obtained from healthy adult volunteers. Donors included 

approximately equal representation of males and females, ages 18–65, and were Caucasian, 

African-American, or Asian. The Institutional Review Board (IRB) of the New Jersey 

Medical School approved the human studies protocol and informed consent documentation. 
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The PBMCs were resuspended in complete RPMI and counted with a Coulter Particle 

Counter Z1 (Beckman Coulter).

pDCs were purified by negative selection from prepared PBMCs with the Human 

Plasmacytoid Dendritic Cell Isolation Kit-II (Miltenyi Biotec, Bergisch Gladbach, Germany) 

according to the manufacturer’s instructions. The purity of enriched pDC was determined by 

flow cytometry (CD123 and BDCA-2 double-positive) and viability was determined by 

trypan blue exclusion. All experiments utilizing highly enriched pDCs were performed with 

90–99% pure pDCs. The major contaminants of negatively selected pDCs are cells within 

lymphocyte gate with low forward and side scatter.

Preparation of mononuclear cell suspensions from tonsil

Palantine tonsillar tissue from pediatric patients undergoing tonsillectomy for obstructive 

sleep apnea were obtained with IRB approval and mononuclear cell suspensions were 

prepared. Briefly, tonsils were cut into smaller sections with cortical and medullary parts and 

cells are teased out from the tissue into RPMI by separating out the capsule. The cell 

suspension was filtered through 20 micron mesh, centrifuged, and resuspended into fresh 

complete RPMI to prepare a single cell suspension.

Reagents

TLR9 agonist CpG-A (ODN 2216) was purchased from Invivogen (San Diego, CA) and 

used at a final concentration of 5μM. Brefeldin A (Sigma) was used to attain the final 

concentration of 1 μg/ml. Synthetic 2′3′ cyclic GMP-AMP (cGAMP) was purchased from 

Invitrogen, reconstituted in nuclease-free water and used at the concentration between 2–50 

μg/ml. Lipofectamine 2000 and Lipofectamine siRNAmax (Invitrogen, Thermo Fisher 

Scientific, Waltham, MA) were used to transfect cGAMP and siRNA, respectively. TBK1/

IKKε inhibitor BX795 was purchased from Invivogen (San Diego, CA) and used at a 1μM 

concentration. TLR9 inhibitor ODN (ttaggg)4 was purchased from Adipogen (San Diego, 

CA). BD Horizon Brilliant stain buffer from BD Biosciences (San Jose, CA) was used for 

staining with brilliant violent-conjugated antibodies. The sense and antisense strand of 

immune-stimulatory DNA (ISD) was purchased with or without fluorescein conjugation (at 

3′ end of each strand) and was hybridized before use (Integrated DNA technologies, 

Coralville, Iowa) by mixing and incubating two strands of equal molar amount at 95°C for 5 

minutes followed by gradually cooling down to room temperature. Recombinant human 

IFN-α−2b, rhIFN-λ1, rhIL-3, and rhIL-10 were purchased from Peprotech Inc. (Rocky Hill, 

NJ), while IFN-α−2b was purchased from Schering-Plough. siRNA directed to silence 

STING (Cat#4392420) and a scrambled siRNA (Cat#4390843) were purchased from 

Thermo Fisher Scientific.

Antibodies

PECY7-antiCD123 (6H6), BV510-antiCD123 (6H6), PE-antiBDCA2 (201A), BV421-

antiBDCA2 (201A), PerCPCY5.5-antiBDCA2 (12C2), AF700-antiCD3 (SK7), FITC-

antiCD4 (RPA-T4), APC-antiCD8a (RPA-T8), APCCY7-antiCD14 (HCD14), and AF594-

antiSTING (O94E12) were purchased from BioLegend (San Diego, CA). Draq5 was 

purchased from Cell Signaling (Danver, MA). AF488-antiIRF3 was purchased from R&D 
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systems (Minneapolis, MN). AF647-antiSTING (T45–2342) and matching isotype were 

purchased from BD Biosciences (San Jose, CA). Rabbit polyclonal anti-cGAS (c6orf150) 

antibody was purchased from Bioorbyt (Cambridge, UK). Anti-IFNAR2 antibody 

(MMHAR-2), which is used for blocking of the type I IFN receptor, was purchased from 

EMD Millipore (Temecula, CA) and was used at a concentration of 5 μg/ml. AF647-anti-

phospho-IRF3 antibody was purchased from Cell Signaling (Danver, MA). PE-anti-

phospho-IRF7 was purchased from BD Biosciences (San Jose, CA).

qRT-PCR measurement of mRNA level of cGAS and STING

Total RNA was isolated from purified pDCs by RNeasy® Plus Micro kit from QIAGEN™ 

following the manufacturer-provided protocol. The purity and concentration of total RNA 

were measured with NanoDrop ND-1000 UV-Vis spectrophotometer and ND-1000 V3.3.1 

software (ThermoScientific, Wilmington, DE). mRNA, derived from 200,000 pDCs, was 

reverse transcribed to prepare cDNA using random hexamer primer. Prepared cDNA was 

amplified via real time PCR to quantify mRNA expression in pDCs using Taqman gene-

specific probe-based assays. The following assay mixes were used (ThermoScientific, 

Wilmington, DE):

cGAS: Hs00403553_m1MB21D1

STING: Hs00736958_m1TMEM173

SOCS1: Hs00864158_g1SOCS1

SOCS3: Hs01000485_g1SOCS3

SOCS5: Hs00367107_m1SOCS5

Expression of the house-keeping gene β-actin was used as the internal control: 

(Hs99999903_m1ACTB).

