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Abstract 

Cancer immunotherapy holds great promise for the treatment of solid tumors, but its effectiveness is 

hindered by the recruitment of regulatory T cells (Tregs), which inhibit anti-tumor immune responses.  

We report here that cytosolic dsDNA, a characteristic of many cancer cells, upregulates expression of 

the Treg-recruitment chemokine CCL22 in multiple types of malignant epithelial cells. We also identified 

that interferon regulatory factor 3 (IRF3) is a key regulator of CCL22 in response to dsDNA.  Both IRF3 

and NF-κB are activated downstream of the stimulator of interferon genes (STING), a primary effector 

protein responding to multiple cytosolic dsDNA sensors.  IRF3 activation by STING triggers robust 

expression of type I interferons, which can boost anti-tumor immune responses. Thus, STING agonists 

have been used clinically to activate IRF3 during immunotherapy. However, STING activation in some 

cases is reported to paradoxically foster a pro-tumor, immunosuppressive environment.  Our finding that 

IRF3 regulates CCL22 in response to dsDNA suggests a possible mechanism contributing to STING-

mediated immunosuppression. In addition, we found that cultured cancer cells appear able to evolve 

mechanisms to co-opt nucleic acid sensing pathways to upregulate CCL22, suggesting that these 

pathways may contribute to acquired immune evasion in tumors with increased cytosolic dsDNA. 
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Introduction 

Recruitment of regulatory T cells (Tregs) to the tumor microenvironment remains one of the most 

significant barriers to successful immunotherapy for epithelial solid tumors. A primary mechanism of 

Treg recruitment is the chemokine CCL22 (MDC), which binds the CCR4 receptor expressed preferentially 

on T cell subsets including type 2 helper T cells and Tregs (1-4).   The biological significance of increased 

CCL22 in the tumor microenvironment has been documented in numerous studies, and the majority 

report an association between increased CCL22 and poor prognoses (2,5-29). 

CCL22 was first characterized in macrophages, but several reports have shown that CCL22 can 

also be expressed by various types of malignant cells (6,20,25,30-34).  Additional studies have shown 

that CCL22 expressed directly from explanted malignant cells recruits Tregs and Fox3+ cells in vivo 

(15,30). Blocking the interaction between CCL22 and its receptor with the anti-CCR4 antibody 

Mogamulizumab was found to deplete Tregs during treatment of refractory adult T cell 

leukemia/lymphoma and cutaneous T cell lymphoma, prompting trials to test its effectiveness in 

advanced solid tumors, with mixed results (reviewed in 2).  A potential drawback to a CCR4 blockade is 

that the chemokine CCL17 also binds CCR4 and is reported to have nonredundant and even opposing 

functions to CCL22, with CCL17 tending to promote inflammatory responses and CCL22 inducing immune 

tolerance (10,reviewed in 35). It has thus been suggested that antagonism of CCL22, rather than CCR4, 

may be a superior strategy for anti-cancer therapy (32). Pharmacological inhibition of CCL22 expression 

may also be useful and would be facilitated by a better understanding of its regulation in cancer cells. 

Due to the initial discovery of CCL22 in macrophages and a later association with atopic 

dermatitis, much work has focused on elucidating the regulatory networks of CCL22 in myeloid lineages 

and keritonocytes.  These studies have collectively suggested that the regulatory landscape of CCL22 is 
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context-dependent and may differ with both cell type and species. For example, it was reported that 

CpG-oligodeoxynucleotides (CpG-ODN) strongly enhanced CCL22 expression in murine dendritic cells 

(10), but another study concluded that CpG-ODN inhibited CCL22 in tumor-associated murine dendritic 

cells (17).  CpG-ODN were also found to repress CCL22 across a range of murine bulk tumor samples  (17) 

and in a murine asthma model (36) but increased CCL22 in cell isolates from human ovarian tumors (17). 

Another example of cell-specific regulation of CCL22 is its relationship with interferon-gamma, with 

studies reporting that it increased CCL22 in human keratinocytes (37-39), had no effect on CCL22 in 

human fibroblasts (40) or human airway smooth muscle cells (41), inhibited CCL22 in monocytes and 

macrophages (42), and was inversely correlated with CCL22 in T cells (43). These and other studies 

demonstrate that our understanding of CCL22 regulation remains incomplete, particularly with respect 

to human cancers. 

We have found that CCL22 is upregulated in several human malignant epithelial cell lines in 

response to cytosolic double-stranded DNA (dsDNA).  Healthy normal cells restrict DNA to the nucleus, 

and its presence in the cytosol is indicative of pathogens or aberrantly localized self-DNA, which can 

occur in cancer and certain autoimmune diseases.  Accumulation of self DNA in the cytosol of cancer 

cells can be due to genomic instability, damaged mitochondria, and reactivated transposable elements. 

A variety of nucleic acid sensors detect this DNA and initiate a signaling cascade through the effector 

protein stimulator of interferon genes (STING), triggering proinflammatory innate and adaptive immune 

responses via STING-mediated activation of the transcription factors NF-κB and interferon regulatory 

factor 3 (IRF3).  One of the most well-described sensors is the cyclic GMP-AMP synthase (cGAS) (reviewed 

in 44,45). In addition to detecting cytosolic dsDNA, cGAS reportedly binds cytosolic RNA:DNA hybrids, 

and recent reports suggest it may also respond to LINE-1 cDNA (46-49,reviewed in 50). Upon nucleic acid 
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binding, cGAS synthesizes the second messenger cyclic dinucleotide 2’3’-cGAMP, which in turn binds 

STING, prompting oligomerization and a conformational change that allows phosphorylation of STING 

on S366 by TANK-binding kinase 1 (TBK1).  The interaction between STING and TBK1 brings about the 

phosphorylation of IRF3 by TBK1 (51-53), initiating IRF3-mediated upregulation of type I interferons. 

