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Selective Loss of Responsiveness to Exogenous but Not Endogenous Cyclic-Dinucleotides in Mice Expressing STING-R231H
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Stimulator of interferon genes (STING) plays a central role in innate immune responses to viral and intracellular bacterial infections, and cellular damage. STING is a cytosolic sensor of cyclic dinucleotides (CDNs) including those produced by pathogenic bacteria and those arising endogenously as products of the DNA sensor cGAS (e.g., 2′3′ cGAMP). The two most common alternative allelic variants of STING in humans are STING-R71H-G230A-R293Q (STING-HAQ) and STING-R232H that are found in 20.4% and 13.7–17.6% of the population, respectively. To determine the biologic consequences of these genotypic variations, we generated knock-in mice containing the murine equivalents of each variant and studied their responsiveness to CDNs. Homozygous STING-HAQ (R71H-I229A-R292Q) and STING-R231H mice were found to be unresponsive to all exogenous CDNs tested (ci-di-GMP, ci-di-AMP, 3′3′ cGAMP and Rp,Rp-CDA). Responses of homozygous STING-HAQ mice to endogenous 2′3′ cGAMP was also greatly impaired. However, homozygous STING-R231H mice are fully responsive to 2′3′ cGAMP. Analysis of heterozygous mice revealed reduced responsiveness to exogenous and endogenous CDNs in mice carrying a single copy of STING-HAQ, while STING-R231H heterozygous mice exhibit reduced responsiveness to exogenous but not endogenous CDNs. These findings confirm and extend previous reports by demonstrating differing impact of allelic variation of STING on the ability to sense and respond to exogenous vs. endogenous CDNs. Finally, the STING-R231H variant mouse represents a useful tool with which to examine the relative contributions of STING sensing of exogenous and endogenous CDNs in the context of bacterial infections and CDN-based cancer immunotherapeutics.
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INTRODUCTION

Stimulator of interferon genes (STING, aka TMEM173, MPYS, MITA) (1–3) is a cytosolic receptor for bacterial and synthetic cyclic dinucleotides (CDNs) (4–6), and the endogenous mammalian CDN 2′3′ cGAMP (7, 8) generated by cGAS upon sensing of cytoplasmic DNA. Ligand binding activates several pathways, including those involving IRF3 and NF κB, resulting in production of proinflammatory cytokines (2, 9). STING activation can also lead to autophagy (10–12).

STING plays an important role in the immune response to viral and intracellular bacterial pathogens (13, 14), autoimmune inflammation (15, 16), and immune surveillance (17, 18) [see (19, 20) for a comprehensive review of STING biology]. Bacterial CDNs and synthetic derivatives comprise a potent new class of adjuvants that evoke protective humoral and CD4 and CD8 T cells responses in a STING-dependent manner (21–24). In particular, the use of synthetic CDNs in combinational anti-cancer immunotherapy has provided encouraging results (6, 25).

Several allelic variants of STING can be found in the general population (26), some of which appear to have altered function. The two most common minor allelic variants are R232H and R71H-G230A-R293Q (HAQ). The prevalence of these alleles varies among ethnic populations, but on average 20.4% of the human population carries at least one copy of the HAQ variant. The prevalence of R232H variant is reported to be 13.7–17.6% (27–29). To gain insight into the functional effects of these variations, several groups have used ectopic overexpression systems, sometimes reaching conflicting conclusions. Human STING HAQ has been reported to have decreased to absent responsiveness to exogenous CDNs (27), while both normal (27) and absent responses (28) to 2′3′ cGAMP have been reported. Human STING-R232H was reported to have reduced responsiveness to most exogenous CDNs but relatively normal responsiveness to 2′3′ cGAMP (27, 28), although others have reported reduced responsiveness to 2′3′ cGAMP (30). Selective unresponsiveness to exogenous but not endogenous CDNs was also observed in mutational analysis of murine STING in which a R231A substitution (equivalent position to R232 in humans) caused a loss of responsiveness bacterial CDNs but not 2′3′ cGAMP (4, 7). A key difference between endogenous 2′3′ cGAMP and bacterial derived CDNs is that while the latter only uses 3′-5′ phosphodiester bonds to link nucleotides, the former uses a 2′-5′ phosphodiester bond and a 3′-5′ phosphodiester bond (7, 30). This altered structure allows 2′3′ cGAMP to interact with STING with a higher affinity, which may explain differences in binding to allelic variants (30, 31).

