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ABSTRACT 

Aging is a highly complex, progressive process that is influenced by a multitude of 

interdependent factors that, when compounded, results in the decline of the organism. At 

the forefront, unchecked inflammation is a hallmark of nearly all age-related diseases 

and neurodegenerative diseases, known as inflammaging. Chronic inflammation is 

increasingly described as a combination of DNA damage responses (DDRs), 

senescence, type-I interferon (IFN-I), and proinflammatory transcriptional signatures. Yet 

the identity of immune pathways responsible for these signatures and cell-types through 

which they modulate aging-associated inflammation remain hotly debated. However, the 

pathways regulating the same inflammatory processes that maintain homeostasis 

remain understudied. The cyclic GMP-AMP synthase (cGAS)-Stimulator of interferon 

genes (STING) pathway has garnered significant attention in age-associated 

inflammation and neuroinflammation, given its role in sensing damaged DNA and 

modulation of cellular senescence. Despite intense interest, research into the role of the 

STING-pathway has primarily focused on small molecule therapeutics, gain-of-function, 

and accelerated models of aging. Thus, the role of the STING-pathway in physiological 

aging processes remains understudied and critical to ascertain given the impact of 

multiple loss-of-function polymorphic alleles of STING widely expressed (≥40%) in the 

human population. In this dissertation, I hypothesize that tissue resident macrophages 

(TRMs) within their respective organ systems perform a protective and necessary 

function mediated through STING-signaling to prolong longevity and preserve tissue and 

overall health. Here, we used physiologically aged mice to uncover a vital role for STING 

in preserving longevity, tissue health, and brain function with age by protecting against 

widespread DNA damage. We found that STING-deficiency exacerbates neurological 

decline during aging through blood brain barrier breakdown, microhemorrhages, and 

neuromotor deficits. We revealed that STING-deficiency leads to an accrual of neuronal 
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DNA damage, which in turn correlates with exacerbated inflammation with age. Further, 

STING-signaling modulates the innate immune landscape in the CNS by altering 

proinflammatory transcriptional profiles, type I interferon (IFN-I) signaling and 

senescence in microglia, altering their phenotypic landscapes. Finally, microglial STING 

is both necessary and sufficient for protection against age-associated changes in the 

CNS. Importantly, these findings highlight a protective role of microglial STING-signaling 

within the aging brain (Chapter 3.1). Next, we characterized the role of IFN-I within the 

microglia population and transcriptional changes that are dependent on age and STING-

signaling (Chapter 3.2). Lastly, we investigated highly vascular and interdependent 

organs vital for organismal heath: the heart, kidney, and liver. Together, these organs 

ensure that the blood is providing necessary nutrients, properly filtered, and clean of 

toxins to support overall health and prevent complex health issues commonly associated 

with age. In addition to CNS finding, we observed that STING-deficiency exacerbates 

systemic inflammation in the serum of physiologically aged mice. STING also appears to 

protect against tissue degeneration and dysregulation in old mice. Also, STING-deficient 

TRMs compared to bone marrow derived macrophages (BMDMs) are more susceptible 

to cell death and mice lacking STING in TRM populations have a shortened lifespan 

(Chapter 3.3). Together, these findings challenge the prevailing paradigm that TRM-

STING signaling drives age-associated inflammation, instead revealing a protective role 

for long-term TRM STING signaling during aging. 

  



 iv 

DEDICATION 

I would like to dedicate this work to my family and friends who have supported me during 

these years. I would not be the person I am without each one of you.  

  



 v 

ACKNOWLEDGEMENTS  

I am honored to acknowledge the people that helped me through this journey. You all 

helped me make this body of work possible and the words I use here cannot express the 

gratitude I feel. I wish to acknowledge the people that have supported my growth as a 

scientist and in becoming a good human during this long journey.  

I would first like to thank my mentor, Dr. Shruti Sharma, for her role in shaping me into 

the scientist I am today. I would not be as resilient and strong without your mentorship. I 

thank you for your openness to investigating age-dependent mechanisms within the 

brain and for creating an environment that allows students to have ownership over their 

own projects. Secondly, I would like to thank my co-mentor Dr. Philip Haydon. You 

constantly reminded me to put one foot in front of the other during some of the hardest 

days of this process. Thank you for helping me check off even the most mundane tasks 

and holding me to a high standard. I am a more thoughtful scientist because of your 

combined mentorship. I appreciate your dedication towards my growth as a scientist and 

as a person.  

I would also like to thank my committee members, who served on my committee these 

many years. I am honored to have learned from you during committee meetings and 

one-on-one conversations. Dr. Pilar Alcaide, thank you for serving as my committee 

chair and for pushing me towards success. Dr. Alexander Poltorak, thank you for your 

constant support and I will always appreciate the help you provided. Dr. Pedram 

Hamrah, thank for your guidance in shaping my projects and providing perspective that 

always pushed it towards a more complete story. Thank you all for your kindness and 

support during some particularly difficult times; and there were a few.  

I am grateful to Dr. Allen Steere and Dr. Klemen Strle for nurturing my love for science 

and immunology. I truly would not be defending a PhD in Immunology without the 



 vi 

support from everyone in the Steere lab at MGH. I would also like to thank my 

professors at PC for their continued guidance and support Thank you, Pam and Vikki.  

There are many past and current Tufts’ students I am honored to call a close friend, and 

I am forever grateful to know that we have forged these beautiful and supportive lifelong 

friendships. I hope everyone has the kind of luck that I had. Sasha, Zoie, Bennett, David, 

Abe, Mike, Kimberly, Machlan, James, Morgan, Allie, Hymlaire, and Urmila thank you for 

being there for me. Thank you for being my friends and always being available for a sad 

hug, a rant, a coffee, a happy hug, a sweet treat, a run, a high five, a chat, or just a hug. 

I am fortunate to still have the support my Hilltop and PC friends, Haley, Jess, Shannon*, 

Emily, Natalie, Lindsay, Bess, Irma, Sam, and Erin. Thank you for always being there 

and I love you all so much. I would be remiss not to thank all the other people who 

helped shape me every minute of every day at Tufts. I loved learning with you and 

became better because of you. 

I would also like to acknowledge my most essential support system: my family. Thank 

you for all the dinners, rides to/from the train, drinks, business meetings, movies, drives, 

calls, facetimes, and just for simply showing up for me when I needed you most. Mom, 

Dad, Maggie, Steve, and Russell, you are the best family, and I am lucky to have your 

support during this journey. I am also lucky to have an incredible extended family. My 

Gramma, aunts, uncles, cousins fill my heart. Madelyn Grace and Suz, thank you for all 

the phone calls. Brandon, you have made this past year easier and filled with more love 

than I expected. Thank you for your endless support.  

I am excited to see what is next. Thank you all again for your support.  

*Thank you, Shannon and Jillian, for reading and providing feedback. 

 

BIG HUGS!  



 vii 

TABLE OF CONTENTS 

Abstract ............................................................................................................................. ii 

Dedication ........................................................................................................................ iv 

Acknowledgements ........................................................................................................... v 

Table of Contents ............................................................................................................. vii 

List of Tables ..................................................................................................................... x 

List of Figures ................................................................................................................... xi 

List of Copyrighted Material Used ................................................................................... xiv 

List of Abbreviations ........................................................................................................ xv 

Chapter 1: Introduction ................................................................................................ 1 
1.1. The Immune System ......................................................................................... 2 

1.1.1. Innate Immune System .............................................................................. 3 
1.1.2. Adaptive immune system .......................................................................... 8 
1.1.3. Hematopoiesis ......................................................................................... 10 
1.1.4. Tissue-Resident Macrophages ................................................................ 11 

1.2. Hallmarks of Aging and Inflammation .............................................................. 14 
1.2.1. Twelve Hallmarks of Aging ...................................................................... 14 
1.2.2. Hallmark of Aging: Genomic instability and DNA damage ...................... 15 
1.2.3. Hallmark of Aging: Senescence .............................................................. 16 
1.2.4. Hallmark of Aging: Inflammation .............................................................. 18 
1.2.5. The cGAS-STING Pathway ..................................................................... 20 
1.2.6. Interferons ............................................................................................... 23 
1.2.7. Activation and Control of IFN-I ................................................................ 23 

1.3. Age-associated Inflammation and the CNS .................................................... 25 
1.3.1. The Central Nervous and the Immune System ....................................... 25 
1.3.2. The Role of Neurons, Glia, and Stroma .................................................. 27 
1.3.3. The Role of Microglia ............................................................................... 28 
1.3.4. The Aging Brain and Neurodegenerative Diseases ................................ 28 
1.3.5. IFN-I and the Brain .................................................................................. 29 

1.4. Systemic inflammation and senescence ......................................................... 30 
1.4.1. cGAS-STING Drive Senescence and Inflammation ................................ 31 
1.4.2. Aging Heart and Age-Associated Inflammation ....................................... 32 
1.4.3. Aging Liver and Age-Associated Inflammation ........................................ 33 
1.4.4. Aging Kidney and Age-Associated Inflammation ..................................... 34 

1.5. STING-Deficiency During Physiological Aging ................................................ 35 

Chapter 2: Methods ................................................................................................... 37 
2.1. Experimental Model and Study Details ........................................................... 38 

2.1.1. Mice ......................................................................................................... 38 



 viii 

2.2. METHOD DETAILS ......................................................................................... 39 
2.2.1. Survival Analysis ..................................................................................... 39 
2.2.2. Serum Cytokine/Chemokine Multiplex ELISA ......................................... 39 
2.2.3. Immunohistochemistry ............................................................................. 40 
2.2.4. Confocal Image Analysis ......................................................................... 41 
2.2.5. Tissue Collection and Processing ........................................................... 42 
2.2.6. Single-cell Isolations for Flow Cytometry ................................................. 42 
2.2.7. Fluorescence-Activated Cell Sorting (FACS) .......................................... 43 
2.2.8. Prussian Blue Staining ............................................................................ 44 
2.2.9. Western Blotting ...................................................................................... 44 
2.2.10. Grip Strength ........................................................................................... 45 
2.2.11. Hindlimb Clasping Assessment ............................................................... 45 
2.2.12. Open Field Assay .................................................................................... 46 
2.2.13. Novel Object Recognition ........................................................................ 46 
2.2.14. Spontaneous Alternation (Y maze) .......................................................... 46 

2.3. Single Cell RNA Sequencing ........................................................................... 47 
2.3.1. Single-cell RNA sequencing preparation ................................................. 47 
2.3.2. Clustering and cell type identification ...................................................... 48 
2.3.3. Volcano Plots and Gene Ontology Pathway Analysis ............................. 49 
2.3.4. RNAMagnet Analysis ............................................................................... 49 

2.4. QUANTIFCATION AND STATISTICAL ANALYSIS ........................................ 50 
2.4.1. Statistical Analysis ................................................................................... 50 

Chapter 3: Results ..................................................................................................... 51 
3.1. Microglial STING is a central safeguard against neurological decline with age.
 52 

3.1.1. STING-signaling restricts accumulation of DNA damage while driving 
senescence in aging brains ..................................................................................... 54 
3.1.2. STING-signaling regulates the inflammatory and senescent landscape of 
aging brains. ............................................................................................................ 60 
3.1.3. Loss of STING leads to blood brain barrier (BBB) breakdown and 
cognitive decline. ..................................................................................................... 73 
3.1.4. STING-deficiency modulates populations, inflammatory markers and 
transcriptional landscapes of homeostatic and precursor microglia. ....................... 79 
3.1.5. Microglial STING-signaling is a gatekeeper of neuromotor function and 
BBB integrity ............................................................................................................ 89 

3.2. STING-specific age-dependent changes in microglia ..................................... 95 
3.2.1. Microglia heterogeneity is dependent on age and STING-signaling ....... 96 
3.2.2. STING-signaling regulates inflammatory and IFN-I landscape of aged 
microglia 96 

3.3. STING Promotes tissue maintenance and longevity with age. ..................... 107 
3.3.1. The Role of STING in Tissue Immunity ................................................. 108 
3.3.2. The STING-signaling pathway encodes viability and vitality of TRMs and 
thereby accumulation of damaged DNA in tissue .................................................. 119 
3.3.3. TRM-dependent STING, a master regulator of tissue immune response, 
reinforces organismal longevity and homeostasis ................................................. 122 

Chapter 4: DISCUSSION ........................................................................................ 125 



 ix 

4.1. Overview and Impact ..................................................................................... 126 
4.2. Microglial STING is a central safeguard against age-associated neurological 
decline. ...................................................................................................................... 129 
4.3. STING-dependent Interferon-Responsive Microglia Support Homeostatic 
Functions with Age. ................................................................................................... 137 
4.4. STING protects against systemic decline with age and preserves longevity. 140 
4.5. Limitations and Future Directions .................................................................. 143 

4.5.1. CNS and Microglia ................................................................................. 143 
4.5.2. Periphery and TRMs .............................................................................. 145 

4.6. Concluding Remarks ..................................................................................... 145 

Chapter 5: APPENDIX ............................................................................................ 147 
5.1. Supplemental Figures ................................................................................... 148 

5.1.1. QC of 12-mo and 24-mo datasets for scRNA-Sequencing analysis. ..... 148 
5.1.2. Mouse BCS and Neurological Readouts ............................................... 149 
5.1.3. Gating for flow cytometry of middle-aged WT and STING-/- brains. ...... 150 
5.1.4. Top 10 DEGS from microglia populations. ............................................ 151 
5.1.5. TRM and Brain Projects: Extended Data ............................................... 152 
5.1.6. Optimization Data .................................................................................. 155 

5.2. List of publications to date ............................................................................. 156 

Chapter 6: BIBLIOGRAPHY .................................................................................... 157 
 

  



 x 

LIST OF TABLES  

Table 5.1. Top 10 DEGs of microglia populations from all samples combined. ............ 151 
Table 5.2. Top 10 DEGs of IRM populations from all samples combined. .................... 151 
 

  



 xi 

LIST OF FIGURES  

Figure 1.1.1. Innate and adaptive immune magnitude response to damage or infection 
and time to resolution. ....................................................................................................... 2 
Figure 1.1.2. Basic immune cells of the immune system. ................................................. 4 
Figure 1.1.3. Pattern Recognition Receptors on cells. ...................................................... 5 
Figure 1.1.4. Hematopoiesis timeline during embryogenesis. ........................................ 11 
Figure 1.1.5. Tissue resident macrophage populations within each organ. .................... 12 
Figure 1.2.1. Activation of cGAS-STING signaling pathway. .......................................... 21 
Figure 1.2.2. cGAS-STING-IFNAR signaling pathway. ................................................... 24 
Figure 3.1.1. Experimental Design. ................................................................................. 54 
Figure 3.1.2. Immunofluorescence of DNA damage (γH2A.X) in the hippocampus. ...... 55 
Figure 3.1.3. γH2A.X colocalizes with neurons with age. ............................................... 56 
Figure 3.1.4. STING-signaling drives LLPs accumulation in the hippocampus. ............. 57 
Figure 3.1.5. Lipofuscin-like particles (LLPs) increase in the thalamus and cortex with 
age in WT and STING-/- brains. ....................................................................................... 58 
Figure 3.1.6. STING-signaling drives SA-β-Gal in the hippocampus. ............................. 59 
Figure 3.1.7. SA-β-Gal+ colocalizes with astrocytes and endothelial cells. .................... 60 
Figure 3.1.8. STING-signaling restricts accumulation of DNA damage while driving 
senescence transcriptional landscape in 12-mo brains .................................................. 61 
Figure 3.1.9. Cluster identification and cellular composition of 3-and 12-mo and 2-and 
24-mo scRNAseq datasets. ............................................................................................ 63 
Figure 3.1.10. scRNA-Seq differentially expressed genes and pathway analysis of 12-mo 
dataset. ........................................................................................................................... 66 
Figure 3.1.11.STING suppresses DNA damage response-associated genes at 12-mo. 68 
Figure 3.1.12. NF-κΒ and AP1 associated genes are increase in 12-mo STING-/- cells. 68 
Figure 3.1.13. 24mo STING-/- cells exhibit proinflammatory responses. ......................... 71 
Figure 3.1.14. Apoe, Nfkbia, Junb, and Fos RNA expression levels. ............................. 72 
Figure 3.1.15. There are no major functional changes in memory functions of STING-/- 
mice with age. ................................................................................................................. 74 
Figure 3.1.16. Neuromotor deficits are safeguarded by STING-signaling. ..................... 75 
Figure 3.1.17. STING is essential for blood brain barrier integrity and locomotion with 
age. ................................................................................................................................. 76 
Figure 3.1.18. STING is essential for protection against microhemorrhages seen with 
age. ................................................................................................................................. 78 
Figure 3.1.19. RNAMagnet interactions of microglia and endothelial cell populations. .. 80 
Figure 3.1.20. Endothelial and microglia interactions with hippocampus, thalamus, and 
cortex. ............................................................................................................................. 82 
Figure 3.1.21. Microglia populations increase with age and inflammatory profiles are 
stifled by STING-signaling with age. ............................................................................... 83 
Figure 3.1.22. Microglia populations based on CX3CR1 and Ly6C expression with age.
 ........................................................................................................................................ 85 
Figure 3.1.23 Tmem173 expression level in scRNA-Seq identified clusters. .................. 87 
Figure 3.1.24. Proinflammation transcriptional landscape are stifled by STING-signaling 
with age. .......................................................................................................................... 87 
Figure 3.1.25. Clasping behavior is worse with age in MGSTING-/- mice. .......................... 90 
Figure 3.1.26. MGWT, MGSTING-/-, and STING-/- clasping behavior. .................................. 91 
Figure 3.1.27. BBB dysfunction is prominent in MGSTING-/- brains. .................................. 91 
Figure 3.1.28. Microglial-STING increases LLPs accumulation in the hippocampus of 
aged brains. .................................................................................................................... 92 



 xii 

Figure 3.1.29. MGSTING-/- recapitulates the decrease of LLPs seen in the global STING-/- 
compared to MGWT brains. .............................................................................................. 93 
Figure 3.2.1. Microglia heterogeneity with age in WT and STING-/- mice. ...................... 97 
Figure 3.2.2. Transcriptional landscape module scores highlight ISG-specific microglia 
populations. ..................................................................................................................... 98 
Figure 3.2.3. Heterogeneity of Interferon Responsive Microglia (IRM) and age-
dependent DEGs. ............................................................................................................ 99 
Figure 3.2.4. IRM changes with age. ............................................................................ 101 
Figure 3.2.5. IFNAR-KO rescues neuromotor deficits seen with age compared to STING-

/- mice. ........................................................................................................................... 102 
Figure 3.2.6. IFNAR-/- impairs microglia subsets with age. ........................................... 102 
Figure 3.2.7. STING-deficiency drives the largest neuromotor defects seen with age 
compared to global cGAS-/- and IFNAR-/- mice. ............................................................ 104 
Figure 3.2.8. LLPs accumulation occurs independent of cGAS-signaling in hippocampus, 
thalamus, and cortex at 12-mo. ..................................................................................... 105 
Figure 3.3.1. Experimental Design ................................................................................ 108 
Figure 3.3.2. STING-signaling suppresses uncontrolled inflammation with age. .......... 109 
Figure 3.3.3. STING-/- animals heart, liver, and kidney show signs of exacerbated decline 
and inflammation. .......................................................................................................... 111 
Figure 3.3.4. Histopathological scoring indicates overall organ deterioration in STING-/- 
hearts, liver, and kidneys. ............................................................................................. 112 
Figure 3.3.5. No major functional changes from Echocardiograms, albumin levels from 
urine, or AST/ALT/ levels from serum. .......................................................................... 114 
Figure 3.3.6 mouse images and body weights .............................................................. 116 
Figure 3.3.7. Body condition scores reveal reduced body conditions in STING-/- animals 
prior to euthanasia. ....................................................................................................... 117 
Figure 3.3.8. IFN-I-cGAS-STING-signaling pathway decreases lifespan in male mice. 118 
Figure 3.3.9. STING-deficiency drive TRM susceptibility to cell death mechanisms. ... 120 
Figure 3.3.10. Controls for cell death comparing 3-mo WT and STING-/-. .................... 121 
Figure 3.3.11. Macrophages and endothelial cells express Tmem173. ........................ 122 
Figure 3.3.12. Loss of STING in TRM negatively impacts lifespan. .............................. 123 
Figure 3.3.13. Pro-inflammatory cytokines in Cx3cr1STING-/- and Csf1rSTING-/- serum. .... 123 
Figure 4.2.1. Graphical representation of the consequences of STING-deficient aging in 
the CNS. ........................................................................................................................ 136 
Figure 4.3.1. IRM behavior in development is mimicked with age and during 
neurodegenerative states. ............................................................................................. 140 
Figure 4.4.1. Tissue resident macrophage promotes homeostasis via STING-signaling 
with age. ........................................................................................................................ 143 
Figure 5.1.1. scRNA sequencing data QC. ................................................................... 148 
Figure 5.1.2. Body Condition Scores (BCS) diagram. ................................................... 149 
Figure 5.1.3. Scored 0-3 Clasping behavior. ................................................................. 149 
Figure 5.1.4. Flow cytometry gating strategy for microglia. ........................................... 150 
Figure 5.1.5. Representative images of WT, STING-/-, cGAS-/-, and IFNAR-/- mice and 
body weights. ................................................................................................................ 152 
Figure 5.1.6. Body weight and brain weights of WT and STING-/- mice. ....................... 153 
Figure 5.1.7. Extended open field data to include cGAS-/- ages. .................................. 153 
Figure 5.1.8. Rotarod assay to test balance. ................................................................ 154 
Figure 5.1.9. Y maze behavior assay. ........................................................................... 155 
Figure 5.1.10. Optimization of dissociation of brain samples. ....................................... 155 
 



 xiii 

  



 xiv 

LIST OF COPYRIGHTED MATERIAL USED  

Adapted with permission from: 

Sulka KB, Carroll KA, Sawden M, Hopkins JW, Smolgovsky SA, Bayer AL, Reed E, Tai 

A, Alcaide PA, Haydon P, Sharma S. Microglial STING is a central safeguard against 

neurological decline with age. (Accepted, Cell Reports). 

 

From Cell reports Website to be used upon final submission of the paper: Microglial 

STING is a central safeguard against neurological decline with age.  

Creative Commons Attribution License 4.0 International License (CC BY 4.0). This 

license allows users to alter and build upon the article and then distribute the resulting 

work, even commercially, and thus encourages maximum use and redistribution. 

