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Abstract

Plasmacytoid dendritic cells (pDCs) are specialized type I interferon (IFN-I) producing cells 

that promote anti-viral immune responses and contribute to autoimmunity. Development of 

pDCs requires the transcriptional regulator E2-2 and is opposed by inhibitor of DNA binding 

2 (Id2). Prior work indicates Id2 is induced in pDCs upon maturation and may affect pDC 

IFN-I production via suppression of E2-2, suggesting an important yet uncharacterized role in 

this lineage. We found TLR7 agonists stimulate Id2 mRNA and protein expression in pDCs. We 

further show that transcriptional activation of Id2 is dependent on the E2 ubiquitin-conjugating 

enzyme Ubc13, but independent of IFN-I signaling in response to TLR7 agonist stimulation. 

Nonetheless, conditional Id2 depletion in pDCs indicates Id2 is dispensable for TLR7 agonist-

induced maturation and inhibition of E2-2 expression. Thus, we identify new mechanisms of 

Id2 regulation by Ubc13, which may be relevant for understanding Id2 gene regulation in other 

contexts, while ruling out major roles for Id2 in pDC responses to TLR7 agonists.
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1. Introduction

Dendritic cells (DCs) are bone marrow (BM)-derived populations comprising plasmacytoid 

DCs (pDCs), as well as the type 1 and type 2 conventional DCs (cDC1s and cDC2s) 

(Chrisikos et al., 2019; Guilliams et al., 2014; Steinman and Cohn, 1973). Murine and 

human DCs express a variety of receptors that detect pathogen-, danger-, or microbial-

associated molecular patterns including the Toll-like receptors (TLRs) (Chrisikos et al., 
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2019). TLR activation leads to changes in DC phenotype, including upregulation of major 

histocompatibility complex class II (MHC-II), co-stimulatory molecules, and soluble factors, 

a process that is termed DC maturation (Chrisikos et al., 2019). pDCs are enriched for 

expression of the nucleic acid sensors TLR7 and TLR9; upon their activation, pDCs produce 

abundant amounts of type I interferons (IFN-Is) and contribute to antiviral immunity. pDCs 

also produce other pro-inflammatory cytokines, but exhibit limited antigen presentation 

capacity (Cella et al., 1999; Reizis, 2019; Siegal et al., 1999; Swiecki and Colonna, 2015). 

By contrast, cDCs are phagocytic cells that acquire potent antigen-presenting function 

following TLR activation (Böttcher and Reis e Sousa, 2018; Hilligan and Ronchese, 2020). 

TLR agonist-stimulated pDCs and cDC1s have been studied in recent years for potential use 

as cell-based vaccines in the treatment of various cancers (Chrisikos et al., 2020; Liu et al., 

2008; Wu et al., 2017; Zhou et al., 2020). Thus, it is important to elucidate mechanisms 

by which DCs respond to TLR ligands to better understand fundamental DC biology and 

improve DC-based immunotherapies.

DC development is controlled by key transcriptional regulators, including the E protein E2-2 

and inhibitor of DNA binding 2 (Id2) (Cisse et al., 2008; Grajkowska et al., 2017; Hacker et 

al., 2003; Nagasawa et al., 2008; Spits et al., 2000). E2-2 and Id2 are helix-loop-helix (HLH) 

proteins, which form homo or heterodimers via the HLH region (Murre, 2019; Murre et al., 

1989a, 1989b). E proteins such as E2-2 (encoded by Tcf4) also contain a basic region that 

enables their direct binding to DNA at consensus E-box sites to regulate gene expression 

(Church et al., 1985; Ephrussi et al., 1985; Robert.L et al., 1990). By contrast, Id proteins 

including Id2 lack a basic region (Benezra et al., 1990). Id proteins dimerize with and 

inhibit E protein DNA binding and thus act as dominant negative regulators of transcription 

(Benezra et al., 1990; Kee, 2009). In DCs, antagonism between E2-2 and Id2 directs pDC 

and cDC1 development (Cisse et al., 2008; Grajkowska et al., 2017; Hacker et al., 2003; 

Nagasawa et al., 2008; Spits et al., 2000). For instance, the long isoform of E2-2 acts 

in conjunction with its co-factor Cbfa2t3 in a feed-forward loop to sustain E2-2- and pDC-

specific gene expression while concomitantly repressing Id2; this mechanism promotes pDC 

development from DC progenitors and maintains pDC lineage identity (Ghosh et al., 2014; 

Grajkowska et al., 2017). In addition, evidence suggests Id2 silences E protein-dependent 

pDC potential within the DC progenitor compartment while promoting pre-cDC1 and cDC1 

development (Bagadia et al., 2019; Grajkowska et al., 2017; Nagasawa et al., 2008; Spits et 

al., 2000).

pDCs express E2-2 constitutively and sustained E2-2 expression is required for maintenance 

of pDC phenotype and morphology (Ghosh et al., 2010). We previously showed pDCs 

stimulated with the TLR9 agonist CpG-A upregulate Id2 mRNA (Li et al., 2012), 

suggesting Id2 may control specific pDC functions. TLR agonists, viral infection, or CD40 

ligand (CD40L) stimulation drive pDC maturation, including production of IFN-Is and pro-

inflammatory factors. This process results in subsequent acquisition of cDC-like features 

by pDCs, including upregulation of MHC-II and co-stimulatory molecules, and ability to 

induce T cell activation (Asselin-Paturel et al., 2001; Iparraguirre et al., 2007; Mouriès et 

al., 2008; O’Keeffe et al., 2002; Salio et al., 2004; Schlecht et al., 2004). Additionally, 

pDCs exposed to virus or CD40L induce Id2 (Abbas et al., 2020; Iparraguirre et al., 2007; 

Leylek et al., 2020). Furthermore, Tcf4 (E2-2) -deficient pDCs exhibit features similar to 
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TLR agonist-treated pDCs, including loss of pDC-specific gene expression, enrichment of 

cDC-associated transcripts including Id2, reduced IFN-α production, and enhanced ability 

to stimulate T cells (Cisse et al., 2008; Ghosh et al., 2010). Prior work has also shown 

Id2-deficient pDCs produce greater amounts of IFN-α following exposure to virus (Hacker 

et al., 2003). These results collectively suggest TLR agonist-induced Id2 may antagonize the 

E2-2-dependent transcriptional program in pDCs and support maturation to a cDC-like state; 

yet, the role of Id2 in TLR agonist-stimulated pDCs remains unknown.

All TLRs, except for TLR3, signal through MyD88 and TRAF6, which in turn elicit 

NF-κB and MAP kinase signal transduction cascades (Kawasaki and Kawai, 2014). 

The E2 ubiquitin-conjugating enzyme Ubc13 (encoded by Ube2n) has a crucial role 

in TRAF6 activation and thus is important for signaling via the majority of TLRs 

(Deng et al., 2000; Fitzgerald and Kagan, 2020; Fukushima et al., 2007; Hofmann and 

Pickart, 1999). Moreover, TLR7 and TLR9 signaling activates IRF7-dependent IFN-I 

production and autocrine/paracrine IFN-α/β receptor (IFNAR) signaling (Asselin-Paturel 

et al., 2005; Honda et al., 2005; Tomasello et al., 2018; Wimmers et al., 2018). Since Id2 is 

upregulated in pDCs by TLR9 agonist or viral challenge, the data collectively suggest Id2 
is transcriptionally regulated by TLR-mediated signaling pathways, yet the mechanisms by 

which Id2 is controlled in response to TLR stimulation remains unclear.