To gain more insight into the effects of these two allelic variants on STING function under physiological conditions we generated two new mouse models in which we introduced point mutations in mouse STING in order to emulate the two most common STING variants: HAQ and R232H. Ex vivo and in vivo analysis of immune responses to exogenous and endogenous CDNs reveal that neither variant responds to the exogenous CDNs tested. Interestingly, while STING HAQ has a largely impaired ability to sense endogenous CDNs, STING R231H responds normally to the cGAS product 2′3′ cGAMP.



MATERIALS AND METHODS


Mice

Eight- to sixteen-week-old mice were used for all experiments. STING KO mice (32, 33) and STING HAQ knock-in mice (29) were generated as previously described. C57BL/6 mice were purchased from the Jackson Laboratory and used as WT controls. The STING R231H knock-in mice were generated by the National Jewish Health Mouse Genetics Core Facility as described below. The STING-HAQ mice and STING-R231H mice are available at The Jackson Laboratory as Stock No. 034434 and 034435, respectively. Both male and female mice were used in our in vitro and in vivo experiments. We have not observed any difference in the response to CDNs between the sexes. Mice were housed and bred in the Animal Research Facilities at the University of Colorado Anschutz Medical Campus and National Jewish Health. All experiments were performed in accordance with the regulations and approval of University of Colorado and National Jewish Health Institutional Animal Care and Use Committee.



Generation of the STING R231H Knock-In Mice

A similar approach as described for the HAQ knock-in mice (29) was used to generate the R231H knock-in mice. A linearized targeting vector (Figure S1A) which covers ~10 kb of the genomic region in the STING locus on mouse chromosome 18, with the R231H point mutation, was transfected into C57BL/6-derived JM8.A3 embryonic stem cells. Clones were selected for neomycin positive and diphtheria toxin negative clones. Successful targeting was assessed by PCR. Positive clones were injected into C57BL/6J blastocytes and implanted. Chimerism was determined by coat color and males with high chimerism were bred with female C57BL/6 females to select for germline transmission. Successful germline transmission was confirmed by DNA sequencing. These mice were crossed with the FLP1 recombinase line (B6;SJL-Tg(ACTFLPe)9205Dym/J, Jackson Laboratory, ME.) to remove the neo gene, generating the STING R231H knock-in line. To validate successful introduction of the R231H generating point mutation exon 6 was amplified by PCR (Exon 6-F, 5′-TCACACTGAGAAGGCTAACGAGC-3′; Exon 6-R, 5′-CACCATAGAACAGGGATCACGC-3′) and sequenced (Figure S1B).



In vitro Stimulation With CDN

Single cell suspensions of splenic cells were prepared. In some experiments red blood cells were lysed using ammonium chloride TRIS. In most experiments, live cells were isolated using Lympholyte M kit (Cedarlane, Burlington, Ontario, Canada) and B cells were purified by CD43 negative selection using MACS CD43-microbeads (Miltenyi Biotec Inc., San Diego, CA.). Resultant populations were routinely >97% B cells based on B220 staining and FACS analysis. Ex vivo B cells and splenocytes were cultured in IMDM supplemented with 10% FBS, sodium pyruvate (1 mM), L-glutamine (2 mM), 1% penicillin/ streptomycin, 2-ME (50 μM), HEPES buffer (10 mM), and 1% non-essential amino acids.

Ex vivo B cells or splenocytes were seeded (3 × 105 cells/100 μL/well) in 96 well flat-bottom or U-bottom plates and stimulated with various concentrations of CDNs or IL-4 for the indicated time. The following stimuli were used: IL-4 (Supernatant from a J558L culture, 1:200 dilution); c-diGMP (C 057, Biolog life science institute, Federal Republic of Germany); 2′, 3′ cGAMP (c[G(2′,5′)pA(3′,5′)p], C 161, Biolog life science institute, Federal Republic of Germany); 3′, 3′ cGAMP (c-(ApGp), C 117, Biolog life science institute, Federal Republic of Germany); c-diAMP (C 088, Biolog life science institute, Federal Republic of Germany); Rp, Rp-c-diAMPSS (C118, Biolog life science institute, Federal Republic of Germany).