Type I interferons mediate robust inflammatory responses, thus the use of STING agonists in 

immunotherapy has gained widespread interest for their potential to intensify therapeutic anti-tumor 

responses. However, STING activation in some cases has been reported to paradoxically contribute to 

pro-tumor, immunosuppressive environments (50,54-58).  The ability of dsDNA and STING agonists to 

robustly upregulate CCL22 may be a potential mechanism of STING-mediated immune suppression. In 

the present study, we used a combination of reverse genetic and biochemical approaches to investigate 

the specific contributions of each downstream STING pathway, IRF3 and NF-κB, to dsDNA-mediated 

upregulation of CCL22. 

 

Results 

The chemokine CCL22 is strongly induced in tumor cells by cytoplasmic dsDNA 

During our investigation of LINE-1 re-activation in epithelial cancer cells, we found that dsDNA 

transfected into cells robustly increased CCL22 expression, while a mock control (transfection reagent 

alone) had no effect (Fig. 1A).  The ability of cytosolic dsDNA to elicit robust immune signaling is well-

known, but the magnitude of CCL22 upregulation was so great that we first considered the possibility 

that our DNA might be contaminated with endotoxin, notwithstanding the use of endotoxin-free DNA 

purification procedures.  Treatment with DNA alone in the absence of transfection reagent did not 

increase CCL22, confirming that DNA entry into cells was required for CCL22 upregulation (Fig. S1).  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 10, 2022. ; https://doi.org/10.1101/2022.03.08.483519doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.08.483519


We next sought to determine whether CpG motifs in our DNA might be responsible for CCL22 

upregulation. Previous studies investigating the effects of CpG oligonucleotides on CCL22 expression, 

taken together, suggest that CpGs can both inhibit and stimulate expression of CCL22, perhaps in a cell-

type and species-specific manner (10,17). In theory, transfected CpG-containing dsDNA could be 

digested intracellularly to produce CpG-containing single-stranded DNA (59,reviewed in 60), a potent 

ligand of endosomal toll like receptors 9 (TLR9).  However, we found that CpG-free dsDNA was only 

slightly less efficient at upregulating CCL22, indicating that CpG-mediated activation of TLR9 was not the 

primary factor driving CCL22 expression in our system and that another dsDNA-sensing pathway was 

involved (Fig. 1A). 

STING is the primary effector protein for multiple cytosolic dsDNA sensors, including cGAS. In 

order to confirm that dsDNA activated STING in our cells, we probed for phosphorylated STING S366, 

which is targeted by TBK1 in response to dsDNA (51-53). Figure 1B shows that dsDNA, with or without 

CpGs, increased phosphorylation of STING S366 compared to untreated cells or cells treated with a mock 

transfection reaction (no DNA) or DNA alone (no transfection reagent).  CCL22 protein was also 

significantly increased in the media of cells treated with dsDNA, confirming that increased CCL22 mRNA 

resulted in increased protein, and that the protein was secreted (Fig. 1C). 

To determine whether dsDNA would increase CCL22 expression in other epithelial cancer types, 

five additional cell lines were tested. Two of the five were not amenable to transfection, and the other 

three, MCF7, JEG-3, and HCT 116, all increased CCL22 expression in response to dsDNA to statistically 

significant levels (Fig. 2A-C). These findings suggest that upregulation of CCL22 in response to dsDNA 

may be a common finding across multiple types of epithelial cancer cells. In order to confirm that DNA 

was effectively delivered to each cell line, parallel experiments were performed using a GFP expression 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 10, 2022. ; https://doi.org/10.1101/2022.03.08.483519doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.08.483519


plasmid, and GFP was subsequently visualized in live cells (Fig. 2D).  Although it is possible that slightly 

reduced DNA delivery to MCF7 cells may have contributed to the reduced level of CCL22 upregulation in 

those cells, the relatively small decreases in DNA delivery to JEG-3 and HCT 116 cells is unlikely to account 

for the large differences in their response compared to HeLa and MCF7 cells. 

 

Pharmacological activation of STING upregulates CCL22 

To determine whether direct STING activation also upregulated CCL22, cells were treated with a 

stabilized analog of the canonical STING agonist 2’3’-cGAMP, 2’3’-cGAM(PS)2(Rp/Sp).  Consistent with 

our findings using dsDNA, direct activation of STING with 2’3’-cGAM(PS)2(Rp/Sp) increased CCL22 

expression in HeLa cells (Fig. 3A), but at lower levels than observed after treatment with dsDNA.  

Preliminary experiments had indicated optimal time points after treatment to capture maximum levels 

of CCL22 upregulation in response to 2’3’-cGAM(PS)2(Rp/Sp) (24 hours post treatment) and dsDNA (48 

hours post treatment). Thus, the difference in CCL22 expression in response to each stimulus was not 

due to different treatment times, as cells were harvested at the time point of maximum CCL22 

expression for each treatment type. Figure 3B confirms that 2’3’-cGAM(PS)2(Rp/Sp) induces STING 

phosphorylation, with peak phosphorylation occurring at approximately 6 hours post treatment and 

declining almost to baseline by 24 hours (Fig. 3B), compared to STING phosphorylation following 

treatment with dsDNA, which was still apparent after 48 hours (Fig. 1B). In MCF7 cells, 2’3’-

cGAM(PS)2(Rp/Sp) upregulated CCL22 (Fig. 3C) to approximately the same levels as dsDNA (Fig. 2A). We 

did not test the effect of 2’3’-cGAM(PS)2(Rp/Sp) in the other cell lines, as CCL22 upregulation in those 

cells was already much lower than in HeLa and MCF7 cells. 
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Inhibition of TBK1/IKKε abrogates dsDNA-mediated activation of CCL22 

STING phosphorylation, as well as phosphorylation and activation of NF-κB and IRF3, depend on 

TBK1 and/or its homolog, I-kappa-B kinase (IKK) epsilon (IKKε) (61-64). Pretreatment of cells with 