  

https://creativecommons.org/licenses/by/4.0/


 xv 

LIST OF ABBREVIATIONS 

Abbreviation word/s 
AD Alzheimer's disease 
AGS Aicardi-Goutières syndrome  
AIM2 absent in melanoma-2 
AKI acute kidney injury  
ALE systemic lupus erythematosus  
ALR absent in melanoma-2 (AIM2)-like receptors  
ALS amyotrophic lateral sclerosis 
BBB blood-brain barrier 
BCR B-cell receptor 
Ca2+ calcium 
CCL C-C motif ligand  
CD cluster of differentiation 
cGAMP 2’3’ cyclic GMP-AMP  
cGAS cyclic-GMP-AMP (cGAMP) synthase  
CKD chronic kidney disease  
CLDN1 claudin 1  
CLR C-type lectin receptors  
CNS central nervous system 
COPII coatomer protein complex II  
CPEpiC choroid plexus epithelial cells  
CXCL chemokine (C-X-C motif) 
DAI DNA-dependent activator of IFN-regulatory factors 
DAMPs damage-associated molecular pattern  
DC dendritic cells 
DDR DNA damage response  
DKD diabetic kidney disease 
ds double stranded 
DSBs Double-stranded DNA breaks  
E embryonic day 
EF ejection fraction  
EJ ejection fraction  
EndoC endothelial cells  
Eng Endoglin  
ER endoplasmic reticulum  
ERGIC ER-Golgi intermediate compartment  
G-CSF granulocyte colony-stimulating factor  
GFR glomerular filtration rate  
GM-CSF granulocyte-macrophage colony-stimulating factor  
GO gene ontology 
GPCR G-protein coupled receptors 



 xvi 

Hb-EndoC hemoglobin-associated endothelial cells 
HCC hepatocellular carcinoma  
HF heart failure  
HFpEF heart failure with preserved ejection fraction  
HSC hematopoietic stem cell  
IFN interferons 
IFN-I type I interferon  
IFN-II type II inteferon 
IFN-III type III interferon  
IFNAR IFN-α receptor  
IFNα interferon alpha 
IFNβ interferon beta 
IFNγ interferon gamma 
IFNγR  IFNγ receptor  
IFNλ intereferon lambda 
IL interleukin 
IRF interferon regulatory factors 
IRM interferon responsive microglia  
ISGF3 interferon stimulated gene factor 3  
ISGs interferon responsive genes  
IκB NF-κΒ inhibitor alpha 
JAK1 tyrosine kinases Janus 1  
LBD ligand-binding domain  
LOF loss of function 
LPS lipopolysaccharide  
LS lifespan 
LV left ventricular  
M-CSF macrophage colony-stimulating factor  
MAPK mitogen-activated protein kinase 
MAVS mitochondrial antiviral sensing protein  
MG microglia 
MHC major histocompatibility complex  
MMP matrix metalloprotease  
MoMac monocyte-derived macrophages  
MS multiple sclerosis 
mtDNA mitochondrial DNA 
NAFLD non-alcoholic fatty liver disease 
NASH nonalcoholic steatohepatitis  
NF-κΒ nuclear factor kappa-light-chain-enhancer of activated B cells 
NHEJ non-homologous end joining  
NK natural killer 
NLR nucleotide oligomerization domain (NOD)-like receptor  
NOD nucleotide oligomerization domain  



 xvii 

NOD1 NOD-containing protein 1  
NOD2 NOD-containing protein 2 
OA osteoarthritis 
PAMPs pathogen-associated molecular pattern 
PD Parkinson’s disease  
PEC parietal epithelial cell  
PPR Pattern recognition receptor 
RIG-I retinoic acid-inducible gene-I 
RLR retinoic acid-inducible gene-I (RIG-I)-like receptors  
SA-β-Gal senescence-associated β-galactosidase  
SASP senescence-associated secretory phenotype 
SASP senescence-associated secretory phenotypes 
SNPs single nucleotide polymorphisms  
SOCS suppressor of cytokine signaling ( 
ss single stranded 
STAT1 signaling transducer and activator of transcription 1  
STING-/- STING knock-out 
TBI traumatic brain injury  
TBK1 TANK binding kinase 1 
TCR T-cell receptor  
Tgfb1 Transforming growth factor beta 1  
TLR Toll-like receptors 
TLTs tertiary lymphoid tissues  
TNFα tumor necrosis factor alpha 
TRM tissue-resident macrophage 
TYK2 tyrosine kinase 2  
USP18 ubiquitin carboxy-terminal hydrolase 18 ( 
VDJ diversity, joining, recombination 
WT wild type / C57BL/6 
ZBP1 Z-DNA binding protein 1 
γH2A.X phosphorylatedH2A.X  
  

 

 



 1 

CHAPTER 1: INTRODUCTION 
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1.1. THE IMMUNE SYSTEM 

The immune system was originally described as the body’s way of protecting the host 

against infections, injury, and disease. Our understanding has expanded to include the 

importance of the immune system in development, homeostasis, sterile inflammation, 

diseases, and infections1. The immune system is comprised of the innate immune 

system and the adaptative immune system. The two arms work together to either 

effectively rid the body of infections or mount a specific response that directly attacks the 

current infection or damaged site. The innate immune system is defined by three 

features: (1) a fast response time that is (2) non-specific responses, and cells express 

(3) germline encoded receptors primed for activation. The adaptive immune system is 

defined by a learned responsiveness to highly specific pathogens, allergens, or damage. 

The innate immune system is required for activation of the adaptive immune system and 

the combined responses result in a resolution of the infection or injury and decrease of 

innate and adaptive immune responses (Figure 1.1.1).

 

Figure 1.1.1. Innate and adaptive immune magnitude response to damage or 
infection and time to resolution. 
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Upon infection or injury (initiating event), the innate immune response is rapidly infection 
by release of pathogen-associated molecular pattern (PAMPS) or damage-associated 
molecular pattern (DAMPs). This process occurs within minutes to hours and releases a 
large number of cytokines to begin suppressing the infection/damage by innate immune 
cells (macrophages, neutrophils, dendritic cells (DCs). After initial activation, innate 
immune cell numbers decrease continually through resolution. Within days, the adaptive 
immune responses are activated through antigen presentation. During this time T cells 
are activated and differentiated for specific purposes and B cells are activated and begin 
secreting antibodies specific to the pathogen. During this time (days-weeks) the 
organism resolves the infection or injury through killing and/or debris removal. At the 
same time, adaptive immune cells reduce in numbers. (Created with Biorender.com). 

Both arms of immune systems are found systemically, or within the circulation, in 

lymphoid organs, such as the bone marrow, or within the tissues. Circulating immune 

cells are critical for surveillance by traveling in the bloodstream throughout the body to 

provide protection from foreign pathogens2,3.  

While studying the blood has been readily available, the study of the immune system 

within tissues is a relatively new area of research4-6. Studying the immune system within 

tissue has been made accessible due to medical advances that require removal of 

organs or biopsies, however, in humans, these are commonly associated with disease 

states 4,5. Both arms of the immune system have been shown to play critical roles within 

tissues and moreover, these cells are programmed for specific functions within tissues to 

support the organ’s health and promote homeostasis.  

1.1.1. Innate Immune System  

The innate immune system is the host’s first line of defense against foreign substances, 

pathogens, and injuries. It responds to all molecular patterns or antigens using the same 

basic mechanisms and is therefore referred to as non-specific immunity. The host 

utilizes innate immunity at two levels: first, the skin, mucosal tissues, blood-brain barrier, 

and chemical barriers are used as evasion tactics; second, the host uses surveillance of 

innate immune cells to mount curated responses3,7,8. Innate immune cells consist of 

mast cells, neutrophils, basophils, eosinophils, dendritic cells (DCs), macrophages, and 
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natural killer (NK) cells (Figure 1.1.2). These cells express pattern recognition receptors 

(PRRs), which aid in the recognition of common pathogen-associated molecular patterns 

(PAMPs) or damage-associated molecular patterns (DAMPs).  

 

Figure 1.1.2. Basic immune cells of the immune system.  
Immune cells are broken up into innate immune cells and adaptative immune cells. 
Innate immune cells are primarily made up of mast cells, neutrophils, basophils, 
macrophages, and NK cells. Adaptive immune cells are made up of B and T cells. These 
are the broad characterizations of immune cells. most cell populations have differential 
states or differentiate into subsets of the primary cell type. The functions are related 
within the cell populations. (Created with Biorender.com). 

Work done in Drosophila identified Toll-like Receptors (TLRs) as PRRs9,10. Lemaitre et 

al. in 1996 mutated Toll and showed that Drosophila were not protected against fungal 

infections because they lacked the necessary activation of an inflammatory cascade 

through TLR signaling11. PRRs are found on the extracellular membrane, in intracellular 

compartments, such as the endosome, or within the cytosol. PRRs are currently divided 

into six categories: TLRs, nucleotide oligomerization domain (NOD)-like receptor 

(NLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), C-type lectin 

receptors (CLRs), absent in melanoma-2 (AIM2)-like receptors (ALRs) and intracellular 

DNA sensors (e.g. cyclic-GMP-AMP (cGAMP) synthase (cGAS) and Stimulator of interferon 
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genes (STING))8,12 (Figure 1.1.3).

 

Figure 1.1.3. Pattern Recognition Receptors on cells. 
Pattern recognition receptors (PRRs) are found on most cells in the body but are 
primarily expressed on innate immune cells. Toll-like receptors (TLR) are found on the 
cell membrane or endosomal membrane, whereas alternative PRRs, such as NOD-like 
receptors (NLRs), RIG-I-like receptor (RLRs), AIM2-like receptors (ALRs), and the DNA 
sensors cGAS and STING are found within the cytosol. C-type lectin receptors (CLRs) 
are similar found on the cell membrane with TLR2, TLR6, TLR1, TLR4, TLR5. The 
heterodimer TLR1/2 senses pathogenic components: diacyl lipoproteins. The 
heterodimer TLR2/6 senses pathogenic components: triacyl lipoproteins. The 
homodimer TLR4 recognized the pathogenic component: lipopolysaccharide (LPS). The 
homodimer TLR5 recognized flagellin. Endosomal TLRs recognize nucleic acids from 
host or pathogen. Specifically, TLR3 senses double stranded (ds)RNA, TLR7 and TLR8 
sense single stranded (ss)RNA, TLR9 senses CpG DNA, and TLR13, which is only 
found in mice, recognizes bacterial ribosomal RNA (rRNA). Not pictured is the recently 
described TLR10, which is only found in humans and the ligand is unknown. RLRs 
recognize dsRNA in short (RIG-I) or long (MDA5) form from host or pathogens. Similarly, 
cGAS/STING and ALRs recognizes the dsDNA from host or pathogens. CLRs recognize 
β-Glucans (Dectin1) and α-Mannan (Dectin2). NLRs recognize pathogen (bacterial 
peptidoglycans) as well as regulate specific PRRs. (Created with Biorender.com). 

Human cloning and discovery of TLR49 activation in 1997 proved innate immunity was 

necessary step for recognition of PAMPs, such as lipopolysaccharide (LPS)13, and the 
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subsequent activation of downstream mediators promoted inflammation. Therefore, 

PAMPs are associated with microbial patterns, whereas DAMPs are associated with 

tissue damage or injury. Both DAMPs and PAMPs drive inflammation that either aides in 

the resolution of the infection or clearance of the damage, or it orchestrates activation of 

the adaptive immune response.  

TLRs are signaling receptors that activate the immune response by secreting cytokines 

and antiviral factors downstream of activation2,8. Each TLR recognizes unique molecular 

patterns that are specific to the microbe or host cell. TLRs on the extracellular 

membrane detect microbial components, such as TLR4 (LPS), TLR5 (flagellin), TLR 1, 

2, and 6 (bacterial lipoproteins), TLR 11 and 12 (Taxoplasma gondii). TLRs found within 

the endosome detect nucleic acids, such as TLR3 (double-stranded (ds)DNA), TLRs 7 

and 8 (single-stranded(ss)RNA)), TLR9 (unmethylated CpG containing ssDNA), and 

TLR13 (bacterial ribosomal RNA). As previously mentioned, there are other PRRs found 

intracellularly, such as RLRs which consist of RIG-I (short chain dsRNA), MDA5 (long-

chain dsRNA), and LPG2 (dsRNA). CLRs are made up of Dectin-1 and -2, which 

recognizes β-Glucan and α-Mannan, respectively. Lastly, both ALRs and cGAS 

recognize dsDNA, though activation of these receptors triggers different downstream 

immune response. STING recognizes cGAMP downstream of cGAS, but as also been 

shown to be alternatively activated14. Currently, some TLRs have no known ligand, such 

as human TLR10, though it has been shown to possibly provide inflammatory and anti-

inflammatory effects15.  

PRRs are activated by a specific ligand prior to signal transduction. There are four 

common innate immune mechanisms of transduction that follow ligand recognition: 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κΒ) signaling, TANK 

binding kinase 1 (TBK1)- interferon regulatory factor (IRF)-3 signaling, mitogen-activated 

protein kinase (MAPK) signaling, and inflammasome activation. The transcription factor, 



 7 

NF-κΒ, is composed of a heterodimer of two molecules, p50 and p65, and is inactive 

when bound to NF-κΒ inhibitor (IκB). Upon phosphorylation, IκB degrades through 

ubiquitination, which in turn releases NF-κΒ for translocation into the nucleus for 

transcription of proinflammatory cytokines, such as TNF-α and IL-6. Antiviral immunity is 

an important response during innate immune activation and is primarily driven through 

activation of the transcription factor IRF3. Upon phosphorylation and dimerization of 

IRF3, the complex enters the nucleus for transcription of interferons (IFNs) and 

interferon responsive genes (ISGs). A common intersection of signaling transduction 

pathways are MAPKs as they are capable of transmitting signals from the cell surface to 

the nucleus. Extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), 

and p38 make up the three major groups of MAPKs which drive proinflammatory 

cytokines and other genes to support cell function. ERKs modulate cell proliferation and 

control the cell cycle by driving the phosphorylation of the Activator Protein-1 (AP1) by 

stabilizing and supporting the complex formation of c-Jun and c-Fos prior to 

transcription16. Lastly, the inflammasome is assembled in the cytoplasm by PRRs such 

as NLRs and ALRS in the cytoplasm following ligand recognition, which recruits and 

activates Caspase-1. Once activated, Caspase-1 cleaves pro-IL-1β and pro-IL18 into 

their active forms, IL-1β and IL-18, which are important proinflammatory cytokines that 

are secreted from the cell. 

The cytokines produced during the innate immune response primarily function to contain 

and control treat to the host, but they also act as initiators for the adaptive immune 

system, which is the second line of defense if the innate immune system is unable to 

control the infection or threat. In addition to cytokines, innate immune cells express co-

stimulatory factors, such as CD80 and CD86. In addition to co-stimulatory factors, 

professional antigen presenting cells (APCs) present major histocompatibility complex 
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(MHC)-I or MHC-II molecules with antigen to adaptative immune cells. This occurs after 

acidification of antigen peptides within the endosome are loaded into the MHC complex.  

1.1.2. Adaptive immune system 

The adaptive immune system is the second line of defense. It is induced by the innate 

immune system and produces cytokines to drive migration, differentiation, and 

proliferation of B and T cells. These cells provide curated responses specific to self- or 

non-self-antigens presented by innate immune cells. Naïve B and T cells are created 

within the bone marrow as common lymphoid progenitors during a process called 

hematopoiesis. Both cell types mature and develop a primary immune response, which 

can take weeks to establish and strengthen. During a secondary exposure, also known 

as a secondary immune response, to a previously encountered antigen, activation and 

immune responses occur much more efficiently.  

B cell commitment is controlled by transcription factors and maturation occurs within the 

bone marrow. The cells develop antigen specificity in the bone marrow through an 

antigen-independent process, given a successful combination of heavy chain and light 

chain heterodimer formation I successful and results in a functional pre-B cells receptor 

(BCR) on the cells. At this point, the cells are IgM+ and ready to leave bone marrow and 

are capable of secreting IgM. The second phase of development occurs when the B 

cells interact with antigen and are activated. After this, the B cells either become 

memory cells or short-lived plasma cells and produce large amounts of antibodies. 

During a process called variable (V), diversity (D), joining (J) recombination, VDJ 

segments are randomly sliced together and dictate the binding specificity of the receptor. 

Memory B cells undergo class switching, also known as somatic hypermutation, from 

IgM+IgD+ cells to IgG+, IgA+, or IgE+ cells through the VDJ region of BCR. Class 

switching is partially dependent on cytokine availability and supports development of 
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higher affinity antibodies. Antibody production is time-dependent, and antibody 

specificity increases during class switching towards high affinity antibodies, such as IgG, 

IgA, and IgE.  

Lymphoid progenitor cells seeded in the thymus undergo rapid expansion and are 

committed to T cell lineage due to environmental signals and transcription factors that 

induce genes critical for the development of the T-cell receptor (TCR) assembly. TCRs 

are defining features of T cells and determine their identity. Like B cells, T cells undergo 

VDJ recombination to increase receptor specificity. After two productive and sequential 

TCR rearrangements, the cell expresses two TCR chains and a CD3 complex. These 

double positive T cells undergo positive and negative selection processes involving 

APCs. Positive selection occurs with low avidity binding to self-MHC to ensure the 

double positive T cells recognizes self-MHC. In contrast, negative selection occurs when 

double positive T cells experience a high avidity binding to self-MHC, thus curating a 

selective but non-self-reactive subset of T cells. As a result, only T cells with appropriate 

affinity for self-MHC remain, while those with too strong or weak binding are removed. 

Single positive, CD4+ or CD8+ T cells are selected within the thymus, specifically the 

thymic epithelial, and after they have established their phenotype, single-positive cells 

are prepared for circulation as antigen-naïve T cells. These cells interact with the 

peptides complexed within the MHC molecules on APCs and become activated by TCR 

signaling. CD8+ T cells engage with MHC-I expressing cells, such as on NK cells, and 

CD4+ cells engage with MHC-II expressing cells, such as DCs or other cells that present 

antigen peptides.  

T cells finish developing and mature in the thymus during negative and positive selection 

events. Adaptive immune cells are activated in lymphoid tissues, such of lymph nodes or 

the spleen, via MHC-I, found on all nucleated cells, or MHC-II, found on APCs, to drive 

immune effector pathways and establish immunological memory to the antigen 
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presented. Immune memory allows for the host to quickly recognize the antigen and 

mount a faster and more effective immune adaptive immune response. The adaptive 

immune system develops over time alongside the organism, building a diverse repertoire 

based on previous exposures encountered throughout the lifespan.  

1.1.3. Hematopoiesis 

The immune system is primarily supported by immune organs, such as the bone 

marrow, spleen, lymph nodes, and thymus. The immune system protects the organism 

against pathogens after birth, when the major structures of the immune system are in 

place. However, the initial formation of the immune system starts during embryogenesis 

after the generation of the three germ layers, ectoderm, endoderm, and mesoderm. 

There are timed waves of hematopoietic stem cell dissemination (HSCs) and 

hematopoietic progenitors which are produced during embryogenesis to support the 

growth of the fetus17-20. During the first wave of hematopoiesis occurs in the mesoderm 

of the yolk sac where granulomacrophage progenitors are produced, termed primitive 

hematopoiesis (Figure 1.1.4). During the second wave of hematopoietic development, 

cells migrate to the fetal liver where HSCs are fully developed and expand, called 

definitive hematopoiesis. The final wave sends the HSCs to colonizes the bone marrow 

and the spleen, which provide immune cells to the organism that are continuously 

replenished throughout life21,22. 
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Figure 1.1.4. Hematopoiesis timeline during embryogenesis.  
The first wave of hematopoiesis begins during yolk sac development and the mesoderm 
produces granulomacrophages; primitive hematopoiesis and migrate to sites of organ 
development. This occurs between embryonic day (E)7.5-9.5. During the second wave 
cells migrate to the fetal liver and hematopoietic stem cells (HSC) develop and expand. 
They migrate to tissues. This second wave occurs between E11-17.5. HSCs colonize the 
bone marrow niche and spleen to develop immune cells throughout the lifespan of the 
organism beginning at E17.5. (Created with Biorender.com). 

1.1.4. Tissue-Resident Macrophages 

During this critical developmental period, progenitor cells seed individual tissues during 

to establish a tissue-resident macrophage (TRM) niche that supports tissue 

development. TRMs are seeded during the first wave of hematopoiesis and monocytes 

and monocyte-derived macrophages (MoMacs) are differentiated during the third wave 

of hematopoiesis. The TRMs are specific to the tissue and have unique transcriptional 

landscapes that are shaped by the tissue microenvironment23. TRMs are long-lived and 

have proliferative self-renewing capabilities24, while MoMacs are short-lived and are 

replenished by the bone marrow progenitors that differentiate into macrophages25. TRMs 

orchestrate and tune homeostatic, inflammation, and repair processes, therefore, they 

are highly plastic, and their identity is shaped by their local microenvironment. 

TRM development is critical for the tissue niche and the precise tissue function. For vital 

organs, such as the heart, kidney, and liver, which all play a critical role in maintaining 

an operational system and are highly dependent on each other, TRM populations are 
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especially necessary for supporting homeostatic functions within these tissues (Figure 

1.1.5). 

 

Figure 1.1.5. Tissue resident macrophage populations within each organ.  
Tissue resident macrophages are unique to each tissue and provide specific functions to 
support development and maintenance of the organ. Cardiac macrophages reside in the 
heart and provide cardiomyocyte support during stress or injury in order to return to 
homeostasis. Kupffer cells reside in the liver and are positioned to survey the blood to 
microorganisms and support in regenerative properties of the liver. Resident kidney 
macrophages reside in the kidney and have been shown to support bud branching 
development during kidney development. Microglia reside in the brain and survey the 
CNS for injury and perform neuronal pruning and engulfment to support a functioning 
neuronal network. (Created with Biorender.com). 

The heart pumps the blood to the remaining organs, the liver filters the blood and senses 

for pathogens, while the kidney excretes the toxins found from in the blood. Typically, 

failure of one of these organs leads to the inevitable decline of the others and systemic 

degeneration26-29. The central nervous system (CNS) is made up of the brain and spinal 

cord which is used for managing information sensing and processing from the peripheral 

nervous system and autonomic nervous system. The autonomic nervous system 

regulates homeostasis by operating and regulating organ systems without having to 

think about the function. Without the CNS, the body is not able to function.  

TRMs are seeded around E9.5, and therefore, position them as a necessary cell 

population that supports the function of the tissue24. Each of the organs above have a 
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transcriptionally unique TRM population (Figure 1.1.5). Within the heart, cardiac 

macrophages are mostly derived from the fetal yolk sac and fetal liver and characterized 

by their lack of CCR2 expression. These cells also support cardiomyocyte function 

during stress and injury30. However, precise mechanisms that dictate function are still 

not well understood. There are fewer studies on kidney resident macrophages, however 

they are yolk sac and fetal liver derived and seed during embryogenesis in small 

numbers31 and expand to multiple resident populations32. Studies support that resident 

kidney macrophages uphold a similar homeostatic function and further highlight their 

importance in stimulating bud branching during development33, during a time when they 

are plentiful. Kupffer cells, the liver resident macrophage population, support liver 

function by screening the blood flowing for toxins. During a resting state, they are 

located near portal veins during in healthy individuals34, supportive of their known 

surveillance function. They are also critical for liver regeneration and resuming health 

after injury and metabolism. Changes to the Kupffer cell niche results in multiple liver 

diseases34. Microglia, the tissue resident populations, settle the brain and survey, prune 

processes within the brain that support neural networks, and support injury repair35,36. 

Microglia play a role in all stages of development, age, and neurodegeneration36-38. With 

such specialized functions and niche-dependent transcriptional signatures, TRMs are 

likely organized specifically within the tissue. In tissues, TRMs can eventually be 

replaced by MoMacs that adopt certain transcriptional profiles similar to TRMs, but are 

never fully functionally/ transcriptionally like TRMs23. These infiltrating cells are linked 

through a potentially conserved transcription specific the heart, kidney, and liver. 

MoMacs that express CCR2 share the ability to induce fibrosis at the site of injury in the 

heart, liver, kidney39,40. Thus, linking these organs and requiring a more in-depth 

understanding into how MoMacs and TRMs are organized within the tissue, and which 

pathways regulate specific functions through transcriptional programing.  
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1.2. HALLMARKS OF AGING AND INFLAMMATION 

Aging is a complex process defined as the progressive functional decline of tissues and 

increased risk of chronic diseases. Aging itself is not a disease, but rather a compilation 

of alterations to normal functions that result in decline of the organism. Aging, and age-

associated diseases are well studied, however, there are many aspects that are unclear. 

For example, the primary initiators, underlaying mechanisms, consequences, and 

cellular changes during aging remain open questions in the field41. Although many 

disease states are well studied and have targeted interventions, the initiating factors of 

aging and strategies to mitigate against the negative effects of healthy aging remain 

unclear. On a similar note, the homeostatic mechanisms that protect against organismal 

decline are still poorly understood. 