Bone Marrow Derived Macrophage Stimulation

Bone Marrow Derived Macrophages (BMDM) were generated in vitro by flushing bone marrow from both femurs and tibias. Cells were cultured for 6 days in medium that induces the differentiation of macrophages (DMEM supplemented with 10% FBS, 1% sodium pyruvate, 1% L-glutamine, 1% penicillin/streptomycin, 2-mercaptoethanol, and 10% L-cell conditioned media). 5 mL of fresh media was added at day 3. At day 6 BMDMs were plated at 1 × 106 cells in 1 ml in 12 well plates. The next day the cells were stimulated with 10 μg/ml CDG or 2′3′ cGAMP or 100 ng/ml LPS (Sigma, MO.) for 5 h. Supernatants were harvested and IFNβ was determined by ELISA (VeriKine-HS Mouse Interferon Beta Serum ELISA Kit, PBL Assay Science, NJ).



Flow Cytometric Assay

Cells were harvested from cultures and incubated with optimal amounts of antibodies. For analysis of cell surface markers, cells were stained with antibodies directed against the following molecules: B220-BV421 (clone RA3-6B2, BD Bioscience, CA) and CD86-BV605 (clone GL1, BD biosciences, CA). Annexin V-FITC (BD Bioscience, CA) was used to identify dead/dying cells and only Annexin V− cells were analyzed. FACS was performed using a Fortessa X-20 cytometer (BD biosciences, CA.) and analyzed using FlowJo software (Flowjo, Ashland, OR.).



Western Blot Analysis

Mature B cells were purified by CD43 negative selection using MACS Miltenyi microbeads (Miltenyi Biotec Inc., San Diego, CA.) and lysed in 1% NP40 lysis buffer (1% Nonidet P-40, 150 mM NaCl, 10 mM Tris, pH 7.5,) supplemented with Protease/Phosphatase Inhibitor Cocktail (Cell Signaling, MA.) and 1 mM PMSF. Lysates of ~1 × 106 cells were run in each lane of a 10% SDS-PAGE gel, and the proteins were transferred to PVDF membrane (GE/Amersham, PA.). The membrane was blotted with rabbit anti-mouse STING antibody (clone D2P2F, Cell Signaling, MA.) and goat anti-mouse Actin antibody (clone I-19, Santa Cruz Biotechnology, TX.) overnight followed by HRP-conjugated anti-rabbit IgG (Cell Signaling, MA.) and anti-goat IgG secondary antibodies (R&D Systems). The membrane was exposed to chemiluminescent substrate (SuperSignal West Pico Plus, ThermoScientific, MA.) and the chemiluminescence was detected using ChemiDoc XRS Imagining system (Bio-Rad Laboratories, CA.). The intensity of the bands was quantified using ImageStudioLite (Li-Cor Biosciences, NE).



Immunization and Sample Collection

Mice were anesthetized with isofluorane in an E–Z anesthesia system (Euthanex, Palmer, PA.) and subjected to intranasal (i.n.) immunization. Mice received three bi-weekly immunizations administered by drop-wise 40 μL/nostril doses of endotoxin-low OVA (20 μg/ mouse) in PBS with or without CDN (5 μg/mouse ci-di-GMP or 5 μg/mouse 2′, 3′ cGAMP (c[G(2′,5′)pA(3′,5′)p], Biolog life science institute, Federal Republic of Germany). Endotoxin was removed (<0.1 EU) from OVA (Sigma, MO) as described (34) or commercial endotoxin-low OVA was used (Biovendor, Asheville, NC.). Serum was collected at the indicated time points and nasal passages were lavaged at the final time point with 1 mL of ice-cold PBS.



Enzyme Linked Immunosorbent Assay (ELISA)

For detection of OVA-specific antibodies, microtiter plates were coated overnight with 10 μg /mL OVA in PBS at 4°C and blocked with 2% BSA in PBS 0.05% Tween-20 for >1 h at RT. Serial dilutions of mouse serum in PBS were added and incubated overnight at 4°C. IgG antibodies were detected with goat anti-mouse IgG-HRP (Southern Biotech, Birmingham, AL.) and IgA antibodies were detected with goat anti-mouse IgA-HRP(Southern Biotech, Birmingham, AL.) Between each step the plates were washed 4 times with PBS-0.05% Tween-20. The ELISA was developed with TMB single solution (Invitrogen, Carlsbad, CA.) and the reaction was stopped with 1N H2PO4 (Sigma-Aldrich, St. Louis, MO.). The OD was determined at 450 nm using a VERSAMax plate reader (Molecular Devices, Sunnyvale, CA.) and the data were analyzed with Softmax software (Molecular Devices, Sunnyvale, CA.). To plot the kinetic of antibody responses the half-max reciprocal of dilution was calculated by using the reciprocal of the dilution factor at a set half-max value for each group at each time point. In order to normalize results of assays performed on different days, a single serum sample collected on Day 42 from the WT mice that were immunized with OVA in the presence of CDG was run on each day.