In this study, we used gene expression and protein analyses to verify Id2 induction by TLR 

agonist treatment in murine pDCs. We further examined roles for Id2 in pDC maturation and 

cytokine expression using conditional Id2 deletion. Finally, we employed in vitro analyses 

and genetic models to assess mechanisms regulating Id2 gene expression following TLR7 

stimulation.

2. Materials and Methods

2.1. Animals

C57BL/6J mice and B6.129S2-Ifnar1tm1Agt/Mmjax (Ifnar−/−) mice (Müller et al., 1994) 

were bred in house or acquired from the Jackson Laboratory (Bar Harbor, ME, USA). 

Non-littermate C57BL/6J mice were used as wildtype controls. Id2 conditional knockout 

mice (Id2CKO; CreERT2+/+ Id2f/f or CreERT2+/− Id2f/f) were generated by breeding B6.129-

Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J mice (CreERT2+/+) from the Jackson Laboratory (Ventura 

et al., 2007) with Id2f/f mice (Niola et al., 2012); the latter were generously provided on 

the C57BL/6J background by Drs. Anna Lasorella and Barbara Kee. Conditional Ube2n 
knockout mice (Ube2nCKO; CreERT2+/+ Ube2nf/f) were obtained by breeding CreERT2+/+ 

mice with Ube2nf/f mice on the C57BL/6J background (Yamamoto et al., 2006). Non-

littermate CreERT2+/+ mice were used as controls for both the Id2CKO and Ube2nCKO 

strains. Mice were age-matched and used between 7-16 weeks of age. Mice were maintained 

in a specific pathogen-free barrier facility and used in accordance with approval by The 

University of Texas MD Anderson Cancer Center’s Institutional Animal Care and Use 

Committee (IACUC).
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2.2. Immune cell isolation

Mice were euthanized via CO2 asphyxiation; secondary cervical dislocation was performed 

to ensure animals were ethically euthanized. Peripheral blood was collected via cardiac 

puncture. BM was harvested from both hind legs (2 femurs and 2 tibias and, in some 

cases, 2 humeri), and flushed using a 27.5-gauge needle. BM was incubated with RBC 

lysis buffer (Tonbo Biosciences, San Diego, CA, USA) for 5 min at room temperature 

(RT); the reaction was stopped with the addition of Roswell Park Memorial Institute 

(RPMI) complete medium, consisting of RPMI 1640 medium (Thermo Fisher Scientific, 

Waltham, MA, USA) containing 10% heat-inactivated fetal calf serum (FCS, Atlanta 

Biologicals, Atlanta, GA, USA), 1% penicillin-streptomycin (Thermo Fisher Scientific), 1 

mM sodium pyruvate (Thermo Fisher Scientific), and 50 μM β-mercaptoethanol (β-ME, 

Thermo Fisher Scientific). Total BM cells were passed through a 70 μm mesh filter 

and pelleted by centrifugation. Cells were resuspended in either fluorescence-activated 

cell sorting (FACS) buffer, comprising phosphate-buffered saline (PBS) containing 2 mM 

ethylenediaminetetraacetic acid and 2% FCS (FACS buffer) for antibody staining, or RPMI 

complete medium for BM cultures. Spleen was pressed through 100 μm mesh filters, and 

single cell suspensions were incubated with RBC lysis buffer, as described. Lymph nodes 

were pressed through 100 μm mesh filters into single cell suspensions. The large lobe of 

the liver was chopped by hand with scissors into uniformly small pieces, then incubated for 

1-1.5 h at 37°C while shaking with 1 mg/mL collagenase-IV in RPMI complete medium 

containing 1X Hanks balanced salt solution (Sigma Aldrich). Liver digests were passed 

through a 40 μm mesh filter and immune cells were enriched using a 37/70% Percoll® 

gradient (Cytiva, Marlborough, MA, USA); cells at the 37/70 interface were collected and 

washed with PBS. All single cell suspensions were resuspended in FACS buffer prior to 

antibody staining.

2.3. Fluorescence-activated cell sorting (FACS) and flow cytometry

Single cell suspensions were collected, washed with FACS buffer, then incubated with 

FACS buffer containing rat anti-mouse CD16/23 antibody (Fc-block, Tonbo Biosciences) 

for 10-15 min on ice. Cells were subsequently stained with fluorescently-conjugated 

antibodies against cell surface molecules for 20-30 min on ice in combination with 

Ghost Dye™ violet (Tonbo Biosciences); the latter was used to exclude dead cells. The 

following antibodies were used: FITC-conjugated CD11b (M1/70), CD11c (N418), CD80 

(16-10A1), CD172α (P84), H-2Kb (AF6-88.5), and Siglec-H (eBio440c); PerCP-conjugated 

CD86 (GL-1); PerCP-Cy5.5-conjugated CD3 (17A2), CD11b (M1/70), CD19 (1D3), CD24 

(M1/69), CD80 (16-10A1), F4/80 (BM8), NKp46 (29A1.4), NK1.1 (PK136), and XCR1 

(ZET); Brilliant Violet (BV)421™-conjugated XCR1 (ZET); eFluor 450-conjugated CD11c 

(N418); violetFluor™ 450-conjugated CD11b (M1.70), CD11c (N418); Pacific Blue™-

conjugated CD40 (3/23); BV650™-conjugated CD11c (HL3); BV711™-conjugated CD8α 
(17A2), CD45R (RA3-6B2), and CD274 (MIH5); BV785™-conjugated CD86 (GL-1); 

PE-conjugated CCR7 (4B12), CCR9 (eBioCW-1.2), CD11b ( M1/70), CD103 (2E7), 

and Siglec-H (eBio440c); PE-Cy7-conjugated CD11c (N418), CD45R (RA3-6B2), CD86 

(GL-1), Siglec-H (eBio440c), MHC-II (M5/114.15.2); APC-conjugated CD45R (RA3-6B2), 

CD172α (P84), and CD317 (eBio927); Red Fluor710-conjugated CD45.2 (104); APC-Cy7-

conjugated CD11b (M1/70) and MHC-II (M5/114.15.2); APC-eFluor 780-conjugated CD24 
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(M1/69). Antibodies were purchased from Thermo Fisher Scientific (Invitrogen), Tonbo 

Biosciences, BioLegend (San Diego, CA, USA), or BD. Following staining, cells were 

washed with FACS buffer, and either filtered through a 40 μm mesh filter and sorted at 4°C 

using a FACSAria IIIu or FACSAria Fusion Cell Sorter (Beckton, Dickinson and Company 

(BD), Franklin Lakes, NJ, USA), and the BD FACSDiva™ software (BD), or fixed in PBS 

containing 2.5% formaldehyde for 20 min on ice. Fixed cells were washed and resuspended 

in FACS buffer prior to data acquisition using a BD LSR Fortessa X-20 Analyzer (BD) 

and BD FACSDiva™ software. Data were analyzed using the FlowJo v10 software (FlowJo, 

Ashland, OR, USA).

