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ABSTRACT OF THE THESIS 

 

cyclic-di-GMP drives innate lymphoid cells changes through the  

STING-cGas pathway during type-2 lung inflammation 

 

by 

 

Lee Diego Lace Lacasa 

Master of Science in Biology 

 

University of California San Diego, 2021 

 

Professor Taylor Doherty, Chair 

Professor Alistair Russell, Co-Chair 

 

 Type 2 inflammation plays a critical role in most asthmatic cases and may be affected 

during recurring viral and bacterial infections. The presence of intracellular pathogens promotes 

the buildup of danger signaling cyclic-di-nucleotide molecules such as cyclic-di-GMP (CDG), a 

bacterial second messenger. Group 2 innate lymphoid cells (ILC2s) are major contributors to type 

2 inflammatory responses after exposure to fungal allergens yet the role of CDG in regulating 

pulmonary ILC responses in inflammation remains to be seen. Our studies demonstrate that 

intranasal exposure to CDG drives early type 1 interferon (IFN) production and effectively 

suppresses type 2 lung inflammation and CD127+ST2+ ILC2s during Alternaria challenge in a 



 

 x 

STING-cGAS dependent manner. Interestingly, CDG drove activation and expansion of ST2-

CD127- pulmonary ILCs, which exhibit a transcriptomic profile consistent with ILC1s. Overall, 

CDG has demonstrated a suppressive effect on type 2 inflammatory responses while 

simultaneously promoting ILC1 activation. Our findings suggest that there is potential to utilize 

STING to mediate type 2 inflammatory responses and/or promote anti-viral immunological 

mechanisms. 
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INTRODUCTION 

 Asthma is one of the leading chronic non-communicable diseases worldwide, affecting 

roughly 334 million people [1] and driving increases in morbidity rates and health care expenditure 

[2]. Though effective interventions exist to alleviate asthma symptoms, asthma continues to cause 

substantial disability, compromised quality of life, and avoidable deaths in children to young adults 

[1]. Asthma as a heterogenous condition arises from various underlying mechanisms (endotype) 

that drive an array of observable disease characteristics (phenotype) [1]. The disease phenotypes 

reflect vast complex host-environment interactions that occur over spatial (i.e., genetic to cellular 

to tissue to organ) and time scales [1]. However, the main pathological hallmarks include airway 

hyperresponsiveness (AHR), bronchial muscle constriction, excessive mucus production, and 

airway remodeling, as a collection of immune responses to environmental inhalants damaging the 

airway epithelium [3].  Airway epithelial damage causes the release of signaling molecules called 

“alarmins” to promote the recruitment of granulocytes, a group of immune cells containing 

enzymatic granules that are released into the local environment during infections [4]. Granulocytes 

are the main cellular infiltrates during inflammatory responses, usually recruited by cytokine 

signaling from tissue-resident cells [4].  

 Eosinophilic, type 2 airway inflammation is conventionally classified by the activation of 

adaptive T helper 2 (Th2) cells following allergic sensitization and consequent stimulation by 

tissue-resident dendritic cells near the airway epithelium [1]. Upon activation, Th2 cells promote 

cell-mediated responses mainly through the production of the obligate IL-5 cytokine for eosinophil 

recruitment, IL-4 to promote IgE synthesis to activate mast cells and IL-13 for increased mucus 

production and AHR [1]. In contrast, non-allergic eosinophilic asthma is mediated by the innate 

immune response, demonstrating an early time point of IL-5 and IL-13 secretion following 
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epithelium released alarmins IL-25 and IL-33 after epithelial damage by microbes and pollutants 

[1]. The differing allergic-dependent (IgE-mediated, adaptive immunity) and -independent (innate 

immunity) mechanisms that underly eosinophilic asthma can co-occur, driving mixed granulocytic 

inflammation or adaptations in the host inflammatory profile over time. While Th2 cells mediate 

allergic-dependent asthma, a specific innate cell type mediates the allergic-independent response. 