Statistical Analysis

The statistical significance was determined using the unpaired Student's t-test (Graphpad Prism 5.0; Graphpad, CA).




RESULTS


Homozygous STING-HAQ B Cells and STING-R231H B Cells Do Not Respond to Exogenous CDNs in vitro

Previously we showed that B cells respond in vitro to stimulation with CDNs by upregulating the costimulatory molecule CD86 and by undergoing caspase-dependent cell death (33). We used these parameters to assay the functional consequences of expressing STING-HAQ or STING-R231H variants on the ability of immune cells to respond to exogenous CDNs. Knock-in mice expressing these two common STING variants were generated in our laboratory. The STING-HAQ mouse has been described previously (29) and the generation of the STING-R231H mouse is described in Figure S1. The R231H point mutation in mice corresponds to the common allelic variant R232H described in humans. Purified B cells from homozygous STING-HAQ/HAQ (Figure 1) or homozygous STING-R231H/R231H (Figure 2) were cultured for 18 h with varied concentrations of the bacterial derived CDNs: cyclic-di-GMP (CDG), cyclic-di-AMP (CDA) and 3′,3′ cyclic-GMP–AMP (3′3′ cGAMP). In addition, B cells were cultured with a synthetic CDN: Rp.Rp-ssCDA, an adjuvant with increased stability and affinity for STING that is used in cancer immunotherapy (6). B cell expressing WT STING responded to these exogenous CDNs by upregulation of CD86 and cell death in a dose-dependent manner (Figures 1, 2, Figures S2–S4). This response is STING dependent as indicated by the absence of a response by deficient of STING (STING KO) B cells. In contrast, neither homozygous STING-HAQ/HAQ B cells (Figure 1) nor homozygous STING-R231H/R231H B cells (Figure 2) were able to respond to exogenous CDNs or to the synthetic CDN. This inability to respond to exogenous CDNs was not due to an inability of these B cells to become activated because both STING-HAQ/HAQ B cells and STING-R231H/R231H B cells respond to a STING-independent stimulus, IL4, by upregulating CD86 (Figure 3D).
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FIGURE 1. STING-HAQ B cells are impaired in their response to exogenous CDNs. (A–D) WT, STING KO, STING-HAQ/WT, and STING-HAQ/HAQ B cells (n = 4) were cultured for 18 h with the indicated concentrations of exogenous CDNs. CD86 expression (MFI gated on B220+ Annexin V−) is plotted in the left-hand column and B cell survival (% B220+ Annexin V− cells) after stimulation is plotted in the right-hand column. B cells were stimulated with CDG (A), 3′3′ cGAMP (B), CDA (C), and Rp,Rp-ssCDA (D). Data shown are representative of at least two independent replicate experiments. Bars in (A–D) represent mean ± SEM. Statistical comparisons were made for each stimulus concentration and the range of concentrations that reached statistical significance between genotypes are indicated by horizontal lines above the graph. **P < 0.01; ***P < 0.001 using an unpaired Student's t-test.
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FIGURE 2. STING-R231H B cells are impaired in their response to exogenous CDNs. (A–D) WT, STING KO, STING-R231H/WT, and STING-R231H/R231H B cells (n = 4) were cultured for 18 h with the indicated concentrations of exogenous CDNs. CD86 expression (MFI gated on B220+ Annexin V−) is plotted in the left-hand column and B cell survival (% B220+ Annexin V− cells) after stimulation is plotted in the right-hand column. B cells were stimulated with CDG (A), 3′3′ cGAMP (B), CDA (C), and Rp,Rp-ssCDA (D). Data shown are representative of at least two independent replicate experiments. Bars in (A–D) represent mean ± SEM. Statistical comparisons were made for each stimulus concentration and the range of concentrations that reached statistical significance between genotypes are indicated by horizontal lines above the graph. **P < 0.01; ***P < 0.001 using an unpaired Student's t-test.
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FIGURE 3. Reduced STING protein expression in STING-HAQ but not STING-R231H B cells. (A,B) STING protein expression in WT, STING+/−, STING−/−, STING-HAQ/WT, STING-HAQ/HAQ, STING-R231H/WT, and STING-R231H/R231H B cells. A representative blot is shown in (A), normalized STING expression (n = 6/genotype) is shown in (B). (C) WT, STING+/−, STING KO, STING-HAQ/WT, and STING-R231H/WT B cells (n = 4) were cultured for 18 h with the indicated concentrations of CDG. CD86 expression (MFI gated on B220+ Annexin V−) is plotted (top graph) and B cell survival (% B220+ Annexin V− cells) after stimulation is plotted in the bottom graph. (D) WT, STING KO, STING-HAQ/HAQ, and STING-R231H/R231H B cells (n = 4) were cultured for 18 h with IL4 and CD86 expression (MFI) was measured. Data shown are representative of at least two independent replicate experiments. Bars in (A–D) represent mean ± SEM. Statistical comparisons were made for each stimulus concentration and the range of concentrations that reached statistical significance between genotypes are indicated by horizontal lines above the graph. *P < 0.05; **P < 0.01 using an unpaired Student's t-test.