Stimulation of PBMCs and pDCs:

2 X 106 PBMC/ml were stimulated with recombinant IFN-α−2b at a dose of 1000 

international units/ml and recombinant interferon-λ1 at 25 ng/ml for 8 hours at 37°C with 

5% CO2 concentration. For viral stimulation, HSV-1, at an MOI of 1, IAV at 4 HA units/ml, 

SeV at 16 HA units/ml and HIV-MN at 500 ng of p24 equivalents/ml were used. After 8 

hours of stimulation, cells were stained for pDC markers and fixed in 1% PFA in PBS 

overnight. The next day, the cells were washed with PBS with 2% FCS and permeabilized 

with 0.1% Triton X in PBS and stained for intracellular markers. HSV-1 was used at the 

same concentration of virus as used for PBMC to stimulate purified pDCs resuspended at 

0.25 X 106 cells/ml.

For cGAMP and ISD stimulation, purified pDCs were stimulated in round-bottomed 96 well 

plates with different doses of cGAMP and ISD with lipofectamine at 37°C with 5% CO2 

concentration. To assess IFN release, the supernatants were collected at different time 

intervals. For measurement of intracellular cytokines, Brefeldin A (Sigma-Aldrich) was 

Deb et al. Page 5

J Immunol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



added to each sample two hours before fixation. The next day, the cells were permeabilized 

and stained for intracellular cytokines.

Flow Cytometry

PBMCs were stained for pDC markers anti-CD123 and anti-BDCA2. Samples were 

acquired via BD LSR-II or LSR-Fortessa (BD Biosciences) and analysis was done with 

FlowJo software (BD Informatics). Spade analysis was performed using Cytobank (Santa 

Clara, CA). For each sample of PBMCs, 300,000 – 500,000 events were acquired while for 

each sample of purified pDCs, 5,000 events were acquired.

Phospho-flow analyses

Freshly isolated pDCs were stimulated as described in the figure legends, fixed with an 

equal volume of 4% ice cold PFA in PBS, and kept on the ice. Next, cells were washed, 

surface stained with HLA-DR–Pacific Blue and CD123-PECY7, followed by washing and 

another 10 minutes of 4% PFA fixation. Then, the cells were permeabilized either with 

chilled 100% methanol (for phospho-IRF3) or with chilled 70% ethanol (for phospho-IRF7), 

which was added dropwise to fixed cells incubated on ice and kept for 45 minutes. 

Permeabilized cells were washed with PBS containing 2% FCS and stained using anti-

phospho antibodies.

ELISA

The supernatants were collected after stimulating purified pDCs with viruses, cGAMP, ISD, 

or CpG-A. The manufacturer’s protocols were followed to measure the concentration of 

secreted IFN-α (Mabtech, Cincinnati, OH), TNF-α (BD Biosciences), IFN-λ1 (R&D 

Systems, Minneapolis, MN), IFN-β (R&D systems, Minneapolis, MN), and IL-10 (R&D 

systems, Minneapolis, MN).

Imaging Flow Cytometry

Flow imaging experiments were done by Amnis ImageStream X Mark II (EMD 

Millipore®). PBMCs were stained for pDC markers and fixed in PFA, permeabilized the 

next day, and stained for different intracellular markers and with the nuclear stain, Draq5, 

and acquired using the 40X camera. Data were analyzed by IDEAs software (EMD 

Millipore®) with gating as shown in Figure 3. Cytoplasmic to nuclear translocation of 

signaling molecules and co-localization of two molecules were calculated according to the 

method described in (21).

siRNA-mediated knock-down

Freshly-isolated purified pDCs were reconstituted in complete RPMI supplemented with 

rhIL-3 (10 ng/ml) and seeded in 96-well U-bottom plates at a concentration of 0.25 X 106 

cells/ml. STING-targeting siRNA was mixed with lipofectamine-RNAiMaX to prepare the 

transfection mix containing 0.3 μl of lipofectamine per pmol of siRNA. Similar transfection 

mix with negative control scrambled siRNA was prepared in parallel. Transfection reagents 

were kept together for 20 minutes in room temperature. The transfection mix was added to 

the pDCs to achieve a concentration of 10 nM. After 24 hours of lipofection, samples from 
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each group were tested for their survival by staining with Zombie-UV (BioLegend) and gene 

knockdown efficiency by staining for STING and doing flow cytometric analysis.

Virus uptake

pDC, enriched from PBMCs, were pre-incubated with or without cGAMP or ISD for 3 

hours or 6 hours. Next, the cells were washed and resuspended again in enriched RPMI, 

followed by addition of HSV-GFP at an MOI of 10. Then the cells were cultured for 30 

minutes, harvested, washed with PBS with 5 mM EDTA at 4° C to remove viruses attached 

to the surface of the cell. Next the cells were stained for pDC markers and fixed with 2% 

PFA before acquiring in Amnis ImageStream.

Statistical Analysis

The statistical significance of differences between two groups of samples was determined by 

pairwise student’s T-test and differences between multiple groups of samples were 

determined by ANOVA with Tukey’s post-hoc test. P values <0.05 were considered 

significant. * indicates that p value is less than or equal to 0.05 and ** indicates that p value 

is less than or equal to 0.01.