2.4. DC cultures in vitro

Murine BM-derived pDCs and CD103+ cDC1s were generated in vitro as described 

(Chrisikos et al., 2020; Li et al., 2012; Zhou et al., 2020). To differentiate pDCs, BM 

cells (3x106 cells/mL) were cultured in RPMI complete medium supplemented with 50 

ng/mL human FMS-like tyrosine kinase 3 (Flt3) ligand (hFlt3L; PreproTech, Rocky Hill, 

NJ, USA) for 8 d. At culture termination, non-adherent cells were gently collected; pDCs 

were purified as live CD11c+ CD11b− B220+/hi Siglec-H+ or PDCA1+ CD24−/lo MHC-II−/lo 

cells by FACS. Cultures generated from tamoxifen-inducible CreER mouse strains were 

supplemented with 1μM 4-hydroxytamoxifen (4-OHT; Millipore Sigma, St. Louis, MO, 

USA) on day 4.

To generate CD103+ cDC1s, BM cells (1.5x106 cells/mL) were cultured in 10 mL RPMI 

complete medium containing 50 ng/mL Flt3L and 0.5% XG3 cell supernatant containing 

granulocyte-macrophage colony-stimulating factor (GM-CSF), or 50 ng/mL Flt3L and 2 

ng/mL recombinant murine GM-CSF (PreproTech) for 16-17 d. On day 5, cultures were 

supplemented with fresh RPMI complete medium. On day 9, non-adherent cells were 

collected and re-plated in fresh cytokine-supplemented RPMI complete medium (3x105 

cells/mL). On days 16-17, non-adherent cells were collected; CD103+ cDC1s were purified 

as live CD11c+ B220− CD172α− CD24+ CD103+ cells by FACS.

2.5. Plasmid isolation, hydrodynamic gene transfer (HGT), and DC expansion in vivo

The pORF expression vectors encoding the murine Flt3l open reading frame (pORF9-

mFlt3L; InvivoGen, San Diego, CA, USA) or Csf2 (GM-CSF) (pORF9-mGM-CSF) were 

transformed into E. coli and grown in lysogeny broth (LB) media with 100 μg/mL ampicillin 

for 14-16 h. Plasmids were purified using the Invitrogen PureLink HiPure Plasmid Midiprep 

or Maxiprep Kit (REF: K210004 or F210007; Thermo Fisher Scientific).

Mice were injected intravenously (i.v.) for 5 s via hydrodynamic gene transfer (HGT) (Liu et 

al., 1999) with 10 μg pORF9-mFlt3L resuspended in 2 mL endotoxin-free Dulbecco’s PBS 

without calcium or magnesium (EMD Millipore) (Li et al., 2012). 7-10 d after Flt3L-HGT, 

mice were sacrificed and organs were collected and processed as described in the text or 

figure legends. BM and splenic pDCs were purified as lineage (Lin)− (CD3, CD19, F4/80) 

CD11clo/int CD11b− Siglec-H+ B220+/hi cells and, in the majority of cases, additionally as 

NK1.1− or NKp46− XCR1− CD172αlo cells to further exclude possible contaminating NK 

cells or cDCs. To generate non-lymphoid organ CD103+ cDC1s, mice were injected i.v. 
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via HGT with 10 μg pORF9-mFlt3L and 2.5 μg pORF9-mGM-CSF resuspended in 2 mL 

endotoxin-free PBS. Livers were harvested 7-10 d post-HGT. Liver CD103+ cDC1s were 

sorted as CD45+ Lin- (CD3, CD19, F4/80) CD11c+ MHC-II+ CD172α− XCR1+ CD103+ 

cells.

2.6. TLR agonist, Actinomycin D, or cytokine treatment in vitro

FACS-purified cells were washed with RPMI, and then cultured in RPMI complete 

medium with or without TLR agonists and, in some cases, cytokines. pDCs (0.035-3 

x 106 cells/mL) were stimulated with R837 (5 μg/mL; InvivoGen), CpG-A (1 

μM; sequence: G*G*TGCATCGATGCAG*G*G*G*G*G), heat-inactivated (56°C for 30 

minutes) influenza A/PR/8/34 virus (multiplicity of infection (MOI) 50; ATCC, Manassas, 

VA, USA), Actinomycin D (AcD, 5 μg/mL; Thermo Fisher Scientific), or recombinant 

mouse IFN-α (300 units; R&D Systems, Inc., Minneapolis, MN, USA). CD103+ cDC1s 

(2x106 cells/mL) were stimulated with lipopolysaccharide (LPS, 100 ng/mL; ultrapure LPS 

from E. coli O111:B4; InvivoGen) or polyinosinic:polycytidylic acid (poly I:C, 20 μg/mL; 

Millipore Sigma, Darmstadt, Germany). When pDCs were stimulated for greater than 8 

h, cultures were supplemented with 50 ng/mL hFlt3L to preserve cell viability; similarly, 

CD103+ cDC1s cultured greater than 8 h were supplemented with 50 ng/mL hFlt3L and 2 

ng/mL GM-CSF.

2.7. RNA isolation and qRT-PCR

Total RNA was isolated from single cell suspensions using TRIzol reagent (Thermo Fisher 

Scientific) and reverse-transcribed into cDNA with iScript (Bio Rad, Hercules, CA, USA). 

Quantitative real time polymerase chain reaction (qRT-PCR) was performed using SYBR 

Green JumpStart Taq ReadyMix (Millipore Sigma) or PowerUp™ SYBR™ Green Master 

Mix (Thermo Fisher Scientific) and the CFX96 or CXF384 Touch™ Real-Time PCR 

Detection System with the CFX manager software (Bio Rad) according to the following 

protocol: denaturation at 95°C for 10 s; annealing at 58°C for 20 s; and extension at 72°C 

for 30 s. The primer sequences are found in Table 1. The relative expression of individual 

genes was calculated and normalized to expression of the ribosomal protein L13a gene, 

Rpl13a, using the equation 1.8^(Rpl13a - Gene) x 10,000, where Rpl13a equaled the average 

threshold cycle (Ct) value for Rpl13a mRNA and Gene equaled the average Ct value for the 

gene of interest.