1.2.1. Twelve Hallmarks of Aging 

Aging is a complex process. The current processes that lead to degeneration of the 

organism have expanded to twelve hallmarks of aging27,42. The hallmarks of aging 

consist of: (1) genomic instability, (2) telomere attrition, (3) epigenetic alterations, (4) 

loss of proteostasis, (5) disabled macroautophagy, (6) deregulated nutrient sensing, (7) 

mitochondrial dysfunction, (8) cellular senescence, (9) stem cell exhaustion, (10) altered 

intercellular communication, (11) chronic inflammation, and (12) dysbiosis27. The 

hallmarks of aging are interconnected and progressive, and hyper-dependent on each 

other. Hallmarks of aging must be considered individually and as a whole to determine 

the full impact of the aging process and implications for anti-aging treatments. Aging 

research is largely focused on the negative consequences of common pathways, but 

research addressing necessary inflammatory components that support healthy aging is 

lacking.  
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1.2.2. Hallmark of Aging: Genomic instability and DNA damage 

Genomic instability arises from DNA damage and is a central hallmark of aging as it is 

found in all age-associated phenotypes and diseases43. Functional DNA repair 

mechanisms are necessary for health and function of the organism and are known to 

decline with age. Further, there are complex repair and maintenance mechanisms that 

protect chromosomal architecture failures and telomere shortening. DNA damage can 

also occur from endogenous and exogeneous stimuli, which induces senescence and 

DNA damage response (DDR) pathways, ultimately driving the age-associated 

pathology noted in failing organs and disease states. Double-stranded breaks (DSBs) in 

DNA is marked by the phosphorylated histone H2A.X (γH2A.X), and the detection of 

damaged DNA ends is highly specific to DNA damage initiation and resolution44. γH2A.X 

is used as a recruitment tool for DDR proteins, and subsequent loss of γH2A.X suggest 

repaired DNA breaks45. Other markers, such as 53PB1, are used along with γH2A.X to 

mark sites of DDR pathways. DSBs are essential steps in multiple cellular process, such 

as VDJ recombination, but as unprogrammed processes, they severely compromise 

genomic stability as the original genetic is lost and accurate chromosomal DNA is not 

passed along46. Downstream effects also include transcription blocking, alterations in 

proteostatic pathways, mitochondrial dysfunction, and cell fate decisions43.  

As mentioned above, age is associated with impaired repair mechanisms, which results 

in the accumulation of genomic DNA and mitochondrial DNA (mtDNA)27,42. The role for 

mtDNA in aging is very complex. For instance, it is proposed that mutations in mtDNA, 

rather than intact mtDNA, increases in the cytosol with age and that aged cell 

accumulate mutated mtDNA. More recently, lesser-known hypotheses suggest that 

damaged nuclear DNA is a trigger for subsequent mtDNA mutations, deletions and thus 

accumulation of the altered mtDNA that may activate DDR pathways47. Finally, feedback 
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mechanisms between mitochondrial stability and genomic stress are well established 

and recent studies further elucidate these feedback loops48,49.  

1.2.3. Hallmark of Aging: Senescence 

Cellular senescence is when a cell enters an irreversible cell cycle arrest state that 

leaves the cell still viable, though the exact function of senescent cells remains 

unknown. Senescent cells are found in a variety of settings, such as aging tissues, 

disease states, cancer settings, or required physiological functions, such as wound 

healing and embryonic development. Thus, seemingly contradictory effects of 

senescence, as deleterious or beneficial effects, are dependent on the context.  

Senescence occurs in response to stress, such as persistent DNA damage, telomere 

shortening, and oncogene activation. It also occurs as a controlled program during 

biological processes like cancer, wound healing, and embryonic development. Several 

types of senescence have been described during the lifespan of an organism. When a 

cell enters an irreversible state of cell cycle arrest it is referred to as replicative 

senescence50. A second type of senescence is known as oncogenn-induced 

senescence, which triggers senescence after oncogene activation or loss of tumor 

suppression/ proliferative arrest and supports the development of cancers. The last type 

of senescence is associated with telomere attrition and stress, which triggers the DDR 

as the ends begin to resemble DSBs51. All these pathways ultimately engage the DDR 

pathway and are known to be associated with negative consequences. However, 

senescence is a stress response and performs necessary and beneficial functions. 

Cellular senescence occurs during embryonic development and wound healing; these 

functions support homeostasis and normal tissue development and function. It has been 

shown that during early stages of acute kidney injury, cellular senescence is protective 
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and necessary for resolution, but if there is no resolution and DDR pathways are 

prolonged, there are pathological effects52,53.  

Markers of senescence were identified to detect cells within tissues and are extensively 

used in cancer and aging reach. Increases of cell cycle-inhibitory proteins are used to 

identify cells that have entered cell cycle arrest. These proteins, known as cyclin-

dependent kinase inhibitors, consist of p16 (Cdkn2a) and p21 (Cdkn1a) and are critical 

for maintaining a state of arrest at different timepoints of senescence54. These genes are 

upregulated as a cell enters senescence (p16) and then as the senescent state is 

maintained (p21)55. Senescent cells also increase in size, granularity, changes to 

nuclear proteins (e.g. reduced lamin B1, increased telomere shortening, and transcript 

changes), increase senescence-associated-β-galactosidase (SA-β-Gal), and have an 

increase of lipofuscin found within the lysosome54. SA-β-Gal is a canonical marker of 

senescent cells and is widely used to label senescent cells. However, within the aging 

brain, lipofuscin-like particle (LLPs) have been used to label senescence cells within the 

white matter56. 

These cells produce a plethora of proinflammatory cytokines and other factors, 

collectively known as senescence-associated secretory phenotype (SASP). The 

inflammatory gene expression and production of proinflammatory cytokines of senescent 

cells leads them to change the microenvironment of their immediate surroundings and 

the tissue at large, impacting overall function and homeostasis. This change may lead to 

degenerative states of the tissue57,58. Though SASP is associated with proinflammatory 

cytokines, it is also associated with the chemokines that recruit immune cells to tissues 

to deal with the senescent and damaged cells. Senescence is a critical checkpoint 

mechanism for proliferating cells to ensure that cells with dysfunctional telomeres, due to 

repeated DNA replication that causes telomere shortening, are withdrawn from the cell 

cycle. Cells that avoid senescence drive malignant transformations59, and therefore 
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senescence acts as a beneficial anti-cancer mechanism58. These mechanisms were 

shown to be necessary within functional and renewable tissues, but as tissues aged, 

their capacity to renew decreases and senescent cells are found and accumulate within 

aged tissues and age-associated diseases, such as atherosclerosis and osteoarthritis60. 

Therefore, the outcomes associated with senescent cells are tightly linked to age. Since 

senescent cells increase with age and in pathological conditions, they are the target for a 

class of therapeutics, known as senolytics, to remove senescent cells61.  

There are multiple triggers for senescence and with age, the most accepted hypotheses 

are telomere shortening and subsequent stresses or other forms of genomic stress 

resulting in DNA damage and activated DDR pathways. Recent reports link senescence, 

SASP, DNA damage to the dsDNA sensor, cGAS, located in the cytosol62, thus, 

highlighting the importance of PRRs and the innate immune system within age-

associated senescence. Further, senescence has been reported to be highly 

heterogeneous at the single-cell level and therefore more research is needed to 

understand senescence in specific cell types and if there are tissue-specific differences 

depending on the organ54.  

1.2.4. Hallmark of Aging: Inflammation 

One of the largest consequences of aging is a decline in immune function. The innate 

and adaptive immune systems evolve independently of each other with age, regardless 

of their close interaction and dependencies on one another. Nearly all components of the 

immune system from the innate to adaptative immune systems are impacted. For 

example, elderly populations are more at risk for infections as their immune system is 

not capable of recognizing novel or foreign antigens effectively. This is exemplified by 

the fact that people over 70 years-old are more at risk for influenza, regardless of 
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vaccination status63. Vaccinations are also shown to be less effective in the elderly 

populations because of an ineffective immune system64.  

Immune cell distributions are severely impacted with age. Fundamental changes occur 

within the HSC and progenitor compartment impacting the immune system during aging. 

HSCs have a reduced capacity to regenerate and proliferate into lymphoid and myeloid 

progenitor cells65. There are numerous cytokines and growth factors, such as interleukin 

(IL)-1α/β, IL-6, TNF-α, interferons (IFNs), macrophage colony-stimulating factor (M-

CSF), granulocyte colony-stimulating factor (G-CSF), and granulocyte-macrophage 

colony-stimulating factor (GM-CSF), that are increased with age and skew HSC 

differentiation towards myelopoiesis66. Studies have shown that inhibition of TNF-α67, IL-

668 rescued effects of age-associated HSC bias differentiation towards myelopoiesis. 

Therefore, myeloid-biased HSC and myeloid cells increase with age, while 

lymphopoiesis decreases with age66,69,70. Consequently, the cytokines associated with 

age directly impact the niche that is responsible for making new immune cells.  

These cytokines impact hematopoiesis which results in a decrease of B and T cells and 

increase of macrophages, such as neutrophils, macrophages, and NK cells with age, 

and most importantly, the functions of all immune cells are severely impacted71. 

Generally, thymic selection of T cells decreases and the involution of the thymus, which 

impairs adaptive immune responses. Systemic markers, such as IL-6 and TNF-α, are 

well characterized as proinflammatory cytokines that increase with age and are used as 

biomarkers for mortality in humans72. Proinflammatory cytokines increase with age 

systemically, but with each decade of life in humans the risk for chronic diseases within 

specific organs increases.  
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1.2.5. The cGAS-STING Pathway 

DNA damage is a critical defining feature of aging. DNA can be recognized by multiple 

PRRs found in the endosomal compartment or the cytosol. Multiple sources of dsDNA 

activate cGAS, such as microbial DNA, mtDNA, extracellular ‘self’ DNA, or intracellular 

‘self’ DNA as micronuclei. The ubiquitously expressed cGAS73-STING74,75 signaling 

pathway is tightly linked to sensing dsDNA from aberrant ‘self’ DNA within the cytosol. 

After DNA is sensed by cGAS, the complex is rearranged to produce the secondary 

messenger, 2’3’ cyclic GMP-AMP (cGAMP)76. cGAMP is a potent activator of the 

endoplasmic reticulum (ER) bound protein, stimulator of interferon genes (STING). 

STING is composed of a four short span transmembrane domains, a connector region, 

and cytosolic ligand-binding domain (LBD), which forms a domain swapped 

homodimer77. Once activated, STING untwists the LBD to change the conformation of its 

state to a side-by-side oligomerization of STING dimers supported by spanning the 

dimers by disulfide bridges and palmitoylation of cysteine residues, C88 and C91. In this 

formation, activated STING is released from the ER membrane into coatomer protein 

complex II (COPII) vesicles and trafficked though the ER-Golgi intermediate 

compartment (ERGIC) bound for the Golgi. Here, STING recruits TBK1, promoting 

autophosphorylation of TBK1. Subsequent STING phosphorylation at human-Ser366 or 

mouse-Ser365 results in the recruitment of IRF378. STING activation and recruitment of 

TBK1 and subsequent phosphorylation of IRF3, supports IRF3 dimerization and its 

translocation into the nucleus and transcription of ISGs. STING also activates IKK, which 

in turn phosphorylates IκB78. Upon phosphorylated, IκB proteins are polyubiquitinated 

and then degraded by the ubiquitin-proteosome pathway. Thus, resulting in the 

translocation of NF-κΒ into the nucleus and transcription of pro-inflammatory genes, 
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such TNFα and IL-6 (Figure 1.2.1).

 

Figure 1.2.1. Activation of cGAS-STING signaling pathway. 
Cyclic-GMP-AMP (cGAMP) synthase (cGAS) senses double stranded (ds)DNA and 
rearranges it into a secondary messenger (cyclic GMP-AMP (cGAMP). cGAMP activates 
the endoplasmic reticulum (ER) bound protein, stimulator of interferon genes (STING), 
which is trafficked to the Golgi upon activation and conformational changes occur. 
STING recruits TANK-binding kinase (TBK1) promoting (1) IRF3 phosphorylation and 
dimerization or IRF3. IRF3 is translocated into the nucleus to induce interferon 
stimulated genes (ISGs). (2) At the same time, STING stimulates the inhibitor of nuclear 
factor-κB (NF-κΒ) (IκBα). IκB proteins are polyubiquitinated and degraded by the 
ubiquitin-proteosome pathway. During this time, (3) IκB releases NF-κΒ for translocation 
into the nucleus for induction of proinflammatory genes (e.g. TNF-α and IL-6). (Created 
with Biorender.com). 

STING expression and activation often have contrasting outcomes that are dependent of 

context. During human colon and breast cancer studies, STING expression is often 

associated with positive outcomes that result in reduced tumor growth, regulation of 

vasculature, and better survival. Activation of STING in these models by STING agonist 

renormalized the tumor vessels to support T cell infiltration and enhance anti-tumor 

immunity79. Overall, STING expression is associated with clinical positive outcomes, it is 

the activation of STING that triggers immune responses, including the production of IFN-
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I and proinflammatory cytokines resulting in antitumor T cell responses, cell death, and 

autophagy.  

The cGAS-STING pathway is a critical antiviral response pathway responsible for 

producing IFN-I and pro-inflammatory cytokines that protect against viral attacks. 

Beyond its original function, STING also plays a role in controlling autophagy, cell death, 

metabolic modulation, and endoplasmic reticulum (ER) stress responses80. In humans, 

there are multiple single nucleotide polymorphisms (SNPs) that have been shown to 

impact innate immune signaling. The human population is mostly heterozygous for SNPs 

in TMEM17381 and the SNPs result in either the lack of functional STING protein or 

dysfunctional STING responses. There are four loss-of-function (LOF) SNPs that impact 

nearly 40% of the human populations: R71H-G230A-R293Q (HAQ) occurs in 20.4%, 

R232H in 13.7%, G230A-R293Q (AQ) in 5.2% , and R293Q in 1.5% of the population82. 

The most common human TMEM173 allele has an Arginine at the amino acid 232 

(R232) and only ~45% of the population is R323/R323. A homozygous substitution to 

histidine at position 232 (H232/H232) on both the major and minor alleles results in a 

defective and near complete loss of STING-mediated immune responses, a genotype 

that is extremely rare in the human population. In comparison, the heterozygous SNPs 

HAQ and R232H are relatively common, with approximately 30% of East Asian and 10% 

of European individuals carrying HAQ, HAQ/H232, or H232/H232 genotypes81. These 

LOF SNPs result in a decreased activation ability or redcued ability to produce IFN-β or 

NF-κΒ promotors, but each polymorphism does not respond to ligands the same way or 

has the exact same outcome. The R232H SNP impacts IFNα production83. Gain-of-

Function (GOF) STING polymorphisms are the cause of severe interferonopathies, such 

as STING-associated vascular disease (SAVI)83. Interestingly, it was shown that 

introduction of the HAQ LOF mutation to the mutation associated with SAVI corrected 

localization of STING to the ER and corrected immune responses84. These works 
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highlight the importance of STING in regulating immune responses in humans, 

underscoring the need to study the role of STING signaling during aging.  

1.2.6. Interferons 

IFNs and interferon stimulated genes (ISGs) are necessary for antiviral immune 

responses and are produced through multiple pathways, a prominent pathway being 

cGAS-STING. Most cells have IFN mechanisms to either produce or respond to IFN 

signaling as they are important regulators for innate immune responses. There are three 

distinct families of IFNs: type I interferon (IFN-I), type II interferons (IFN-II), and type III 

interferons (IFN-III). IFN-I is made up of 13 subtypes of IFNα gene products in humans 

(14 subtypes in mice) and one IFN-β gene product. Most cells can produce IFN-β, 

whereas hematopoietic cells are the primary producers of IFN-α85. IFN-II only product is 

IFN-γ, which is mainly produced by NK cells and T cells and acts on any cells that 

expresses the IFNγ receptor (IFNγR). IFN-III are made up of multiple IFN-λs and acts 

primarily on epithelial cell surfaces85.  

1.2.7. Activation and Control of IFN-I 

IFNs play a critical role in various disease states and immune responses during 

infections, IFN-I  have been implicated in a complex relationship with age86-92. There are 

multiple studies that have shown increased levels of IFN-I during age-associated 

diseases86,89,92. 

Along with the cytosolic dsDNA sensor, cGAS, alternative PRRs and pathways drive 

IFN-I production and ISG activation. However, activation of PRRs are context specific. 

On the surface of the cell, TLR4 is a potent activator of IFN-I through the TIR-domain 

during microbial infections. RIG-I and MDA5 are cytosolic RNA sensors that induce large 

amounts of IFN-I and proinflammatory cytokines in response to viral infections93. DNA-

dependent activator of IFN-regulatory factors (DAI, also known as Z-DNA binding protein 
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1(ZBP1))94 and DEAD box and DEAH box (DEXD/H box)95 recognize DNA motifs within 

the cytosol to produce IFN-I as well as driving inflammation and mediating cell death 

mechanisms. Lastly, the NOD-containing protein 1 (NOD1) and NOD2 recognize 

DAMPs and PAMPs within the cytosol that protect the cells from pathogens that 

replicate intracellularly96. 

After IFN-α and IFN-β are produced, they can act in an autocrine manner or paracrine 

manner through IFNα receptor (IFNAR), which is found on the cell membrane. 

Engagement of IFNAR activates the receptor-associated proteins tyrosine kinases Janus 

1 (JAK1) and tyrosine kinase 2 (TYK2), which phosphorylate transcription factors found 

in the cytoplasm, signaling transducer and activator of transcription 1 (STAT1) and 

STAT2. When these factors dimerize and translocate into the nucleus, they assemble 

with IRF9 to form a trimolecular complex known as stimulated gene factor 3 (ISGF3) 

(Figure 1.2.2).

 

Figure 1.2.2. cGAS-STING-IFNAR signaling pathway. 
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The cGAS-STING signaling produces ISGs, which include type I interferons (IFN-I) 
along with other interferon stimulated genes (ISGs) and proinflammatory cytokines. IFN-I 
bind to interferon alpha/beta receptor (IFNAR1/2) to activate the tyrosine kinases, Janus 
1 (JAK1) and tyrosine kinase 2 (TYK2). Theses kinases phosphorylate the transcription 
factors signaling transducer and activator of transcription 1/2 (STAT1/2). Upon 
dimerization of STAT1/2, these factors assemble with interferon regulator factor (IRF)9 
and translocate to the nucleus as the stimulated gene factor (ISGF)3 factor complex. 
ISGF3 produces hundreds of ISGs that up and downregulate the interferon response 
and microenvironment. (Created with Biorender.com). 

This pathway activates hundreds of ISGs that drive finely tuned antiviral immune 

responses. The activation of ISGs is dependent on cell type and the surrounding 

microenvironment. ISGs can drive a positive feedback loop to drive more production of 

IFN-I or a negative feedback loop to suppress the response89. These cells drive IFN-I 

and produce ISGs to suppress antiviral responses in order to protect the organism 

against toxic levels of IFN-I85. Factors, such as suppressor of cytokine signaling (SOCS) 

and ubiquitin carboxy-terminal hydrolase 18 (USP18), and miRNAs mediate and 

suppress IFN-I responses by downregulating IFNAR expression on the cell surface. 

Many viruses and tumor cells use IFNAR internalization to stop IFN-I mediated antiviral 

responses and antitumor effects. Other immune cells similarly utilize IFN-I suppression 

mechanisms to control cell functions, such as CD8+ T cells, which use miRNAs to 

suppress the IFNAR-JAK-STAT pathway to drive CD8+ T cell proliferation and memory 

formation during infections97.  

1.3. AGE-ASSOCIATED INFLAMMATION AND THE CNS 

1.3.1. The Central Nervous and the Immune System  

The blood brain barrier (BBB) is a critical barrier mechanism that is central to the innate 

immune system as the brain’s first line of defense. For years the brain has been 

described as an immune privileged site, which was originally taken to mean that the 

brain was separate from the rest of the body. However, we know now that although the 
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brain is separated from the periphery by the BBB, it is capable of sending select 

chemokines and cytokines through a one-way interface and while restricting  other 

signaling. The cytokines and chemokines that are transported through the BBB play 

important roles in delivering signals to the CNS. It is now accepted that the brain is 

tightly intertwined with the immune system and is dependent on it for homeostasis, 

development, normal physiology, and neurodegeneration98,99. Specialized immune cells 

reside at border interfaces and provide specialized functions to support the brain niche.  

Inflammation is strongly associated with diseases states, infections, or injury and 

compromises normal function100,101. Though inflammation is normally associated as a 

negative consequence, it also has been reported as critical for supporting CNS health102. 

There are many examples of the complex interactions between the immune system and 

the CNS. First, complement proteins are reported in synapses during development and 

are important for synaptic pruning, to support normal healthy functions103. TLRs are 

expressed on neurons and have been reported to regulate neuroplasticity during 

development and adulthood, such as during learning104. TNF-α is an activator of NF-κΒ 

signaling during traumatic brain injury (TBI) and mediated synaptic plasticity regulation in 

the hippocampus105. TNF-α has also been shown to be protective against 

neurodegeneration in mouse models of TBI and Alzheimer’s disease (AD)106,107. Thus, 

importantly defining canonical inflammatory immune response as homeostatic mediators 

which support necessary and normal functions, such as memory formation108 and 

cortical development109, as well as during diseases states.  

Adaptive immune responses have also been reported to be important for healthy and 

disease states. Activated CD4+ T cells are pro-inflammatory and signs of disease within 

the CNS. However, it has also recently been reported that resident CD69+ CD4+ T cells 

are found within the healthy brain and necessary for microglia maturation and synaptic 

pruning110. Importantly, the cells of the CNS are all capable of responding to and 
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conducting immune responses themselves. To support the tissue niche, there is a 

specialized immune cell within the brain called microglia. These cells perform necessary 

function, and studies have shown that without microglia the brain is susceptible to 

dysfunction and exacerbated pathology111, which highlight necessary immune functions 

within the CNS. With age, there are signs of pathological immune responses that require 

more research in order to parse out the protective immune responses from the 

detrimental immune responses.  

1.3.2. The Role of Neurons, Glia, and Stroma 

The major cell types found within the brain are as follows: neurons, glia, and stroma 

cells. Neurons are made up of glutamatergic neurons and GABAergic neurons, 

respectively, which result in excitatory post-synaptic effects and inhibitory post-synaptic 

effects after activation potential is reached. Action potential is when a rapid change in 

voltage results in the depolarization of the cell membrane because of an exchange of 

sodium ions and potassium ions112. These neuronal signals are transported quickly as 

electrical impulses, which result in encoded information sent through the cell and results 

in immediate physiological changes. After activation, neurons return to resting potential. 

Glial cells, called oligodendrocytes, support this process through quickening signal 

transduction by insulating nerves with myelin sheaths. Oligodendrocytes support 

conduction of the electrical signaling being sent down the axon of the neuron113. At the 

synapse, astrocytes, another glial cell type, support and modulate neurotransmission at 

the tripartite synapse through internal calcium regulation that releases modulatory 

transmitters into the synapse114. Stromal cells within the brain consist of endothelial 

cells, vascular- associated endothelial cells, ependymal cells, choroid plexus epithelial 

cells, all of which protect as a barrier site or make-up the BBB115.  
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1.3.3. The Role of Microglia  

Microglia are the resident immune population found within the CNS and are seeding 

early in embryonic development. During embryogenesis, yolk-sac derived macrophages 

are seeded in the brain at embryonic day (E) 9.5, prior to hematopoiesis and 

development of the immune system. As critical homeostatic mediators, they perform a 

multitude of functions116. As the TRM population, microglia, carries out surveillance, 

support CNS cell fates, neurogenesis, and neuronal survival through multiple processes. 

The primary function of microglia is to phagocytose cellular debris, regulated synapse 

formation, and modulate soluble factors, such a growth factors, cytokines, and reactive 

oxygen species35,117. Microglia are seeded in the brain on E9.5, the cells differentiate into 

immature microglia at the same time as neuronal genesis occurs and before other glial 

cells differentiate. They are a highly adaptable and responsive cell type, making them 

difficult to study in vitro because of their plasticity. Microglia alter their transcriptional 

landscape and morphology in response to environmental cues, health, and disease 

states36,116,118. Though they are critical for homeostasis, microglia also regulate 

neuroinflammatory pathways found in neurodegenerative states. However, their 

homeostatic role in controlling neuroinflammation remains understudied. 

1.3.4. The Aging Brain and Neurodegenerative Diseases 

Inflammation is a defining feature of aging and other neurodegenerative diseases. The 

brain is susceptible to function decline associated with age and positions the organism at 

high risk for age-associated neurodegenerative diseases. With age, there are multitudes 

of behaviors that decline such as memory, attention, decision-making processes, 

perception, and lastly motor coordination119. Critically, the structure of the brain is an 

indication of function and health120. The structure(s) and dynamic neural networks must 

be supported and maintained for healthy functions to continue. With age, the 
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connections, structure, and neural connections are reduced and any alteration in the 

cellular network and overall structure renders the brain vulnerable to degeneration or 

age-associated diseases102. Studies show that atrophy can predict the brain age and 

likelihood for a patient with mild cognitive impairment to transition to AD121. Glial cells are 

chronically activated in neurodegenerative states, based on morphology of the cells and 

proinflammatory cytokine production, such TNF-α, IL-6, IFN-I37,86,100,122,123. Though 

microglia are primarily the target of neuroinflammatory research, astrocytes have also 

been shown to enter into a reactive and stress-related states. The most common age-

associated neurodegenerative diseases and pathologies are AD, Parkinson’s disease 

(PD) and stroke124.  