 Among the many immune cells modulating the response to infection, innate lymphoid cells 

(ILCs) are tissue-resident cells that orchestrate the first line of pathogenic defense and function 

similarly to CD4+ T helper (Th) cells. ILCs are non-circulatory tissue-resident cells and are 

revered to be the innate counterparts of CD4+ T-helper (Th) cells [6]. While Th cells are adaptive 

immune cells well classified by their cell surface receptors, ILCs lack lineage specifying markers 

[6]. However, ILCs and Th cells share common cellular progenitors, phenotypic, transcriptional, 

and functional characteristics [7, 8]. The subsets of ILCs, namely ILC1, ILC2, and ILC3, parallel 

Th1, Th2, and Th17/22 cells, respectively through their characteristic expression of transcription 

factors and effector cytokine production [6].  

 Group 2 innate lymphoid cells (ILC2s) contribute to innate type 2 lung inflammation 

through secretion of type 2 cytokines that promote the hallmarks of asthma [8]. Indeed, this 

consequently centerpieces ILC2s as the main contributor during the onset of non-allergic 

eosinophilic inflammation [9]. Damage to airway epithelium leads to the release of TSLP, IL-25, 

and IL-33 which induce ILC2 activation to produce type 2 cytokine secretion [10]. Additionally, 

ILC2s can initiate and amplify the innate responses and facilitate the onset of adaptive immunity 

over time [10]. However, our understanding of complex mechanisms that mediate diverse 

pathogen infections that lead to asthma remains to be seen. 
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 While type 2 inflammation is a major contributor to the development of asthma, it may co-

occur with intracellular viral infections and bacterial colonization. The STING-cGAS pathway, 

comprised of the “stimulator of interferon genes” (STING) and synthase for the second messenger 

cyclic GMP-AMP (cGAS), is an innate cellular intrinsic signaling mechanism mainly implicated 

in intracellular pathogenic infections [11]. When cGAS binds to non-self-DNA, it concurrently 

converts ATP and GTP into a cyclic-di-nucleotide, which can then trigger activation of ER-bound 

STING [12, 13]. Ultimately, the STING-cGAS activation elicits transcription of a family of 

signalling molecules, type-1 interferons (IFNs) [14]. Interferons are known to play a major role in 

pathogen clearance and inflammation, and thus are the major response to the detection of 

pathogenic DNA. In asthma, STING activation with cyclic-di-nucleotide molecules has shown to 

contribute to the progression of non-eosinophilic, type 1 inflammation. 

 A recent study by Raundhal et al. 2015 looked at the resulting cytokines after intranasal 

challenge of house dust mite (HDM) and cyclic-di-GMP (CDG) in a 28-day model [15]. Raundhal 

et al. 2015 revealed that CDG promoted neutrophilia in an HDM model, and HDM drove 

suppression of eosinophilic inflammation [15]. Our group aimed to elucidate related mechanisms 

of innate immunity through airway exposure of clinically relevant fungal allergen Alternaria 

alternata (Alt) and CDG using wild-type, Tmem173-/- (sting-/-), and ifnαr1-/- mice. Alt is known 

to potently promote epithelial IL-33 secretion, upstream of ILC2 production of IL-5 and IL-13, 

driving eosinophilic inflammation [16], whereas CDG has previously demonstrated suppressive 

effects on type 2 inflammation. Thus, it is suspected that airway exposure of Alt and CDG will 

negatively regulate innate type 2 inflammation in a STING-dependent manner. Comparison of 

each background strain and their resulting immunological responses to Alt and CDG challenge can 
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help determine specific mechanistic details of suppressing type 2 inflammation through STING-

cGAS signaling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 5 

MATERIALS AND METHODS 

Mice 

 6- to 12-week-old female C57BL/6 WT mice were acquired from The Jackson Laboratory 

(Bar Harbor, Me). Ifnar1-/- and Tmem173-/- mice were acquired from The Jackson Laboratory 

and bred in-house. Red5 mice were acquired from Dr. Nunzio Bottini (UCSD), originating from 

Dr. Richard Locksley (UCSF), and bred in-house [17]. Smart13 mice were acquired from The 

Jackson Laboratory, originating from Dr. Richard Locksley (UCSF), and bred in-house [18]. All 

animal experiments were approved by the University of California, San Diego Institutional Animal 

Care and Use Committee. 