2.8. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
immunoblotting

Cells were pelleted and resuspended in 2X Laemmli sample buffer (LSB; 2% SDS, 80mM 

Tris pH=6.8, 15% glycerol, ~0.01% bromophenol blue) at a concentration of 5x105 cells per 

50 μL LSB containing 1% β-ME. Samples were sonicated on ice, using the W-385 Heat 

Systems Ultrasonic processor, at 40% power, for 2 s pulses over 10 s, and boiled for 5 min at 

95°C to generate denatured whole cell lysates. 7.5%, 10%, or 15% 1.5 mm polyacrylamide 

gels were cast for SDS-PAGE using a HOEFER Vertical tank (DD BioLab, Barcelona, 

Spain). Proteins were transferred to a 100% pure Whatman® Protran® nitrocellulose 

membrane (0.2 μM, Sigma) overnight at 4°C. Membranes were incubated with primary 

antibodies overnight at 4°C, diluted as indicated in blocking buffer containing 5% bovine 
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serum albumin (BSA) or non-fat milk prepared in Tris-buffered saline containing 0.15% 

Tween-20 (TBST), to detect: Id2 (1:500, D39E8; Cell Signaling Technology, Danvers, 

Massachusetts, USA); TCF4 (E2-2) (1:1000, Proteintech Group, Inc, Rosemont, IL, USA); 

Y701-phosphorylated STAT1 (pSTAT1, 1:000, 58D6; Cell Signaling Technology); total 

STAT1 (1:1000, Cell Signaling Technology); GAPDH (1:10,000, 14C10; Cell Signaling 

Technology); and tubulin (1:1000, clone 12G10). Membranes were then washed three times 

for 5 min each with TBST, and incubated while shaking with appropriate horseradish 

peroxidase-conjugated secondary antibodies in blocking solution for 1 h at RT. Following 

washes and incubation with SuperSignal West Pico PLUS Chemiluminescent Substrate 

(Thermo Fisher Scientific), protein expression was detected via x-ray film exposure.

2.9. Cytokine and chemokine quantification

Cell culture supernatants were collected as indicated in the Figure legends and 36 cytokines 

and chemokines were measured using the mouse ProcartaPlex Panel 1a (Invitrogen, 

Carlsbad, CA, USA) on a Luminex 200 machine (Luminex, Austin, TX, USA), according 

to the manufacturers’ instructions. Soluble factors measured included: CC motif chemokine 

ligand 2 (CCL2), CCL3, CCL4, CCL5, CCL7, C-X-C motif chemokine ligand 1 (CXCL1), 

CXCL2, CXCL5, CXCL10, Eotaxin, granulocyte colony-stimulating factor (G-CSF), GM-

CSF, IFN-α, IFN-γ, interleukin-1 alpha (IL-1α), IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, 

IL-10, IL-12p70, IL-13, IL-15/IL-15R, IL-17a, IL-18, IL-22, IL-23, IL-27, IL-28, IL-31, 

leukemia inhibitory factor (LIF), macrophage colony-stimulator factor (M-CSF), and tumor 

necrosis factor alpha (TNF-α).

2.10. Statistics

All statistical analyses performed in this study used Prism 9 software (GraphPad Software, 

San Diego, CA, USA). A Students t-test was used to calculate the difference between two 

independent groups. When more than two groups were compared, a one-way or two-way 

analysis of variance (ANOVA), followed by Dunnett’s, Bonferroni’s or Tukey’s multiple 

comparisons test was performed. Data were expressed as the mean ± standard error of the 

mean (SEM) of n biological replicates. Results were considered significant when p < 0.05.

3. Results

3.1. Id2 expression is upregulated while E2-2 is reduced in TLR agonist-stimulated pDCs

To examine Id2 expression in pDCs, we used two independent methods to generate this 

rare population of cells. Our first approach employed murine bone marrow (BM) cultures 

containing Flt3 ligand (Flt3L) to generate pDCs in vitro (S1A). The second approach used 

hydrodynamic gene transfer (HGT) with Flt3L-encoding plasmid to expand pDCs in vivo 
(Fig 1A,B; Fig S1B) (Li et al., 2012; Liu et al., 1999). We also generated CD103+ cDC1s 

as Id2-expressing controls, using in vitro cultures or Flt3L HGT (Fig S1C,D) (Chrisikos et 

al., 2020; Zhou et al., 2020). As expected, we found constitutive expression of Id2 was lower 

in pDCs compared to cDC1s, while Tcf4 (E2-2) was enriched in pDCs versus cDC1s (Fig 

S1E,F).

Babcock et al. Page 7

Mol Immunol. Author manuscript; available in PMC 2024 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Following stimulation of in vitro-differentiated pDCs with the TLR7 agonist R837 or the 

TLR9 agonist CpG-A, we observed induction of Id2 mRNA (Fig S2A; data not shown), 

corroborating and extending our previous findings (Li et al., 2012). We confirmed Id2 
induction in R837-stimulated pDCs following expansion in vivo, while Id2 showed a trend 

for upregulation in response to CpG-A (Fig 1C,D; Fig S2B,C). TLR7/9 agonist-treated 

pDCs also upregulated Ifna, indicating canonical response to these ligands (Fig S2B,D; 

data not shown). By contrast, Id2 was reduced in CD103+ cDC1s upon stimulation with 

the TLR3 agonist polyinosinic-polycytidylic acid (poly I:C), while it was unaffected by 

LPS treatment (Fig S2E). To assess whether pDCs also upregulated Id2 protein, we used 

immunoblotting experiments. These assays showed Id2 accumulated in pDCs by 18 h of 

TLR7 or TLR9 stimulation (Fig 1E; Fig S2F). Collectively, our data indicate Id2 expression 

is induced in murine pDCs following stimulation with TLR7 or TLR9 agonists.

Numerous studies have found pDCs treated with TLR agonists, as well as CD40L or virus, 

downregulate Tcf4; in some cases, pDCs also simultaneously upregulate Id2 (Abbas et al., 

2020; Alcántara-Hernández et al., 2017; Cisse et al., 2008; Ghosh et al., 2010; Leylek et al., 

2020; Macal et al., 2018). Since Id2 antagonizes E protein activity (Benezra et al., 1990; 

Kee, 2009), we assessed E2-2 expression in R837-stimulated pDCs. Tcf4 mRNA, the long 

isoform of E2-2 (E2-2L), which is specific to pDCs and required for Tcf4 autoregulation 

(Grajkowska et al., 2017), as well as the short isoform (E2-2S) were reduced in response 

to R837 (Fig 1F,G; Fig S2D). These data demonstrate concomitant induction of Id2 and 

suppression of E2-2 in R837-stimulated pDCs.

3.2. Id2 does not regulate Tcf4 or E2-2 target gene expression in TLR7-stimulated pDCs

Since R837 stimulation resulted in significant upregulation of Id2 (Fig 1), we focused 

our efforts on understanding whether Id2 affects the response of pDCs to distinct TLR7 

agonists including R837 and heat-inactivated influenza virus. We generated pDCs from 

CreER Id2f/f mice (Id2CKO) and CreER (control) BM in vitro. Cells were stimulated with 

TLR7 agonists; some cultures were also treated with 4-OHT to promote Cre activity and Id2 
gene deletion. We verified Id2 mRNA and protein depletion in the Id2CKO cultures treated 

with 4-OHT (Fig 2A,B), indicating effective targeting of Id2. These assays confirmed Id2 

expression in R837-treated pDCs without 4-OHT exposure (Fig 2A,B). We also observed a 

2.3-3.3-fold increase in Id2 mRNA expression in Id2-sufficient pDCs upon treatment with 

influenza virus, though the data did not reach statistical significance (Fig 2A). We next 

assessed expression of Tcf4 mRNA as well as E2-2 target genes. Our data revealed Tcf4 
was downregulated similarly in R837-stimulated CreER and Id2CKO pDCs. By contrast, 