MRT67307, a reversible inhibitor of TBK1/IKKε, led to a robust and dose-dependent decrease in dsDNA-

mediated CCL22 upregulation in both HeLa and MCF7 cells, without affecting transfection efficiency in 

either cell line (Fig. 4A-D). MRT67307 also inhibited CCL22 upregulation in response to 2’3’-

cGAM(PS)2(Rp/Sp) in both HeLa and MCF7 cells (Fig. 4E-F).  Of note, although MRT67307 is reported by 

the supplier (Invivogen) to specifically inhibit IRF3 with no effect on NF-κB, this statement is based in 

part on testing by the supplier that relied on activating NF-κB with RNA hairpin ligands for the retinoic 

acid-inducible gene I (RIG-1), which activates NF-κB via the IKKα/IKKβ pathway, thus avoiding 

dependence on TKB1/IKKε. However, in the context of STING-mediated activation of NF-κB, multiple 

studies have indicated the involvement of TBK1 and/or IKKε (61-64), and TKB1/IKKε have also been 

implicated in phosphorylation and activation of the canonical NF-κB subunit RELA/p65 (65,reviewed in 

66). Our testing of MRT67307 showed that although it had no observable effect on RELA/p65 

phosphorylation in response to the two well-known NF-κB activators tumor necrosis factor alpha (TNFα) 

and phorbol 12-myristate 13-acetate (PMA), (Fig. S2A), MRT67307 did reduce phosphorylation of 

RELA/p65 in response to 2’3’-cGAM(PS)2(Rp/Sp) and slightly reduced phosphorylation in response to 

dsDNA (Fig. S2B). These results are consistent with a previous study showing that MRT67307 slightly 

reduced p65 phosphorylation in response to the STING agonist DMXAA (63). We also confirmed that 

MRT67307, as expected, inhibited phosphorylation of IRF3 (S386) in response to both 2’3’-

cGAM(PS)2(Rp/Sp) and dsDNA (Fig. S2C).  To delineate the relative contributions of each downstream 
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STING pathway, NF-κB and IRF3, to dsDNA-mediated activation of CCL22, we used RNAi against each 

pathway. 

 

NF-κB contributes to CCL22 upregulation by dsDNA 

Previous studies investigating the regulation of CCL22 have identified a role for NF-κB (67-72).  

However, we found that treatment of HeLa cells with the NF-κB activators TNFα (Fig. 5A) and PMA (Fig. 

5B) induced CCL22 expression at substantially lower levels than treatment with dsDNA.  We therefore 

used RNAi against the canonical NF-κB subunit RELA/p65 to determine its contribution to CCL22 

upregulation within the context of cytosolic dsDNA activation of STING. Five shRNA constructs from the 

Sigma MISSION collection were initially tested, and two (p65-1 and p65-2) that effectively knocked down 

RELA/p65 at the transcript (Fig. 5C) and protein levels (Fig. 5D) were chosen.  Both p65-1 and p65-2 

reduced CCL22 upregulation in response to dsDNA, but only p65-1 resulted in a statistically significant 

result (Fig. 5E), consistent with the greater degree of knockdown from p65-1.  Parallel transfections with 

a GFP expression plasmid showed that decreased CCL22 expression in the shRNA cell lines was not due 

to decreased DNA delivery to those cells (Fig. 5F). 

 

IRF3 is required for CCL22 upregulation by dsDNA 

The relatively weak effect of NF-κB knockdown compared to treatment with MRT67307, which 

also inhibits IRF3, suggested a predominant role for IRF3 in CCL22 upregulation.  As before, two targeting 

shRNAs from a pool of five from the MISSION library were chosen that effectively knocked down IRF3 at 

both the transcript (Fig. 6A) and protein levels (Fig. 6B).  Consistent with results using MRT67307, shRNA 

knockdown of IRF3 almost completely eliminated CCL22 upregulation in response to dsDNA, reducing 
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the mean fold changes to 15.7 and 32.6 in the IRF3-1 and IRF3-2 shRNA samples, respectively (Fig. 6C). 

Parallel transfections with a GFP expression plasmid confirmed that differences were not due to variation 

in DNA delivery between the knock down lines (Fig. 6D). 

Given the effect of IRF3 RNAi on dsDNA-mediated upregulation of CCL22, a constitutively active 

IRF3 would be expected to further increase CCL22 above the level induced by the empty plasmid. The 

constitutively active IRF3-5D phosphomimetic has been well-characterized in the literature and carries 

five aspartic acid substitutions: S396D, S398D, S402D, T404D, and S405D (73-76).  IRF3-5D significantly 

increased CCL22 in both HeLa (Fig. 6E) and MCF7 cells (Fig. 6F) above levels observed from the empty 

plasmid alone.  

 

Different strains of the same cell line differentially upregulate CCL22 

Due to the magnitude of the effect of dsDNA on CCL22 expression in HeLa cells, we purchased 

new HeLa cells from the American Type Culture Collection (ATCC) to determine whether the same effect 

would be observed in those cells.  Remarkably, CCL-2 HeLa cells from ATCC exhibited no significant 

increase of CCL22 expression in response to dsDNA (Fig. 7A). To confirm the authenticity of our original 

HeLa cells, both lines were sent to ATCC for short tandem repeat (STR) analysis, which showed a 100% 

match (Fig. 7B).  We also confirmed that CCL-2 HeLa cells from ATCC were efficient at taking up dsDNA, 

as evidenced by GFP expression (Fig. 7C). To determine whether CCL-2 HeLa cells from ATCC activated 

STING in response to dsDNA, STING S366 phosphorylation was compared in both cell lines. Although 

STING phosphorylation was reduced in CCL-2 HeLa cells from ATCC, it was nonetheless detectable (Fig. 

7D). 
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IRF3 activation in response to dsDNA does not correlate with STING phosphorylation in MCF7 cells 

The lack of CCL22 upregulation in CCL-2 HeLa cells from ATCC, combined with reduced STING 

phosphorylation on S366, raised the question of whether the other cell lines exhibiting low levels of 

CCL22 upregulation, JEG-3 and HCT 116, also showed reduced STING phosphorylation.  Figure 8A shows 

that neither JEG-3 nor HCT 116 cells had detectable levels of STING phosphorylation following treatment 

with dsDNA. More surprising however was the lack of STING phosphorylation in MCF7 cells (Fig. 8A), 

despite a reported requirement of STING S366 phosphorylation for STING-mediated IRF3 activation by 

TBK1 (51-53).  We confirmed IRF3 phosphorylation in MCF7 cells in response to dsDNA and also found 

an increase in overall IRF3 expression (Fig. S3). Moreover, IFN-β was robustly upregulated by ~ 1000 fold 

in MCF7 cells (Fig. 8B), while IFN-β upregulation in HeLa cells, in contrast, was an order of magnitude 

less (Fig. 8C), despite robust STING phosphorylation and a greater increase in CCL22 in HeLa cells. 