 

In vivo Alternaria and CDG model 

 WT, gene knockout, and cytokine reporter mice were challenged intranasally with PBS, 5 

µg CDG, 50 µg of Alt extract (Greer, lot number 299382), or 5 µg CDG and 50 µg Alt extract in 

40 µL every 24 h over 3 days, then euthanized 24 h following the third challenge for BAL 

supernatant collection and lung tissue harvest. A subset of experiments was completed with only 

the latter two experimental groups. For experiments in which ILCs were isolated, mice were 

challenged with Alt four times over 10 days for expansion of ILC population. For experiments 

investigating early cytokine release, mice were euthanized 3 h following one challenge. BAL was 

performed with 2% BSA in PBS; the first draw was 500 µL and subsequent draws 2 through 5 

were 600 µL. BAL was centrifuged at 1,500 rpm for 5 min at 4°C and the supernatant was stored 

at −20°C for ELISA. BAL cells were counted and phenotyped using flow cytometry. Lungs were 

digested using the Mouse Lung Dissociation Kit (Miltenyi Biotec) following the manufacturer's 
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protocol, filtered with a 40 µm mesh, and cells were counted and phenotyped using flow 

cytometry. 

 

Flow Cytometry 

 BAL and lung cells were resuspended in a solution of 0.01% sodium azide and 2% FBS in 

PBS then counted on a Novocyte (Acea Biosciences). One million BAL cells were aliquoted into 

tubes then incubated with an unconjugated monocloncal antibody (mAb) to CD16/CD32 for 10 

min at 4°C to block non-specific Fc receptor binding, and then incubated for 30 min with 

fluorochrome conjugated antibodies at 4°C. All antibodies were purchased from BioLegend unless 

otherwise noted. To identify eosinophils (CD45+ CD11c- Siglec-F+) and neutrophils (CD45+ 

Siglec-F- GR-1+), BAL or lung cells were stained with PerCP-conjugated anti-CD45.2, PE-

conjugated anti-Siglec-F (BD), FITC-conjugated anti-CD11c, and APC-conjugated anti-GR-1. 

For the identification of ILCs (CD45.2+lineage-Thy1.2+ lymphocytes), ILC2s (CD45.2+lineage- 

Thy1.2+CD127+ST2+), and ILC1s (CD45.2+lineage-Thy1.2+CD127-ST2-) lung cells were 

incubated with FITC–conjugated lineage cocktail (anti-B220, anti-CD11b, anti-CD3e, anti-GR-1, 

anti-Ter119), anti-CD5, anti-CD11c, anti-FcεR1, anti-NK1.1, anti-TCRβ, and anti-TCRγδ; PerCP-

conjugated anti-CD45.2; eFluor 450-conjugated anti-Thy1.2 (ThermoFisher); PE-Cy7-conjugated 

anti-CD127; and APC-conjugated anti-ST2. In select experiments, ILCs were also stained with 

PE-conjugated anti-CD69. For the identification of NK cells (CD3-CD49b+NK1.1+), lung cells 

were incubated with APC-conjugated anti-CD3, PerCP-conjugated anti-CD45.2, PE-conjugated 

anti-CD49b, and FITC-conjugated anti-NK1.1. 

 For identification of transcription factor, surface-stained cells were fixed and 

permeabilized with an intracellular staining kit (ThermoFisher) following the manufacturer's 
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protocol and stained for 30 min at 4°C with PE-conjugated anti-GATA-3 (ThermoFisher), anti-

Ki67 (ThermoFisher), or anti-T-Bet. 

 For ILC and NK cytokine staining, lung cells from WT and gene knockout mice were 

incubated at 37°C for 3 hr with a phorbol 12-myristate 13-acetate, brefeldin A, ionomycin, ,nd 

monensin cell stimulation cocktail (ThermoFisher) in RPMI 1640 media enriched with 10% FBS, 

2-mercaptoethanol, glutamine, and penicillin/streptomycin (ThermoFisher). Cells were harvested 

after culture and surfaced stained for ILC2s and ILC1s as described above, fixed and permeabilized 

with an intracellular cytokine staining kit (BD) following the manufacturer's protocol, and stained 

for 30 min at 4°C with PE-conjugated anti-IL-5 or anti-IL-13 and APC-Cy7-conjugated anti-IFNγ. 

 To assess cytokine staining ex vivo without stimulation, reporter mice described previously 

were used. To visualize in vivo IL-5 in Red5 mice, Red5 staining occupied the PE channel without 

any requisite staining [17]. To visualize in vivo IL-13 in Smart13 mice, Smart13/human CD4 was 

stained with PE-conjugated anti-human CD4 [18]. DAPI (ThermoFisher) staining was used to 

discriminate live and dead cells. Lastly, samples were analyzed with a Novocyte (Acea 

Biosciences) flow cytometer or sorted with a FACSAria II (BD) at the UCSD Human Embryonic 

Stem Cell Core Facility. 