Tcf4 was maintained at high amounts in pDCs treated with influenza virus, regardless of 

genotype (Fig 2C), suggesting differences between R837 and influenza virus-induced TLR7 

activation. Moreover, the E2-2 target genes Irf7, Spib, and Tlr9 were upregulated in pDCs 

treated with influenza compared to non-treated controls and R837-stimulated pDCs (Fig 

2D). These results indicate R837 and, to a lesser extent, influenza virus, stimulate Id2 
expression in pDCs. Our results also suggest Id2-independent mechanisms regulate Tcf4 and 

E2-2-target gene expression upon TLR7 activation.
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3.3. Id2 is largely dispensable for pDC maturation in response to TLR7 stimulation

Prior work using mice with germline deletion of Id2 indicated Id2 negatively regulates 

IFN-α production by pDCs (Hacker et al., 2003). To test this in Id2CKO pDCs, and 

determine whether other pDC-produced cytokines were regulated by Id2, we evaluated 

protein and mRNA expression. Cytokine and chemokine multiplex assays using pDC culture 

supernatants revealed R837-stimulated Id2-deficient pDCs produced greater amounts of 

CCL3 and had a trend of reduced IL-6 production compared to Id2-sufficient pDCs (Fig 

3A,B; Fig S3A). We found IFN-α production was greater in pDCs treated with influenza 

compared to R837 (Fig 3A,B), however, Id2-deficient pDCs produced comparable amounts 

of IFN-α as well as other proinflammatory factors (Fig 3A,B; Fig S3A). Moreover, Il6 
was reduced upon R837 treatment in Id2-deficient pDCs, while similar amounts of Ccl3, 

Ifna, and Tnfa mRNA were detected in Id2-sufficient and -deficient pDCs at baseline or 

in response to R837; no major differences were detected between genotypes following 

treatment with influenza (Fig S3B). These data collectively suggest pDC IFN-α production 

as well as proinflammatory cytokine and chemokine production is largely independent of 

Id2 following TLR7 activation.

We next tested whether Id2 was required for pDC maturation in response to R837 or 

influenza virus by analyzing the expression of markers previously associated with Id2 
expression or TLR agonist-induced maturation (Abbas et al., 2020; Ghosh et al., 2010; 

O’Keeffe et al., 2002). While we observed some distinctions between the expression of these 

markers in response to R837 versus influenza virus, we did not detect significant differences 

between Id2-sufficient and -deficient pDCs at baseline or following R837 or influenza 

simulation (Fig 3C; Fig S4). We found MHC-II, the co-stimulatory molecules CD40 and 

CD86, and the co-inhibitory molecule PD-L1 were induced upon R837 stimulation, while 

their expression was only modestly affected in pDCs treated with influenza. CCR7 was 

modestly reduced in response to R837 yet was unaffected in influenza-treated pDCs. By 

contrast, MHC-I remained unchanged in response to R837 but was induced in influenza-

treated pDCs. In addition, pDCs stimulated with R837 upregulated CD8α while expression 

remained mostly unchanged in response to influenza. Expression of the pan-cDC1 marker 

XCR1, co-stimulatory marker CD80, DC marker CD11c, and pDC-expressed B220 were 

unaffected by either treatment. The additional pDC marker Siglec-H was downregulated in 

response to R837, consistent with prior observations (Puttur et al., 2013), but was retained in 

response to influenza virus (Fig 3C; Fig S4). Collectively, our data indicate key differences 

in R837- versus influenza virus-induced pDC maturation responses and suggest Id2 is 

largely dispensable for these TLR7 agonist-induced phenotypic changes.

3.4. R837 stimulates transcription of Id2

Since Id2 is a key factor in DC development, we utilized our pDC culture system to 

explore mechanisms of Id2 regulation upon TLR agonist stimulation. Our prior studies 

demonstrated the Id2 proximal promoter in pDCs is marked by the modification histone H3 

lysine 4 trimethylation (H3K4me3), associated with poised or transcriptionally active genes 

(Bernstein et al., 2006; Li et al., 2012); yet, it remained unclear whether Id2 transcription 

was activated upon TLR agonist treatment. Thus, we employed the transcriptional inhibitor 

Actinomycin D (AcD) in our pDC culture system. Our results show R837 failed to 
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induce Id2 expression in the presence of AcD (Fig 4), suggesting TLR stimulation induces 

transcriptional activation of Id2 in pDCs.

We next used the online ConTraV3 tool (Kreft et al., 2017) to screen for the presence of 

consensus transcription factor binding sites within the Id2 proximal promoter, which we 

defined as −5kb upstream of the Id2 transcriptional start site (TSS, +1). This analysis 

provided a list of ~450 transcriptional regulators with potential to regulate Id2; we 

subsequently distilled this list based on analysis of a publicly accessible microarray data 

set providing differentially expressed genes in TLR9 agonist- or influenza-stimulated murine 

pDCs (GSE7831) (Iparraguirre et al., 2007). Based on overlapping factors from both lists 

(Fig S5; Table S1), we identified two potential mechanisms of Id2 regulation mediated by 

TLR-induced signaling pathways (e.g., Nfkb1 (p50), c-Rel, and AP-1) or by the IFN-α/β 
receptor (IFNAR) pathway (e.g., STAT1 and STAT2).

3.5. Ubc13 regulates TLR agonist-induced Id2 expression

To test involvement of TLR agonist-responsive signaling cascades, we used pDCs deficient 

for Ubc13, which facilitates ubiquitination of lysine 63 on TRAF6 to activate NF-κB 

and MAP kinase (MAPK) signaling (Deng et al., 2000; Fitzgerald and Kagan, 2020; 

Fukushima et al., 2007; Hofmann and Pickart, 1999). We generated pDCs from CreER 

Ube2nf/f mice (Ube2nCKO) or CreER controls, which enabled 4-OHT-inducible deletion 

of Ube2n/Ubc13 from Ube2nCKO cells (Fig 5A). Following R837 stimulation, we found 

Ube2n was upregulated modestly in pDCs, while Id2 was also induced as expected (Fig 

5A,B). Unlike pDCs, Ube2n was not induced upon poly I:C or LPS treatment in cDC1s, 

suggesting induction of Ube2n occurs in a cell-intrinsic or agonist-dependent manner (Fig 

S6A). Additionally, Ube2n amounts were expressed similarly or modestly elevated in cDC1s 

compared to pDCs (Fig S6B). By contrast, R837-responsive expression of Id2 mRNA 

was suppressed in 4-OHT-treated Ube2nCKO pDCs compared to CreER controls (Fig 5B), 

implying a role for Ubc13 in Id2 transcriptional activation. We also detected reduced 

expression of Tcf4 in 4-OHT-treated Ube2nCKO pDCs but not in Ube2n-sufficient pDCs 

(Fig 5C), suggesting Ube2n is important to maintain Tcf4 expression upon TLR7 agonist 

stimulation. Furthermore, R837-responsive induction of Il6, Tnfa, and Ifna was mediated in 

part by Ubc13, as judged by reduced upregulation in Ube2nCKO pDCs (Fig 5D–F). These 

data are consistent with roles for Ubc13 in promoting TRAF6 activation and TLR-mediated 

cytokine gene induction (Kawai et al., 2004), and further validate Ubc13-deficiency in 

Ube2nCKO pDCs. Ube2n, Il6, and Tnfa were also modestly reduced in R837-stimulated 

pDCs from Ube2nCKO mice in the absence of 4-OHT (Fig 5A,D,E), suggesting a low 

amount of Cre activity may be present in the non-4-OHT-containing cultures. Collectively, 

our data indicate Ubc13 has an important role in mediating the induction of Id2 as well as 

key cytokines produced upon TLR7 stimulation in pDCs.