Interestingly, dsDNA did not produce a detectable increase in IFN-β in CCL-2 HeLa cells from ATCC (Fig. 

8B), notwithstanding detectable levels of STING phosphorylation (Fig. 7D). 

 

Discussion 

A greater understanding of processes contributing to tumor immune evasion is critical to 

improving immunotherapy outcomes for solid tumors.  A primary mechanism of evasion is recruitment 

of Tregs to the tumor environment, a process mediated by CCL22 binding to the CCR4 receptor (1-4).  

We have shown here that dsDNA can robustly upregulate expression of CCL22 in some cancer cells, and 

that IRF3 is a key regulator of CCL22 expression.  

The role of nucleic acid sensing in innate immunity is well-established with respect to pathogen-

associated molecular patterns such as double-stranded viral RNA, but its role in anti-tumor immunity in 
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response to self DNA is less completely understood.  Leakage of nuclear genomic DNA due to 

chromosomal instability, DNA released from damaged mitochondria, and re-activation of LINE-1 

retrotransposons (46-49,reviewed in 50) can contribute to cGAS activation.  Given that each of these are 

common findings in cancer cells, CCL22 upregulation in response to activated cGAS-STING may be a 

contributing factor in immune evasion, irrespective of pharmaceutical STING activation.  

Multiple questions remain however regarding the regulation and effects of CCL22 in cancer.  

Previous studies evince a complex CCL22 regulatory landscape that appears to be both species-

dependent and cell-type specific. Given the apparent cell-type specificity, one of the more pressing 

questions warranting further study is whether IRF3 activation is a widespread mechanism of CCL22 

upregulation across multiple types of epithelial cancers or only a small subset, as this information may 

be useful in determining which cancers might have a higher risk of STING-mediated immunosuppression. 

Our finding that dsDNA did not elicit STING phosphorylation on S366 in MCF7 cells yet nevertheless 

resulted in IRF3 phosphorylation and upregulation of IFN-β may suggest that other DNA sensing 

pathways are also involved. Of note, although a majority of studies identified STING S366 

phosphorylation as a requirement for dsDNA-mediated activation of IRF3, one study reported that S366 

phosphorylation can prevent IRF3 binding to STING (77,reviewed in 78). The relevance of these 

seemingly opposing functions of STING S366 phosphorylation with respect to dsDNA-mediated 

upregulation of CCL22 in MCF7 cells remains to be elucidated. 

 Another issue is whether different STING agonists differentially affect CCL22 expression. In HeLa 

cells, dsDNA induced higher levels of CCL22 than the STING agonist 2’3’-cGAM(PS)2(Rp/Sp), but CCL22 

was equivalently induced by each stimulus in MCF7 cells. Different STING agonists can result in distinct 
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functional outcomes (79,reviewed in 80,81), and more work is needed to elucidate how different modes 

of activation influence CCL22 expression. 

It is also interesting to note that STING-mediated immune suppression has been associated with 

increased indoleamine 2,3-dioxygenase (IDO) expression (54,82), which in turn is reported to be 

responsive to increased CCL22 (83,84). It was also reported that poly(dA:dT), a synthetic analog of B-

DNA that activates DNA sensors as well as RIG-1 via RNA polymerase III  (85,reviewed in 86), increased 

both IDO and CCL22 in some head and neck cancer cells, and that cJUN contributed to CCL22 expression 

upon direct STING activation (87). These findings highlight the need for a better understanding of factors 

contributing to CCL22 regulation in cancer cells. 

The profound differences observed between the two HeLa cell strains with respect to CCL22 

upregulation illustrates that tumor cells can gain, or lose, the capacity to upregulate CCL22 in response 

to dsDNA. Cancer cell lines, particularly HeLa cells, have been well-documented to evolve in culture in 

response to myriad selection pressures that vary between laboratories (88). It is unknown whether the 

different responses of these two strains to dsDNA arose from a single, large-effect mutation or multiple 

smaller-effect mutations that collectively produced a large phenotypic change, but such evolution and 

clonal expansion in vivo could conceivably contribute to acquired immune evasion. Further comparisons 

of these two strains may be useful for identifying factors regulating CCL22 in response to dsDNA and 

STING activation. 

Finally, the exact role of IFN-β on CCL22 expression remains to be determined. On one hand, our 

finding that upregulation of CCL22 occurred only in cells with a coincident increase in IFN-β is consistent 

with a direct effect of IFN-β, but not indicative. Arguing against a direct effect, previous reports have 

shown that type I interferons inhibit CCL22 (17,89), and we found very little effect on CCL22 from 
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conditioned media (unpublished data). Determining whether IFN-β and CCL22 are controlled by 

bifurcated pathways downstream of IRF3 in cancer cells could reveal whether CCL22 might lend itself to 

independent pharmacological inhibition without affecting IFN-β. 

 

Experimental procedures 

 

Cell culture and reagents 

Cells were maintained in DMEM high glucose with GlutaMAX and pyruvate (Gibco, cat. 10569010) with 

10% FBS and 1x antibiotic-antimycotic (100 units/mL penicillin, 100 ug/mL streptomycin, 0.25 ug/mL 

Amphotericin B; Gibco, cat. 15240096) in a humidified incubator at 37°C and 5% CO2. Two strains of HeLa 

cervical adenocarcinoma cells were used: one line was a kind gift from Dr. Anthony Furano at the 

National Institute of Diabetes and Digestive and Kidney Diseases, originally gifted from the late Dr. Haig 

Kazazian and known in the LINE-1 field as HeLa-JMV; the other strain was purchased from ATCC and 

designated herein as “CCL-2 HeLa ATCC”. Additional epithelial cancer cell lines purchased from ATCC 

include MCF7 (mammary gland adenocarcinoma), JEG-3 (placental choriocarcinoma), and HCT 116 