1.3.5. IFN-I and the Brain 

Interestingly, it has been shown that DSBs accumulate in the cytosol of the cells where 

PRRs activate proinflammatory immune response125,126. The cGAS-STING signaling 

pathway is activated by genomic DNA127 and mtDNA128. As previously described, once 

STING activates to induce multiple downstream mediators that results in 

proinflammatory cytokines and IFN-I production through NF-κΒ and IRF3 activation, 

respectively. Inflammation during aging is unsurprising, but recently IFN-I have been 

implicated in multiple processes during brain function, maintenance, and disease 

progression88,115. Overall, IFN-I is important for basic surveillance of immune cells and 

priming immune responses to threats89,129. At basal levels, IFN-I are important for 

supporting autophagy, synaptic plasticity, spatial learning, and memory formation129. 

IFN-I, specifically IFN-β, is used to treat multiple forms of MS130 and low doses of IFN-β 

supported autophagy fluxes and clearance of α-synuclein in in vitro neuronal cultures131. 

Moreover, cell specific effects in neurons showed IFN-β signaling was necessary for 

controlling protein aggregation because of the deficits in autophagy and resulting 
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neuronal loss131. Furthermore, Hosseini et al. highlighted the importance of cell-specific 

responses and productive of IFN-I. They ablated Ifnar1 in astrocytes to show that is an 

essential signaling component for normal hippocampal function132.  

However, IFN-I also play a negative role in neurodegeneration. Specific regions appear 

to have prominent IFN-I signatures, such as the choroid plexus, which is a critical barrier 

structure that is responsible for cerebrospinal fluid (CSF). By blocking IFNAR signaling, 

cognition and memory deficits were recovered133. In models AD, transgenic amyloid 

precursor proteins (APP) mouse models, accumulate amyloid-beta (Aβ) plaques, which 

is a hallmark of AD. These plaques contain nucleic acids which activate microglia to 

induce ISG expression and become hyper phagocytic and excessively remove neuronal 

synapses134. Exogeneous treatments of IFN-I worsened tau aggregation in in vitro mixed 

neuronal culture135. Therefore, excessive IFN-I may be detrimental, however IFN-I are 

still utilized to maintain homeostasis. Combined these data highlight the dual functions of 

IFN-I and the important of regulating amounts of IFN-I for specific functions.  

1.4. SYSTEMIC INFLAMMATION AND SENESCENCE  

Inflammation is central to aging and is often the target of anti-aging strategies. Systemic 

chronic inflammation is linked to age-associated diseases, such as AD, osteoarthritis 

(OA), heart failure (HF), chronic kidney disease (CKD), non-alcoholic fatty liver disease 

(NAFLD), and cancers. These diseases are linked to organ failure. It has been shown 

that after the 6th decade of life the likelihood of comorbidities and multi-morbidities 

dramatically increases136. Immune, stress, and defense responses are central to many 

aging studies137. DNA damage drives these systemic effects by activating inflammatory 

responses during DDR pathways, which can activate senescence in cell populations. 

Mitotic cells typically become senescent, however, recently research has shown that 
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postmitotic cells, or terminally differentiate cells, such as neurons, mature adipocytes, 

osteocytes can also become senescent138.  

These cells secrete proinflammatory chemokines and cytokines known as senescence-

associated secretory phenotype (SASP), which change the tissue landscape surround 

the senescent cells. On the other hand, inflammation can also cause 

immunosenescence, which results in more inflammation through SASP production. 

Therefore, there is a tightly regulated network between inflammation and senescence. 

The prevailing theory regarding the role senescence plays during aging is that cells 

progressively lose their ability to proliferate, and the accumulation of non-dividing, 

SASP-secreting cells causes age-associated tissue damage and dysfunction. Though 

senescence is known to play a beneficial role in wound healing and other basic functions 

and how senescence may be provided necessary support during aging has not been 

addressed.  

1.4.1. cGAS-STING Drive Senescence and Inflammation 

NF-κΒ and IFN-I responses are tightly linked to models of premature aging and show 

that importance of DNA damage and senescence in influencing the inflammatory 

environment. Studies link premature aging and DNA damage to immune dysregulation 

through cytosolic DNA sensing pathways, such as the cGAS-STING signaling pathway. 

In 2015, researchers first showed that DNA damage can stimulate IFN-β in vitro139 

beyond what was already known in that DNA damage causing agents could stimulate 

IFN-I, excitingly in microglial cultures140. In a 2015 study by Yu et al.139, researchers 

were able to attenuate DDR-induced senescence in stem cells by blocking IFN-β 

receptor or by neutralizing IFN-β. Then, showed that damaged DNA signaled through 

the known DNA sensor, cGAS, in response to the DNA damaging agents, etoposide and 

ionizing irradiation62. Furthermore, in 2023 Gulen et al., showed that microglial cGAS-
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STING-signaling was driving age-dependent neuroinflammation and neuronal decline 

using a small molecule STING inhibitor126. This study highlights the importance of 

inflammation regulation and control with age, but more is needed to understand the 

homeostatic properties of the cGAS-STING pathway with age. 

1.4.2. Aging Heart and Age-Associated Inflammation 

The heart is important for pumping blood through an organism and providing the 

necessary nutrients and oxygen to organ systems. Age-associated deterioration of the 

heart is a major risk factor for cardiovascular disease, particularly heart failure (HF). 

Longitudinal studies highlight that HF during healthy aging is the result of multiple factors 

such as in an increased prevalence of left ventricular (LV) hypertrophy, increased 

prevalence of atrial fibrillation, decreases diastolic function, and preserved systolic 

function measured by ejection fraction (EF). The most common form of HF that is linked 

with aging is heart failure with preserved ejection fraction (HFpEF), as diastolic function 

is exacerbated in the absence of systolic heart failure26,141. 

Chronic inflammation is implicated as one of the primary mechanisms of cardiovascular 

aging, along with excessive oxidative stress and limited regenerative capacity of the 

heart142. Chronic inflammation drives cardiac and vascular fibrosis through mechanisms 

associated with senescence, genomic instability, and inflammation with age28. At 

homeostasis, the TRM population, cardiac macrophages, clear senescent and dying 

cells. However, with age, there is an increase of infiltrating macrophages that exhibit a 

more proinflammatory phenotype through the production of TNF-α, IL-6, matrix 

metalloprotease (MMP) 9 and C-C motif ligand (CCL) 2, which correlate with increased 

LV, a common feature of the aged heart143. Macrophages are linked to remodeling and 

the inhibition of myeloid extravasation into the heart by silencing endothelial cell 

adhesion molecules, resulting in improved cardiac function in models of HF144.  
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Endothelial cells play a critical role in angiogenesis, or the development of blood 

vessels, and have been implicated as senescent cells that are driving decrease in 

adhesion, migration, and proliferation associated with age142. Additional age-associated 

mechanisms that are associated with cardiac function are dependent on stress. Thus, 

reducing stress on the heart such as through regular exercise142 or caloric restriction26, is 

used to prevent age-associated decline and impaired function. Studies have also 

investigated reducing age-associated phenotypes mitochondrial dysfunction intervention 

through redox active compounds145, mTOR intervention through rapamycin 

treatments146, inhibition of angiotensin II signaling147, as well as other targeted 

therapies26 to stall or reverse detrimental effects on the heart. 

1.4.3. Aging Liver and Age-Associated Inflammation 

The liver is important for detoxifying the blood by removing harmful substances before 

the blood is sent to the kidney for filtration. Unlike, the brain, heart, and kidney, the liver 

is a highly regenerative tissue. A unique consequence of age in the liver is the 

decreased ability to regenerate148, resulting in liver fibrosis and eventually cirrhosis, or 

the permanent liver damage by severe fibrosis149. Chronic liver diseases, such as 

NAFLD and nonalcoholic steatohepatitis (NASH), are accompanied by chronic 

inflammation and fibrosis, along with increased prevalence with age150. Age-related 

changes to senescence and genomic instability in the Kupffer cells, stellate cells, and 

HSCs, but not in hepatocytes151 are linked to tissue dysfunction, injury susceptibility and 

disease149. Inflammation and recruitment of immune cells contribute to age-dependent 

fibrosis66,149. Within the liver, senescence induces SASP factors and limits growth of 

potentially harmful cells before the liver is irreversibly damaged. The complexity of 

senescence is likely compounded because of the regenerative nature of the liver. 

Specifically, senescence is a critical cellular response in hepatocytes because it limits 
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the growth of DNA damaged hepatocytes during regenerative states. If the DNA 

damaged hepatocytes remain in the liver and regenerate, the damaged cells can turn 

into hepatocellular carcinoma (HCC)152. The senescent hepatocytes release of SASP 

factors recruit immune cells for removal of senescent cells. Similarly, the recruitment of 

immune cells, such as macrophages, also increase inflammation and contribute to liver 

disease by causing fibrosis and impairing the function of neighboring cells153. Thus, it is 

critical to understand the impact of senescence and inflammation with the liver and at 

what stage inflammatory and senescence processes are beneficial and when they can 

drive tissue degeneration.  

1.4.4. Aging Kidney and Age-Associated Inflammation 

The kidney is important for filtering blood and removing toxins. Age-associated decline of 

the kidney is a major risk factor for acute kidney injury (AKI) and CKD. Conversely, CKD 

is a risk factor for systemic inflammation and premature and accelerated aging154. An 

aged kidney is characterized by a loss of nephrons, which results in a progressive 

decline of renal flow and vascular function impacting the structure and function of the 

kidney. More structural changes include thickening of the glomerular basement 

membrane and enlargement of the mesangial compartment, resulting in glomerular 

swelling and hyperfiltration. When paired with glomerulosclerosis, or the progressive 

accumulation of extracellular matrix, age can also result in decrease in glomerular 

filtration rate (GFR)29,154. Both outcomes impair the kidney’s ability to filter waste and 

excess fluid from the blood. A high GFR is associated with cardiovascular disease 

because the kidneys are filtering too much blood. Alternatively, a low GFR is when the 

blood is not filtered as quickly as it should be and results in CKD and kidney failure155.  

Several hallmarks of aging are linked to age-associated kidney decline such as 

inflammation, genomic instability, and senescence. DNA damage responses that trigger 
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inflammation and cell death pathways are known to drive CKD progression and alter 

genes associated with kidney function and age-driven fibrosis (mTOR, insulin/insulin-like 

growth factors, and sirtuin activity)156. An increase of senescent cells in the kidney, as 

well as other organs, is associated with decreased functional capacity29,157. Senescence 

is also known to alter NF-κΒ transcription and production of proinflammatory cytokines. 

These cytokines contribute to kidney decline through promotion of glomerulosclerosis 

and support leukocyte trafficking into the kidney via tertiary lymphoid tissues (TLTs) near 

glomeruli158. In this study, along with NF-κΒ signaling, IFN-I- signaling is activated and 

drives fibrosis and inflammation impacting cell-cell communication between proximal 

tubules leukocytes158. Thus, TLTs amplify and drive inflammation. Recent studies have 

linked CKD as a consequence of age, but CKD is also a risk factor for aging of distant 

organs such as the heart or the brain159, therefore, implicating systemic inflammation as 

an increased risk for age-associated kidney dysfunction and central to the organism’s 

aging process. Though kidney resident macrophages have been shown for necessary 

development, their role during aging is less defined and therefore, requires more work to 

understand the homeostatic contribution to protecting against decline.  

1.5. STING-DEFICIENCY DURING PHYSIOLOGICAL AGING 

This dissertation aims to address two critical gaps in knowledge: whether microglial-

STING activation plays protective role in physiological aging in the CNS, and if STING 

modulates a similar age-dependent response within vital peripheral organs; the heart, 

the liver, and the kidney. We first use physiologically aged wild type (WT) and STING-

deficient mice (STING-/-) compared to young controls to determine functional impacts of 

long-term STING-deficiency. Using single-cell RNA sequencing (scRNA-seq), flow 

cytometry, and imaging techniques, we characterize key STING-dependent immune 

landscapes and cell populations that are central to age-associated inflammation and 
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tissue decline. To determine STING- and age- dependent changes to interferon 

responsive microglia (IRM), we utilized 12-mo cohort scRNA-seq dataset to characterize 

transcriptional changes and conducted functional assays with IFNAR-/- animals to 

determine benefits of IFN-I signaling with age. After investigating age-dependent 

changes in the CNS, we sought to understand if STING-signaling was protective for 

tissue health within vital organ systems (heart, liver, kidney) with age, systemic changes 

of inflammation, and lifespan and specifically driven by tissue resident macrophages 

(TRMs).  
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CHAPTER 2: METHODS 
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2.1. EXPERIMENTAL MODEL AND STUDY DETAILS 

2.1.1. Mice 

Male and female wild type (WT, C57BL/6 background) and STING-/- (Tmem173-/-, 

C57BL/6 background) mice were used for all aging and ex vivo experiments. Aged 

experiments were organized into 3-months-old (mo) WT mice, 12-mo WT mice, 18-mo 

WT mice, 24-mo WT mice, and lifespan (Tufts University School of Medicine). STING-/- 

mice (G. Barber, U Miami) were set up to match WT ages: 3-, 12-, 18-, 24-mo and 

lifespan experimental groups (Tufts University School of Medicine). To control for sex-

specific differences males and females were used for 2-and 24-mo sequencing dataset 

and flow cytometry experiments. Initial 3- and 12-mo sequencing dataset and imaging 

studies used males only because of longevity studies 160. STINGflox animals were gifted 

from J. Cambrier (University of Colorado School of Medicine) and Csf1r-Cre (stock# 

029206) were purchased from Jackson Laboratories. For frailty and longevity studies of 

MGSTING-/- males and females were used to determine sex-specific differences and males 

were used for LLL and western blot assays. All mouse strains were bred and maintained 

by Tufts Rodent Breeding Services (RBS) in accordance with the Institutional Animal 

Care and Use Committee (IACUC) and guidelines set by Tufts University School of 

Medicine. Mice were housed under specific pathogen-free conditions in a 12-hour light-

dark cycle. Mice were randomly distributed to aged groups and maintained with regular 

chow and water ad libitum unless euthanasia was required prior to the designated age 

per Tufts DLAM recommendations and requirements. Mouse cages were changed 

weekly. Images of mice next to a ruler were collected from different ages (3-mo, 12-mo, 

18-m0, 24-mo, and LS timepoints) from WT, STING-/-, cGAS-/-, and IFNAR-/- mice. 

,  
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2.2. METHOD DETAILS  

2.2.1. Survival Analysis 

Healthy WT and STING-/- mice of varying ages were designated for survival analysis. 

Mice were monitored weekly by the Division of Laboratory Animal Management (DLAM) 

for outward signs of disease, including daily body condition scores (BSC)161. BCS was 

only noted if mice progressed +/- 0.5 relative unit and in accordance with BCS 

conditions, which is based on vertebra prominence and overall condition (Figure 5.1.2). 

Animals were not always assigned a BCS upon required euthanasia. Date was recorded 

upon natural death or required euthanasia per DLAM instruction for animal welfare. 

Birth, death date, body weight, and BCS (if applicable) were recorded. Individual lifespan 

calculations were graphed in GraphPad Prism, statistical testing was performed using 

the Mantel-Cox Log rank test. Statistical significance of survival analysis testing was 

considered at p-value < 0.05. 

2.2.2. Serum Cytokine/Chemokine Multiplex ELISA  

Two mouse multiplex cytokine array panels generated by Eve technologies (Calgary, 

AB) were included to test serum for protein levels of the following chemokines/cytokines 

from young, 12mo, 18mo, 24mo WT and STING-/- mice (n=4-5): Eotaxin, G-CSF, GM-

CSF, IFNγ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 

(p70), IL-13, IL-15, IL-17A, IP-10, KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1α, MIP-1β, 

MIP-2, RANTES, TNFα, VEGF, (LIX results also included but not validated), EPO, 

6Ckine, Fractalkine, IFNB1, IL-11, IL-16, IL-20, MDC, MCP-5, MIP-3a, MIP-3B, TARC, 

TIMP-1. Analysis was conducted using GraphPad Prism. 
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2.2.3. Immunohistochemistry 

Mice were euthanized by CO2 administration (4.5L/min) per IACUC regulations. Brains 

were extracted and placed in optimum cutting temperature medium (Tissue-Tek). OCT 

samples were flash frozen in dry ice and ethanol bath and stored in -80°C freezer. 

Tissues were sectioned manually on a cryostat (ThermoFisher Shandon Cryotome). 

Brains were sectioned serially at 10-15μm and flat mounted on slides (Fisherbrand 

Premium SuperfrostTM Microscope Slides).  

Prior to staining, slides were allowed to thaw to room temperature, and then OCT was 

removed with PBS. Tissues were fixed with cold 4% paraformaldehyde (PFA) (Fisher 

Scientific, PI28908) for 30 minutes and washed two times. Fixed tissues were blocked 

and permeabilized in PBS with 5% donkey serum and 0.3% Triton X-100 for two hours 

at room temperature. Tissues were incubated with primary antibodies diluted in PBS with 

5% donkey serum and 0.3% Triton X-100 at 4°C. Tissues were washed for 5 minutes 

two times and incubated in secondary antibodies diluted in PBS with 5% donkey serum 

and 0.3% Triton X-100 for 2 hours at room temperature. Tissues were washed twice for 

5 minutes. In most cases, sections were then treated with TrueBlack® Autofluorescence 

Quencher (Biotium). Samples were then stained with Hoechst in PBS for 5 minutes. 

Hoechst was removed and slides were coverslipped with Fluoromount (SouthernBiotech, 

OB10001).  

The following primary antibodies were used: Anti-phospho-Histone H2A.X (Cell 

Signaling Technologies, Ser139, 20E3, 1:500); Mouse monoclonal anti-CD68 (clone FA-

31) (Invitrogen, 14-0681-82, 1:1000); chicken polyclonal anti-GFAP (Invitrogen, PA1-

10004, 1:1000); goat polyclonal anti-Neun (Invitrogen, PA5-143586, 1:400) ; rabbit 

polyclonal anti-beta Galactosidase (Proteintech, 15518-1-AP, 1:500) for stains. 

The following secondary antibodies were used: Donkey anti-rat IgG (H+L) cross 

absorbed secondary antibody, Alexa Fluor 488 (Thermo Fisher Scientific, A21208, 
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1:1000); Donkey anti-chicken IgY (H+L) cross absorbed secondary antibody Alexa Fluor 

555 (Thermo Fisher Scientific, A78949, 1:500); Donkey anti-rabbit IgG (H+L) Alexa Fluor 

647 (SouthernBiotech, 6440-31, 1:500). Images were collected with a Leica Sp8 

confocal microscope with a 63x objective lens and analyzed with FIJI software (v2.3.0). 

For γH2A.X and SA-β-Gal staining, the hippocampal region was imaged.  

For visualization of lipofuscin-like particles, slides were not treated with any primary or 

secondary antibodies. The slides were incubated with blocking buffer or TrueBlack® at 

1X in 70% ethanol from 20X stock for 30 seconds. The slides were dipped in water and 

then rinsed in PBS multiple times. The TrueBlack® is used as a control for a lipofuscin 

autofluorescent signature prior to staining with Hoechst for 5 minutes at room 

temperature. Slides were coverslipped and images were acquired with a Nikon Ti 

inverted fluorescent microscope with a 20x objective lens and analyzed with FIJI 

(v2.3.0). Three brain regions were collected from each mouse for analysis 

(hippocampus, cortex, thalamus). 

For hematoxylin and eosin (H&E) staining of the brain sections, the Tufts histology core 

stained according to established protocols. Images were collected on the DMi8 

epifluorescence microscope. Heart, liver, and kidney sections were stained at iHisto and 

in accordance with iHisto protocols and image acquisition was performed on Lionheart FX 

Automated Microscope (Tufts University).  

2.2.4. Confocal Image Analysis 

To quantify γH2AX, the total number of nuclei were counted based on Hoechst channel 

and a mask was applied. Then, a mask was applied to the γH2AX channel. The Image 

Calculator function was used to create a new image that included the overlapping binary 

mask of the two channels. Measurements were taken of γH2AX within Hoechst. For co-

localization of γH2A.X to CD68, GFAP, or NeuN, QuPath162 was used.  
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2.2.5. Tissue Collection and Processing 

Mice were euthanized by CO2 administration (4.5L/min) per IACUC regulations. Brains 

were dissected into DMEM and transferred into C tubes (Miltenyi, 130-093-237) 

containing digestion media (1mg/mL of Collagenase D (Sigma Aldrich, 1108866001), 

1mg/mL of Dnase I (Sigma Aldrich, DN25-1G), and 2% fetal bovine serum(FBA) (R&D 

Sytems, S11550) in DMEM) for 30 minutes at 37 °C for mechanical digestion in a 

GentleMACS Tissue Dissociator (Miltenyi). Samples were passed through a 70μm 

strainer, brought up to 10mL in 2% DMEM, and centrifuged for 5 minutes at 500g at 4°C. 

Debris was removed from samples using Debris Removal (Miltenyi, 130-109-398) and 

after cells were pelleted, samples were lysed by resuspension in 1mL ACK lysis buffer 

(Fisher Scientific, NC0829166) for 1 minute at room temperature, followed by the 

addition of 9mL of 2% DMEM. Samples were pelleted, resuspended in PBS, and kept 

cold. Cells were counted (Countessa, Thermo, with Trypan Blue viability stain) and 

aliquoted for experimental use. 

2.2.6. Single-cell Isolations for Flow Cytometry 

All steps were performed on ice at 4ºC. After generating single cell suspensions as 

described above, cells were washed with 1X Phosphate Buffered Saline (PBS, Corning) 

and resuspended in 100μl of serum-free PBS with Zombie NIR (ZombieNIR anti-mouse 

Live/Dead) for 15-30 minutes. Cells were washed (5min, 400rpm 2x with 2mL FACS 

buffer (2% FBS in PBS)) and resuspend in 50μl of PBS with FC block (anti-mouse 

CD16/32; clone 2.4G2) for 15 minutes and incubated with a master mix of antibody 

cocktail (for 30 minutes (total of 100μl/ 2x106 cells). Cells were then washed, 

centrifuged, and resuspended for analysis on the Cytek Aurora spectral flow cytometer 

(Cytek; Tufts Medical School). Single color controls were used on cells or beads 
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depending on the prevalence of the marker on target cell types. Unmixing was 

conducted using SpectroFlo (Cytek) and data was analyzed with Omiq (Dotmatics).  

The following antibodies were used:  

eFluor 450 Anti-Mouse Ly6G (BD Biosciences, 741587), Anti-Mouse MerTK SuperBright 

436 (Invitrogen, 62-5751-82), eFluor 506 Anti-Mouse CD11b (Invitrogen, 69-0112-82), 

BV510 Anti-Mouse CD11b (Biolegend, 107635), Anti-Mouse Ly6C BV570 (Biolegend, 

128030), Anti-Mouse CSF1R (CD115) BV605 (BD Biosciences, 743640), Anti-Mouse 

CD200L BV650 (BD Biosciences, 745402), Anti-Mouse CD64 BV711(Biolegend, 

139311), Anti-Mouse CD11c BV750 (Biolegend, 117357), Anti-Mouse CX3CR1 BV785 

(Biolegend, BL149029), Anti-Mouse CD171 Vio-Bright FITC (Miltenyi, 130-106-105), 

Anti-Mouse CD45 AF532 (Invitrogen, 58-0451-80), Anti-Mouse CD19 PerCP (Biolegend, 

115531), Anti-Mouse CD3 Complex PerCP (R&D Systems, Fab4841C), Anti-Mouse 

Ter119 PE (Biolegend, 116207), Anti-Mouse P2X7R PerCP-Cy5.5 (Biolegend, 148709), 

Anti-Mouse CD200R PerCP-eFluor710 (ThermoFisher Scientific, 46-5201-82), Anti-

Mouse P2RY12 PE (Biolegend, 848004), Anti-Mouse F4/80 PE-Cy7 (BIolegend, 

123114), Anti-Mouse ACSA-2 APC (Miltenyi, 130-116-245), Anti-Mouse Siglec-H 

(Biolegend, B271030), Anti-Mouse O4 AF700 (R&D Systems, FAB1326N-100G),  Anti-

Mouse CD68 APC-Cy7 (Biolegend, 137023), Anti-Mouse Live/Dead Zombie NIR 

(Biolegend, 423106) at their recommended dilutions.  