Heterozygous STING-HAQ B Cells and STING-R231H B Cells Have a Reduced Ability to Respond to Exogenous CDNs in vitro

Individuals that are homozygous for STING-HAQ or STING-R232H are relatively rare (2–3% of the population). Yet up to 20% of the population carries 1 copy of STING-HAQ and up to 13.7–17.9% of the population carries 1 copy of STING-R232H (27, 28). To test the consequence of STING-HAQ and STING-R231H heterozygosity on the ability of immune cells to respond to exogenous CDNs, we determined the ability of B cells isolated from heterozygous STING-HAQ or STING-R231H mice to respond to exogenous CDNs. Heterozygosity of both STING variants resulted in a greatly reduced (75–95% reduction in increase of CD86 MFI compared to STING WT) responses to exogenous CDNs (Figures 1, 2). The response to CDG was most affected by the presence of either STING-HAQ (Figure 1A) or STING-R231H (Figure 2A) whereas the response to 3′3′ cGAMP and CDA was less affected. The R231H and G230A (HAQ) point mutations both lie within one of the CDN binding regions of STING (35) so altered interactions with different CDNs could be expected.

A previous report described reduced STING expression in human and murine tissues expressing STING-HAQ (29). We confirmed these findings in B cells from STING-HAQ mice, detecting a ~50% reduction of detectable STING protein in B cells from homozygous STING-HAQ mice and a ~20% reduction in B cells from heterozygous STING-HAQ (Figures 3A,B). No reduction of STING expression was found in B cells homozygous for STING-R231H (Figures 3A,B), in fact these mice appeared to have slightly higher STING protein expression.

STING forms homodimers that undergo a conformational change upon CDN binding, leading to oligomerization, recruitment and activation of tank-binding kinase 1 (TBK1), that in turn activates IRF3 (36, 37). This raises the question whether in individuals that are heterozygous for either STING-HAQ or STING-R231H, the point-mutated STING acts in a dominant negative fashion when forming heterodimers with WT STING. To approach this question, we compared the response of STING-HAQ or STING-R231H heterozygous B cells to exogenous CDNs, to that of STING haploinsufficient B cells. STING haploinsuffient B cells express ~30% of STING protein compared to WT STING B cells (Figure 3B). Despite having lower STING protein levels than heterozygous STING-HAQ or STING-R231H mice, STING haploinsufficient mice have stronger responses to CDG (Figure 3C, Figure S5) and CDA (data not shown). Assuming equal expression of both WT and mutant STING and a dominant negative function of the mutant STING, only 25% of available STING in heterozygous STING-HAQ and STING-R231H B cells would be STING-WT/WT dimers and functional. The observed reduced ability of STING-HAQ and STING-R231H heterozygous B cells to respond to exogenous CDNs, while homozygous STING-HAQ and STING-R231H B cells are unable to respond (Figures 1, 2) is consistent with ~25% WT homodimers present responsible for the observed response. These results are suggestive of a dominant negative effect of the HAQ and R231H STING variants expression on WT STING function, as has been described for other STING variants (17).



Immune Cells Homozygous for STING-R231H but Not STING-HAQ Respond to Endogenous 2′3′ cGAMP