(colorectal carcinoma). THP-1 monocytes were also purchased from ATCC. The STING agonist 2’3’-

cGAM(PS)2(Rp/Sp) (Invivogen, cat. tlrl-nacga2srs) and IRF3 inhibitor MRT67307 (Invivogen, cat. inh-mrt) 

were each diluted with the companion vial of sterile, endotoxin-free LAL water and used at 

concentrations indicated in figure legends. STING agonists, immunostimulatory dsDNA 

(pcDNA3.1(+)puro) and CpG-free dsDNA (pCpGfree-mcs, Invivogen) were transfected using Opti-MEM 

(Gibco, cat. 31-985-062) as the DNA diluent and either TransIT-LT1 (Mirus, cat. MIR 2300), TransfeX 

(ATCC, cat. ACS-4005), or TransIT-X2 (Mirus, cat. MIR 6000) based on transfection optimization 
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experiments for each cell line, with the reagent and ratios indicated in figure legends. All cell lines were 

monitored for mycoplasma using the LookOut mycoplasma PCR detection kit (Sigma-Aldrich, cat. 

MP0035). THP-1 positive controls for phospho-STING (S366) were generated by plating THP-1 cells in 

RPMI 1640 media supplemented with 10% FBS and 80 nM PMA for 48 hours to promote differentiation 

to macrophages before transfecting with pcDNA3.1 (3 μg/mL) using Lipofectamine 3000 at a 1:1 ratio; 

cells were harvested 4 hours post transfection in 3% SDS, 25 mM Tris-HCl pH 7.4, and 0.5 mM EDTA 

supplemented with HALT protease and phosphatase inhibitor cocktail at 3X (ThermoFisher, cat. 78440). 

 

Plasmids 

pcDNA3.1(+)-neo was obtained from ThermoFisher (Invitrogen cat. V790-20). pcDNA3.1(+)-neo-IRF3-5D 

was created using the wild-type template Human V5-IRF3-pcDNA3, a gift from Saumen Sarkar (Addgene 

plasmid # 32713; http://n2t.net/addgene:32713; RRID:Addgene_32713, (90)) and the Q5 site-directed 

mutagenesis kit (NEB, cat. E0554S) with the forward and reverse primers 5’-

CTCGATCTCGACGATGACCAGTACAAGGCCTAC and 5’-TGGGTGGTCGTTGTCAATGTGCAGGTCCACAGT 

respectively; mutations were confirmed with sequencing.  pCpGf-Bsr-GFP was constructed by PCR-

amplifying GFP obtained from pSELECT-zeo-GFPBsr (Invivogen, cat. psetz-zgfpbsr) with a Kozak sequence 

encoded on the forward primer, then inserting it into pCpGfree-vitroBmcs (Invivogen, cat. pcpgvtb-

mcsg2) digested with BglII and ApaL1; insertion was confirmed with sequencing. pcDNA3.1(+)puro was 

previously described (91). pCpGfree-mcs was obtained from Invivogen (cat. pcpgf-mcs). Lentiviral 

plasmids included the packaging plasmid psPAX2 (Addgene plasmid # 12260; 

http://n2t.net/addgene:12260; RRID:Addgene_12260) and the envelope plasmid pMD2.G (Addgene 

plasmid # 12259; http://n2t.net/addgene:12259; RRID:Addgene_12259), both gifts from Didier Trono.  
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All RNAi lentiviral expression vectors were pLKO.1-puro, version 1, from The RNAi Consortium (TRC) 

library collection:  control shRNA (Sigma-Aldrich, cat. SHC002); RELA/p65 shRNA-1 (Sigma-Aldrich, cat. 

TRCN0000014687); RELA/p65 shRNA-2 (Sigma-Aldrich, cat. TRCN0000014684); IRF3 shRNA-1 (Sigma-

Aldrich, cat. TRCN0000005921); and IRF3 shRNA-2 (Sigma-Aldrich, cat. TRCN0000005923). DNA for 

experiments was obtained using endotoxin-free plasmid purification kits (NucleoBond Xtra Midi EF, 

Takara, cat. 740420.10 or Qiagen EndoFree Plasmid Maxi Kit, cat. 12362); concentration and purity were 

assessed with spectrophotometry and agarose electrophoresis.   

  

Lentiviral transductions 

HEK293 cells were seeded at 9 x 105 cells per well in 6-well plates and transfected 24 hours later with 1 

ug total DNA containing psPAX2, pMD2.G, and each pLKO.1-puro RNAi expression plasmid at a 

1:0.25:0.75 ratio, respectively, with TransIT-X2 used at a 1:2 ratio of ug DNA to uL X2.  HeLa cells were 

plated 24 hours prior to transduction at 4 x 105 cells per well in 6-well plates. Media were collected from 

HEK293 cells 48 hours after transfection and used for transductions in a final concentration of 8 ug/mL 

polybrene (Sigma-Aldrich, cat. TR-1003).  Selection and maintenance of transduced cells was achieved 

with 5 ug/mL puromycin (Gibco, cat. A1113803) begun 24 hours after application of lentiviral-containing 

media. 

 

Live-cell imaging 

Live cells were imaged for GFP expression using an EVOS FLoid imaging system. Images were processed 

using Image J. 
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Cell lysis, immunoblots, and antibodies 

Cells were lysed for immunoblotting with 3% SDS, 25 mM Tris-HCl pH 7.4, and 0.5 mM EDTA 

supplemented with 3X HALT protease and phosphatase inhibitor cocktail (ThermoFisher, cat. 78440). 

Lysates were homogenized with QIAshredder columns (Qiagen, cat. 79656), and protein concentration 

was determined using the BioRad DC Protein Assay (cat. 5000112). Transfers were performed using 

either a wet tank or semi-dry system (BioRad Trans-Blot Turbo Transfer System) and low-fluorescent 

PVDF membranes (BioRad, cat. 1704274 or Millipore Immobilon-FL, cat. IPFL10100). Primary antibodies 

to the following human proteins were used: phospho-STING (S366, Cell Signaling Technology, cat. 