2.2.7. Fluorescence-Activated Cell Sorting (FACS) 

For fluorescence-activated cell sorting surface staining was performed as described. 

Cells were stained with Zombie viability dye and surface markers for anti-mouse Ter119 

(Biolegend, 116207) and PI (), cells were sorted with the Legacy MoFlo (Cytomation; 

Tufts Medical School) into 1% BSA-PBS in 1.5mL Eppendorf tubes. Samples were used 

for Chromium Single Cell Gene Expression sequencing analysis.  
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2.2.8. Prussian Blue Staining 

Slides were warmed up to room temperature for 20 minutes and then fixed in 37% 

formaldehyde for 1 minute or 10% neutral buffered formalin (NFB) for 5 minutes. Then 

slides were rinsed with tap water and placed into deionized water (DI). The slides were 

placed in equal parts 2% potassium ferrocyanide (Sigma Aldrich, P3289-100G) and 2% 

hydrochloric acid solution for 20 minutes at 60°C. After, slides were washed with DI 

water for several changes. Slides were counter stained with Nuclear-Fast Red Solution 

(Rowley Bio-Chemical, SO-130) for 5 minutes and rinsed under tap water for 2 minutes. 

Slides were dehydrated to xylene and cover slipped. Images were collected on a Leica 

DMi8 epifluorescence microscope with a 4x objective lens and processed within the LAS 

X Navigator program for positive stain via masking thresholding.  

2.2.9. Western Blotting 

Brain tissue were snap frozen from the midbrain/hippocampal regions and lysed on ice 

with RIPA buffer (150 mM NaCl, 50 mM Tris [pH 7.4], 1% NP-40, 0.1% SDS 5 mM 

EDTA, 0.1% sodium deoxycholate, 1 mM DTT) containing proteinase inhibitors (Roche, 

04693159001) and phosphatase inhibitors (Roche PHOSS-RO), and quantified using 

DC protein assay (Bio-Rad, 5000112). Proteins were separated using SDS-PAGE on 

10% gels, then transferred to PVDF membranes. Blots were blocked for 1 hour with 5% 

BSA (p-STING and vinculin) or nonfat milk (total STING, b-Actin, GAPPDH), in Tris-

buffered saline plus 0.1% Tween-20. Incubation in primary antibodies diluted 1:1,000 

(Rabbit IgG, Cell Signaling Technology, 2729S) in respective blocking buffer was 

conducted overnight at 4°C, except for GAPDH (Cell Signaling Technology, 2118), which 

was incubated at 1:2000. Blots were then incubated with secondary antibody conjugated 

to HRP (1:2,000; anti-rabbit, Cell Signaling Technology, 7074) at room temperature for 1 

hour. West Pico or West Atto detection reagents were used (Thermo Fisher Scientific, 
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34580 and A38555, respectively) and imaged on a Bio-Rad ChemiDoc MP imager. Band 

intensity was quantified using ImageJ (NIH). 

2.2.10. Grip Strength 

Grip strength was used to assess muscular strength of the mice 163. The mice were 

placed on a digital grip strength meter to test forelimb and total grip strength. For the 

test, mice were grasped by the tail and allowed to have their forelimbs grabs the meter, 

or all four of their paws were placed on the meter and the mice were gently pulled 

backwards in a straight line. The test lasts until the force of the pull exceeds the mouse’s 

grip strength and the mouse releases the meter. The meter records the maximum force 

and displays the value on the screen. Each animal was tested three times in a row for 

each forelimb and the combined forelimb and hindlimb measurements were combined 

for a total of 6 trials combined. The three trial strength readouts were combined for one 

grip strength assessment.  

2.2.11. Hindlimb Clasping Assessment 

Mice were hung by the tail for 20 seconds three times in a row and the clasping score 

was estimated based on the observations made over a 30 second period. The scores 

are set to test quality of clasping behavior (0-3) and time to clasping (score 0-5). Briefly, 

for the quality of clasping scores: 0, wide splaying behavior; 1, One hind-limb retracted 

towards the abdomen (50% of the time); 2, both hind-limbs retracted towards the 

abdomen (50% of the time); 3, both hind-limbs entirely retracted and touching the 

abdomen. The timing to clasping score was assigned as follows: 0, no clasping; 1, 

clasping within 31-60 seconds; 2, within 16-30 seconds; 3, within 11-15 seconds, 4, 

within 6-10 seconds; 5, within 1-5 seconds. Genotypes and ages were blinded to the 

person administering the tests.  
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2.2.12. Open Field Assay 

This assay assessed general locomotor activity by recording movements and locations 

around the open maze. It was performed by allowing mice to explore a grey square (40 x 

40 cm) with 16 x 16 photocells equally spaced for 10 minutes (in core). Speed and time 

spent in the maze were recorded using EthoVision XT by Noldus. All mice were 

acclimated to the testing room 1 hour prior to testing. Animals were place in the maze for 

the duration of the recording and removed after 10 mins. After each run the maze was 

wiped with 70% ethanol and allowed to air dry for 1-2 minutes before next use. For 

analysis, the first 5 mins of collected times was used. Two separate experiments were 

conducted for each 12-mo cohort, 18-mo cohort, and 24-mo cohorts with young controls 

matched (sex and genotype).  

2.2.13. Novel Object Recognition  

Mice will spend more time exploring a novel object compared to a familiar one164. To 

assess recognition memory, mice were placed in a grey square box (40 x40 x 40 cm) 

with objects as visual cues. There were two days of training and habituation; during the 

first habituation, mice explored the area without objects for 10 minutes. During the 

second habituation, two identical objects were added and the mice explored for another 

10 minutes. Then, on an experimental day, one of the objects was replaced with a new 

object of similar volume but with different shape, color, texture. After each run the maze 

was wiped with 70% ethanol and allowed to air dry for 1-2 minutes before the next use. 

Two separate experiments were conducted for each 12-mo, 18-mo, and 24-mo cohort 

with young controls matched (sex and genotype).  

2.2.14. Spontaneous Alternation (Y maze) 

Mice were first placed in the center of a maze and allowed to move down any of the 

arms. The test ran for an 8-minute period. The percent of alternation was determined by 
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the number of turns into each goal arm through a mathematical equation that determine 

the number of "correct" turns compared to incorrect turns164.  

%	𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛 =
#	𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑎𝑙𝑡𝑛𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠

𝑡𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑎𝑟𝑚	𝑒𝑛𝑡𝑟𝑖𝑒𝑠	 − 	2
	× 	100 

Mice show a preference to the less recently visited arm which was calculated as percent 

alternation. Please note that no habituation was required because the novelty of the 

space drove the behavior, but animals were acclimated to the testing room for 1 hour 

prior to the test. After each run the maze was wiped with 70% ethanol and allowed to air 

dry for 1-2 minutes before the next use. Two separate experiments were conducted for 

each 12-mo cohort, 18-mo cohort, and 24-mo cohorts with young controls matched (sex 

and genotype).  

2.3. SINGLE CELL RNA SEQUENCING 

2.3.1. Single-cell RNA sequencing preparation 

Single cell preparations were resuspended into enriched PBS (0.5% BSA). 

Approximately 9,000 cells were loaded into each well of the Chromium Chip A/B (10x 

Genomics v2 and v3, respectively), depending on the run, and then run on the 

Chromium controller. GEM formation quality was visualized manually before GEMs were 

transferred to a thermal cycler. GEM-RT cleanup and cDNA amplification steps were 

completed, and quantification was run in-house. 3’ gene expression library as 

constructed and post-library construction quality control was completed in-house as 

described in 10x Manual. Samples were sequenced on Illumina NextSeq 550 (Tufts 

Medical School) targeting a depth of 75,000 reads pe cells.  

Sequenced samples were processed using Cell Ranger (v3.0.2) mkfastq pipeline. 

FASTQ files were assigned to the mm10 transcriptome, filters, and quantified. 

Clustering analysis of scRNA-seq data 
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The Seurat package (v4.1.1.) was utilized to perform unsupervised clustering and 

differential gene expression analysis. Briefly, data was filtered for gene counts that 

passed specified QC thresholds (percent mitochondrial content < 15, nFeature_RNA < 

3000, nFeature_RNA > 200) were normalized and log-transformed via SCTransform in 

Seurat. Principal component analysis (PCA) was conducted on the top 40 PCs, scaled 

data was utilized in the unsupervised cluster analysis of the single cells using k-nearest 

neighbor cluster calculations. The results were visualized using a low-dimension 

projection of Uniform manifold Approximation and Projection (UMAP). PCA, nearest 

neighbor, and UMAP was conducted on subsetted microglia population in later analysis 

to identified unique populations within the microglia.  

The 3- and 12-mo dataset resulted in the analysis of 12,390 cells (3-mo (n=2 combined 

prior to sequencing; 3876 cells), 3-mo (n=2 combined prior to sequencing; 2929 cells), 

12-mo WT (n=2 combined prior to sequencing; 3243 cells), 12-mo STING-/- (n=2 

combined prior to sequencing; 2351 cells)). The 2- and 24-mo dataset resulted in the 

analysis of 11,496 cells (2-mo WT (n=2 (1 male and 1 female) combined prior to 

sequencing; 4152 cells), 24-mo WT (n=2 (1 male and 1 female) combined prior to 

sequencing; 2026 cells), 2-mo STING-/- (n=2 (1 male and 1 female) combined prior to 

sequencing; 3644cells), and ), 24-mo STING-/- (n=2 (1 male and 1 female) combined 

prior to sequencing; 1674 cells)) 

2.3.2. Clustering and cell type identification  

To identify differentially expressed genes (DEGs) within an individual cluster, we utilized 

the Seurat FindAllMarkers function to determine genes unique to one cluster when 

compared to the rest of the clusters. We used the Wilcoxon Rank Sum test with min.pct 

= 0.25 and logfc.thredhold = 0.25 as the settings. DEGs were also used later in 

identifying unique genes to microglia specific populations in the same way.  
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Clusters were identified based on known markers of cell populations: neutrophils 

(S100a8, S100a9), B cells (Cd79a, Cd19), T cells (Thy1, Cd3g), NKT (Prf1, Nkg7), ILC 

(T cell markers and Il7r), monocytes (Lyz2, Cx3cr1), border associated macrophages 

(BAMs)(Pf4, Mrc1), microglia (Tmem119, Cx3cr1), OPC (Olig1, Pdgfra), 

oligodendrocytes (Cldn11), immature neurons (Sox4, Sox11), endothelial cells (Ly6c1, 

Cldn5), vascular endothelial cells (Hbb-bt, Alas2),choroid plexus epithelial cells (Enpp2, 

Chchd10), neurons (Snap25, Syt1), excitatory neurons (Grin2c), inhibitory neurons 

(Gad2, Gad1), astrocytes (Slc1a3, Aldoc), pericytes (Vtn, Higd1b), ependymocytes 

(Rarres) (Figure S3).  

2.3.3. Volcano Plots and Gene Ontology Pathway Analysis  

DEG analysis was conducted between genotypes at each age with min.pct 0.1 and 

using model-based Analysis of Single Cell Transcriptomics (MAST) statistical test for 

volcano plots. Volcano plots were generated using the EnhancedVolcano() Package in 

R. Violin plots were generated using the Seurat VlnPlot() function in R.  

DEGs were calculated using the Seurat function FindMarkers() to compared aged (12-

mo or 24-mo, separately) WT and STING-/- samples or compare young (2- and 3-mo WT 

or STING-/-) to age-matched (WT or STING-/-) samples. DEGs were sorted by log2 fold 

change to select the top 50 genes for GO analysis. GO analysis was conducted using 

the Metascape webpage (www.metascape.org). Zip files were saved of the results 

webpage.  

2.3.4. RNAMagnet Analysis 

Single cell interactions were predicted using the RNAMagnet 165 package in R. Cell 

populations were subsetted based on age and/or genotype as demarcated. Each subset 

was evaluated individually using functions provided by the computational package. 

“RNAMagnetAnchors” was used to identify physical interactions by anchoring epithelial, 

http://www.metascape.org/
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endothelial and vascular cell populations to query against all other cell populations by 

relative expression of receptor:ligand pairs. Heatmaps were generated using the 

strength of each interaction and plotted using ggplot2. “GetLigandReceptors” was used 

to identify distinct signaling axes between two specified populations based on the 

enrichment of cognate receptors and ligands in each respective cell population. 

Population comparisons were made quantitatively within ages and genotypes and 

compared qualitatively following complete analysis.   

2.4. QUANTIFCATION AND STATISTICAL ANALYSIS 

2.4.1. Statistical Analysis 

GraphPad Prism was used for all statistical analyses of imaging, flow cytometry and 

behavior data. Statistical tests run and the number of n replicates and p-values are 

described in the text, figures, and/or figure legends. Statistical tests were run on the 

means of replicates per genotypes and the age of the animals, unless otherwise stated 

in the figure legends. For comparisons of two groups, student’s t-tests were run, and 

error bars represent the standard error of the mean (SEM). For multiple group 

comparisons, one-way or two-way analysis of variance (ANOVA) were run, followed up a 

Bonferroni correction factor applied. All bar graphs represent data by mean ± SEM and 

dots represent individual mice.  

Statistics run unique to the test will be included in the specific section (e.g. lifespan 

analysis). 

For statistical tests shown: ns is not significant, *p<0.05, **p<0.01, ***p<0.001, **** p< 

0.0001. 
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CHAPTER 3: RESULTS  
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3.1. MICROGLIAL STING IS A CENTRAL SAFEGUARD AGAINST NEUROLOGICAL DECLINE 

WITH AGE. 

Aging is a complex process associated with progressive functional decline of tissues and 

increased risk of chronic diseases. Age-associated increase in inflammation, a result of 

failures in proinflammatory checkpoints, is now considered a primary hallmark and 

central driver of aging27. Chronic, unresolved inflammation of the CNS, or 

neuroinflammation has been implicated in neurological decline during a myriad of 

diseases including AD and PD but also during physiological aging100,123,166. Chronic 

neuroinflammation is increasingly described as a combination of senescent, IFN-I, and 

proinflammatory transcriptional signatures27,86. Yet the identity of innate pathways 

responsible for these signatures and cell-types through which they modulate aging 

associated neuroinflammation remains hotly debated.  

Recognition of DNA damage, a hallmark of aging, by myeloid cells has been shown to 

rely on several DNA-sensing mechanisms, key among them being the cytosolic DNA 

sensor, cGAS and its critical ER-associated signaling adaptor, STING126,167. Downstream 

of DNA sensing, STING signaling activates IRF3 and NF-κΒ to induce IFN-I, 

proinflammatory cytokines and also drive senescence in key cell types92,126,168. In recent 

studies, STING inhibition has been shown to be beneficial in decreasing the burden of 

proinflammatory responses in several diseases, including in models of accelerated 

aging139,169,170. However, there is only one study that specifically queried the role of 

STING-signaling in age-associated neuroinflammation126, but they and others tested 

STING-antagonists and gain-of-function cGAS mutations, useful in rodent models of 

disease but less physiologically relevant for ascertaining the basis of healthy aging171,172 

. Thus, the long-term consequences of STING signaling or its loss, on health and 

lifespan during physiological aging have not fully been investigated. Indisputable 

incentive to study the long-standing impact of STING deficiency exists in the multiple 
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loss-of-function polymorphic alleles of STING that are widely expressed (≥40%) in the 

human population82,83 which remains poorly characterized. Thus, a role for the STING-

pathway in modulating CNS function during physiological aging requires urgent 

clarification for understanding the process of CNS aging. On the same note, these 

studies are equally important to fully understanding the impact of small-molecule STING-

therapeutics during aging and other diseases.  

Recent studies have highlighted the critical role of microglia, the resident effector 

immune cells, in shaping age-dependent changes in the CNS173. The complexity of 

microglia functions in the CNS have implicated them in opposing processes during 

aging35,36,174. Indeed, while microglia are critical in the clearance of damaged neurons 

and in the prevention of pathological changes in the brain109,175, they have also been 

implicated as key drivers of pathological neuroinflammatory responses during 

aging86,126,176. How microglia may balance clearance of cellular damage with the 

induction of local inflammatory responses during aging, remains unstudied. 

Here, we asked if the STING-pathway modulates distinct functions of microglia to 

mediate CNS homeostasis, resolve local damage and promote a protective, pro-

inflammatory responses109,126. In support of this we reveal a critical, microglia-dependent 

role for STING-signaling in balancing homeostatic and inflammatory landscapes within 

the aging brain. We show that while STING-deficiency leads to lower levels of cellular 

senescence, it also results in a greater accumulation of damaged DNA and subsequent 

induction of inflammatory genes and pathways. Finally, deletion of global or microglial 

STING signaling results in significantly worsened neuromotor deficits, compromised 

blood-brain-barrier integrity and an increased prevalence of microhemorrhages. 

Together, our observations reveal a novel protective role for microglial STING in age-

associated senescence and inflammation. Thus, we propose that microglial specific 

STING-function is necessary and beneficial for overall CNS health with age.  
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3.1.1. STING-signaling restricts accumulation of DNA damage while 

driving senescence in aging brains 

To understand how long-term STING-deficiency shapes neurological processes during 

physiological aging, we first investigated how STING-deficiency impacts two core 

elements of aging: DNA damage and senescence in the brain. Brain tissue from WT and 

STING-/- mice at several timepoints; 2- 3mo (young adults), 12-14mo (middle aged), 18-

24mo (healthy age), and 17-40mo (lifespan (LS) or end-of-life time points) were 

collected and processed (Figure 3.1.1A-B). 

 

Figure 3.1.1. Experimental Design.  
Diagram of ages of mice used for experiments throughout the paper. These include 3-
mo, 12-14-mo, 18-24-mo (healthy), and lifespan (LS) animals (17-mo-40-mo) that 
required euthanasia WT and STING-/- mice.  

We visualized damaged DNA in the brain utilizing confocal microscopy. Specifically, we 

measured numbers of cells with DSBs by assessing levels of γH2A.X, known to bind 

damaged-DNA ends177. We imaged several key regions of the CNS impacted with age 

including the hippocampus, thalamus, and cortex, important for cognitive processes, 

learning, and memory, respectively (Figure 3.1.2A-B) 176,178. 
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Figure 3.1.2. Immunofluorescence of DNA damage (γH2A.X) in the hippocampus. 
(A) Diagram of regions imaged and used for analysis: HPF, hippocampal formation; HP, 
hippocampus; TH, thalamus; CTX, cortex. B) Representative immunofluorescent images 
for γH2A.X (magenta), CD68 (green), glial fibrillary acidic protein (GFAP) (cyan), and 
Hoechst (blue) in the hippocampal region from 3-mo (n=) and LS (n=) WT and 3-mo (n=) 
and LS (n=6) STING-/- mice. Scale bars 100μm. The arrows highlight positive γH2A.X. 
(C) Bar graphs depict quantification of γH2AX expression across the hippocampal 
region.  

Previous studies suggest that DSBs are notable during both, a) DNA damage responses 

noted in neurons critical for learning and memory formation, as well as b) a measure of 

apoptotic neuronal cell death108,177. Consistent with these studies, we observed that the 

expression of γH2A.X in both 3-mo WT and STING-/- brains was present at low levels, 

with around 5% of nucleated cells expressing γH2A.X in the three regions of interest 

(Figure 3.1.2B-C). As mice, the levels of γH2A.X increased and was primarily found in 

neuronal populations based on significant colocalization of γH2A.X and a neuronal 

marker (NeuN) compared to astrocytes (GFAP) and myeloid (CD68) in the hippocampus 

and thalamus. While similar colocalization is notable within the neurons of the cortex, the 
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differences between neuron, astrocyte or myeloid cells did not achieve significance 

(Figure 3.1.3A-B).  

 

Figure 3.1.3. γH2A.X colocalizes with neurons with age. 
(A)Representative immunofluorescent images for γH2AX (magenta), CD68 (green), glial 
fibrillary acidic protein (GFAP) (cyan), neurons (NeuN), and Hoechst (blue) in the 
hippocampal region from combined 3-mo WT and STING-/- (n=6) and combined LS WT 
and STING-/- (n=6) hippocampus, thalamus, and cortex regions. Scale bars are 200μm. 
(B) Bar graphs depict quantification of γH2A.X co-localization with CD68 (green), GFAP 
(cyan), NeuN (yellow) respectively from the hippocampus, thalamus, and cortex. Error 
bars represent mean ±SEM. Two-way ANOVA with with Tukey’s multiple comparisons 
test was run. **** p< 0.0001, ***p<0.001, **p<0.01, ns = not significant 

STING-/- brains also reveal an overall, significant increase in γH2A.X levels in neurons 

with age, which has linked to neurodegeneration179, compared to their young controls. 

Critically aged STING-/- brains reveal a significant increase in DNA-damage marked by 

γH2A.X levels, in comparison to age-matched older WT (Figure 3.1.2B-C), suggesting 

aberrant accrual of damaged DNA with age and STING-deficiency.  

The increased presence of damaged DNA is often considered a salient initiator of 

senescence and has recently been implicated as a trigger for DNA damage response 

(DDR) pathways that is induced in a cGAS/STING dependent manner126,180. Given the 
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increase of γH2A.X in the aged STING-/- brains, we investigated if there was a 

connection between the abundance of γH2AX and an age-dependent increase in 

senescent markers. To this end we utilized the auto-fluorescent (AF) properties of the 

senescent cells to determine changes with age in the brain in WT and STING-/- mice. 

The largest source of AF is lipofuscin, a mixture of metals, misfolded proteins, and 

oxidized lipids, which accumulates within the lysosome and is increased specifically in 

aged tissue181,182. All young brains contain very few lipofuscin-like particles (LLPs) that 

were small is size (~1 μm2) in all regions imaged (Figure 3.1.4A-B and Figure 3.1.5A-

F). Notably, we saw a significant age-dependent increase in the hippocampal LLP 

density and size in 12mo WT brain samples. The number and size of deposits continue 

to increase in the hippocampi through the lifespan of WT animals (Figure 3.1.4A-C). 

 

Figure 3.1.4. STING-signaling drives LLPs accumulation in the hippocampus.  
(A) Representative immunofluorescent images of autofluorescent signature from TxRed 
channel (excitation peak at 596nm and emission peak at 615nm) to label LLPs and with 
Hoechst of 3-mo WT (n = 8), LS WT (n = 6), young STING-/- (n = 5), and LS STING-/- (n = 
6) hippocampal formation region (HP). Scale bars 100μm. The arrows highlight LLPs. (F) 
Bar graphs depict quantification of LLPs coverage in HP from young, 12mo and LS WT 
and STING-/- animals. (B) Bar graphs depict the quantification of LLPs particle size.  

Similarly, LLP density and size significantly increased in the thalamus and cortex of WT 

animals with age (Figure 3.1.5A-F). We do not note any differences in the size or 

quantity of LLPs in the cortex and thalamus at 3-mo, 12-mo or LS timepoints between 
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the STING-/- and WT brains (Figure 3.1.5A-F). 