STING plays a central role in intracellular DNA sensing pathways by binding the cGAS product 2′3′ cGAMP, resulting in IRF3 activation. Previous work suggested that STING-HAQ is a null allele, disabling the carrier's ability to respond to 2′3′ cGAMP (29), although others have reported residual ability of PBMCs of STING-HAQ/HAQ carriers to respond to intracellular DNA or cGAMP (38, 39). We incubated heterozygous and homozygous STING-HAQ B cells with increasing concentrations of 2′3′ cGAMP. B cells from STING-HAQ/WT mice have reduced ability to respond to 2′3′ cGAMP at all concentrations tested (Figures 4A,B, Figure S6). Homozygous STING-HAQ B cells did not respond to the lower doses of 2′3′ cGAMP. However, we reproducibly observed that at the highest concentration of 2′3′ cGAMP tested STING-HAQ/HAQ B cells do respond to 2′3′ cGAMP by upregulation of CD86 (Figure 4A) and increased cell death (Figure 4B). This suggests that STING-HAQ is not a null allele, but rather is a hypomorph with greatly reduced ability to respond to 2′3′ cGAMP.
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FIGURE 4. STING-HAQ expressing cells but not STING-R231H expressing cells are impaired in their response to endogenous 2′3′ cGAMP. (A,B) WT, STING KO, STING-HAQ/WT, and STING-HAQ/HAQ B cells (n = 4) were cultured for 18 h with the indicated concentrations of 2′3′ cGAMP. (A) CD86 expression (MFI, gated on B220+ Annexin V−) and (B) survival (% Annexin V−) of B cells stimulated with 2′3′ cGAMP. (C,D) WT, STING KO, STING-R231H/WT, and STING-R231H/R231H B cells (n = 4) were cultured for 18 h with the indicated concentrations of 2′3′ cGAMP. (C) CD86 expression (MFI, gated on B220+ Annexin V−) and (D) survival (% Annexin V−) of B cells stimulated with 2′3′ cGAMP. (E–G) Bone-marrow derived macrophages generated (n = 3) from WT, STING KO, STING-HAQ/HAQ, and STING-R231H/R231H mice were incubated with 10 μg/ml CDG (E), 10 μg/ml 2′3′ cGAMP (F) or 100 ng/ml LPS (G) for 5 h and the concentration of IFNβ in the supernatant was measured by ELISA. Data shown are representative of at least two independent replicate experiments. Bars in (A–D) represent mean ± SEM. Statistical comparisons were made for each stimulus concentration and the range of concentrations that reached statistical significance between genotypes are indicated by horizontal lines above the graph. ND: not detected, **P < 0.01; ***P < 0.001 using an unpaired Student's t-test.


Next, we analyzed the ability of STING-R231H B cells to respond to 2′3′ cGAMP. Data from ectopic expression experiments suggest that this STING variant can still respond to endogenous CDN (27, 28). We stimulated STING-R231H homozygous and heterozygous B cells with different concentrations of 2′3′ cGAMP. In contrast to their inability to respond to exogenous CDNs (Figure 2), STING-R231H/R231H B cells are fully responsive to 2′3′ cGAMP (Figures 4C,D). In fact, they respond better, although this could be due to slightly increased STING expression (Figure 3A).

To verify that the observed responsiveness to CDNs in B cells is not cell type specific, we generated bone-marrow derived macrophages (BMDM) from mice homozygous for STING-HAQ and STING-R231H and tested their ability to respond to exogenous and endogenous CDNs (Figures 4E,F). While WT BMDMs responded to CDG (Figure 4E) and 2′3′ cGAMP (Figure 4F) by producing INFβ, homozygous STING-HAQ BMDMs were impaired in their response to both CDG and 2′3′ cGAMP. In contrast homozygous STING-R231H BMDMs only responded to 2′3′ cGAMP but not CDG. These results confirm our findings using B cells (Figures 1A, 2A, 4A, 4C). All genotypes were able to respond to LPS by producing INFβ (Figure 4G), demonstrating that the inability to respond to CDNs does not reflect a general defect in INFβ responses. The enhanced response of STING KO BMDM to LPS was not a reproducible finding.

Together these results show that ex vivo immune cells expressing STING-HAQ are greatly impaired in their response to both exogenous and endogenous CDNs, while immune cells expressing STING-R231H are impaired in their ability to respond to exogenous CDN but not endogenous CDNs.