Results

Human primary pDCs constitutively express cGAS and STING

A growing volume of literature indicates that cGAS-STING pathway plays a pivotal role in 

innate sensing of cytosolic DNA in mammalian cells [reviewed in (22)]. To investigate if a 

parallel cGAS-STING mediated pathway operates in the human pDCs alongside the TLR9-

mediated endosomal pathway, we first tested the expression of cGAS and STING in human 

pDCs. We purified “untouched” pDCs from peripheral blood of healthy volunteers via 

negative selection from PBMCs. Freshly-isolated pDCs were lysed and total RNA was 

extracted. qRT-PCR was performed, using undifferentiated THP1 and HEK293T cells as the 

positive and negative controls, respectively. We observed both cGAS and STING to be 

constitutively transcribed in primary human pDCs (Fig. 1A). Next, we employed flow 

cytometry to examine the protein level of cGAS and STING in pDCs. Both cGAS and 

STING were observed to be expressed in pDCs derived from peripheral blood (Fig. 1B).

Several groups have characterized two stable functionally different subsets of human pDCs 

by differential surface expression of CD2 (23–25). Our previous work suggests that these 

two subsets show dissimilar expression of TLR9 (Mwangi et al., in preparation), with the 

CD2+ pDC subpopulation expressing higher levels of TLR9. Hence, we investigated how 

the expression of cGAS and STING compare in these two subsets. The expression of cGAS 

and STING in CD2high and CD2low subsets of pDCs was found to be comparable 

(Supplemental Fig. 1, A,B).

Previously, our lab has performed comparative studies between pDCs derived from 

secondary lymphoid organs such as tonsils and peripheral blood derived pDCs (26). We now 

tested the relative expression of cGAS and STING in both peripheral blood and tonsils. Our 

data indicate that the cGAS expression pattern is similar in tonsil and peripheral blood 
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derived pDCs, although STING levels were significantly higher in tonsil samples 

(Supplemental Fig. 1, C,D).

We also tested how the expression of cGAS and STING compare between major subsets of 

immune cells. We stained PBMCs for CD4+ and CD8+ T cells, B cells, monocytes, and 

pDCs and compared the expression of cGAS and STING in different groups of cells by 

Spade analysis. We observed cGAS and STING expression in pDCs and monocytes to be 

similar and higher than in T cells and B cells. (Fig. 1C, 1D).

cGAS expression is inducible in pDCs

To determine how cGAS and STING expression is modulated in pDCs following different 

stimuli, we stimulated freshly-isolated pDCs with live viruses including a DNA virus 

(HSV-1) and RNA viruses including IAV and SeV as well as AT2-inactivated HIV-1 for 4 

hours. Since cGAS is a known ISG (27, 28), and pDCs express both type-I and type-III 

interferon receptors (5), we also stimulated pDCs with rhIFN-α−2b (IFN-α) and rhIFN-λ1 

(5). The expression of cGAS mRNA were upregulated following stimulation with type-I and 

type-III IFNs as well as with HSV, SeV, and IAV, but was unchanged at this timepoint in the 

HIV-stimulated group (Fig. 2A). In contrast, the expression of STING either remained 

unaltered or was downregulated with these stimuli (Fig. 2B). When PBMCs were stimulated 

with the same viruses and interferons for 8 hours and the protein expression of cGAS and 

STING was measured via flow cytometry, similar patterns of cGAS upregulation but no 

STING upregulation were observed (Fig 2C, D). We also stimulated PBMCs with rhIFN-β 
for 8 hrs and observed upregulation of cGAS expression in pDCs (Supplementary Fig. 1E). 

We did not see any alteration of cGAS or STING protein expression in pDCs with shorter 

simulation with either IFN-α or IFN-λ or with viral stimuli (data not shown).

Cytosolic cGAS in pDCs co-localizes with dsDNA

The putative DNA sensor IFI16 is predominantly expressed in the nucleus (29). On the 

contrary, only the role of cytosolic cGAS in innate sensing has been studied and the 

subcellular compartmentalization of cGAS has not been fully explored. A recent report 

suggests that cytosolic cGAS translocates to nucleus upon DNA damage (30). In order to 

test the subcellular pattern of cGAS expression in human pDCs, we used Amnis 

ImageStream imaging flow cytometry to see how cGAS is distributed in the cytosol of 

pDCs. We observed no co-localization of cGAS with the early endosome (EEA1), or late 

endosome (LAMP1) with or without stimuli (Supplementary Fig. 2). Next, we probed the 

ability of cytosolic cGAS to bind to non-CpG DNA transfected into the cells. We chose the 

model of immuno-stimulatory DNA (ISD) introduced by the Medzhitov lab (31), as ISD can 

be easily tagged with fluorescein and be tracked inside the cell. We lipofected pDCs with 

either hybridized double-stranded (ds) or single-stranded (ss, only the sense strand of ISD) 

DNA and stained for cGAS to observe the co-localization of cGAS and the transfected 

DNA. After 2 hours of transfection, dsDNA co-localized with cGAS while ssDNA remained 

unengaged, indicating that cGAS is preferentially binding to dsDNA (Figure 3B, 3C).The 

co-localization measured as bright detail similarity of cGAS and DNA decreased over time, 

but ssDNA remained unassociated with cGAS (Fig. 3D).
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STING is an ER-resident protein, and triggering of the cGAS-STING pathway is 

characterized by phosphorylation and dissociation of STING from the ER and relocation in 

perinuclear space where it works as a scaffold for TBK1 and IRF3 (13, 14, 32). To test if the 

co-localization of dsDNA and cGAS is a functional binding that triggers the downstream 

pathway in pDC, we tested if STING is dissociated from ER upon transfection of non-CpG, 

dsDNA. We stained the ER-resident protein Calnexin and measured the co-localization of 

Calnexin and STING in pDCs after transfection of ISD for 2 hours. In unstimulated pDCs, 

STING was found to be highly co-localized with Calnexin, supporting its ER-resident status. 