 

Figure 3.1.5. Lipofuscin-like particles (LLPs) increase in the thalamus and cortex 
with age in WT and STING-/- brains. 
(A) Representative immunofluorescent images of autofluorescent signature from TxRed 
channel (excitation peak at 596nm and emission peak at 615nm) to label LLPs and with 
Hoechst of 3mo WT (n = 8), 12-mo WT (n = 6), LS WT (n = 6), young STING-/- (n = 5), 
12-mo STING-/- (n = 3), and LS STING-/- (n = 6) thalamus. Scale bar is 100μm. (B) Bar 
graphs depict quantification of LLPs coverage in thalamus from young, 12mo and LS WT 
and STING-/- animals. One-way ANOVA with Tukey’s multiple comparisons test. ns: not 
significant. Error bars represent mean ±SEM. (C) Bar graphs depict the quantification of 
LLPs particle size in the thalamus. One-way ANOVA with Tukey’s multiple comparisons 
test. Error bars represent mean ±SEM. (D) Representative immunofluorescent images of 
autofluorescent signature from TxRed channel (excitation peak at 596nm and emission 
peak at 615nm) to label LLPs and with Hoechst of 3mo WT (n = 8), 12-mo WT (n = 6), 
LS WT (n = 6), young STING-/- (n = 5), 12-mo STING-/- (n = 3), and LS STING-/- (n = 6) 
cortex. Scale bar is 100μm. (E) Bar graphs depict quantification of LLPs coverage in 
cortex from young, 12mo and LS WT and STING-/- animals. One-way ANOVA with 
Tukey’s multiple comparisons test. Error bars represent mean ±SEM. (F) Bar graphs 
depict the quantification of LLPs particle size in the cortex. One-way ANOVA with 
Tukey’s multiple comparisons test. ns: not significant. Error bars represent mean ±SEM. 

However, at end of the lifespan, we see a significant decrease in LLPs in the STING-/- 

hippocampus compared to their age-matched WT controls (Figure 3.1.4A-C). This data 
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emphasizes the impact of STING-deficiency on senescence marker density in key CNS 

regions. To confirm these data, we stained for a canonical marker of senescence, 

senescence-associated β-galactosidase (SA-β-gal)54, in young, 12mo, and LS 

hippocampal regions from WT and STING-/- mice. SA-β-gal extracellular staining 

increased in an age-dependent manner in both the WT and STING-/-, however, LS 

STING-/- animals had a significantly less SA-β-Gal compared to LS WT brains (Figure 

3.1.6A-B).  

 

Figure 3.1.6. STING-signaling drives SA-β-Gal in the hippocampus.  
(A) Representative immunofluorescent images of SA-β-Gal (red) in the hippocampus of 
young 3-mo WT, 3-mo STING-/-, LS WT, LS STING-/-. Data from 3 biological replicates 
and scale bars 200μm. The arrows highlight positive SA-β-Gal stain. (B) Bar graphs 
depict quantification of the percent area coverage of SA-β-Gal in the hippocampus. 

Similar to LLP distribution, SA-β-Gal staining was significantly decreased in the of LS 

STING-/- hippocampus. Surprisingly, regardless of genotype, cells expressing GFAP 

(astrocytes) and CD31 (endothelial cells), which collectively make up part of the BBB 

microvascular183, are the primary expressors of age-associated SA-β-Gal when 
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compared to CD68+ cells (myeloid/microglia) (Figure 3.1.7A-B). 

 

Figure 3.1.7. SA-β-Gal+ colocalizes with astrocytes and endothelial cells. 
(A) Representative immunofluorescent images for SA-β-Gal (magenta), CD68 (green), 
glial fibrillary acidic protein (GFAP) (cyan), endothelial cells (CD31), and Hoechst (blue) 
in the hippocampal region from 6 biological replicates (n=3 WT and n=3 STING-/-). Scale 
bars are 100μm. (B) Bar graphs depict quantification of γH2A.X co-localization with 
CD68 (green), GFAP (cyan), NeuN (yellow) respectively from the hippocampus, 
thalamus, and cortex from 6 biological replicates from all three regions (n=3 WT and n=3 
STING-/-). Error bars represent mean ±SEM. One-way ANOVA with Tukey’s multiple 
comparisons test was run. **p<0.05, ns = not significant 

These data emphasize that the cellular sources of secreted senescence markers like 

SA-β-Gal are unchanged in STING-/- brains. However, these data suggest that STING-

signaling may connect sensing of DNA damage with the presence of senescent markers 

with age.  

3.1.2. STING-signaling regulates the inflammatory and senescent 

landscape of aging brains.   

Given that senescence and inflammation are considered coordinated processes27,54,119, 

the reduction of senescent markers with age in the STING-/- brains suggests a likely 

decreased expression of inflammatory signatures as well. To assess the inflammatory 

landscape in an unbiased manner, we leveraged single-cell RNA sequencing (scRNA-

seq) analysis of immune enriched single cells from young (3-mo) and middle-aged (12-

mo) WT and STING-/- brains (12-mo dataset) (Figure 3.1.8A).  
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Figure 3.1.8. STING-signaling restricts accumulation of DNA damage while driving 
senescence transcriptional landscape in 12-mo brains 
(A) Schematic of FACS-sorting live nucleated cell (PI-, Ter119-) preparation for scRNA-
seq analysis from a total of 12,390 cells (3-mo (n=2 combined prior to sequencing; 3876 
cells), 3-mo (n=2 combined prior to sequencing; 2929 cells), 12-mo WT (n=2 combined 
prior to sequencing; 3243 cells), 12-mo STING-/- (n=2 combined prior to sequencing; 
2351 cells)). Representative UMAP(s) of ages independent of genotype (3-mo = teal; 12-
mo = coral), genotypes independent of age (WT = gold; STING-/- = purple), and 
neuroimmune enriched cells clustered and identified as 15 distinct cell types by specific 
markers (ImmN., Immature Neurons, CPEpiC; Choroid Plexus Epithelial Cells, OPCs; 
Oligodendrocyte Precursor Cell, Olig; Oligodendrocytes, BAMs; Border-Associated 
macrophages, Peri/Epen.; Pericytes and Ependymocytes, EndoC.; Endothelial Cells, 
VasC.; Vascular Cells, Microglia, Mono; Monocytes, Neut; Neutrophils, B Cells, T Cells, 
NKT Cells; Natural Killer T Cells, (in clockwise order). (B) Heatmap of pseudo-bulk 
analysis of SenMayo genes from 3-mo WT, 3-mo STING-/-, 12-mo WT, 12-mo STING-/- 
sequenced samples. (C) Heatmap of pseudo-bulk analysis of ISGs from 3-mo WT, 3-mo 
STING-/-, 12-mo WT, 12-mo STING-/- sequenced samples. (D) Heatmap of pseudo-bulk 
analysis of inflammatory genes from inflammatory response GO term (GO:0006954). 
Gene expression scaled for row maximum. (WT = gold; STING-/- = purple). (E) Volcano 
plot of genes differentially expression in 12-mo STING-/- microglia relative to 12-mo WT. 
Dots: Red; p value and log2FC, green; Log2FC, blue; p value, grey; not significant (ns). 
(F) Metascape bar graph to visualize the top non-redundant enriched terms based on 
GO terms, KEGG pathways, Reactome, and CORUM in 12-mo STING-/- cells compared 
to 12-mo WT cells. Scale represents statistical significance. 
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Transcriptionally similar cells were clustered and identified based on their distinct 

transcriptional landscapes. Of the 25 transcriptionally distinct clusters identified, we were 

able to identify 15 cell populations (Figure 3.1.9A). We saw that numbers of 

conventional peripheral immune cell populations (ILCs, monocytes, neutrophils, NKT 

cells, B cells, T cells) increase in the 12-mo dataset independent of genotype, 

suggesting an influx of immune cells with age (Figure 3.1.9A-B). Shifts in immune cells 

suggested connected changes in the immunologic profile of the aging CNS.  
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Figure 3.1.9. Cluster identification and cellular composition of 3-and 12-mo and 2-
and 24-mo scRNAseq datasets. 
(A) Stacked violin plot showing specific upregulation of select genes for each cluster 
identified in 3-mo and 12-mo dataset from FACS sorted single brain suspension. Violin 
plot shows expression of each gene on a scale based on the SCT normalized data. 
Single cells are not depicted with dots on Vlnplot. (B) Donut charts of 3-mo WT (3876 
cells), 12-mo WT (3234 cells), 3-mo STING-/- (2929 cells), 12-mo STING-/- (2351 cells) 
single cells. Each section represents the proportion of cells within the identified cluster. 
Frequency and number of cells are shown next to corresponding donut chart. (C) 
Stacked violin plot showing specific upregulation of select genes for each cluster 
identified in 2-mo and 24-mo dataset from single brain suspension. Vlnplot shows 
expression of each gene on a scale based on the SCT normalized data. Single cells are 
not depicted with dots on Vlnplot. (D) Donut charts of 2-mo WT (4152 cells), 24-mo WT 
(2026 cells), 2-mo STING-/- (3644 cells), 24-mo STING-/- (1674 cells) single cells. Each 
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section represents the proportion of cells within the identified cluster. Frequency and 
number of cells are shown next to corresponding donut chart. 

We conducted pseudo-bulk analysis of the aggregated single-cell data to create a 

dataset amenable for comparisons of inflammatory signatures between ages and 

genotypes. Overall, differentially expressed gene (DEG) analysis of WT and STING-/- 

brains indicates a discrete set of genes unique to each age (3-mo and 12-mo) as well as 

genotype (Figure 3.1.8B-D). Curated gene lists derived from the SenMayo datasets184 

were overlaid on the single-cell transcriptomes to determine the STING-dependent shifts 

in gene expression profiles with age (Figure 3.1.8B). While cells both from 12-mo WT 

and STING-/- express higher SenMayo genes, the WT CNS upregulate a distinct set of 

senescent genes (Hmgb1, Igf1, and Igfbp4) compared to STING-/- CNS (Areg, Mmp9, 

Il1a, and Csf1) (Figure 3.1.8B), indicating a differential regulation or nature of 

senescence between the genotypes. This altered profile also correlates with 

downregulation of myriad senescence genes in the aged STING-/- aged samples in 

comparison to WTs, further in line with the reduction of LLPs and SA-β-Gal, noted above 

in the aged STING-/- brains 

To carefully evaluate the nature of inflammatory changes, we next queried the 

expression of 985 pan-IFN-I stimulated genes (ISGs)168,185 in the CNS to determine age- 

and STING-dependent expression patterns. Several canonical ISGs (Mx1, Oas1, Ifitm3, 

and Bst2) were upregulated at 12-mo compared to the 3-mo WT datasets and were 

decreased in both 3- and 12-mo STING-/- samples (Figure 3.1.8C). Importantly, ISGs 

with known proinflammatory roles, such as Ccl2, Il27 and Mxd180, are uniquely 

increased only in the 12-mo STING-/- samples compared to age-matched WT controls 

(Figure 3.1.8C). Next, expression of key immune response genes part of pro-

inflammatory responses (GO:0006954) were assessed, genes indicative of 

predominantly homeostatic or regulatory functions (Cx3cr1, Csf1r, and Icam1) were 
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equivalently expressed in 3-mo WT and STING-/- brains. Aged WT CNS cells express 

genes canonically associated with neuroinflammation (Axl, Cst7, Tgfb1). In contrast, 

STING-/- brain cells express markers often seen in neurodegenerative diseases (Mmp8, 

S100a8, Il34, Csf1)166,186 (Figure 3.1.8D) and were overall more transcriptionally active 

compared to 12-mo WT cells (Figure 3.1.8E).  

To determine the nature of the immune response specifically enriched in the STING-/- 

CNS, we conducted an unbiased Metascape pathway analysis187 on DEGs in CNS cells 

from young/old WT and STING-/- mice. 3-mo STING-/- CNS cells were more 

transcriptionally active compared to 3-mo WT (Figure 3.1.10A), but similarly expressed 
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known homeostatic188 immune markers(Tmem119 and P2ry12)189 (Figure 3.1.10B) 

showed no significant differences. 

 

Figure 3.1.10. scRNA-Seq differentially expressed genes and pathway analysis of 
12-mo dataset. 
(A) Volcano plot of genes differentially expression in 3-mo STING-/- microglia relative to 
3-mo WT. Dots: Red; p value and log2FC, green; Log2FC, blue; p value, grey; not 
significant (ns). (B) Violin plots of homeostatic genes associated with microglia: 
Tmem119 and P2ry12. my_comparisons() passes statistical tests for t-tests or ANOVA 
depending on the number of comparisons defined. Therefore, t.test or wilcox.test were 
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used accordingly. Gold = WT and purple = STING-/-. (C) Metascape bar graph to 
visualize the top non-redundant enriched terms based on GO terms, KEGG pathways, 
Reactome, and CORUM in 12-mo WT cells vs 3-mo STING-/-. Scale represents 
statistical significance. (D) Metascape bar graph to visualize the top non-redundant 
enriched terms based on GO terms, KEGG pathways, Reactome, and CORUM in 12-mo 
STING-/- cells vs 3-mo STING-/-. Scale represents statistical significance. (E) Metascape 
bar graph to visualize the top non-redundant enriched terms based on GO terms, KEGG 
pathways, Reactome, and CORUM in 12-mo WT cells vs 12-mo STING-/-. Scale 
represents statistical significance. 

Pathway analysis showed an expected increase in inflammation27 related pathways in 

WT animals with age (Figure 3.1.10C). An increase in inflammatory pathways was also 

seen in the STING-/- samples, although the quality of the pathways was distinct from WT 

samples (Figure 3.1.10D). When 12-mo STING-/- and WT cells were directly compared, 

pathway analysis revealed an upregulation of pro-inflammatory networks in the aged 

STING-/- compared to WT (i.e. Parkinson disease, Regulation of apoptotic signaling 

pathways, response to oxidative stress, etc.) (Figure 3.1.8F), which were not seen in 

positive DEGs of 12-mo WT compared to 12-mo STING-/- (Figure 3.1.10E). Of note, 

pathways linked to DNA damage response (DDR) pathways are upregulated in STING-/- 

(i.e. (TP53 regulates metabolic genes, HSP90 chaperone cycle for Steroid Hormone 

Receptors (SHR) in the presence of a ligand, regulation of protein stability), which 

highlight changes associated with significant DNA damage, as we note in Figure 1D. 

Genes associated with DDR and stress responses (Cdkn1a, Trp53, Egr1, Rbm7, Ubb, 

Hspa8) were also trending or significantly increased in the 12-mo STING-/- brains 
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compared to age-matched WT (Figure 3.1.11A), further supporting STING’s role in 

controlling DNA damage with age.  

 

Figure 3.1.11.STING suppresses DNA damage response-associated genes at 12-
mo.  
(A) Violin plots of DNA damage response genes Apoe, Junb, Nfkbia, Fos from 12-mo 
WT and STING-/- single cells. 

Furthermore, transcriptional drivers of inflammation, cellular stress, and senescence 

(Apoe, Nfkbia, Junb, Fos)190-192 were increased significantly in 12-mo STING-/- aged CNS 

cells compared to young and WT controls (Figure 3.1.12A). 

 

Figure 3.1.12. NF-κΒ and AP1 associated genes are increase in 12-mo STING-/- 
cells.  
(A) Violin plots of disease/age-associated inflammatory genes Apoe, Junb, Nfkbia, Fos 
from 3-mo and12-mo WT and STING-/- single cells. 
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These data showcase a potential change in inflammatory pathways that are dependent 

on STING-signaling. The signatures are generally restrained in the aging process 

through STING-dependent signals. The presence of these proinflammatory signatures 

with potentially pathological roles in the STING-/- CNS, suggest presence of these 

atypical pro-inflammatory signatures in the STING-/- CNS suggest that these that these 

signatures are generally restrained in the aging process through STING-dependent 

signals. 

Given the overall increase in a proinflammatory immune profile in the mature STING-

deficient (12-mo) CNS, we next sought to understand if these changes were persistent 

with advanced age (24-mo) and furthermore, if there were any notable shifts in the CNS-

resident cell types. Compared to the 12-mo dataset, we included all cells for sequencing 

from single cell suspensions for 2-mo and 24-mo WT and STING-/- brains to determine 

chronic changes in neural populations and other cell types that might occur after the 12-

mo timepoint. To control for discrepancies between the quality and cellular heterogeneity 

in the 3- and 12-mo samples compared to 2- and 24-mo samples (Appendix Figure 

5.1.1), the 2- and 24-mo WT and STING-/- scRNA-seq samples were investigated as an 

independent dataset (24-mo dataset) (Figure 3.1.13C-D). UMAP of cell distribution 

reveal that in addition to the prototypical immune clusters identified in our 12-mo dataset, 

we also found populations of resident glia (microglia, oligodendrocyte precursor cells 

(OPCs), oligodendrocytes, etc.) in the 24-mo dataset. Importantly, we identified key cell 

populations exclusively enriched in the 2- and 24-mo datasets i.e., astrocytes, excitatory 

and inhibitory neurons, in substantial numbers (Figure 3.1.9C-D and Figure 3.1.13D). 

Overall, the 24-mo dataset exhibited an accurate representation of the CNS composition 

with 60-70% neuronal populations and ~20% glia with 5-10% of the total CNS makeup 

being the resident microglia. We similarly conducted a pseudo-bulk analysis of the 24-

mo cohort of the previous gene lists. Similar to the 12-mo cohort, 24-mo STING-/- 
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animals upregulated pro-inflammatory genes (Mmp9, Il1a, Tnf, Ccl5), while 24-mo WT 

upregulated distinct senescence genes (Hmgb1, C3, Igfbp6) (Figure 3.1.13C), 

suggesting an altered functional inflammatory capacity. We next investigated the ISG 

panel, where STING-/- 24-mo cells upregulated a unique proinflammatory signature 

(Cxcl10, Irf8, Il27, Ifng), whereas 24-mo WT samples expressed many canonical ISGs 

(Mx1, Ifitm3, Isg15) (Figure 3.1.13D). We queried a broader array of inflammatory genes 

and saw that 24-mo STING-/- cells were enriched in genes described as DAMs (Cst7, 

Apoe, Ctsc, Axl) (Figure 3.1.13E), some of these genes were also upregulated at 12-

mo. WT animals were downregulated in all of these genes when compared to age- 

matched STING-/-, but some of these genes such as Apoe and S100a9 were 

upregulated in both WT and STING-/- samples compared to young controls. Age-

associated inflammation and senescence has been shown to be regulated by AP1 

transcription190, which require the expression of constituent transcription factor subunits, 

Junb and Fos. The expression of Apoe and Junb were significantly upregulated when 

comparing ages independent of genotypes, the aged STING-/- samples were only 

trending significantly compared to the aged WT (Figure 3.1.13F). Nfkbia and Fos 

expression was trending significantly in the 24-mo STING-/- compared to the 24-mo WT. 

The overall expression of these genes appears lower likely due to increased cellular 

diversity in the 24mo dataset.  
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Figure 3.1.13. 24mo STING-/- cells exhibit proinflammatory responses. 
(A) Schematic of live nucleated cell preparation for scRNA-seq analysis from a total of 
11,496 cells (2-mo WT (n=2 (1 male and 1 female) combined prior to sequencing; 4152 
cells), 24-mo WT (n=2 (1 male and 1 female) combined prior to sequencing; 2026 cells), 
2-mo STING-/- (n=2 (1 male and 1 female) combined prior to sequencing; 3644 cells), 
and ), 24-mo STING-/- (n=2 (1 male and 1 female) combined prior to sequencing; 1674 
cells)). (B) Representative UMAP Representative UMAP(s) of ages independent of 
genotype (2-mo = teal; 24-mo = coral), genotypes independent of age (WT = gold; 
STING-/- = purple), and neuro/immune enriched cells clustered into 13 distinct cell types 
by specific markers (Neurons, Ex_Neuron., Excitatory Neurons, In_Neuron., Inhibitory 
Neurons, Astr (Astrocytes), OPCs; Oligodendrocyte Precursor Cell, Olig; 
Oligodendrocytes, Peri.; Pericytes, CPEpiC; Choroid Plexus Epithelial Cells, EndoC.; 
Endothelial Cells, Hb-EndoC.; Hemoglobin-associated endothelial cells, Microglia, B 
Cells, T Cells, (left to right as shown). (C) Heatmap of pseudo-bulk analysis of SenMayo 
genes from 3-mo WT, 3-mo STING-/-, 12-mo WT, 12-mo STING-/- sequenced samples. 
(D) Heatmap of pseudo-bulk analysis of ISGs from 3-mo WT, 3-mo STING-/-, 12-mo WT, 
12-mo STING-/- sequenced samples. (E) Heatmap of pseudo-bulk analysis of 
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inflammatory genes from inflammatory response GO term (GO:0006954). Gene 
expression scaled for row maximum. (WT = gold; STING-/- = purple). (F) Violin plots of 
disease/age-associated inflammatory genes Apoe, Junb, Nfkbia, Fos from 2-mo and 24-
mo WT and STING-/- single cells. (G) Metascape bar graph to visualize the top non-
redundant enriched terms based on GO terms, KEGG pathways, Reactome, and 
CORUM in 24-mo STING-/- cells compared to all combined 3-mo WT, 3-mo STING-/-, and 
24-mo WT. Scale represents statistical significance. (I) Metascape bar graph to visualize 
the top non-redundant enriched terms based on GO terms, KEGG pathways, Reactome, 
and CORUM in 24-mo STING-/- cells vs 24-mo WT. Scale represents statistical 
significance. 

Cells such as neurons and astrocytes, which are the predominant cells populations 

collected in the 24-mo dataset, do not highly express these genes compared to the 

microglia populations, which are 5-10% of the cells collected (Figure 3.1.14). This is 

compared to the 50-60% collected in the 12-mo cohort. 

 

Figure 3.1.14. Apoe, Nfkbia, Junb, and Fos RNA expression levels. 
Violin plots of RNA expression levels of Apoe, Nfkbia, Junb, Fos in cell populations 
collected from 24-mo cohort. 

Next, we ascertained basic inflammatory states in the 24-mo dataset to understand how 

the longer lifespan of the aging mice impacts trends seen at 12-mo. Metascape pathway 

analysis187 was performed on DEGs from 24-mo STING-/- against young controls and 

aged WT to determine age and genotype type specific DEGs. This analysis reveals an 

upregulation of pro-inflammatory networks in the aged STING-/- (i.e. viral responses, 

fibrosis, responses to wounding, regulation of apoptotic processes, etc.) (Figure 
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3.1.13G). Directed pathway analysis comparing 24-mo STING-/- and 24-mo WT genes 

similarly show a specific increase of terms of inflammatory responses identifying cell 

death pathways, such as GPCR-signaling downstream of cytokine signaling. (Figure 

3.1.13I).  

Age-associated inflammation and senescence has been shown to be regulated by AP1 

transcription, which require the expression of constituent transcription factor subunits, 

Junb and Fos190. These genes similarly showed a trending increase in the STING-/- 

samples as in the 12-mo dataset (Figure 3.1.13F). Taken together, these data suggest 

that the STING-/- brain has a highly pro-inflammatory gene expression profile at both 12-

mo and 24-mo compared to age-matched WT controls indicating a progressively more 

proinflammatory CNS with age.  

3.1.3. Loss of STING leads to blood brain barrier (BBB) breakdown and 

cognitive decline. 

During age-associated neurodegenerative disease states, inflammatory gene expression 

has been directly correlated to altered brain function166,193,194. To ascertain the functional 

impact of the notable changes in the inflammatory and immune landscape of the STING-

deficient CNS, we conducted multi-pronged functional and behavioral assays to 

characterize neuro-motor capacity, locomotion, and memory with age. In contrast to 

previous studies164, we noted non-significant but trending deficits in memory readouts in 

the aged STING-/- mice across lifespan when compared to age-matched WT mice 

(Figure 3.1.15A-C). 
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Figure 3.1.15. There are no major functional changes in memory functions of 
STING-/- mice with age. 
(A) Bar graph depicts distance traveled during the full 10 minute period during open field 
maze from 3-mo WT (n = 29), 12-mo WT (n = 22), 18-mo (n = 12), 24-mo WT (n = 5), 3-
mo STING-/- (n = 24), 12-mo STING-/- (n = 14), 18-mo STING-/- (n = 9), and 24-mo STING-

/- (n = 4) mice. Data from 5 independent experiments. Each aged group (12-mo, 18-mo, 
24-mo) contained 3-mo and genotype matched controls during 2 independent 
experiments. 24-mo group contained 3-mo and genotype matched controls. One-way 
ANOVA with Tukey’s multiple comparisons test. ns: not significant. Error bars represent 
mean +/- SEM. (B) Bar graphs depict percent alternation during Y maze assay testing 
working and short-term memory. 3-mo WT (n = 27), 12-mo WT (n = 22), 18-mo (n = 13), 
24-mo WT (n = 5) ,3-mo STING-/- (n = 21), 12-mo STING-/- (n = 16), 18-mo STING-/- (n = 
9), and 24-mo STING-/- (n = 4) mice as above. Data from 5 independent experiments. 
Each aged group (12-mo, 18-mo) contained 3-mo and genotype matched controls during 
2 independent experiments per aged group. 24-mo group contained 3-mo and genotype 
matched controls. First graph: number of arm changes made. Second graph: Percent 
alteration was calculated by dividing the number of alternations by the number of arm 
entries multiplied by 100. (C) Bar graphs depict the amount of time spent at the familiar 
object during the training day (checked bars) and the amount of time spent of the 
replaced novel object in the same position (solid bars) for 3-mo WT (n = 24), 12-mo WT 
(n = 20), 18-mo (n = 13),3-mo STING-/- (n = 19), 12-mo STING-/- (n = 16), and 18-mo 
STING-/- (n = 9). Data from 4 independent experiments. Each aged group (12-mo, 18-
mo) contained 3-mo and genotype matched controls during 2 independent experiments 
per aged group. One-way ANOVA with Tukey’s multiple comparisons test. **** p< 
0.0001, ***p<0.001, **p<0.01, *p<0.05, ns = not significant. Error bars represent mean 
+/- SEM. 