STING-HAQ Mice Do Not Respond to CDN Adjuvants

To determine whether these observations hold true in vivo we examined the ability of STING-HAQ and STING-R231H mice to respond to immunization when CDNs are used as adjuvants. CDG adjuvant activity is well-defined and requires STING expression in multiple cell types, including CD11c+ dendritic cells (40, 41) and B cells (33), to promote optimal antibody responses. 2′3′ cGAMP has also been used as an adjuvant (29) but can also act as a proxy for in vivo responses that elicit a cGAS-mediated response. STING-HAQ homozygous and heterozygous mice were immunized with OVA in the presence or absence of CDG or 2′3′ cGAMP (Figure 5A). As shown previously (29, 33, 42) mice expressing WT STING mount greatly enhanced anti-OVA responses when CDG (Figures 5B,D,F) or 2′3′ cGAMP (Figures 5C,E,H) is used as an adjuvant. These responses to CDN adjuvants are STING-dependent, as they are absent in STING deficient animals. In agreement with the observed in vitro responses to CDG (Figure 1A), immunization using CDG as an adjuvant did not result in enhanced titers of serum anti-OVA IgG (Figures 5B,D) or mucosal anti-OVA IgA (Figure 5F) in STING-HAQ/HAQ mice. Heterozygous STING-HAQ/WT were able to respond to CDG adjuvants, albeit with reduced magnitude. Similarly, the adjuvant effect of 2′3′ cGAMP was lost in STING-HAQ/HAQ mice (Figures 5C,E,G), while STING-HAQ/WT mice were only marginally impaired in their ability to respond to 2′3′ cGAMP.
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FIGURE 5. STING-HAQ homozygous mice are unresponsive to immunization with CDN adjuvant. (A–G) WT, STING KO and STING-HAQ/WT, and STING-HAQ/HAQ were immunized IN with 20 μg OVA with or without 5 μg CDG (B,D,F) or 5 μg 2′3′ cGAMP (C,E,G), and serum and mucosal anti-OVA antibody responses were monitored (n = 5). (A) Schematic representation of the experiment; (B,C) IgG anti-OVA response at d42 post-immunization, (D,E) Reciprocal half-max values of the OVA-specific IgG response; (F,G) OVA-specific IgA response in nasal wash at day 56. Data shown are representative of at least two independent replicate experiments. Bars in (B–G) represent mean ± SEM. NS P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001 using an unpaired Student's t-test.




STING-R231H Mice Are Selectively Impaired in Their Response to Exogenous CDG in vivo, While Retaining Their Ability to Respond to Endogenous 2′3′ cGAMP

To test the in vivo consequences of STING-R231H expression, we immunized mice homozygous or heterozygous for STING-R231H with OVA in the presence of absence of CDG or 2′3′ cGAMP (Figure 6A). As observed in vitro (Figure 2A), STING-R231H/R231H mice did not mount enhanced anti-OVA IgG (Figures 6B,D) or IgA (Figure 6F) responses following immunization using CDG as an adjuvant. In contrast, heterozygous STING-R231H/WT mouse responses to CDG/OVA were only marginally reduced compared to STING WT mice. The response of STING-R231H/WT mice to 2′3′ cGAMP/OVA immunization was of the same magnitude as observed in STING WT mice (Figures 6 C,E,G). Homozygous STING-R231H/R231H mice trended toward enhanced anti-OVA IgG response following 2′3′ cGAMP/OVA immunization, compared to STING-WT mice (Figures 6C,E).


[image: Figure 6]
FIGURE 6. STING-R231H homozygous mice are unresponsive to immunization using CDG as an adjuvant but remain responsive to immunization using 2′3′ cGAMP as an adjuvant. (A–G) WT, STING KO and STING-R231H/WT and STING-R231H/R231H were immunized IN with 20 μg OVA with or without 5 μg CDG (B,D,F) or 5 μg 2′3′ cGAMP (C,E,G), and serum and mucosal anti-OVA antibody responses were monitored (n = 5). (A) Schematic representation of the experiment; (B,C) IgG anti-OVA response at d42 post-immunization, (D,E) Reciprocal half-max values of the OVA-specific IgG response; (F,G) OVA-specific IgA response in nasal wash at day 56. Data shown are representative of at least two independent replicate experiments. Bars in B-G represent mean ± SEM. NS, P > 0.05; ***P < 0.001 using an unpaired Student's t-test.


Taken together these data confirm and extend previous reports that expression of STING-HAQ compromises the ability of carriers to respond to exogenous and endogenous CDNs, while expression of STING-R231H compromises the ability to respond to exogenous CDNs while it does not affect the cGAS/STING pathway.




DISCUSSION

In this report we describe two novel mouse models, representing the two most prevalent minor STING alleles, and their ability to respond to exogenous and endogenous CDNs in vitro and in vivo. Under the conditions tested, the STING-HAQ allele conferred unresponsiveness to all exogenous CDNs tested and caused severely reduced responsiveness to endogenous 2′3′ cGAMP (Figures 1, 3–5). In contrast, the STING-R231H allele (murine equivalent to human R232H) conferred responsiveness to endogenous 2′3′ cGAMP, but disabled responses to the exogenous CDNs tested (Figures 2–4, 6).