 

In vitro stimulation 

 Sorted ILCs rested in vitro for 48 h with 10 ng/ml IL-2 and IL-7. Media replacement 

followed the 48 h resting period, and ILCs were subsequently cultured with the following 

conditions: IL-2 (10 ng/ml) and IL-7 (10 ng/ml); IL-2 (10 ng/ml), IL-7 (10 ng/ml), CDG (10 μM); 

IL-2 (10 ng/ml), IL-7 (10 ng/ml), and IL-33 (30 ng/ml); or IL-2 (10 ng/ml), IL-7 (10 ng/ml), IL-



 

 8 

33 (30 ng/ml), and CDG (10μM). Cell culture supernatants were collected for ELISA after 24 h of 

in vitro stimulation. 

 

ELISA 

 ELISAs for IFNβ (R&D), IFNγ (ThermoFisher), IL-5 (R&D), and IL-13 (R&D), were 

conducted on BAL supernatants following the manufacturers' protocols. ELISAs were read on a 

model 680 microplate reader (Bio-Rad) at 450 nm. 

 

RNAseq 

 Publicly available RNA sequencing of mouse lung ILC2s and ILC1s (GEO: GSE136156) 

was downloaded and analyzed. Reads were aligned to reference genome mm10 using TopHat. 

DUST scores were incorporated with PRINSEQ Lite, while low complexity reads (DUST > 4) 

were removed from the BAM files. Read counts for each genomic feature were acquired with the 

HTSeq count program. Differentially expressed genes were identified using DESeq2 and pathway 

analysis was conducted via Metascape. 

 

Data and Statistical Analysis 

 Flow cytometry data were analyzed using FlowJo (Flowjo). For all experiments (except 

RNAseq), GraphPad Prism software (GraphPad) was used for statistical analysis, using unpaired t-

tests (2-tailed). P-values of < 0.05 were considered statistically significant. 
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RESULTS 

CDG suppresses ILC2-driven type 2 inflammation and promotes interferon secretion  

 To determine whether CDG regulates innate respiratory immunity, we followed a validated 

3-day Alt-induced ILC2-driven model of eosinophilic inflammation (Figure 1) [16]. Intranasal 

CDG treatment nearly eradicated Alt-induced eosinophilia in bronchoalveolar lavage (BAL) fluid 

and lungs (Figure 2A, B). Additionally, CDG treatment significantly attenuated BAL IL-5 and 

IL-13 levels (Figure 3A). Strikingly, CDG synergistically enhanced Alt-induced BAL and lung 

neutrophilia (Figure 2A, B). 

 Current understanding of interferon interactions with ILC2 driven type 2 cytokine 

production points towards global suppressive impacts [19-21]. Thus, we aimed to determine 

whether CDG promoted IFN production during Alt treatment. Certainly, BAL IFNγ (type 2 IFN) 

production increased over 20-fold on average after Alt plus CDG treatment relative to Alt treatment 

alone (Figure 3A). Further, BAL IFNß (type 1 IFN) production increased 30-fold in CDG 

challenged mice 3 h post-challenge (Figure 3B). Collectively, the results thus far demonstrate that 

Alt plus CDG treatment induces a neutrophil-dominant response associated with higher type 1 and 

2 IFN production. Additionally, the results suggest that CDG attenuates innate eosinophilic 

respiratory inflammation. 

 

CDG promotes an immunological shift in pulmonary ILC2s to ILC1s 

 Following airway infiltrate immunophenotyping, we next aimed to elucidate the effect of 

CDG on ILC2 activity in the 3-day Alt model. With the observable increases in BAL type 2 IFNs, 

we additionally aimed to investigate ILC1 responses post CDG exposure. ILC subsets exhibit 

heterogeneity and plasticity under ranging conditions [16, 22]. Therefore, prior to investigating the 
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effect of in vivo CDG challenge on ILCs, we utilized transcriptomic analysis to validate ILC1s and 

ILC2s identities following Alt treatment. We reanalyzed our existing RNAseq dataset of Alt 

challenged CD127+ST2+ and CD127-ST2- ILCs (Figure 4) [16] and found that CD127+ST2+ 

ILCs highly expressed ILC2-specific genes (Areg, Gata3, Il1rl1, Il7r, Klrg1), whereas CD127-

ST2- ILCs highly expressed ILC1-specific genes (Gzma, Gzmb, Irf8, Klrk1, and Klrb1) (Figure 

5). Further, gene ontology analysis indicated that one of the most differentially expressed pathways 

between CD127+ST2+ and CD127-ST2- ILCs was IFNγ production (Figure 6). Thus, 

CD127+ST2+ and CD127-ST2- populations exhibit strong ILC2 and ILC1 signatures, 

respectively.  