An early marker of neurodegeneration and neuromotor deficits is hindleg clasping195. 

Typically, rodents extend their limbs (splay) when anticipating contact with the ground, 

but when this reflex is decreased, clasping behavior increases164,196. The clasping score 

is based on two scales of a) 0-3 for quality of clasping and b) 0-5 for time to clasping, 

with higher numbers reflecting increased dysfunction (Appendix Figure 5.1.3). The 3-

mo WT and STING-/- mice have an average score of 0, indicating an appropriate splay-
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reflex of hindlimbs. However, clasping score significantly increased with age in the WT 

animals (Figure 3.1.16A-C). This impaired motor response was exacerbated in aged 

STING-/- mice (Figure 3.1.16A-C). To rule out the impact of muscular changes with age, 

we measured grip strength and found WT and STING-/- mice have similarly reduced 

muscle strength with age (Figure 3.1.16D). 

 

Figure 3.1.16. Neuromotor deficits are safeguarded by STING-signaling.  
(A-C) Clasping behavior with age in WT and STING-/- mice. (A) Representative clasping 
behaviors of aged (20mo+) WT and STING-/- animals. White arrows represent clasping 
behavior. (B) Bar graphs depict the clasping behavior 0-3 scoring system representative 
of the amount of time hindlegs are retracted or splayed by a single leg or both legs (0 = 
hindlegs splayed away from abdomen, 1 = one hindleg retracted towards abdomen for 
50% of the time, 2 = both hindlegs retracted towards abdomen for 50% of the time, 3 = 
hindlegs entirely retracted). (C) Bar graphs depict the clasping behavior 0-5 scoring 
system representative of the amount of time to retract hindleg(s). (0 = no clasping, 1 = in 
31-60 seconds, 2 = in 16-30 seconds, 3 = in 11-15 seconds, 4 = in 10-6 seconds, 5 = in 
1-5 seconds). Data are representative of biological replicates (n=10-13) and bar graphs 
show mean ± SEM and dots represent individual mice. (D) Bar graphs depict forelimb 
(F) grip strength normalized to body weight (BW). One-way ANOVA with Tukey’s multiple 
comparisons test. Bar graphs depict the combined forelimb and hindlimb (F/H) grip 
strength normalized to body weight (BW). Error bars represent mean +/- SEM. One-way 
ANOVA with Tukey’s multiple comparisons test. **** p< 0.0001, **p<0.01, ns = not 
significant.  

Therefore, the clasping deficit in STING-/- mice supports specific neuromotor dysfunction 

with age, as an indication of neurological decline195. To determine if the observed neuro-
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motor deficits were associated with impaired locomotion, we conducted an open field 

test measuring the total distance traveled. There was no age-dependent change in 

locomotion within WT controls. However, in contrast there was a significant age 

dependent decline in locomotion in STING-/- mice as well as a genotype dependent 

reduction in 24-mo old mice when STING-/- were compared to WT mice (Figure 3.1.17A-

B). Combined, these data reveal how STING-deficiency promotes accelerated 

neuromotor decline with age.  

 

Figure 3.1.17. STING is essential for blood brain barrier integrity and locomotion 
with age. 
(A) Graphic of open field maze with time used for analysis. Bar graph depicts the 
distance traveled during open field behavioral assay from 3-mo and 24mo WT and 
STING-/- mice during the first 5 minutes of the video collection. Measurement in cm (E). 
Data represents ±SEM from 3-4 biological replicates with error bars and dots 
representing individual mice. (B) IgG light chain and GAPDH western blot from 3-mo and 
LS) WT and STING-/- brain lysates. Bar graphs depict quantification of WB IgG light 
chain normalized to GAPDH. Data represents ±SEM from 5 biological replicates with 
error bars and dots representing individual mice. 

Cognitive and locomotive deficits commonly seen with age and age-associated 

neurodegenerative diseases, such as Alzheimer’s disease are often linked to a 

compromised blood-brain-barrier (BBB) and microhemorrhages195,197,198. The BBB is 

critical for maintaining brain homeostasis and is disrupted during aging and 
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neurodegenerative diseases states199. BBB integrity is often tested by the increased 

permissiveness of the CNS barrier to peripheral immune components such as re-

circulating IgG200. We thus measured IgG levels by western blotting lysates of brains 

from STING-/- and WT 3-mo and LS (17-mo+) brains. Importantly, while very little IgG 

was detected in WT and STING-/- 3-mo mice, we note a significant increase of IgG light 

chain in the LS STING-/- brain lysate compared to LS WT (Figure 3.1.17B). 

Compromised BBB can be associated with microhemorrhages which have direct 

correlations to cognitive deterioration, dementia, and other neurovascular outcomes 

such as ischemic or hemorrhagic stroke201. To identify any incidence of 

microhemorrhages and evidence of bleeding, we measured iron deposits in the brain by 

Prussian blue staining, which directly binds iron in tissue sections. We noted 

accumulation of iron deposits within deep subcortical locations, such as the 
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hippocampus and thalamus, and ventricle spaces at the end of life (LS) in WT and 

STING-/- brains (Figure 3.1.18A).  

 

Figure 3.1.18. STING is essential for protection against microhemorrhages seen 
with age.  
(A)Schematic showing third ventricle to show where representative images are focused. 
(B) Representative Prussian Blue staining of 3-mo (n = 3) and LS (n = 3) WT and 
STING-/- in the third ventricle. (C) The bar graph depicts quantification of Prussian Blue 
staining. Data from 3 biological replicates and scale bars 200μm. (D) Representative 
images of Prussian Blue stain from whole brains. Scale bars at 600μm. Below whole 
brain images are three zoomed in representative images from the ventricle spaces seen 
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in (B) and scales bars are 100μm. Black box indicates which figures were used in (B) 3-
mo WT (n = 3), 12-mo WT (n = 3), LS WT (n = 3), 3-mo STING-/- (n = 3), 12-mo STING-/- 
(n = 3), and LS STING-/- (n = 3) were stained and imaged. Graph graphs represent data 
by mean ±SEM and dots represent individual mice. One-way ANOVA followed by 
Bonferroni correction factor. **** p< 0.0001, **p<0.01. 

Iron deposition increased with age in WT, indicating microbleeds or microhemorrhages, 

with age (Figure 3.1.18B-C). Although 12-mo STING-/- and WT brains had similar levels 

of iron deposits, at LS, STING-/- brains displayed a significantly increased incidence of 

iron deposition specifically near the third ventricle, lateral ventricle, and choroid plexus 

regions compared to aged-matched LS WT (Figure 3.1.18D). Ventricle spaces border 

areas in contact with the cerebrospinal fluid (CSF) vasculature202 and are thought to be 

anatomically related to the hippocampus203, where we saw a decrease of senescent 

markers (Figure 3.1.6). Overall, we note that cognitive impairments in the STING-/- 

animals are associated with increased BBB permeability and evidence of 

microhemorrhages demonstrating that STING-activity protects against a multimodal, 

accelerated functional decline in aging mice.  

3.1.4. STING-deficiency modulates populations, inflammatory markers and 

transcriptional landscapes of homeostatic and precursor microglia.  

The breakdown of the BBB suggests that several key stromal populations such as 

endothelial cells or pericytes alongside microglia and astrocytes are likely impacted. We 

thus, leveraged unbiased predictive physical interactions (receptor-ligand interactions) 

and immune signaling components (chemokine-chemokine receptor interactions) by 

RNAMagnet165 between stromal populations (choroid plexus epithelial cells (CPEpiC), 

endothelial cells (EndoC), and previously identified hemoglobin-associated endothelial 

cells204 (Hb-EndoC)) and remaining CNS cell populations in our scRNA-seq dataset. 

Importantly, microglia emerge as the key population that experience any significant 

changes in cell-cell interactions with age. Microglia are a critical cell type for maintained 
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BBB integrity and their interaction is imperative for their function205. In line with this, we 

note that microglia likely interact with all three stromal populations (CPEpiC, EndoC, and 

Hb-EndoC) at 3-mo and with age shift to interact primarily with hemoglobin-associated 

endothelial cells in 12-mo WT and STING-/- brains (Figure 3.1.19A-B).  

 

Figure 3.1.19. RNAMagnet interactions of microglia and endothelial cell 
populations.  
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(A) UMAP visualization of stromal, glial, and neuronal populations based on predicted 
adhesiveness of stromal populations using RNAMagnet of 3-mo WT, 3-mo STING-/-, 12-
mo WT, 12-mo STING-/-, 2-mo WT, and 2-mo STING-/- cells, 24-mo WT, and 24-mo 
STING-/- cells, respectively. Colors represent anchored populations (CPEpiC (Choroid 
plexus epithelial cells): green, EndoC (Endothelial cells): orange, VasC (vascular cells): 
purple) and opacity represents strength of adhesion 5 through 25 with increased 
intensity. (C) RNAMagnet significant receptor ligand pairs from 3- and 12-mo dataset 
and 2- and 24-mo full datasets based on the RNAMagnet score. Tgfb1-Eng pairing 
highlighted by black outline on bar graph. (D) Feature plot of significant interactions from 
RNA Magnet analysis; Endoglin (Eng) (magenta) and Transforming growth factor beta 1 
(Tgfb1) (green). Top UMAP is 3-12-mo dataset and bottom UMAP is the 2-24-mo 
dataset.  

In contrast, at 24-mo, WT microglia primarily interact with the CPEpiC population, but 

STING-/- microglia populations further shift their interaction to EndoCs (Figure 3.1.19A-

B). These cumulative shifts indicate that preferential interactions of microglia with 

vascular cells may be central in driving BBB dysfunction during aging, especially through 

cues typically moderated by STING-signaling and in the absence of STING, these 

interactions turn increasingly more pathological resulting in heightened BBB breakdown.  

In both 12-mo and 24-mo datasets, receptor-ligand pairs for Endoglin (Eng) and 

Transforming growth factor beta 1 (Tgfb1) emerge as the most significant pairings 

between EndoCs and microglia in STING-/- and WT brains, further supporting the 

importance of these interactions (Figure 3.1.19C-D). Endoglin and TGF-β are essential 

during angiogenesis and microvascular health in the brain206-208 and thus changes in 

their interactions implicate microglia as critical arbiters of STING-dependent changes in 

CNS vascular health and neuromotor function. We next evaluated if there were visible 

changes in the ability of microglia to interact with endothelial cells with age and STING 

deficiency in situ. Though subtle, we noted overall decreases in numbers of CD31+ cells 
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and their colocalization with CD68+ cells in the aged STING-/- from all regions compared 

to aged WT regions (Figure 3.1.20A-B).  

 

Figure 3.1.20. Endothelial and microglia interactions with hippocampus, thalamus, 
and cortex.  
(A) Representative immunofluorescent images for CD68 (cyan) and CD31 (magenta) in 
the hippocampus, thalamus, and cortex regions from combined LS WT and STING-/- 
(n=6) Scale bars are 100μm scale bars. Circles highlight CD68 cloaking CD31 or 
colocalization, arrows highlight CD68 single stain or no colocalization. (B) Bar graphs 
depict quantification of percent (%) of CD31+ cells and (C) %CD68 colocalized with 
CD31, referred to as cloaking. Error bars represent mean ±SEM. Student’s t test was run 
with Welch’s correction. ns = not significant. 

Thus, as endothelial cells and microglia localization are marginally disrupted in STING-/- 

brains compared to WT, it is likely that paracrine signals between these cells or altered 

cell-cell interactions, as well as the inflammatory milieu may play a more important role in 

shaping BBB integrity. 

To reliably quantitate changes in microglia populations themselves with aging, we 

sought to immunophenotype microglia populations by multiparameter spectral flow 

cytometry (24 parameters) of CNS single-cell suspensions from WT and STING-/- mice 

at 3- and 14-mo of age (Figure 3.1.21A). CD45 and CD11b expression of singlets are 

used to differentiate lymphocytes (CD45hiCD11b-), infiltrating monocytes 
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(CD45hiCD11bhi), and microglia (CD45intCD11b+) (Appendix Figure 5.1.4 and Figure 

3.1.21B-C). 

 

Figure 3.1.21. Microglia populations increase with age and inflammatory profiles 
are stifled by STING-signaling with age. 
(A) Schematic of live nucleated cell preparation for of 3- and 14-mo WT and STING-/- 
brains processed through debris removal steps and prepared for flow cytometry. (B) 
Flow cytometry graphs of CD45 and CD11b from singlets to identify microglia. (C) Bar 
graphs depict microglia percentage quantification from singlets and lymphocytes (3mo 
WT; n = 8, 14mo WT; n = 9, 3mo STING-/-; n = 7, 14mo STING-/-; n = 6). Orange box with 
black outline = WT mice; Purple box with black outline = STING-/- mice. Ages are based 
on increased intensity of corresponding colors. Bar graphs represent data by mean 
±SEM and dots represent individual mice. One-way ANOVA followed by Bonferroni 
correction factor. **p<0.01, *p<0.05, ns: not significant. (D) Flow cytometry graphs of 
microglia expressing CX3CR1 and Ly6C. Graphs are representative of each group. (E) 
Bar graphs depict percentage of CX3CR1 hi, Ly6Cneg microglia (homeostatic) population 
from young and aged WT and STING-/- brains. (F) Bar graphs depict the percentage of 
CX3CR1 int, Ly6Chi microglia (precursor) population from young and aged WT and 
STING-/- brains. Bar graphs represent data by mean ±SEM and dots represent individual 
mice. One-way ANOVA followed by Bonferroni correction factor.  **p<0.01, *p<0.05, ns is 
not significant. (G) Bar graphs depict fold change (FC) in MFI of markers in individual 
aged mice over the geometric mean MFI of young mice from CX3CR1hiLy6Cneg 
microglial populations MFI of CX3CR1, P2RY12, CD68, P2X7R, respectively. (H) Bar 
graphs depict FC of aged animals over young geometric mean from Cx3cr1intLy6Chi 
microglia populations MFI of CX3CR1, P2RY12, CD68, P2X7R, respectively. Bar graphs 
represent data by FC ±SEM and dots represent individual mice. Student’s t-test was run. 
*p<0.05, ns is not significant. 

This broad category of microglia undergoes an age-dependent increase that only 

reaches significance in WT but not STING-/- brains even when powered to reveal shifts 
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(Figure 3.1.21C). These data support previous descriptions of age-associated 

microgliosis, i.e. a proliferation of microglia in response to accumulating damage during 

aging37 and further suggest that microgliosis is at least in part STING-dependent.  

Recent studies reveal significant heterogeneity in the CNS microglia populations in 

heathy and diseased states173,174,188,209. To evaluate subset specific changes within the 

microglia population with age that may explain the overall changes in the microglia 

populations, we expanded the identification and annotation of microglia to include 

CX3CR1 and Ly6C (Appendix Figure 5.1.4). CX3CR1 and Ly6C expression can be 

reliably used to delineate homeostatic microglia and precursor microglia as described 

previously210,211. Importantly, we note a specific and significant decrease in homeostatic 

microglia (CX3CR1hiLy6Cneg) with age in STING-/- brains at 14-mo compared to age 

matched WT and young controls (Figure 3.1.21D-E and Figure 3.1.22B-E). In addition 

to this, we evaluated precursor microglia, which are proposed to repopulate a depleted 

microglial niche over time (CX3CR1intLy6Chi)210,211. Intriguingly, both the WT and STING-/- 

CNS reveal a significant decrease in this population with age, although there are 

equivalent numbers of these precursors at 3-mo in both genotypes (Figure 3.1.21F). 

These data suggest that the aging STING-/- CNS is unable to support the renewal of 

homeostatic microglia or their repopulation from circulating precursors. Moreover, it is 

reasonable to speculate that this process at least partially, if not wholly, impacts 

microgliosis in the STING-/- brains as well, potentially restraining these protective 

microglia transition to rein-in accumulating damage. Lack of consistent replenishment 

with precursors with age likely shifts the subset distribution of microglia in the CNS and 

explain the age-dependent phenotypes we outline thus far.  

We next investigated relative expression levels of known homeostatic and inflammatory 

cell surface markers. In the total microglia (CD45int/CD11b+) population, we saw no 

changes in the mean fluorescent intensity (MFI) of the homeostatic markers CX3CR1 
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and a significant increase in the other homeostatic marker, P2RY12 in WT animals 

(Figure 3.1.22F). In contrast, expression of proinflammatory markers (P2X7R and 

CD68) in the total microglia populations were significantly increased in the STING-/- 

microglia population, suggesting that STING-/- microglia display higher levels of 

proinflammatory cell surface markers with age that may skew their functional responses 

(Figure 3.1.22G).

 

Figure 3.1.22. Microglia populations based on CX3CR1 and Ly6C expression with 
age. 
(A) Quantification of number of microglia (3mo WT; n=8, 14mo WT; n=9, 3mo STING-/-; 
n=7, 14mo STING-/-; n=6. (B) Quantification of number of CX3CR1hiLy6Cneg microglia 
(3mo WT; n = 8, 14mo WT; n=9, 3mo STING-/-; n=7, 14mo STING-/-; n=6). (C) 
Quantification of number of CX3CR1int, Ly6Chi microglia (3mo WT; n=8, 14mo WT; n=9, 
3mo STING-/-; n=7, 14mo STING-/-; n=6). (D) Quantification of number of CX3CR1int, 
Ly6Cneg microglia (3mo WT; n=8, 14mo WT; n=9, 3mo STING-/-; n=7, 14mo STING-/-; 
n=6) followed by quantification of percentage of CX3CR1int, Ly6Cneg from total microglia 
(3mo WT; n=8, 14mo WT; n=9, 3mo STING-/-; n=7, 14mo STING-/-; n=6). (E) 
Quantification of number of CX3CR1neg, Ly6Cint microglia (3mo WT; n=8, 14mo WT; n=9, 
3mo STING-/-; n=7, 14mo STING-/-; n=6) followed by quantification of percentage of 
CX3CR1neg, Ly6Cint from total microglia (3mo WT; n = 8, 14mo WT; n = 9, 3mo STING-/-; 
n = 7, 14mo STING-/-; n = 6). (F) Raw MFI values of homeostatic markers: CX3CR1and 
P2RY12, respectively, from total microglia (black), CX3CR1int, Ly6Chi (dark teal), 
CX3CR1, Ly6Cneg (light teal), CX3CR1hiLy6Cneg (light green), CX3CR1neg, Ly6Cint (dark 
green). Bar graphs represent data by mean ± SEM and dots represent individual mice. 
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related to Figure 4.
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One-way ANOVA followed by Bonferroni correction factor for total microglia only. (G) 
Raw MFI values of inflammatory markers: CD68 and P2X7R, respectively, from total 
microglia (black), CX3CR1int, Ly6Chi (dark teal), CX3CR1int, Ly6Cneg (light teal), 
CX3CR1hiLy6Cneg (light green), CX3CR1neg, Ly6Cint (dark green). Bar graphs represent 
data by mean ± SEM and dots represent individual mice. One-way ANOVA followed by 
Bonferroni correction factor for total microglia only. ***p<0.001, **p<0.01, ns = not 
significant. Raw MFI values of inflammatory markers: CD68 and P2X7R, respectively, 
from total microglia (black), CX3CR1int, Ly6Chi (dark teal), CX3CR1int, Ly6Cneg (light teal), 
CX3CR1hiLy6Cneg (light green), CX3CR1neg, Ly6Cint (dark green). Bar graphs represent 
data by mean ± SEM and dots represent individual mice. One-way ANOVA followed by 
Bonferroni correction factor for total microglia only. 

We further ascertained how these markers change with age in the specific microglia 

populations altered in the aging STING-/- CNS. Specifically, the canonically homeostatic 

microglia populations (CX3CR1hiLy6Cneg) saw an overall decrease of P2RY12 MFI in the 

aged STING-/- animals compared to WT controls. This same population exhibited a 

significant increase in MFI of P2X7R and trending increase of CD68 in the STING-/- cells 

(Figure 3.1.21G), demonstrating that with age, STING-deficiency impacts overall 

function of homeostatic microglia and shapes them into a more inflammatory subset. 

Further, the precursor microglia (CX3CR1intLy6Chi) show no changes in the expression 

of cell-surface CX3CR1 and P2RY12 but significantly increase the expression of 

inflammatory markers P2X7R and CD68 with age, selectively in the STING-/- microglia 

(Figure 3.1.21H). Thus, STING-signaling uniquely shapes the inflammatory landscapes 

of key subsets of the microglia populations that remain with age.  

To further understand the impact of STING-expression in shaping microglia 

transcriptomes with age, we investigated the microglia population within the scRNA-Seq 

dataset. First, we note that, within the CNS populations collected from both the 12-mo 

and 24-mo dataset, STING (Tmem173) is predominantly expressed in the microglia in 
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agreement with previous studies126,212,213 (Figure 3.1.23A-B). 

 

Figure 3.1.23 Tmem173 expression level in scRNA-Seq identified clusters. 
(A) Violin plot of the expression level of Tmem173 in 12-mo dataset based on cell type in 
WT samples. (B) Violin plot of the expression level of Tmem173 in 24-mo dataset based 
on cell type in WT samples. 

Thus, with quantitative differences in microglia subsets and the propensity of STING to 

signal predominantly in this glial population, we next determined changes in the 

transcriptional landscape of the microglia population (Figure 3.1.24A).  

 

Figure 3.1.24. Proinflammation transcriptional landscape are stifled by STING-
signaling with age. 
(A) Representative UMAP from combined 3- and 12-mo cells and both genotypes (WT 
and STING-/-) highlighting the microglia population in orange that were subsetted for the 
following analyses. Other cells identified are grey. (B) Heatmap of pseudo-bulk analysis 
of SenMayo genes from 3-mo and 12-mo WT and STING-/- samples. (C) Heatmap of 
pseudo-bulk analysis of ISGs from 3-mo and 12-mo WT and STING-/- samples. (D) 
Heatmap of pseudo-bulk analysis of inflammatory genes from inflammatory response 
GO term (GO:0006954) from 3-mo and 12-mo WT and STING-/-. Gene expression 
scaled for row maximum. Gold=WT, purple=STING-/-. (E) Volcano plot of genes 
differentially expression in 12-mo STING-/- microglia relative to 12-mo WT. Dots: Red; p 
value and log2FC, green; Log2FC, blue; p value, grey; not significant (ns).   
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For this we leveraged initial pseudo-bulk sequencing analysis of microglia in our 12-mo 

dataset, to determine specific changes in the senescence, IFN-I, and inflammatory 

signatures (Figure 3.1.24B-D). Critically, aged STING-/- microglia exhibit increased 

expression of inflammation-associated senescence genes (senescence associated 

secretory proteome; SASP) (Il1a, Cxcr2, Cxcl12), compared to young control and WT 

samples. Further, aged STING-/- microglia show decreased expression of genes that 

induce senescence (Hmgb1, Vegfa, Wnt16) compared to 12-mo WT microglia (Figure 

3.1.24B). This expression profile suggests that microglia with STING-deficiency favor an 

elevated inflammatory state in lieu of decreased classical senescent markers like 

Cdkn1a/2a, Hmgb1 and C3119,139 compared to age-matched WT microglia.  