19781S); RELA/p65 (R&D, cat. AF5078-SP); phospho-RELA/p65 (S536, R&D, cat. MAB72261-SP); IRF3 

(R&D, cat. AF4019-SP); phospho-IRF3 (S386, Cell Signaling Technology, cat. 37829T); and beta-tubulin 

loading control (Abcam, cat. ab6046). Fluorescent secondary antibodies were IRDye 680RD and IRDye 

800CW (Li-Cor). Blots were imaged with an infrared Li-Cor Odyssey CLx Imager and processed using 

Image Studio (Li-Cor). 

 

ELISA 

CCL22 protein was measured in media harvested from cells using the MDC human ELISA kit (ABCAM, cat. 

ab100591) per manufacturer’s instructions. 

 

RNA purification and RT-qPCR 

RNA was isolated by lysing cells in TRIzol reagent (Invitrogen, cat. 15596026) followed by column 

purification and on-column DNase digestion according to the TRIzol two-step protocol from the Monarch 

total RNA miniprep kit (NEB, cat. T2010S) or PureLink RNA mini kit (Ambion, cat. 12183018A and 
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12185010). Quality and concentration were assessed with spectrophotometry. First-strand cDNA 

synthesis was performed using LunaScript RT SuperMix Kit (NEB, cat. E3010S). qPCR was performed on 

a QuantStudio 3 or StepOnePlus real-time PCR machine using TaqMan Fast Advanced Master Mix 

(Applied Biosystems, cat. A44359) and the following TaqMan Assays (assay ID in parenthesis following 

gene name):  CCL22 (Hs00171080); RELA/p65 (Hs00153294_m1); IRF3 (Hs01547283_m1); GAPDH 

(Hs02786624_g1); beta actin (Hs99999903), 18s (Hs99999901). Data were analyzed using the delta-delta 

Ct method; housekeeping genes were averaged using the geometric mean.  

 

Figure Legends 

Figure 1. Double-stranded DNA increases CCL22 in HeLa cells. A, HeLa cells were untreated (UN) or 

treated with a mock control, dsDNA (2 μg/mL), or CpG-free (CpGf) dsDNA (2 μg/mL) using TransIT-LT1 at 

a 1:2 ratio and harvested 48 hours after transfection. Resulting levels of CCL22 mRNA are shown. Each 

data point represents an independent experiment with values derived from three technical replicates. 

Significance testing was performed with a one-way ANOVA and Tukey’s pairwise comparison; error bars 

represent standard deviations.  B, HeLa cells were transfected as described in A and harvested after 48 

hours. Lysates (20 μg) were separated with SDS-PAGE and probed for phospho-STING (S366) and beta-

tubulin. The image shown is representative of at least three independent experiments. C, HeLa cells were 

transfected as in A. Media was harvested 48 hours after treatment and analyzed with an ELISA for CCL22 

protein.  Each data point represents an independent experiment with values derived from three 

technical replicates. Significance testing was performed with an unpaired, one-tailed t test; error bars 

represent standard deviations.  
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Figure 2. Double-stranded DNA increases CCL22 in multiple types of epithelial cancer cells. A-C, MCF7 

(A), HCT 116 (B), and JEG-3 (C) cells were untreated (UN) or treated with a mock control, dsDNA (2 μg/mL) 

using TransfeX at a 1:4 ratio (MCF7) or TransIT-LT1 (HCT 116, 1:4 ratio; JEG-3, 1:3 ratio). Cells were 

harvested 48 hours after transfection. Resulting levels of CCL22 mRNA are shown. Each data point 

represents an independent experiment with values derived from three technical replicates. Significance 

testing was performed with a one-way ANOVA and Tukey’s pairwise comparison; error bars represent 

standard deviations. D, Cells were transfected as in A-C in parallel experiments using a GFP expression 

plasmid (2 μg/mL with transfection reagents and ratios indicated in A-C) and imaged 48 hours after 

transfection. Brightfield (BF) shows the confluency of cells in the same field of view as GFP. 

 

Figure 3.  STING agonist 2’3’-cGAM(PS)2(Rp/Sp) upregulates CCL22. A, HeLa cells were transfected with 

a mock control or 10 μM 2’3’-cGAM(PS)2(Rp/Sp) with TransIT-LT1 at a 1:1 μg/μL ratio and harvested 24 

hours post transfection for RTqPCR.  Resulting levels of CCL22 are shown relative to untreated cells. Each 

data point represents an independent experiment with values derived from three technical replicates. 

Significance testing was performed with a one-way ANOVA and Dunnett’s multiple comparison test; 

error bars represent standard deviations. B, HeLa cells were transfected with a mock control or indicated 

concentrations of 2’3’-cGAM(PS)2(Rp/Sp) with TransIT-LT1 at a 1:1 μg/μL ratio and harvested at indicated 

timepoints. Lysates (60 μg) and THP-1 positive control (15 μg) were resolved with SDS-PAGE and probed 

for pSTING and beta-tubulin. C, MCF7 cells were transfected with a mock control or 10 μM 2’3’-

cGAM(PS)2(Rp/Sp) with TransfeX at a 1:1 μg/μL ratio and harvested 24 hours post transfection for 

RTqPCR.  Resulting levels of CCL22 are shown relative to untreated cells. Each data point represents an 

independent experiment with values derived from three technical replicates. Significance testing was 
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performed with a one-way ANOVA and Tukey’s pairwise comparison; error bars represent standard 

deviations. 