Upon transfection of dsDNA, STING was dissociated from ER, while a similar effect was 

not seen following ssDNA transfection (Fig. 3E, 3F).

pDCs produce IFN-α and IFN-λ upon cGAS-STING pathway stimulation

Triggering of the cGAS-STING pathway has been shown to result in type I IFN production 

in monocytes, macrophages, and dendritic cell populations (33). Given the pathway’s 

reliance on IRF3-mediated cytokine induction, IFN-β has been the focus of most cGAS-

STING pathway-mediated interferon studies (9, 34). Human pDCs are known as the most 

potent producers of IFN-α and earlier studies have found IFN-α production by pDCs upon 

cGAS-STING pathway induction (19, 20). As type I and type III interferons are both 

produced by pDCs upon TLR7 and TLR9-mediated stimulation, we hypothesized that 

cGAS-STING pathway stimulation will also induce production of these two cytokines. We 

further explored the production of an NF-κB-dependent cytokine, TNF-α (35), upon cGAS-

STING pathway stimulation in pDCs.

We observed that stimulation with synthetic cGAMP induced both IFN-α and IFN-λ in 

pDCs in a time-dependent manner (Fig. 4A, 4B). It is notable that the amount of production 

of both IFN-α and IFN-λ was almost 10-fold and 100-fold less compared to TLR9-agonist 

CpG-A-mediated or dsDNA virus HSV-1-mediated interferon production, respectively, and 

was only observed with the 50 μg/ml but not with the 10 μg/ml concentrations of cGAMP. 

Upon overnight stimulation with non-CpG double-stranded DNA ISD, pDCs produced both 

type I and type III interferon (Fig. 4C). However, no induction of TNF-α was observable via 

intracellular flow-cytometry (Supplemental Fig. 3A) or ELISA (Fig. 4 D). We also tested if 

stimulation with cGAMP can induce maturation of pDCs. We observed minimal-to-no 

induction of CD40 and CD86 expression at time-points out to 18 hr following stimulation 

with cGAMP (Supplemental Fig. 3, B,C). We also tested the IFN-β yield by pDCs upon 

stimulation of cGAS-STING and TLR9-pathway. We observed no IFN-β production upon 6 

hour stimulation (data not shown), but we observed IFN-β yield with ISD, HSV, and CpG-A 

stimulation overnight (Fig. 4E).

We have used THP1 cells as a positive control to measure the efficiency of cGAMP 

lipofection and measured IFN-β yield upon overnight stimulation. IFN-β production by 

THP1 cells was comparable to previous report (Supplementary Fig. 2) (9).

Stimulation of pDCs by cGAMP and ISD is dependent upon STING

Apart from the cGAS-STING pathway, other cytosolic DNA sensing pathways have been 

reported involving the innate sensors including DAI, IFI16, and AIM2 (17, 36). To confirm 
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that our observed immunostimulatory effect of cGAMP and ISD on pDCs is mediated by 

STING, we performed siRNA-mediated knockdown of STING in primary pDCs. We 

lipofected the purified pDCs from healthy donors with siRNA specific for STING or a 

scrambled version of the same siRNA using a silencer select siRNA that in itself does not 

have any immunostimulatory effect. As evidenced by live/dead staining (Zombie dye, 

BioLegend), siRNA-mediated knockdown did not affect the survival of pDCs (Fig. 5A) and 

significantly knocked down the expression of STING (Fig. 5B, 5C).

Next, we stimulated the pDCs with or without STING knockdown with HSV, CpG-A, ISD, 

and cGAMP for another 24 hours, collected the supernatant, and performed ELISA to 

measure IFN-α and IFN-λ1. STING-KD significantly downregulated the production of IFN-

α induced by both ISD and cGAMP (Fig. 5D) but had less effect on IFN-λ1 production 

(Fig. 5E). We also performed flow-cytometric analysis to test the effect of STING-KD on 

cGAS-STING-mediated and TLR9-mediated IFN production. We observed that in the pDC-

subset where STING-KD was successful, IFN-α production via cGAMP and ISD 

stimulation was elimininated. Yet, STING-KD did not affect CpG-A-mediated IFN-α 
production (Fig. 5F).

cGAS-STING pathway induces type I and type III IFN production in pDCs via the TBK1-IRF3 
axis

Interferon production in pDCs in response to viral stimuli mostly relies on phosphorylation 

and nuclear translocation of IRF7 (37). On the other hand, cGAS-STING pathway has been 

reported to be operating via phosphorylation, dimerization, and nuclear translocation of 

IRF3 facilitated by TBK1 (38). To investigate the role of TBK1 in the cGAS-STING 

pathway in pDCs, we pre-treated purified pDCs with the TBK1 inhibitor BX795 or an 

inhibitory ODN (iODN) that blocks TLR9 signaling. After pre-treating with either of the 

inhibitors for 6 hours, we stimulated pDCs with cGAMP, ISD, HSV, or CpG-A overnight, 

and performed ELISAs to measure IFN-α, IFN-β, and IFN-λ production. Pre-treatment with 

the TBK1 inhibitor downregulated IFN-α, and IFN-β production in pDCs upon stimulation 

with ISD or cGAMP but not HSV or CpG-A, while pre-treatment with iODN downregulated 

IFN-α production by CpG-A and HSV but not ISD or cGAMP-induced IFN-α (Fig. 6A). 