3.6. Id2 induction is independent of IFNAR signaling

Our results with Ube2nCKO pDCs suggested that additional signaling mechanisms control 

Id2 induction following R837 stimulation, since Id2 expression was reduced but not fully 

suppressed in Ube2n-deficient pDCs (Fig 5B). Our in silico Id2 promoter analysis suggested 

IFNAR-dependent regulators contribute to Id2 gene regulation (Table S1). To examine 
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this, we used pDCs derived from BM of Ifnar−/− mice. We confirmed loss of IFNAR 

signaling by reduction in IFN-α-responsive STAT1 tyrosine phosphorylation (pSTAT1) (Fig 

6A). In addition, we found reduced Irf7 expression in Ifnar−/− pDCs relative to Ifnar+/+ 

pDCs, while pDCs of both genotypes expressed greater amounts of Irf7 versus cDC1s, as 

expected (Fig S7). Moreover, Ifnar−/− pDCs failed to upregulate Irf7 mRNA upon IFN-α 
or R837 treatment, and demonstrated lower but not significantly reduced Ifna expression, 

indicating loss of autocrine/paracrine IFNAR signaling (Fig 6B). By contrast, our assays 

showed Id2 was induced similarly in pDCs from Ifnar+/+ and Ifnar−/− mice upon R837 

stimulation (Fig 6B). Collectively, our data indicate Id2 is regulated in a Ubc13-dependent, 

IFN-I-independent manner in pDCs following TLR7 agonist stimulation.

4. Discussion

Id and E proteins are critical regulators of immune cell development and function, yet 

the role of Id2 in DC responses to TLR agonist stimulation has remained unclear. Using 

pDCs derived from in vitro cultures or mice treated with Flt3L HGT, we found TLR7/9 

agonists induce Id2 expression. Our data indicate Id2 is transcriptionally activated upon 

TLR7 agonist stimulation via a Ubc13-dependent mechanism. Moreover, our results show 

Id2 transcriptional activation is independent of IFNAR signaling, ruling out a contribution 

of autocrine IFN-I signaling in Id2 gene regulation in pDCs. Regardless, Id2 appears 

dispensable for pDC maturation, as judged by conditional Id2 depletion and analysis of 

canonical phenotypic changes associated with TLR7 agonist-induced maturation responses. 

Thus, our results suggest Id2-independent mechanisms regulate TLR agonist-induced pDC 

maturation.

Prior work has demonstrated pDCs that are deficient for the critical lineage regulator E2-2 

express increased amounts of Id2 mRNA and exhibit cDC-like features (Ghosh et al., 2010). 

Additional studies have reported reduction of Tcf4 or inverse expression of Tcf4 and Id2 in 

TLR agonist-, CD40L-, or virus-activated pDCs (Abbas et al., 2020; Alcántara-Hernández 

et al., 2017; Cisse et al., 2008; Leylek et al., 2020; Macal et al., 2018). Moreover, E2-2 is 

required for IFN-α secretion from pDCs (Cisse et al., 2008), while Id2 has been implicated 

in suppression of IFN-α production upon viral exposure (Hacker et al., 2003). These data 

collectively suggested that induction of Id2 during pDC maturation may suppress E2-2 

activity, dampen IFN-α production, and enable pDCs to acquire cDC-like features. We 

found concomitant induction of Id2 and suppression of E2-2 in R837-stimulated pDCs. 

Nonetheless, our studies with conditional Id2 deletion from pDCs failed to support a key 

role for Id2 in TLR agonist-induced suppression of Tcf4 or E2-2 target gene expression. 

Taken together, our data suggest that reduction in the expression of E2-2 rather than 

induction of Id2 promotes pDC maturation upon R837 treatment. Thus, additional efforts 

to delineate mechanisms regulating Tcf4 in response to TLR agonists are important for 

fundamental understanding of pDC biology.

IFNAR signaling was shown to repress Tcf4 expression in BM pDC progenitors (Macal et 

al., 2018); however, in agreement with recent findings from others (Dewald et al., 2020), we 

did not find evidence for involvement of IFNAR in mediating Tcf4 inhibition in pDCs upon 

TLR7 stimulation (data not shown). As these data suggested alternate pathways regulate 
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Tcf4 downregulation in response to TLR7 agonists, we also assessed the role of Ubc13. Our 

data indicated Tcf4 was reduced in Ube2n-deficient pDCs, suggesting that Ubc13 may be 

required to maintain Tcf4 expression in TLR7 agonist-stimulated pDCs.

Although R837 and influenza are ligands for TLR7, we found pDCs produced abundant 

amounts of IFN-α yet lower amounts of pro-inflammatory factors after treatment with 

influenza versus R837. A prior study using human pDCs stimulated with R837 or influenza 

virus found delayed kinetics of NF-κB-dependent CCL3 production from influenza-treated 

pDCs, while the kinetics of TNF-α production were comparable between the treatments 

(Lo et al., 2012). Similarly, we found R837 promoted strong upregulation of MHC-II, 

co-stimulatory molecules CD40 and CD86, co-inhibitory molecule PD-L1, and CD8α 
compared to pDCs treated with influenza virus, while MHC-I was induced and CCR7 

and Siglec-H were retained in pDCs only upon influenza treatment, indicating the ligands 

differentially affect pDC cell surface maturation. These results suggest differences in 

ligand internalization and transit or residence within specific endosomal compartments may 

contribute to the distinct pDC maturation kinetics observed. To our knowledge, no studies 

have directly compared endosomal signaling between these two ligands. This may be an 

important area for future investigation to better understand pDC biology in response to 

various TLR ligands.

pDC-mediated IFN-I responses are important during certain viral infections (Cervantes-

Barragan et al., 2012; Chopin et al., 2016; Wang et al., 2012), yet the mechanisms regulating 

pDC IFN-I production as well as other proinflammatory factors are not fully defined. Id2−/

− murine pDCs were previously shown to produce elevated IFN-α after stimulation with 

influenza- or herpes simplex viruses (Hacker et al., 2003). While we were unable to replicate 

these findings with R837 or heat-inactivated influenza virus, our cytokine production assays 

suggest Id2 modestly regulates CCL3 and IL-6 production following R837 treatment in 
vitro. CCL3 and IL-6 promote immune cell recruitment or adaptive immune cell activation 

and differentiation, indicating Id2 may affect pDC-mediated responses. Additionally, little is 

known about Ubc13 roles in pDC maturation and antiviral immunity. We observed induction 

of Ube2n in response to R837 stimulation in pDCs that was not observed in TLR3 or 

TLR4 agonist-stimulated cDC1s. Our data with conditional Ube2n deletion revealed Ubc13 

was required for optimal induction of Ifna, Il6, and Tnfa in pDCs treated with R837, but 

did not affect cDC1 induction of Il6. While beyond the scope of our study, future work 

should consider evaluating the functional relevance of both Id2 and Ubc13 in pDC-mediated 

cytokine responses and immune cell recruitment and status during viral infection.