 Intranasal CDG challenge strikingly reduced the total number of Alt-induced IL-5+ and IL-

13+ CD127+ST2+ pulmonary ILCs post ex vivo PMA/ionomycin stimulation (Figure 7A). Red5 

IL-5 reporters and Smart13 IL-13 reporters were utilized to provide in vivo evidence of CDG-

induced ILC2 suppression [17, 18]. Unsurprisingly, similar trends between ex vivo and in vivo 

were demonstrated following Alt plus CDG treatment of reporter mice; CDG abrogated Alt-

induced IL-5 and IL-13 production by ILC2s (Figure 8). 

 Contrary to ILC2 effector cytokines, the total number of IFNγ+ ILC1s significantly 

increased post CDG challenge and ex vivo PMA/ionomycin stimulation (Figure 7B). Conventional 

NK cells are also known to contribute to IFNγ levels, therefore we aimed to assess both numbers 

and activity of pulmonary NK cells. Interestingly, there was an observable increase in 

NK1.1+CD49b+CD3- lymphocytes in Alt, CDG, and Alt plus CDG exposed murine lungs relative 

to PBS (Figure 14A). However, there was no significant difference in NK cell IFNγ levels between 

each treatment group (Figure 14B), suggesting that IFNγ are not differentially responsive to Alt 
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plus CDG exposure, nor are contributing to overall IFNγ burden, as compared to CD127-ST2- 

ILCs. 

 Considering data demonstrating CDG-driven shift from ILC2 to ILC1 plasticity [22, 23], 

we aimed to further investigate the impact of CDG on ILC identity, activation, and proliferation. 

CDG induced suppression of pulmonary ILC2 master type 2 cytokine regulator GATA3 (Figure 

9) while promoting increases in ILC1 expression of master type 1 cytokine regulator T-bet (Figure 

9). Regarding proliferation and activation, CDG suppressed ILC2 proliferation demonstrated by a 

decrease in Ki67 expression (Figure 12) but no observable effects on ILC2 activation 

demonstrated by no change in CD69 (Figure 13). Conversely, CDG had no impact on ILC1 

proliferation (Figure 12), yet significantly increased ILC1 activation status (Figure 13). 

Collectively, these findings suggest that CDG drivers associated ILC2 suppression and ILC1 

activation. 

 

CDG-driven suppression of type 2 inflammation is STING-dependent 

 With the observed strong airway IFN levels induced by CDG treatment, we aimed to 

determine whether STING was necessary for the suppression of type 2 inflammation and ILC2 

responses. Surprisingly, STING deficient (Tmem173-/-) mice exhibited restored eosinophilia and 

fully abolished CDG-driven neutrophilia in the lung (Figure 10), a similar response to WT mice 

treated with Alt only. 

 

CDG-induced suppression of type 2 inflammation requires Type 1 IFN signaling 

 Type 1 IFNs are considered major products of STING activation. To assess whether type 

1 IFN production played a significant role in the observed CDG-induced immunomodulation, we 
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utilized type 1 IFN receptor deficient (Ifnar1-/-) mice in comparison to WT and Tmem173-/- mice. 

Ifnar1-/- restored CDG-induced reduction of BAL and lung eosinophilia but had no effect on BAL 

and lung neutrophilia (Figure 11A, B). Thus, type 1 IFNs are necessary for CDG-mediated 

suppression of type.2 inflammation but not for neutrophilia. Overall, these results are consistent 

with recent studies demonstrating the suppressive role type 1 IFNs have on pulmonary ILC2s 

during viral infection [20]. 
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DISCUSSION 

 Conventionally classified by type 2 pulmonary inflammation, asthma is also associated 

with co-occurrent viral and bacterial infections, mitochondrial stress, and host cell death, 

collectively driving the buildup of danger-associated signaling cyclic-di-nucleotides [24-28]. 