The STING-HAQ function was initially characterized by Patel et al. (29) in a study that was limited to analysis to homozygous STING-HAQ mice and reported that the allele was a null allele, lacking responsiveness to both endogenous and exogenous CDNs. Analysis of human EBV immortalized STING-HAQ B cells supported these findings. Our analysis of the STING-HAQ mice confirmed the finding of Patel et al. (Figures 1, 5) and expand them to show that STING-HAQ heterozygosity impacts the ability to respond to CDNs as well in vitro and in vivo (Figures 1, 3, 5). A noteworthy difference is that in our hands homozygous STING-HAQ retains some responsiveness to high concentrations of 2′3′ cGAMP (Figures 4A,B), indicating that STING-HAQ is not functionally null, but rather has reduced affinity for 2′3′ cGAMP resulting in near absent responses. These data agree with observations made using PBMCs from STING-HAQ/HAQ individuals, which show a strongly reduced but not absent responses to 2′3′ cGAMP and DNA (38). It should be noted that others have reported that STING-HAQ PBMCs are responsive to both exogenous and endogenous CDNs (43). The reason for this discrepancy is unclear.

The selective unresponsiveness to exogenous CDNs but not to 2′3′ cGAMP observed in STING R231H mice is in agreement with previous studies of ectopically expressed R232H or R231A STING variants (4, 7, 27, 28). The observed in vivo responses in STING-R231H mice are likely to accurately reflect responsiveness of individuals homozygous for STING-R232H. PBMCs from individuals that are STING-R232H homozygous also have an impaired responsiveness to CDG, but respond normally to 2′3′ cGAMP and DNA (38). It is noteworthy that EBV-immortalized B cells from R232H homozygous individuals are severely impaired in their ability to respond to exogenous CDNs and 2′3′ cGAMP stimulation (29). The reason for this disparity is unclear, however, it is possible that immortalization using DNA virus infection led to selective outgrowth of subclones with decreased responsiveness to 2′3′ cGAMP.

The STING-HAQ and STING-R231H mice described here should be valuable tools to examine the effects of the respective human alleles on the susceptibility to infections and responsiveness to CDN-based vaccines and therapeutics. The first reports examining prevalence of STING-HAQ or STING-R232H variants among patients infected with Legionella pneumophilia (38) and Streptococcus pneumoniae (39) paint a complicated picture. While both pathogens are detected in a STING-dependent manner in vitro, an increased frequency among patients in STING-HAQ heterozygous and homozygous individuals was only observed among patients with Legionnaires' disease. This differential in vivo dependence of functional cGAS/STING to control infections was confirmed using knockout mice. In neither study were differences in R232H prevalence reported. Another study suggests that STING-HAQ homozygosity may result in slower disease progression in HIV-infected individuals (44). Systematic studies using mouse models such as the ones described in this manuscript could be useful in predicting clinical consequences of carrying these genetic variants.

STING plays a role in several sensing pathways making it hard to dissect the role STING plays in individual pathways. An example is found in the fact that during bacterial infections STING can be activated by multiple mechanisms. It acts as a sensor of bacterial derived CDNs directly, independent of cGAS (14, 45, 46), and may sense other bacterial products (47) in a cGAS independent manner. STING also plays a central role in detection of DNA from bacteria and infection-induced host cell damage by sensing 2′3′ cGAMP produced by the DNA sensor cGAS (14). Adding to the complexity, in the immune response to Brucella abortus both IFN and IL-1 responses are STING-dependent but only the IFN response is cGAS-dependent (48). To gain insight into the different mechanisms by which STING contributes to immune responses, investigators often compare STING KO mice to cGAS KO mice. However, such an approach has limitations. For example, cGAS has been proposed to enhance the response to extracellular CDNs by binding endocytosed CDNs and presenting them to STING (49). Other studies suggest that cGAS may have additional functions independent of STING (50) that could confound findings. The STING-R231H/R231H mutant mouse circumvents these issues by retaining responsiveness to cGAS-derived CDN (Figures 4, 6), while being unable to respond to exogenous CDNs (Figures 2, 6), eliminating potentially confounding effects of cGAS deficiency. Such an approach has been used successfully in vitro in the context of Chlamydia trachomatis infection, by ectopic expression of a R231A mutant (51). In this respect the R231H mouse model could be a valuable tool in the arsenal of weapons available to examine the role STING-mediated anti-DNA responses vs. exogenous CDN responses, in the context of bacterial infections or CDN-based anti-tumor responses.
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