Importantly, we utilized pDC purification methods that were designed to exclude lymphoid 

lineages (i.e., B cells, T cells, NK cells), as well as cDCs. We also confirmed the identity of 

the pDCs utilized in our study, and ruled out effects from contaminating subsets by treating 

purified pDCs with agonists for TLR3 or TLR4, which are not enriched in pDCs (Heng et 

al., 2008), or with GM-CSF, which was shown to differentiate CCR9lo BM pDC precursors 

into cDCs (Schlitzer et al., 2011). Analysis by flow cytometry revealed minimal changes 

in pDC cell surface markers upon TLR3 or TLR4 agonist treatment or GM-CSF exposure, 

compared to non-treated pDCs (data not shown), indicating a lack of response to these 

stimuli. Furthermore, the cell surface phenotype of stimulated and non-stimulated pDCs was 
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distinct from purified cDC1s used as controls (data not shown). These findings indicate 

that our purified pDC population was highly enriched and excluded major contaminating 

populations including cDCs.

Id2 is a critical regulator of DC development, and also directs diverse biological processes 

including development and differentiation of immune and non-immune cells (Kee, 2009; 

Murre, 2019). Cytokines such as IL-2, IL-12, GM-CSF, LIF, and IL-21 induce Id2 gene 

expression in T cells and DCs (Yang et al., 2011) (Li et al., 2012) (Sesti-Costa et al., 2020); 

yet, the mechanisms stimulating Id2 gene expression in TLR agonist-stimulated pDCs 

remained unclear. Our investigation focused on TLR-responsive and IFNAR pathways, 

based on our in silico analyses of putative Id2 regulators. We found Ubc13 but not 

IFNAR signaling controls Id2 expression in pDCs treated with the TLR7 agonist R837. 

Notably, Ubc13 regulates NF-κB as well as MAPK signaling pathways, which are induced 

downstream of TLR activation (Iparraguirre et al., 2007). Our in silico studies predict 

sites for AP-1 and NF-κB in the Id2 promoter, suggesting one or more Ubc13-controlled 

pathways directly stimulate Id2 transcription. Importantly, other receptors such as IL-1R, 

CD40, TCR, and BCR utilize TRAF6 and Ubc13 (Hodge et al., 2016; Yamamoto et al., 

2006). Thus, our data suggests a role for Ubc13 in Id2 induction by CD40L-CD40 signaling 

in pDCs (Leylek et al., 2020). Moreover, our results may be relevant to non-DC lineages. 

For instance, Id2 induction in response to TCR signaling mediates CD4+ and CD8+ T cell 

differentiation, effector function, or memory formation (Cannarile et al., 2006; Omilusik et 

al., 2018; Shaw et al., 2016). In addition, IL-1β promotes Id2 expression in T regulatory 

cells, and enhances conversion of T regulatory cells to a T helper 17 phenotype (Hwang et 

al., 2018). Collectively, the results suggest Ubc13-mediated control of Id2 may contribute to 

key adaptive immune responses while it is dispensable for pDC maturation.

5. Conclusions

We investigated mechanisms by which TLR agonists stimulate Id2 expression in pDCs 

and potential roles for Id2 in pDC maturation. We found TLR7 agonist-responsive Id2 

expression in pDCs requires Ubc13 but is independent of IFNAR signaling, indicating 

TLR-induced signaling pathways directly stimulate Id2 gene activity. Additionally, while 

we found Id2 was upregulated upon TLR7 agonist treatment, it appears to be largely 

dispensable for pDC maturation. Collectively, our results implicate new pathways in Id2 
gene regulation and indicate Id2-independent mechanisms control pDC maturation.
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Abbreviations:

4-OHT 4-hydroxytamoxifen

AcD Actinomycin D

ANOVA analysis of variance

β-ME β-mercaptoethanol

BM bone marrow

CD40L CD40 ligand

cDC1 type 1 conventional dendritic cell

cDC2 type 2 conventional dendritic cell

CCL- CC motif chemokine ligand

CXCL- C-X-C motif chemokine ligand

DC dendritic cell

FACS fluorescence-activated cell sorting

FCS fetal calf serum

Flt3 FMS-like tyrosine kinase 3

flu influenza virus

G-CSF granulocyte colony-stimulating factor

GM-CSF granulocyte-macrophage colony-stimulating factor

HLH helix-loop-helix

HGT hydrodynamic gene transfer

Id2 inhibitor of DNA binding 2

IFN-I type I IFN

IFNAR IFN- α/β receptor

IL- interleukin

LIF leukemia inhibitory factor

Lin lineage
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LPS lipopolysaccharide

LSB Laemmli sample buffer

M-CSF macrophage colony-stimulating factor

MFI mean fluorescence intensity

MHC-II major histocompatibility complex class II

PBS phosphate-buffered saline

pDC plasmacytoid dendritic cell

qRT-PCR quantitative RT-PCR

R837 Imiquimod

RPMI Roswell Park Memorial Institute

RT room temperature

SEM standard error of the mean

TBST Tris-buffered saline containing Tween-20

TLR Toll-like receptor

TNF-α tumor necrosis factor alpha
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Figure 1: Id2 and E2-2 expression in R837-stimulated pDCs.
(A) Experimental overview of Flt3L-hydrodynamic gene transfer (HGT) treatment in mice 

followed by purification of pDCs by FACS, and subsequent pDC stimulation with or without 

R837 (5 μg/mL) or CpG-A (1 μM). (B) Representative gating strategy to purify pDCs 

by FACS. (C,D) Id2 mRNA expression in BM pDCs from C57BL/6J mice, following 

stimulation in vitro with R837 (C) or CpG-A (D) for 0, 2, 6, or 18 h, in the presence of 

Flt3L (50 ng/mL). Id2 mRNA normalized to Rpl13 (C,D). (E) Representative immunoblot 

(left) of whole cell lysates from pDCs and CD103+ cDC1s derived from cultures in vitro. 

pDCs were stimulated with R837 for 0, 8, or 18 h in the presence of Flt3L. Id2 and GAPDH 

were detected by antibody staining. Id2 expression normalized to GAPDH. (F) Tcf4 mRNA 

expression in splenic pDCs, following stimulation in vitro with R837 for 0, 2, 6, or 18 h 

in the presence of Flt3L. Tcf4 mRNA normalized to Rpl13. (G) Representative immunoblot 

(left) of whole cell lysates from pDCs, treated for the indicated times (h) with R837 in 

the presence of Flt3L. E2-2 and GAPDH were detected by antibody staining; expression 

of E2-2L and E2-2S (E2-2 long and short isoforms, respectively) normalized to GAPDH 

(right). Blots were adjusted for brightness equally across the image, and were cropped to 

show protein bands (E,G). Data shown as mean ± SEM combined from 2 (C), 3 (D,G), and 
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4 (F) independent experiments, or representative data from 2 independent experiments (E). 