We have also seen inhibitory effect of BX795 on pDCs upon 1 hour pretreatment following 

overnight stimulation (Supplementary Figure 3E). Our results support that TBK1 is involved 

in cGAS-STING pathway in pDCs and not in TLR9-mediated IFN production.

Next, we investigated if the cGAS-STING pathway functions via TBK1-mediated IRF3 

phosphorylation and translocation. We stimulated purified pDCs with cGAMP, ISD, HSV, or 

CpG-A and observed phosphorylation and nuclear translocation of IRF3 and IRF7 

respetively by flow cytometry and Amnis ImageStream. Upon stimulation with cGAMP and 

ISD for 2 hours we did see phosphorylation of IRF3, which was not seen in HSV and CpG-

A mediated stimulation of 4 hour (Supplementary Fig 4A). On the contrary, we observed 

IRF7 phosphorylation with HSV and CpG-A stimulation but not by cGAMP and ISD 

stimulation (Supplementary Fig.4B). We found a time-dependent nuclear translocation of 

IRF3 upon stimulation by either cGAMP or ISD, while we did not observe any translocation 

of IRF7 (Fig. 6B, C). In contrast, when we stimulated pDCs with CpG-A and HSV, we 
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observed IRF7 translocation as expected with no IRF3 translocation (Fig. 6D, 6E). Our data 

indicate that, unlike TLR9-mediated activation, the cGAS-STING pathway in human pDCs 

relies on IRF3 and not IRF7.

The cGAS-STING pathway has been reported to be able to induce IKK-β-mediated nuclear 

translocation of NF-κB. Although we did not see the induction of NF-κB-dependent 

cytokines or co-stimulatory molecules in pDCs upon cGAS-STING stimulation (Fig. 4), we 

investigated if there is any observable nuclear translocation of NF-κB, or another IKK-β-

dependent transcription factor, IRF5. We did not observe any nuclear translocation of NF-κB 

or IRF5 upon cGAMP or ISD stimulation (data not shown), suggesting that this arm of the 

cGAS-STING pathway is not functioning in human pDC.

cGAS-STING pathway stimulation inhibits TLR9-mediated IFN production, possibly by 
inducing SOCS1 and SOCS3 expression

Our observations suggested that the cGAS-STING pathway and TLR9-mediated pathway in 

human pDCs do not share mediators to induce IFN production and, instead, work parallel to 

each other. Hence we hypothesized that triggering of both pathways will have an additive 

effect in terms of total yield of cytokines. To our surprise, when pDCs were pre-stimulated 

either with cGAMP or ISD for 6 hours and challenged by the synthetic TLR9 agonists CpG-

A or dsDNA virus HSV-1 overnight, we observed a marked inhibition of total interferon 

production compared to stimulation with CpG-A or HSV-1. In contrast, pre-treatment with 

CpG-A, which signals through TLR9, had not effect on subsequent response to HSV-1 (Fig. 

7A). Instead of pre-treatment, if we simultaneously stimulated pDCs with cGAMP and HSV 

or ISD and HSV, we also observed some inhibition, especially with ISD. However, the 

inhibitory effect is more moderate than with pre-treatment (Supplementary Figure 4D).

Next, we investigated how the cGAS-STING pathway effects its inhibitory function on 

pDCs. SOCS molecules have been shown to play a key role in limiting the immune 

activation in cell types including pDCs (39). Recently, it was reported that plasmodium 
infection in a murine models exerts an inhibitory effect on pDCs by inducing SOCS 

molecules via the cGAS-STING pathway (40). Hence, we hypothesized that a similar 

mechanism might be in place in human pDCs. We stimulated primary human pDCs with 

cGAMP, ISD, or CpG-A for 3 hours and performed qRT-PCR to test the gene transcription 

of SOCS1, SOCS3, and SOCS5. We observed that SOCS1 and SOCS3, but not SOCS5 were 

upregulated with cGAS-STING stimulation (Fig.7B). To test if the SOCS1 and SOCS3 

induction by cGAMP and ISD is direct or via an IFN-α-mediated autocrine effect, we pre-

treated pDCs with anti-IFNAR antibody for 1 hour and stimulated pDCs with cGAMP and 

ISD for 3 hours. Treatment with anti-IFNAR antibody did not inhibit the expression of 

SOCS1 and SOCS3, but did inhibit their upregulation by exogenous IFN-α, indicating that 

their induction by cGAMP and ISD was directly mediated by the cGAS-STING pathway 

(Fig.7C).

We also tested if pre-treatment with cGAMP or ISD inhibits virus uptake by pDCs and, thus, 

if the inhibitory effect we observed is merely a mechanistic one. We pretreated purified 

pDCs with or without cGAMP or ISD for 3 hours and 6 hours and incubated them with HSV 

constitutively expressing GFP for 30 minutes. Next, we washed the cells, stained for surface 
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markers of pDCs, and acquired them via imaging flow to measure uptake of GFP-tagged 

HSV by them. We did not observe any moderation of virus uptake following cGAMP and 

ISD pretreatment (Supplementary Fig. 4C).