Group 2 ILCs promote type 2 inflammation in murine models and likely contribute to AHR and 

airway inflammation in humans (29). Our work investigated how in vivo exposure of CDG 

regulated ILC2 and innate type 2 inflammation in the context of asthma. Our novel findings 

demonstrate that intranasal exposure to CDG nearly eradicated Alt-induced airway eosinophilia 

and promoted neutrophilia. Additionally, CDG drove suppression of ILC2 IL-5 and IL-13 

production and increases in ILC1 IFNγ production. Mechanistically, we discovered that CDG 

modulated ILC activity downstream of Alt-induced inflammation, which was entirely dependent 

on STING-cGAS and type 1 IFN signaling. Therefore, STING’s role in pathogenic responses, 

including activating by cytosolic mitochondrial DNA (from mitochondrial damage) and 

autophagy, could reflect a critical yet common relationship in the development of mixed airway 

inflammation [30-35]. 

 Though STING-cGAS activity elicits major downstream production of type 1 IFNs, 

STING agonism has also demonstrated induction of several inflammatory mediators including 

CCL2, CCL20, IL1ß, IL-6, TNFα, and type 3 IFNs [36-39]. While type 1 IFNs exhibited increases 

post Alt plus CDG treatment, type 3 IFN (lambda) also showed increases but failed to demonstrated 

significance. Additionally, while types 1-3 IFNs have been shown to inhibit ILC2 responses and 

type 2 inflammation [19-21, 40-41], type 1 IFNs alone were required for CDG-driven ILC2 

suppression. Collectively, our findings suggest a novel model in which intranasal CDG treatment 

promotes early STING-dependent production of type 1 IFN by respiratory phagocytes, thereby 
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inhibiting ILC2-driven airway eosinophilia. Additionally, the impact CDG effects on Alt-induced 

neutrophilia was independent of type 1 IFN signaling, suggesting that non-IFN inflammatory 

mediators downstream of STING activation may contribute to CDG-induced neutrophil 

trafficking. 

 STING effects on ILC activity and lung inflammation reported here demonstrate novelty, 

especially in tissue specific immunity. A recent study elucidating the role of STING in a 

gastrointestinal context reported an approximate 2-fold reduction in ILC2 frequency, IL-4 and 

IL-13 levels, and a 3-fold increase in ILC1 frequency in STING deficient mice within the 

mucosa [42]. Alternatively, we reported notable increases in respiratory ILCs and type 2 

cytokines with decreased ILC1s and type 1 cytokines of Tmem173-/- mice post Alt plus CDG 

treatment. Our results are consistent with a study demonstrating ILC responses in other tissue 

types. Such converse findings suggest the role of tissue-specific mechanisms by way of STING 

influences on ILC responses [43]. 

 Our study presents limitations in mechanisms downstream of STING that may drive 

airway neutrophilia to remain to be seen. In summary, our data demonstrates that CDG drives 

IFN production in a STING-dependent manner, thereby increasing ILC1 activation while 

suppressing innate type 2 inflammation. 
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Figure 1. WT, Tmem173-/-, and Ifnar1-/- mice were challenged via a 3-day protocol. Mice 

were challenged with PBS, 50μg Alternaria, 5μg CDG, or 50μg Alternaria plus 5μg CDG on D0, 

D1, and D2. Mice were sacked on D3 and lungs and BAL were collected. 
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Figure 2. CDG attenuates BAL and lung eosinophilia in an Alternaria model. Mice were 

challenged using the model outlined in Figure 1. (A) Total BAL eosinophils and neutrophils with 

representative flow cytometric plots. (B) Total lung eosinophils and neutrophils. Data shown are 

representative of 2–10 independent experiments with 2–4 mice per group. **P < 0.01, ***P < 0.001, 
****P < 0.0001, unpaired t-test. 
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Figure 3. CDG attenuates BAL type 2 cytokines while promoting type 1 cytokines in an 

Alternaria model. Mice were challenged using the model outlined in Figure 1. (A) BAL ELISA 

of type 2 cytokines IL-5 and IL-13 and type 1 cytokine IFNγ. (B) BAL IFNß ELISA 3-hr post-

intranasal challenge. Data shown are representative of 2–10 independent experiments with 2–4 

mice per group. **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired t-test. 
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Figure 4. Flow cytometric gating scheme to identify pulmonary ILC2s and ILC1s post-

intranasal treatment. Mice were challenged using the model outlined in Figure 1. 
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Figure 5. RNAseq volcano plot of differentially expressed genes of ST2+CD127+ versus ST2-

CD127- pulmonary ILCs post-Alt challenge. Data shown are representative of 2–7 independent 

experiments with 2–4 mice per group.  
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Figure 6. Differentially expressed gene ontologies in ST2+CD127+ and ST2-CD127- ILCs. 