n = 5 (C), n = 3 (D), n = 5-7 (F), and n = 6 (G). Results analyzed by one-way ANOVA and 

Dunnett’s multiple comparisons test, which compared all time points to the 0 h non-treated 

(NT) control (C,D,F,G). *p < 0.01,***p < 0.001, ****p < 0.0001.
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Figure 2: Loss of Id2 does not regulate Tcf4 expression or E2-2 target gene expression following 
TLR7 activation in vitro.
(A-D) pDCs were differentiated in vitro from BM of CreER and CreER Id2f/f (Id2CKO) 

mice. Cultures were treated on day 4 with 1 μM 4-OHT, and pDCs were subsequently 

treated with R837 (5 μg/mL) or heat-inactivated influenza virus (flu, MOI 50) in the 

presence of Flt3L (50 ng/mL) for 20-24, as indicated. (A) Id2 mRNA expression, 

normalized to Rpl13. A value of “0” was used for Id2CKO samples whose expression of Id2 
was detected below threshold following 4-OHT treatment. (B) Representative immunoblot 

of whole cell lysates from pDCs treated with or without 4-OHT and R837 for 18 h. Id2 and 

GAPDH (loading control) were detected by antibody staining. (C) Tcf4 mRNA expression, 

normalized to Rpl13. (D) Irf7, Spib, and Tlr9 mRNA expression, normalized to Rpl13. 

Data shown as mean ± SEM combined from 2 independent experiments. n = 4-5 per 

genotype (A,C,D). Blots are representative of 2 independent repeats (B). Data analyzed by 

two-way ANOVA and Bonferroni’s multiple comparisons test (A,C,D); significance shown 

for specified comparisons between genotypes of each treatment group, or comparisons 

within the same genotype between R837 or influenza treatment groups that did or did not 

receive 4-OHT. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. Id2-independent mechanisms contribute to TLR7-activated pDC soluble factor 
production and cell surface marker expression in vitro.
(A) Heat map of cytokine and chemokine amounts in cell cultures containing Id2CKO pDCs 

or CreER pDCs. Cells in Flt3L (50 ng/mL) -containing cultures were treated with 4-OHT 

(1 μM) and supernatants were collected 18-24 h after addition of R837 (5 μg/mL) or 

heat-inactivated influenza virus (flu, MOI 50). Data show factors produced at least 2-fold 

higher in treatment groups compared to non-treated (NT) controls; factors produced outside 

of detectable limits of the multiplex assay or below 2-fold change from NT controls are 

not shown. (B) Amounts of CCL3, IL-6, and IFN-α (pg/mL) in pDC culture supernatants 

from the experiment summarized in A. (C) Representative histograms of cell surface marker 

expression on pDCs, following treatment with or without 4-OHT and R837 or influenza in 

the presence of Flt3L for 18-24 h, as indicated. Data shown as mean ± SEM combined from 

2-4 (A,B) independent experiments, or representative of 2-5 (C) independent experiments. 

n = 3-9 (A,B) and n = 4-12 (C) per genotype. Data analyzed by two-way ANOVA 

and Bonferroni’s multiple comparisons test; significance shown for comparisons between 

genotypes of each treatment group, and comparisons within the same genotype between 

treatment groups (B). *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 4. R837 stimulates Id2 transcription.
pDCs were generated from BM of C57BL/6J mice by differentiation in vitro, and 

subsequently treated with R837 (5 μg/mL), Actinomycin-D (AcD, 5 μg/mL), or both for 

1, 2, 4, and 6 h, as indicated. Id2 mRNA expression was determined by RT-PCR; Id2 
expression normalized to Rpl13. Data shown represent mean ± SEM combined from 2 

independent experiments. n = 3. Data were evaluated by two-way ANOVA and Tukey’s 

multiple comparisons test; significance shows comparisons between treatment groups at 

each time point. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. Ubc13 regulates Id2 induction following R837 stimulation.
(A-F) pDCs were generated from BM of CreER or CreER Ube2nfl/fl (Ube2nCKO) mice 

by differentiation in vitro. Cultures were treated on day 4 with 4-OHT (1 μM). Purified 

pDCs were stimulated with or without R837 (5 μg/mL) for 6 h, as indicated. Ube2n (A), 

Id2 (B), Tcf4 (C), Il6 (D), Tnfa (E), and Ifna (F) mRNA expression was determined by 

RT-PCR; expression of each gene was normalized to Rpl13. Data shown represent mean 

± SEM combined from 2 independent experiments. n = 5-6 per genotype. Data were 

evaluated by two-way ANOVA and Bonferroni’s multiple comparisons test; significance 

shows comparisons between genotypes within treatment groups, or specified comparisons 

within the same genotype between R837 treatment groups that did not receive 4-OHT, or 

R837 treatment groups that received 4-OHT. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001.
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Figure 6. Induction of Id2 by R837 is independent of IFNAR signaling.
(A) Representative immunoblot of phosphorylated-STAT1 (P-STAT1) and total STAT1 

protein expression in C57BL/6J (Ifnar+/+) and Ifnar−/− pDCs stimulated with or without 

IFN-α (300 units), R837 (5 μg/mL), or both for 0, 0.5, and 2 h, as indicated; GAPHD 

was used as loading control. (B) mRNA expression of Irf7, Ifna, and Id2, normalized to 

Rpl13, in pDCs stimulated with or without IFN-α or R837 for 6 h. Blot representative 

of 2 independent repeats (A). Data shown represent mean ± SEM combined from 3 (B) 

independent experiments. n = 4-5 per genotype (B). Data were evaluated by two-way 

ANOVA and Bonferroni’s multiple comparisons test; significance shows comparisons 

between genotypes within treatment groups and differences between all treatments within 

each genotype (B). *p < 0.05, **p < 0.01, ****p < 0.0001.

Babcock et al. Page 26

Mol Immunol. Author manuscript; available in PMC 2024 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babcock et al. Page 27

Table 1.

qRT-PCR primer sequences.

Primer Name Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’)

Ccl3 GTGGAATCTTCCGGCTGTAG ACCATGACACTCTGCAACCA

Id2 CTCCTGGTGAAATGGCTGAT GCTTATGTCGAATGATAGCAAAG

pan-Ifna CCTGAGANAGAAGAAACACAGCC GCTCTCCAGANTTCTGATCTG

Il6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG

Irf7 CCACGGAAAATAGGGAAGAAG ACTAGAAAGCAGAGGGCTTGG

Rpl13a GAGGTCGGGTGGAAGTACCA TGCATCTTGGCCTTTTCCT

Spib CCCCAGAGGACTTCACCAG GGGCTGTCCAGCATAATGTC

Tcf4 AGACCAAGCTCCTGATTCTC AGGCTCTGAGGACACCTTCT

Tlr9 ACAACTCTGACTTCGTCCACC TCTGGGCTCAATGGTCATGT

Tnfa AGGGTCTGGGCCATAGAACT CCACCACGCTCTTCTGTCTAC

Ube2n CAGAACCAGTTCCTGGCATT CAGTGCTGGGGACCACTTAT
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