Inhibitory cytokine IL-10 is known for imparting an inhibitory effect on innate immune cells 

by inducing SOCS3 (but not SOCS1) expression (41, 42). Hence we wanted to make sure 

that the inhibitory effect of cGAS-STING was not via induction and autocrine effect of 

IL-10 on pDCs. We did not observe any detectable IL-10 being produced by purified pDCs 

upon stimulation with cGAMP or ISD for 6 hours or 18 hours, suggesting that the SOCS 

induction via cGAS-STING pathway stimulation is a direct effect of the pathway, rather than 

mediated through IL-10. Yu and colleagues recently suggested a mechanism of SOCS1 and 

SOCS3-mediated inhibition of IFN production. They showed SOCS1/3 can induce 

degradation of IRF7 when transfected into HEK239 cells (54). To test whether a similar 

mechanism is at play in primary pDCs, we measured the expression of IRF7 in pDCs 

stimulated by cGAMP and ISD (Supplementary fig. 4E). We did not observe any 

downregulation of IRF7 suggesting that our observed inhibition possibly follows an alternate 

mechanism. Thus, our data suggest that that triggering of the cGAS-STING pathway in 

pDCs can induce expression of SOCS molecules which, in turn, is correlated with the 

inhibition of the TLR9 pathway-mediated IFN production.

Discussion

In the present study, we have investigated the role of two major innate DNA-sensing 

pathways in primary human pDCs and probed how they intersect with each other. We 

confirmed that both the cGAS-STING and TLR9 pathway are operative in pDCs and are 

capable of inducing type I and type III IFN, but use separate cellular machinery. We further 

demonstrated that activating the cGAS-STING pathway in pDCs induces SOCS1 and 

SOCS3, which may contribute to inhibition of TLR9-mediated interferon production.

The innate sensing of DNA in the cytosolic compartment of cells has been a major field of 

investigation. Early studies have pointed towards the existence of cytosolic DNA sensors in 

different cell types including murine pDCs (31, 43). The role of STING was established in 

the cytosolic sensing of DNA, and multiple segments in the transmembrane portion of its C-

terminal domain were found to be able to bind to the bacterial cyclic di-nucleotide cyclic di-

GMP (11). The crystal structure of STING showed that the C-terminal segments form V-

shaped dimers to form the groove for binding of cyclic di-nucleotides (44). However, the 

lack of DNA-binding domain on STING made a separate DNA sensor necessary for its 

function. The discovery of cGAS provided the upstream arm of the pathway. The recent 

upsurge in the publications related to this pathway has cemented its central role in innate 

sensing of cytosolic DNA sensing.

The exclusivity of the STING-TBK1-IRF3 axis is not universal in all cell types. Earlier 

studies suggested that there might be a possible interaction between STING and both IRF3 

and IRF7, but not IRF9 (45). Later, it was shown that STING-mediated cytokine production, 

induced by a DNA vaccine, was IRF3 as well as IRF7 dependent in a murine model. In fact, 

antigen presentation of a DNA vaccine was reported to be IRF7-dependent but independent 
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of IRF3 as well as cGAS (46). Given the high expression of IRF7 in pDCs (3), a role for this 

transcription factor in cGAS-STING-mediated IFN production was possible. However, we 

did not see any nuclear translocation of IRF7 in pDC upon cGAS-STING pathway 

stimulation.

The role of pDCs as the principal type I IFN producers places them at a key position of host-

microbe interaction as well as autoimmune disorders. The equilibrium between induction 

and inhibition of IFN production is a delicate balance, the disruption of which causes either 

pathology or inadequate immune response (47). Several mechanisms of inhibitory immune 

modulation have been proposed in pDCs. While molecules like indoleamine 2,3-

dioxygenase (IDO) (48, 49), T cell Ig and mucin-domain containing molecule-3 (Tim-3) 

(50) have been shown to exert an inhibitory effect on pDCs, other molecules such as CCR9 

and Granzyme-B (51) render pDCs more tolerogenic. Whether SOCS molecules play a role 

to subdue the immune response in human pDCs is a relatively open question. Earlier studies 

indicated that SOCS molecules impart a feedback regulatory effect on activated dendritic 

cells (52). Hepatatis B virus surface antigen was reported to inhibit interferon expression in 

pDCs by induction of SOCS1 (53). A recent study has also reported SOCS1 and SOCS3-

mediated inhibition of IFN-α production in pDCs following polyubiquitination and 

degradation of IRF7 (54).

We have previously published the inhibitory role of IL-10 on IFN production by PBMCs and 

pDCs (55, 56). Hence, we tested the possibility of a cGAS-STING-mediated induction of 

IL-10 in pDCs imparting an autocrine autoinhibitory effect. We did not find any detectable 

IL-10 production by pDCs with stimulation with either cGAMP or ISD, indicating that the 

inhibitory effect downstream to cGAS-STING pathway is not mediated by an IL-10 

autocrine loop.

SOCS molecules have been used by different pathogens to evade the IFN-mediated immune 

response (39, 57). The TLR-mediated pathway has been indicated in the induction by SOCS 

molecules downstream to RSV infection, but the data suggests that the effect is majorly 

orchestrated by an autocrine-loop of type I IFN (58). The interaction between SOCS 

molecules with the SH2 domain of STAT molecules to modulate the JAK-STAT pathway is 

well-documented (59). The surface TLRs such as TLR2 and TLR4 are modulated by SOCS 

via the poly-ubiquitination and degradation of the adaptor protein Mal (60). How the SOCS 

molecule may downregulate TLR9-mediated IFN production is yet to be explored. It is 

possible that SOCS molecules are capable of ubiquitinating and degrading any of the 

molecules downstream to TLR9 pathway, namely IRAKs, components of the IKK complex 

or IRFs, especially IRF7. In fact, the targeting of IRF by SOCS was recently documented as 

an immune evasive mechanism employed by HTLV1 (61).