 

Figure 4. Inhibition of TBK1 and IKKε inhibit upregulation of CCL22 by dsDNA and STING agonist 

activation.  A, HeLa cells were seeded in 12-well plates to achieve ~ 65% confluency in 24 hours, then 

cells were treated with either the TBK1/IKKε inhibitor MRT67307 at concentrations indicated in the 

figure or a water vehicle control for approximately 1.5 hours prior to transfection with either a mock 

control or dsDNA (2 μg/mL) with TransIT-LT1 at a 1:2 ratio. Cells were harvested 48 hours after 

transfection for RTqPCR. Resulting levels of CCL22 mRNA are shown. Each data point represents an 

independent experiment with values derived from three technical replicates.  Significance testing was 

performed with a one-way ANOVA and Tukey’s pairwise comparison; error bars represent standard 

deviations.  B, HeLa cells were treated with MRT67307 as described in A, then transfected in parallel 

experiments using a GFP expression plasmid (2 μg/mL, TransIT-LT1 1:2 ratio) and imaged 48 hours after 

transfection. Brightfield (BF) shows the confluency of cells in the same field of view as GFP.  C, MCF7 cells 

were seeded in 12-well plates to achieve ~ 50% confluency in 24 hours, then cells were treated with 

either the TBK1/IKKε inhibitor MRT67307 at concentrations indicated in the figure or a water vehicle 

control for approximately 1.5 hours prior to transfection with either a mock control or dsDNA (2 μg/mL) 

with TransfeX at a 1:4 ratio. Cells were harvested 48 hours after transfection for RTqPCR. Resulting levels 

of CCL22 mRNA are shown. Each data point represents an independent experiment with values derived 

from three technical replicates. Significance testing was performed with a one-way ANOVA and Tukey’s 

pairwise comparison; error bars represent standard deviations.  D, MCF7 cells were treated with 

MRT67307 as described in C, then transfected in parallel experiments using a GFP expression plasmid (2 
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μg/mL, TransfeX, 1:4 ratio) and imaged 48 hours after transfection. Brightfield (BF) shows the confluency 

of cells in the same field of view as GFP. E-F, HeLa cells (E) and MCF7 cells (F) were treated with 0.54 μM 

of the TBK1/IKKε inhibitor MRT67307 or a water vehicle control for approximately 1.5 hours prior to 

transfection with 10 μM 2’3’-cGAM(PS)2(Rp/Sp) using TransIT-LT1 (HeLa) or TransfeX (MCF7) at a 1:1 

μg/μL ratio or the respective mock controls. Cells were harvested 24 hours after transfection, and 

RTqPCR was performed. Resulting fold change of CCL22 is shown. Each data point represents an 

independent experiment with values derived from three technical replicates. Significance testing was 

performed with a one-way ANOVA and Tukey’s pairwise comparison; error bars represent standard 

deviations. 

 

Figure 5. NF-κB contributes to CCL22 upregulation. A, HeLa cells were seeded in 12-well plates to 

achieve ~ 65% confluency in 24 hours, at which time cells were treated with either 8 ng/mL TNFα or a 

water vehicle control. Cells were harvested 24 hours after treatment, and RTqPCR was performed. 

Resulting levels of CCL22 mRNA are shown. Each data point represents an independent experiment with 

values derived from three technical replicates. Significance testing was performed with an unpaired, 

two-tail t test; error bars represent standard deviations. B, HeLa cells were seeded and grown as for A 

and treated with either 10 ng/mL PMA or a 0.0004% DMSO vehicle control. Significance testing was 

performed with a one-way ANOVA and Tukey’s pairwise comparison; error bars represent standard 

deviations. C, HeLa cells expressing no shRNA (NS) or stably expressing a non-targeting shRNA (NT) or 

shRNAs against RELA/p65 (p65-1 or p65-2) were harvested for RTqPCR; levels of RELA/p65 RNA are 

shown relative to untreated (NS) cells. Each data point represents an independent experiment with 

values derived from three technical replicates. Significance testing was performed with a one-way 
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ANOVA and Tukey’s pairwise comparison; error bars represent standard deviations.  D, Lysates (20 μg) 

from HeLa cells carrying no shRNA (NS), non-targeting shRNA (NT) or shRNAs against RELA/p65 (p65-1 

or p65-2) were resolved using SDS-PAGE and probed for RELA/p65 and beta-tubulin. The image shown 

is representative of at least three independent experiments.  E, HeLa cells described in C and D were 

transfected with a mock control or dsDNA (2 μg/mL) with TransIT-LT1 at a 1:2 ratio and harvested after 

48 hours for RTqPCR.  Resulting fold change of CCL22 mRNA is shown relative to the mock control for 

each individual cell line. Each data point represents an independent experiment with values derived from 

three technical replicates. Significance testing was performed with a one-way ANOVA and Dunnett’s 

pairwise comparison of each shRNA group to the control non-targeting group; note that this analysis was 

performed alongside the IRF3 shRNA groups from Figure 6C in order that all non-targeting control 

experiments be included; error bars represent standard deviations.  F, HeLa cells carrying the shRNAs 

described above were transfected as in E in parallel experiments using a GFP expression plasmid (2 

μg/mL, TransIT-LT1 1:2 ratio) and imaged 48 hours after transfection. Brightfield (BF) shows the 

confluency of cells in the same field of view as GFP. 

 

Figure 6. IRF3 is indispensable for CCL22 upregulation in response to dsDNA. A, HeLa cells expressing 

no shRNA (NS) or stably expressing a non-targeting shRNA (NT) or shRNAs against IRF3 (IRF3-1 or IRF3-

2) were harvested for RTqPCR; levels of IRF3 RNA are shown relative to untreated (NS) cells. Each data 

point represents an independent experiment with values derived from three technical replicates.  

Significance testing was performed with a one-way ANOVA and Tukey’s pairwise comparison; error bars 

represent standard deviations.  B, Lysates (20 μg) from HeLa cells carrying no shRNA (NS), non-targeting 

shRNA (NT) or shRNAs against RELA/p65 (p65-1 or p65-2) were resolved using SDS-PAGE and probed for 
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RELA/p65 and beta-tubulin. The image shown is representative of at least three independent 

experiments. C, HeLa cells described in A and B were transfected with a mock control or dsDNA (2 μg/mL) 

with TransIT-LT1 at a 1:2 ratio and harvested after 48 hours for RTqPCR.  Resulting fold change of CCL22 

mRNA is shown relative to the mock control for each individual cell line. Each data point represents an 

independent experiment with values derived from three technical replicates. Significance testing was 

performed with a one-way ANOVA and Dunnett’s pairwise comparison of each shRNA group to the 

control non-targeting group; note that this analysis was performed alongside the RELA/p65 shRNA 

groups from Figure 5E in order that all non-targeting control experiments be included; error bars 

represent standard deviations.  D, HeLa cells carrying the shRNAs described above were transfected as 

in C in parallel experiments using a GFP expression plasmid (2 μg/mL, TransIT-LT1, 1:2 ratio) and imaged 