Data shown are representative of 2–7 independent experiments with 2–4 mice per group. 
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Figure 7. Total number of IL5+ and IL13+ ILC2s and IFNγ+ ILC1s after 3-hr PMA 

/ionomycin stimulation ex vivo. Mice were challenged using the model outlined in Figure 1. (A) 

Total IL-5 and IL-13 ST2+CD127+ pulmonary ILCs. (B) Total IFNγ ST2-CD127- pulmonary 

ILCs. Data shown are representative of 2–7 independent experiments with 2–4 mice per group. *P 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired t-test. 
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Figure 8. Total red-5+ (IL-5+) (top) and Smart13+ (IL-13+) (bottom) ST2+CD127+ ILCs 

with representative flow plots (right). Mice were challenged using the model outlined in Figure 

1. Data shown are representative of 2–7 independent experiments with 2–4 mice per group.  
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired t-test. 
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Figure 9. Frequency of GATA3+ ILC2s and T-bet+ ILC1s. Mice were challenged using the 

model outlined in Figure 1. Data shown are representative of 2–7 independent experiments with 

2–4 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired t-test. 
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Figure 10. CDG modulation of pulmonary inflammation is STING-dependent. Mice were 

challenged using the model outlined in Figure 1. Total lung eosinophils (top) and neutrophils 

(bottom) with representative flow plots (right). Data shown are representative of 2–7 independent 

experiments with 2–4 mice per group. *P < 0.05, **P < 0.01, ****P < 0.0001, unpaired t-test. 
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Figure 11. Type 1 IFN signaling is necessary for CDG driven suppression of airway and 

pulmonary type 2 inflammation. Mice were challenged using the model outlined in Figure 1. 

(A) Total BAL eosinophils (top) and neutrophils (bottom) with representative flow plots (right). 

(B) Total pulmonary eosinophils (top) and neutrophils (bottom) with representative flow plots 

(right). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired t-test. 
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Figure 12. CDG suppresses proliferation in ST2+CD127+ ILCs. Mice were challenged using 

the model outlined in Figure 1. Ki67 expression in ST2+CD127+ ILCs (top) and ST2-CD127- 

ILCs (bottom) and representative flow plots (right). Mice were challenged using the model 

outlined in Figure 1. Data shown are representative of 2-7 independent experiments with 2-4 mice 

per group. **P < .01, ***P < .001, ****P < .0001 unpaired t test. 
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Figure 13. CDG promotes CD69 expression of ST2-CD127- ILCs. Mice were challenged using 

the model outlined in Figure 1. CD69 expression in ST2+CD127+ ILCs (top) and ST2-CD127- 

ILCs (bottom) and representative flow plots (right). Data shown are representative of 2-7 

independent experiments with 2-4 mice per group. **P < .01, ***P < .001, ****P < .0001 unpaired t 

test. 
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Figure 14. CDG does not potentiate Alt driven NK cell activation. Mice were challenged using 

the model outlined in Figure 1. (A) Total pulmonary NK cells (left) and representative flow plots 

(right). (B) Total IFNγ+ pulmonary NK cells (left) and representative flow plots (right). Data 

shown are representative of 2 independent experiments with 2-3 mice per group. *P < .05, **P < 

.01, unpaired t test. 
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 The content of this thesis is a reprint of the material as it appears in Cyclic-di-GMP Induces 

STING-Dependent ILC2 to ILC1 Shift During Innate Type 2 Lung Inflammation 2021. 

Cavagnero, Kellen; Badrani, Jana; Naji, Luay; Amadeo, Michael; Leng, Anthea; Lacasa, Lee 

Diego; Strohm, Allyssa; Renusch, Samantha; Gasparian, Suzanna; Doherty, Taylor, Frontiers 

Media S.A., 2021. The thesis author was a co-author of this paper. 
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