In spite of its central role in cytosolic DNA-mediated IFN production, the 

immunosuppressive role of STING has also been reported. DNA-sensing involving STING 

seemed to impart a tolerogenic effect on murine myeloid dendritic cells (62). In a lupus 

mouse model, STING deficiency, but not IRF3 deficiency, resulted in marked immune 

activation. STING-deficient murine macrophages demonstrated an exacerbated reaction to 

both TLR7 and TLR9 stimuli. Immune activation in STING null mice was similar to that of 
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SOCS1 and SOCS3 null mice, indicating a possible IRF3-independent immunosuppressive 

role via STING-SOCS1/3 (63). In a mouse model of malarial infection, cGAS-STING 

pathway has been shown to induce SOCS1/3 to downregulate TLR9 signaling (64). On the 

contrary, a synergistic role of TLR9 and STING has also been reported (65).

Our study has shown that the role of cGAS-STING and TLR9-mediated pathways in pDCs 

are more antagonistic than synergistic. We have established that cGAS-STING pathway is 

functional in primary human pDCs and are capable of producing type I and type III IFNs 

upon triggering. Unlike TLR9-mediated interferon production, cGAS-STING pathway uses 

IRF3 instead of IRF7 to induce IFN production. The cGAS-STING pathway activation 

inhibits TLR9-mediated IFN production, possibly by inducing the inhibitory molecules 

SOCS1 and SOCS3. These results indicate that the cGAS-STING pathway in human pDCs 

might be harnessed to inhibit TLR9-mediated aberrant and untrammeled IFN production 

leading to autoimmune disorders.
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Key points:

• A functional cGAS-STING pathway exists in human plasmacytoid dendritic 

cells.

• Activation of cGAS-STING in pDCs inhibits TLR9-mediated interferon 

production.
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FIGURE 1. 
Human pDCs constitutively express cGAS and STING. (A) cGAS and STING transcript 

level in human pDCs with respect to THP1 cells ( positive control) and HEK293T cells 

(negative control): Total RNA was extracted from purified pDC, THP1 and HEK293T cells, 

mRNA was reverse transcribed to cDNA and expression level of cGAS and STING was 

measured by qRT-PCR Data represent mean ± 1 SD, (n = 3 independent experiments). (B) 
Protein expression of cGAS and STING in human pDCs. pDCs were distinguished among 

PBMCs as CD123+BDCA2+ cells. Singlet pDCs were gated from the double-positive 
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population and cGAS and STING expression was measured via intracellular staining. 

STING expression was measured against the background of specific isotype and cGAS 

expression was measured against the secondary antibody (Goat anti-rabbit FITC) without 

the primary anti-cGAS antibody. Spade analysis showing relative expression of (C) cGAS 

and (D) STING in different subsets of human PBMCs. PBMCs were stained for CD3, CD4, 

CD8, CD19, CD14, CD123, and BDCA2 to identify CD4+ and CD8+ T cells, B cells, 

monocytes and pDCs. Cells were permeabilized and stained for cGAS and STING and spade 

analysis was performed to determine relative expression. The colors represent relative 

expression of proteins as a heat-map where blue represents low expression, green represents 

intermediate expression, and red and yellow represent high expression.
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FIGURE 2. 
Stimulation with viruses and interferons upregulate cGAS but not STING expression in 

pDCs (A, B) Purified pDCs were stimulated with HSV, SeV, IAV, HIV, IFN-α, or IFN-λ for 

4 hours. Total RNA was collected and cDNA was prepared. qPCR was performed to test 

how the expression of cGAS and STING is altered following each stimulation and are 

expressed relative to mock (n = 5 independent experiments). (C, D) PBMCs were incubated 

with IFN-α, IFN-λ, HSV, SeV, IAV, and HIV for 8 hours and expression of (C) cGAS and 

(D) STING in pDC (CD123+/BDCA2+ cells) were measured by flow cytometry and data 
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expressed as the median fluorescent intensity (MFI) for the mock vs. stimulated pairs, with 

each donor represented by a line (n=5 independent experiments). Pairwise T tests were 

performed to test both mRNA and protein expression affected by each stimulation as 

compared to Mock.
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FIGURE 3. 
cGAS co-localizes with dsDNA in a time-dependent manner, while STING resides in the ER 

and dissociates upon stimulation of the upstream pathway. pDCs were isolated from 

peripheral blood of healthy donors and transfected with FITC-conjugated ISD or ssDNA. 