48 hours after transfection. Brightfield (BF) shows the confluency of cells in the same field of view as 

GFP.  E-F, HeLa cells (E) and MCF7 cells (F) were transfected with a mock control or 2 μg/mL of empty 

plasmid (EV) or the constitutively active IRF3-5D with TransIT-LT1 (HeLa) at a 1:2 ratio or TransfeX (MCF7) 

at a 1:4 ratio. Cells were harvested 48 hours after transfection, and RTqPCR was performed. Resulting 

fold change of CCL22 mRNA relative to the mock control is shown. Each data point represents an 

independent experiment with values derived from three technical replicates. Significance testing was 

performed with an unpaired, one-tailed t test; error bars represent standard deviations. 

 

Figure 7. Two strains of HeLa cells differ dramatically in upregulation of CCL22 by dsDNA. A, CCL-2 HeLa 

cells from ATCC were untreated or transfected with a mock control or dsDNA (2 μg/mL) with TransIT-LT1 

at a 1:2 ratio and harvested after 48 hours for RTqPCR.  Resulting fold change of CCL22 mRNA is shown. 

Each data point represents an independent experiment with values derived from three technical 
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replicates. Significance testing was performed with a one-way ANOVA and Tukey’s pairwise comparison; 

error bars represent standard deviations. B, Samples of our original HeLa cell line and CCL-2 HeLa cells 

from ATCC were each sent to ATCC for authentication with STR profile analysis. Results are shown side-

by-side. C, CCL-2 HeLa cells from ATCC were transfected as in A in parallel experiments using a GFP 

expression plasmid (2 μg/mL, TransIT-LT1 ,1:2 ratio) and imaged 48 hours after transfection. Brightfield 

(BF) shows the confluency of cells in the same field of view as GFP.  D, Indicated cell lines were 

transfected as described in A and harvested after 48 hours. Lysates (60 μg) and THP-1 positive control 

(15 μg) were separated with SDS-PAGE and probed for phospho-STING (S366) and beta-tubulin. The 

image shown is representative of at least three independent experiments. 

 

Figure 8. CCL22 is increased despite lack of STING S366 phosphorylation. A, Cells were untreated (UN) 

or transfected with dsDNA (2 μg/mL) using TransfeX at a 1:4 ratio (MCF7) or TransIT-LT1 (HCT 116, 1:4 

ratio; JEG-3, 1:3 ratio). Cells were harvested 48 hours after transfection. Lysates (60 μg) and THP1 

positive control (15 μg) were separated with SDS-PAGE and probed for phospho-STING (S366) and beta-

tubulin. The image shown is representative of at least three independent experiments.  

 

Supplementary Figure 1. DNA without transfection does not increase CCL22 expression. HeLa cells 

were untreated (UN) or treated with a mock control containing TransIT-LT1 transfection reagent only or 

dsDNA alone (DA, 2 μg/mL) without transfection reagent and harvested 48 hours after transfection. 

Resulting levels of CCL22 mRNA are shown. Each data point represents an independent experiment with 

values derived from three technical replicates. Significance testing was performed with a one-way 

ANOVA and Tukey’s pairwise comparison; error bars represent standard deviations.  
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Supplementary Figure 2.  The TBK1/IKKe inhibitor MRT67307 reduces phosphorylation on both IRF3 

and RELA/p65. A, HeLa cells were treated with a mock water control or 0.6 μM of the TBK1/IKKe inhibitor 

MRT67307 for 1.5 hours, then treated with TNFα (8 ng/mL) or PMA (10 ng/mL), or untreated (UN) and 

harvested after 5 minutes (TNFα) or 20 minutes (PMA and UN).  Lysates (25 μg) were resolved by SDS-

PAGE PAGE and probed for phospho-p65 (S536) and p65. The image shown is representative of at least 

two independent experiments.  B-C, HeLa cells were treated with a mock water control or 0.6 μM of the 

TBK1/IKKe inhibitor MRT67307 for 1.5 hours, then transfected with 10 μM 2’3’-cGAM(PS)2(Rp/Sp) and 

TransIT-LT1 at a 1:1 μg/μL ratio, or dsDNA (2 μg/mL) and  TransIT-LT1 at a 1:2 μg/μL ratio, or untreated 

(UN).  Cells were harvested 5 hours after treatment, and lysates were resolved with SDS-PAGE and 

probed for p-p65 (S536) or p65 as in A (25 μg lysate loaded) or for p-IRF3 (S386) and IRF3 (100 μg lysate 

loaded). Image shown is representative of at least two independent experiments. 

 

 Supplementary Figure 3. Double-stranded DNA induces IRF3 phosphorylation in MCF7 cells. Cells were 

untreated (UN) or transfected with dsDNA (2 μg/mL) using TransIT-LT1 (JEG-3, 1:3 ratio; HCT 116, 1:4 

ratio) or TransfeX (MCF7, 1:4 ratio).  Cells were harvested 48 hours after transfection. Lysates (100 μg) 

were separated with SDS-PAGE and probed for phospho-IRF3 (S386), IRF3, and beta-tubulin. The image 

shown is representative of at least two independent experiments. 

 

Data availability 

All data were reported in figures. 
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Abbreviations 

ATCC American Type Culture Collection 

CDN cyclic dinucleotide 

cGAS Cyclic GMP-AMP synthase 

dsDNA Double-stranded DNA 

GFP Green fluorescent protein 

IFN-γ  Interferon gamma 

IKKε  I-kappa-B kinase (IKK) epsilon 

IRF3 Interferon regulatory factor 3 

MDC Macrophage derived chemokine 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

PMA Phorbol 12-myristate 13-acetate 

shRNA Short hairpin RNA 

STING Stimulator of interferon genes 

TBK1 TANK-binding kinase 1 

TLR Toll-like receptor 

TME Tumor microenvironment 

TNFα Tumor necrosis factor alpha 

Treg Regulatory T cell 
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