Co-localization of DNA and cGAS was determined by Amnis ImageStream. (A) Schemata 

of identification of pDCs among PBMC population. Single cells are selected out of PBMCs, 

first by plotting the population with area vs. aspect ratio. Next, focused singlets were 

determined by plotting the single cells with area vs. side scatter. Finally, pDCs were 

identified out of focused singlets as CD123+BDCA2+ cells. (B) Sample histograms showing 

co-localization between cGAS and DNA by bright detail similarity score in time-dependent 

manner. (C) Representative image of a single cell showing cGAS and dsDNA co-

localization. (D) Quantification of co-localization between cGAS and DNA by bright detail 

similarity score. One way ANOVA was performed between all groups, and then post-hoc T 

tests were performed. Each dot represents an individual experiment (n = 3). (E, F) pDCs 

were purified and transfected with unconjugated ISD or ssDNA for 2 hours, fixed overnight, 

permeabilized, and stained for Calnexin and STING. (E) Histogram of Calnexin and STING 

co-localization with or without DNA transfection (Data represents one of two independent 
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experiment). (F) Representative images of single cells showing Calnexin and STING co-

localization with or without DNA transfection.
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FIGURE 4. 
pDCs produce type-I and type-III interferon, but not TNF-α, upon stimulation of cGAS-

STING pathway. (A)Purified pDCs were stimulated for 3, 6, 9, 12, and 15 hr. with cyclic 

GMP-AMP (cGAMP), HSV and the TLR9 agonist CpG-A and the expression of IFN-α and 

IFN-λ were tested via flow cytometry. BFA was added 2 hrs prior to each time point. Cells 

were stained for pDC markers, fixed, permeabilized, stained for intracellular cytokines and 

acquired by flow cytometer. Data are from a representative experiment from two individual 

donors. (B) Purified pDCs (0.25 × 106 cells/ml) were stimulated with HSV, CpG-A or 
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lipofected with cGAMP (10 and 50 μg/ml) and supernatant was collected at each time point 

to perform ELISA for IFN-α and IFN-λ. Data are shown as mean ± 1 SD (n = 3 

independent experiments). (C) pDCs were lipofected with ISD for 18 hours. Supernatants 

were collected and production of IFN-α and IFN-λ was measured by ELISA. Data are 

shown as mean ± 1 SD (n = 3 independent experiments). (C) pDCs were lipofected with ISD 

for 18 hours. Supernatants were collected and production of IFN-α was measured by 

ELISA. Data are shown as mean ± 1 SD (n = 3 independent experiments). (D, E) pDCs were 

stimulated with HSV, CpG-A or lipofected with cGAMP (50 μg/ml) or ISD (5 μg/ml) for 18 

hours. Supernatants were collected and production of (D) TNF-α and (E) IFN-β was 

measured by ELISA. Data are shown as mean ± 1 SD (n = 3 independent experiments).
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FIGURE 5. 
STING knock-down of pDCs down-regulates interferon production upon ISD or cGAMP 

stimulation. pDCs were lipofected with siRNA targeting STING or scrambled siRNA for 24 

hours. (A) The survival of pDCs was measured via live/dead staining by flow cytometry. (B) 
Sample histograms showing the efficacy of knock-down of STING. (C) Summary data for 

STING expression (MFI) in pDCs lipofected with or without siRNA targeting STING or 

scrambled siRNA (n=3 independent experiments). (D, E) pDCs incubated with siRNA for 

24 hours were washed and resuspended in fresh media and stimulated with HSV, CpG-A, 
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ISD, and cGAMP for another 24 hours. Supernatants were collected and ELISA was 

performed to measure IFN-α and IFN-λ (n = 3 indepdendent experiments). (F) pDCs 

lipofected with scrambled siRNA or siRNA targeting STING for 48 hours were washed, 

resuspended in media, and stimulated with cGAMP or ISD for 3 hours, or CpG-A for 6 

hours. IFN-α production by pDCs were measured via flow cytometry (Data represents of 

one of 2 independent experiments).
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FIGURE 6. 
cGAS-STING pathway mediated interferon production in pDCs is dependent on the TBK1-

IRF3 axis. (A) Purified pDCs were pre-treated for 6 hours with TBK1 inhibitor (BX795) or 

TLR9 inhibitor (iODN) and stimulated with HSV, CpG-A or ISD for 18 hours. Supernatants 

were collected and ELISAs for IFN-α and IFN-λ were performed. (B, C, D) pDCs 

transfected with cGAMP or ISD were stained for surface markers, fixed, permeabilized, and 

stained for nucleus (DRAQ5) and IRF3 or IRF7 and acquired via Amnis ImageStream. (B) 
Gating strategy showing how pDCs were identified among single-cells as CD123+BDCA2+ 

cells. Nuclear co-localization was seen in pDCs expressing IRF3. (C) Single cell image of 

an interferon producing pDC showing nuclear co-localization of IRF3 upon cGAMP 

stimulation. (D) Nuclear translocation of IRF3 and IRF7 upon cGAMP, ISD, HSV, and 

CpG-A stimulation was measured at 1.5, 3, and 4.5 hrs. (E,F) Quantification of nuclear 

translocation of IRF3 and IRF7 upon different stimuli. Each dot represents one independent 

experiment.
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FIGURE 7. 
Pre-stimulation of cGAS-STING pathway inhibits TLR9-mediated cytokine production in 

pDCs probably by inducing SOCS1/3 but not SOCS5. (A) pDCs were stimulated for 6 hours 

for cGAS-STING pathway (via cGAMP or ISD) or TLR9 pathway (via CpG-A) followed by 

stimulation with HSV or CpG-A for 18 hours. Supernatants were collected and ELISAs 

were performed to measure IFN-α (n =3 independent experiments). (B) pDCs stimulated 

with cGAMP or ISD for 3 hours and qRT-PCR was performed to measure the induction of 

SOCS1, SOCS3, and SOCS5. (n =3 independent experiments) (C) pDCs pre-treated with or 

without anti IFNAR antibody for 1 hour were stimulated with cGAMP, ISD, or IFN-α for 3 

hours. qRT-PCR was performed to measure the induction of SOCS1 and SOCS3 (n = 3 

independent experiments).
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