We next queried the expression of a curated list of STING-dependent ISGs generated 

from our dataset and others214,215 to probe for changes in STING-dependent IFN-I 

responses. Aged WT microglia upregulate the largest number of the ISGs (Ifit3, Isg15, 

Oas3), while aged STING-/- microglia downregulate a number of these same ISGs 

(Figure 3.1.24C). Importantly, STING-deficient microglia specifically expressed a limited 

set of ISGs that have known proinflammatory roles (Cxcl10, Ifi47, Batf2 and Sgk1)188,216 

(Figure 3.1.24D). Both the senescence and ISG landscape indicate a definitive molding 

of the STING-/- microglia towards a more pro-inflammatory signature. Thus, we directly 

queried the expression of canonical proinflammatory genes as above. Microglia from 12-

mo WT CNS specifically express key genes that define a neuroinflammatory/disease-

associated microglia (DAM) signature (Cst7, Mif, and Apoe), compared to the other ages 

and genotypes (Figure 3.1.24D). Directed DEG analysis between 12-mo WT and 

STING-/- microglia highlighted a unique inflammatory gene signature enriched in the 

STING cells, specifically, Jun, Fos, S100a8, Dusp1 as well other inflammatory, disease- 

and stress-associated genes (Mapk3 and Clu)166,173,217, that were selectively and 

significantly upregulated in STING-/- microglia (Figure 3.1.24E). These data highlight 
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several key takeaways, 1) microglia are the primary drivers of the inflammatory signature 

that was seen in the whole brain analysis. 2) We reveal that STING-/- microglia have a 

unique proinflammatory profile that differentiates them from their young and aged WT 

controls. Overall, these data suggest that STING-signaling is important for maintenance 

of homeostatic expression and function of microglia during physiological aging. 

Microglial STING-signaling is necessary to protect against neuromotor decline and BBB 

breakdown.  

3.1.5. Microglial STING-signaling is a gatekeeper of neuromotor function 

and BBB integrity 

Given these remarkable findings in microglia, we next wondered if the loss of STING in 

microglia is sufficient to drive neurodegenerative effects and the overall behavior with 

aging that we noted previous for the whole-body STING-/- mice. We thus generated and 

aged Csf1r-CrePOS Tmem173flox/flox (MGSTING-/-) and littermate control Csf1r-CreNEG; 

Tmem173flox/flox (MGWT) mice that would ablate STING expression specifically in microglia 

and other resident macrophage populations found in the brain, such as BAMs or 

perivascular macrophages. Neuro-motor functional assays reveal that MGSTING-/- mice 

had similar significant neuromotor impairments as global STING-/- mice exhibited (Figure 

3.1.16) and compared to MGWT mice. The MGSTING-/- mice showcase a severe decrease 

in splaying behavior compared to their aged- matched MGWT and young controls (Figure 

3.1.25A-C).  
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Figure 3.1.25. Clasping behavior is worse with age in MGSTING-/- mice.  
(A) Representative clasping behaviors of 2-3-mo MGWT, (n=8), 2-3-mo MGSTING-/- (n=7), 
17-mo+ MGWT (n=3) and 17-mo+ MGSTING-/- (n=20) animals. White arrows represent 
clasping behavior. (B) Bar graphs depict the clasping behavior 0-3 scoring system 
representative of the amount of time hindlegs are retracted or splayed by a single leg or 
both legs (0 = hindlegs splayed away from abdomen, 1 = one hindleg retracted towards 
abdomen for 50% of the time, 2 = both hindlegs retracted towards abdomen for 50% of 
the time, 3 = hindlegs entirely retracted). (C) Bar graphs depict the clasping behavior 0-5 
scoring system representative of the amount of time to retract hindleg(s). (0 = no 
clasping, 1 = in 31-60 seconds, 2 = in 16-30 seconds, 3 = in 11-15 seconds, 4 = in 10-6 
seconds, 5 = in 1-5 seconds). Data represents ±SEM from 5 biological replicates with 
error bars and dots representing individual mice. . **** p< 0.0001, **p<0.01, *p<0.05, not 
significant (ns). 

Critically, the MGSTING-/- mice have a visually more pronounced retention of the hindlegs 

compared to STING-/- mice (Figure 3.1.26A), as is noted with the more retracted 

hindlegs towards the abdomen. 
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Figure 3.1.26. MGWT, MGSTING-/-, and STING-/- clasping behavior. 
(A) Representative clasping behaviors of aged (17mo+) MGWT, MGSTING-/-, and STING-/- 
animals. White arrows represent clasping behavior. (B) Bar graphs depict the clasping 
behavior 0-3 scoring system representative of the amount of time hindlegs are retracted 
or splayed by a single leg or both legs (0 = hindlegs splayed away from abdomen, 1 = 
one hindleg retracted towards abdomen for 50% of the time, 2 = both hindlegs retracted 
towards abdomen for 50% of the time, 3 = hindlegs entirely retracted). Second bar 
graphs depict the clasping behavior 0-5 scoring system representative of the amount of 
time to retract hindleg(s). (0 = no clasping, 1 = in 31-60 seconds, 2 = in 16-30 seconds, 3 
= in 11-15 seconds, 4 = in 10-6 seconds, 5 = in 1-5 seconds). Data are representative of 
biological replicates (n=10-13) and bar graphs show mean ± SEM and dots represent 
individual mice. Two-way ANOVA with Tukey’s correction factor. 

To determine the if the neuromotor deficits corresponded with the declining BBB 

integrity, as was seen with global STING-/- brains, we measured IgG abundance in the 

brain. We note a significant increase in IgG within the brain of aged (17-mo+) MGSTING-/- 

compared to aged WT brains and their young controls (Figure 3.1.27A-B). 

 

Figure 3.1.27. BBB dysfunction is prominent in MGSTING-/- brains. 
(A) IgG light and heavy chain and GAPDH western blot from 3-mo and LS WT and 
MGSTING-/- brain lysates. (B) Bar graphs depict quantification of WB IgG light chain 
normalized to GAPDH(n=4/group). Data are representative of biological replicates and 
bar graphs show mean ±SEM. One-way ANOVA with Bonferroni correction factor. 
*p<0.05, not significant (ns). 
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To correlate these changes with senescence, we quantitated LLPs from aged WT and 

MGSTING-/- brains. LLPs were significantly decreased in the aged MGSTING-/- hippocampi 

compared to age-matched MGWT (Figure 3.1.28A-B).  

 

Figure 3.1.28. Microglial-STING increases LLPs accumulation in the hippocampus 
of aged brains.  
(A) Representative immunofluorescent images of autofluorescent signature from TxRed 
channel (excitation peak at 596nm and emission peak at 615nm) to label LLPs and with 
Hoechst of LS WT (n=3), LS MGSTING-/- (n=5) in hippocampus, thalamus, cortex. Scale 
bars 100μm. The arrows highlight LLPs. (F) Bar graphs depict quantification of LLPs 
coverage from LS WT and STING-/- animals. Data are representative of biological 
replicates and bar graphs show mean ±SEM. One-way ANOVA with Bonferroni 
correction factor. *p<0.05, not significant (ns). 

However, LLP levels showed subtle decreases in the thalamus and no differences in the 

cortex of aged MGSTING-/- compared to controls (Figure 3.1.28B). These data underscore 

a region-specific impact of microglial STING-signaling with age, similar to the global 

STING-/- brains, with some differences. Levels of LLPs were unremarkable in the young 

MGSTING-/- and age-dependent changes like WT and STING-/- brains described before 

(Figure 3.1.29A-C). 

A B

17
-m
o+
W
T

0.0

0.5

1.0

1.5

2.0

%
Ar
ea

C
ov
er
ed

by
LL
Ps

Hippocampus

17
-m
o+
W
T

0

2

4

6

Thalamus
ns

p = 0.0854

17
-m
o+
W
T

0.0

0.5

1.0

1.5

2.0

2.5

Cortex

ns

17
-m
o+
MG

ST
IN
G-
/-

17
-m
o+
MG

ST
IN
G-
/-

17
-m
o+
MG

ST
IN
G-
/-

✱

LLP Coverage
Hippocampus Thalamus Cortex

100μmLLPs Hoechst

17
-m

o+
M
G

S
TI
N
G
-/-

17
-m

o+
W
T



 93 

 

Figure 3.1.29. MGSTING-/- recapitulates the decrease of LLPs seen in the global 
STING-/- compared to MGWT brains.  
(A) Representative immunofluorescent images of autofluorescent signature from TxRed 
channel (excitation peak at 596nm and emission peak at 615nm) to label LLPs and with 
Hoechst of 3-mo MGSTING-/- mice and (B) non-required euthanasia aged (17-mo+) STING-

/- brains in hippocampus, thalamus, cortex as experimental control. Scale bars 100μm. 
(C) Bar graphs depict quantification of LLPs coverage from non-required euthanasia 
aged (17-mo+) WT, MGSTING-/-, and STING-/- brains. Data are representative of biological 
replicates and bar graphs show mean ±SEM. One-way ANOVA with Bonferroni 
correction factor. ***p<0.001, not significant (ns). 

The parity in data thus suggests that the functional outcomes seen due to STING-

deficiency in the CNS during aging, are largely attributable to the loss of STING in the 

microglia populations with age.  

Collectively our data support a novel paradigm whereby, STING directs what is 

ultimately a beneficial immune response with age through its action in microglia. Our 

results offer a highly salient, alternative perspective to age-associated changes in 

microglia behavior. By identifying neuroprotective mechanisms mediated by microglia 

STING-signaling with age, we reveal that well described age-associated changes in 

microglia (microgliosis and quality of inflammation) may be a beneficial physiological 

response to damage accrual. We reveal how a careful evaluation of physiological shifts 
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with aging uncovers an essential role for STING in shaping these beneficial roles of 

microglia and their overall advantage to CNS health and integrity.  

 

 

All experiments and analysis within this section are my own. Exceptions to this 

statement are as follows: Kimberly Carroll conducted (1) RNAMagnet and (2) IF analysis 

utilizing QuPath. Grip strength assays were conducted with Kimberly Carroll. LLP image 

collection was conducted with Dr. Sasha Smolgovsky, PhD. Western blots were 

conducted by Dr. Abe Bayer, PhD.  
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3.2. STING-SPECIFIC AGE-DEPENDENT CHANGES IN MICROGLIA  

In the previous section, I highlighted the importance of microglial-STING signaling as a 

safeguard against age-dependent pro-inflammatory pathways and mediator against 

neuromotor decline and BBB dysfunction. We highlighted specific changes within the 

microglia population based on flow cytometry and that STING-/- microglia were more 

proinflammatory. Recently, microglia nomenclature has been overhauled to identify a 

heterogeneous continuum of many microglia states defined by their distinct 

transcriptional landscape specific to disease states36,166,173,188,218,219. Microglia, play a 

large role in development, health, and disease progression and are shaped by their 

environment and interaction with surrounding cell types. The identification of the DAM 

population highlights the importance of the tissue microenvironment as drivers of 

inflammation. One of the primary functions of microglia is to survey the environment and 

response to signals, thus making them uniquely positioned to be potent responders of 

IFN-I and producers of downstream ISGs.  

More recently, publications have identified a population of microglia important for 

responding to IFN-I, called interferon responsive microglia (IRMs). They were shown to 

be necessary for neuronal engulfment during development and critical pruning events109. 

Similarly, IRMs were spatially linked to CD8+ T cell immune responses within the white 

matter with age and necessary for a more beneficial aging response220. Though these 

mechanisms remain unclear. Alternatively, other previous studies have shown the 

importance of IFN-I in neurological decline86. By blocking IFNAR signaling to reduce 

IFN-I production, the researchers recovered memory deficits seen with age. 

Consequently, leaving us asking: what role are IFN-I playing throughout lifespan/disease 

states? More specifically, what homeostatic processes are they supporting within 

microglia and the CNS? 
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3.2.1. Microglia heterogeneity is dependent on age and STING-signaling  

Originally identified as an antiviral response221, IFN-I have since been shown to play a 

pivotal role in neuroinflammation115,222. IFN-I have also been shown to be detrimental in 

aging4, AD223,224, and murine prion disease. Conversely, they are necessary for 

maintaining neuronal health in models of PD and in mitigating neuroinflammation during 

MS115,225 and neurodevelopment109.  

Within the CNS most cell types are capable of producing IFN-I upon activation during 

infections91,115, diseases states87,188,223,224, or injuries226,227. In vitro studies of age-

associated telomeric dysregulation, impaired DNA-damage repair, and 

senescence127,139,169,228, reveal that IFN-I is induced by the sensing of damaged DNA 

released into the cytosol73. Damaged DNA was shown to be sensed by microglial-cGAS 

to drive IFN-I and proinflammatory responses at early ages126. By blocking STING with a 

short-term use of small molecule agonist, Gulen et al. were able to decrease 

neuroinflammation and reverse neuronal loss126. However, the long-term consequences 

of the loss of STING-signaling and the impact on microglia heterogeneity remains 

unanswered. The complexity of IFN-I signaling is apparent, yet large gaps in knowledge 

remain, including: 1) the identity of the specific innate pathways that are paramount for 

IFN-I production in the CNS and 2) the cell-specific impact of IFN-I during aging. 

Clarification of these aspects will allow us to further explain and parse out negative and 

beneficial neuroinflammatory processes with age.  

3.2.2. STING-signaling regulates inflammatory and IFN-I landscape of aged 

microglia 

To address the impact of age and STING-deficiency with age in the microglia population 

we isolated the population and first identified the number of distinct states of microglia 

found at 3-mo and 12-mo in WT and STING-/- brains. We identified 11 distinct cluster of 
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microglia (Figure 3.2.1A-B) based on top 10 DEGs (Table 5.1). Based on the DEGs, we 

identified homeostatic microglia (MG1, MG2) (Sall, Fcrls, Cx3cr1, P2ry13), G-protein 

coupled receptors (GPCR) activated microglia (MG4, MG9 (Gpr183, Gpr84), 

inflammatory microglia (MG5, MG6, MG7, MG10, MG11 (Jun, Dusp1, Ccl4, Pf4, Cd74, 

H2-Ab1), mitochondrial  regulated microglia (mtMG) (MG3, MG8 (mt-Atp6, mt-Cytb, 

Malat1).  

 

Figure 3.2.1. Microglia heterogeneity with age in WT and STING-/- mice.  
(A) Representative UMAPs of microglia subsetted from scRNA-seq 12-mo cohort. (B) 
Donut plots of 3-mo WT, 3mo STING-/-, 12-mo WT, and 12-mo STING-/- microglia with 
frequency of populations next to donut plot. Donut plots are percentages to make up 
100. 

MG1 decreases with age, while MG2 increases with age. The mtMG group decreases 

with age, which is unsurprising considering the genes encoding mtDNA decrease with 

age and possibly contribute to age-associated decline229. Of the inflammatory microglia, 

both 3-mo WT and STING-/- make up 30.92% and 31.75%, respectively, from the total 

microglia population collected. With age, STING-/- brains increase their inflammatory 

population and have more of these inflammatory microglia (52.57%) compared to the 

WT (45.82%). This data further supports the data from the previous section that STING-/- 

microglia are more pro-inflammatory compared to age-matched WT. We next looked at 

the distribution of collective homeostatic, inflammatory, activated, and ISG scores to 
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identify the cellular distribution of the transcriptional landscape between the aged WT 

and STING-/- (Figure 3.2.2A-D).  

 

Figure 3.2.2. Transcriptional landscape module scores highlight ISG-specific 
microglia populations. 
(A-D) Representative UMAPs of combined signatures from homeostatic genes, 
inflammations genes, activated genes, and interferon stimulated genes (ISGs) as a 
cumulative score within the microglia populations. Top panels are 12-mo WT and bottom 
panels are 12-mo STING-/- microglia. 

There are slight differences in the cell populations within the UMAPs and the scale 

changes depending on the genotypes. Unsurprisingly, homeostatic genes are more 

widespread across the microglia populations (Figure 3.2.2A). We note that between the 

WT and STING-/- UMAPs of the inflammation score, the STING-/- UMAP has a higher 

scale further indicating higher inflammation based on these select genes (Figure 

3.2.2B). The main activated population is similar between genotypes (Figure 3.2.2C). 

Lastly, there are select clusters of microglia that have a specific ISG signature. Though, 

it is difficult to see immediate difference in transcriptional levels between WT and STING-

/- cells (Figure 3.2.2D). Therefore, to investigate the role of a novel IFN-I/ISG-dependent 

microglia population during healthy aging, such as was described at a single-cell level 
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during development109 and disease models188, we isolated MG9, M10, MG11 microglia 

clusters that showcased higher levels of ISGs in the combined UMAP of 12-mo WT and 

STING-/- microglia (Figure 3.2.3A). Similar to Hammond et al.188, we identified that the 

combined clusters (MG9, MG10, MG 11) increased 2-fold. Thus, showcasing a 

progressive expansion of these microglia by 12-mo in WT and STING-/- (Figure 3.2.1B). 

After isolation and re-normalization of the ISG-high subset of microglia, we visualized 7 

distinct clusters of IRMs (Figure 3.2.3B) based on the top 10 DEGs from the clusters 

(Table 5.2). 

 

Figure 3.2.3. Heterogeneity of Interferon Responsive Microglia (IRM) and age-
dependent DEGs. 
(A) Representative UMAP of 12-mo cohort of microglia populations with a curated score 
of a combined ISG signature. The genes driving the signature are left of the UMAP. (B) 
Representative UMAP of normalized cell populations originally from MG9, MG10, and 
MG11 in (A) now called interferon responsive microglia (IRMs). (C) Enhanced volcano 
plot of differentially expressed genes in STING-/- relative to WT MG.  

The STING-/- IRM populations appear to be more transcriptionally active compared to the 

12-mo WT cells (Figure 3.2.2C). Further, STING-/- IRMs are statistically more significant 

in homeostatic genes (P2ry12, Csf1r) and pro-inflammatory markers (Ctss, Ifngr1, 

CD68). Other significantly upregulated genes in STING-/- IRMs suggest an increased risk 
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to neurodegenerative states in the brain, such as Itm2b, Trem2, Hsp1a1, 

Selenop173,209,230,231. Similar to previous reports109,188, we have identified a bone fide IRM 

population, IRM4, that is the primary expressor of multiple canonical ISGs (Isg15, 

Cxcl10, Usp18, Ifit3, Fcgr1, Ccl12) (Figure 3.2.4A).  
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Figure 3.2.4. IRM changes with age.  
(A) Violin plots of IRM populations showing SCT expression levels of Isg15, Cxcl10, 
Usp18, Ifit3, Fcgr1, and Ccl12 ISGs from all 3-mo and 12-mo WT and STING-/-  samples. 
(B) Volcano plot of IRM4 with upregulation of canonical ISGs in IRM4 compared to the 
rest IRM populations (C) Donut charts of IRM population frequencies and number of 
cells. Total number of IRMs from each sample: 3-mo WT = 176, 12-mo WT = 171, 3-mo 
STING-/- = 151, 12-mo STING-/- = 122. 

Based on its transcriptional landscape, IRM4 is identified as the main IRM population 

that is the primary driver of ISGs based on significantly upregulated genes in the volcano 

plot (Ccl12, Isg15, Ifit3) (Figure 3.2.4B). The WT IRM4 frequency decreases with age 

and is increased in the 12-mo STING-/- compared to the 12-mo WT (Figure 3.2.4C). 

Age-related activation of ISGs and IFN-I have been reported in the choroid plexus133, but 

our data highlights that some ISGs are not regulated by the STING-signaling pathway as 

they are upregulated in the STING-/- microglia population. As we have seen negative 

age-associated defects in the STING-/- brain in the previous section(3.1.3), we suggest 

that STING-/- animals produce a suboptimal range of IFN-I that are detrimental to 

neuromotor and BBB health and overall inflammatory responses. Thus, STING-

dependent IRM populations may be providing the optimal level of IFN-I to protect against 

unhealthy aging.  

To determine specific contributions of STING-dependent IFN-I, we investigated age-

dependent neuromotor changes in IFNAR-/- mice. IFNAR is a downstream mediator of 

IFN-I upon binding of IFN-α or IFN-β. We noted an age-dependent neuromotor deficit in 

IFNAR-/- animals, but the 17-mo+ IFNAR-/- animals recapitulated WT clasping behavior 

and did not exhibit worsened neuromotor deficits that resembled STING-/- animals 

(Figure 3.2.5A-B).  
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Figure 3.2.5. IFNAR-KO rescues neuromotor deficits seen with age compared to 
STING-/- mice.  
(A) Representative image of IFNAR-/-animals at 3-mo(n=8) and 18-mo (n=3). (B) Bar 
graphs depict the clasping behavior 0-3 scoring system representative of the quality of 
their clasping behavior of WT (3-mo and 17-mo+), STING-/- (3-mo and 17-mo+), and 
IFNAR-/- (3-mo and 17-mo+). The scoring system is explained in the methods. Bar 
graphs represent data by mean ±SEM and dots represent individual mice. The scoring 
system is explained in the methods. Two-way ANOVA with Tukey’s correction factor was 
run; **** p< 0.0001, ***p<0.001. 

Therefore, the pathological outcomes associated with age are dependent of STING-

dependent IFN-I. We also looked at microglia numbers by flow cytometry in the IFNAR-/- 

brains to determine if there were changes to the number of microglia (Figure 3.2.6A-C).

 

Figure 3.2.6. IFNAR-/- impairs microglia subsets with age.  
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(A) Bar graphs depict microglia percentage quantification from singlets and lymphocytes 
(3mo WT; n = 8, 14mo WT; n = 9, 3mo STING-/-; n = 7, 14mo STING-/-; n = 6, 3-mo 
IFNAR-/-; n = 5, 14mo IFNAR-/-; n = 4). Orange box with black outline = WT mice; Purple 
box with black outline = STING-/- mice; green box with black outline = IFNAR-/- mice. 
Ages are based on increased intensity of corresponding colors. (B) Bar graphs depict 
percentage of CX3CR1hi, Ly6Cneg microglia (homeostatic) population from young and 
aged WT and STING-/- brains. (C) Bar graphs depict the percentage of CX3CR1 int, 
Ly6Chi microglia (precursor) population from young and aged WT and STING-/- brains. 
Bar graphs represent data by mean ±SEM and dots represent individual mice. One-way 
ANOVA followed by Bonferroni correction factor. **p<0.01, *p<0.05, ns: not significant. 

Preliminary data suggests that IFNAR-/- mice do not show any significant changes 

compared to WT and STING-/- mice. We do note that with age, precursor populations 

(CX3CR1intLy6Chi) are similarly significantly decreased with age in IFNAR-/- brains 

(Figure 3.2.6C). It is worth further investigation to increase the number of IFNAR-/- mice 

used and to expand to 17-mo+ aged animals to determine further changes with age. 

However, based on this data, age seems to be the largest factor for driving changes in 

microglia populations. Based on the preliminary IFNAR-/- data, 3-mo IFNAR-/- animals 

may have more microglia to begin with, and therefore, will require further investigation is 

warranted.  

With mounting evidence of microglial cGAS activation of STING to drive 

neuroinflammation126, we investigated the neuromotor defects seen with age and 

expanded our study to determine if there were any links to senescence. First, we 

conducted the clasping behavior assay on cGAS-/- mice with WT, STING-/-, and IFNAR-/- 

mice. cGAS-/- mice show a similar neuromotor decline with age as was shown in the WT, 

STING-/-, and IFNAR-/- mice (Figure 3.2.7A-B).  
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Figure 3.2.7. STING-deficiency drives the largest neuromotor defects seen with 
age compared to global cGAS-/- and IFNAR-/- mice.  
(A) Bar graphs depict the clasping behavior 0-3 scoring system representative of the 
quality of their clasping behavior (3mo WT = 13, 12-mo WT = 13, 17-mo+ WT = 13, 3-mo 
STING-/- = 12, 12-mo STING-/- = 18, 17-mo+ STING-/- = 10, 3-mo cGAS-/- = 10, 12-mo 
cGAS-/- = 6, 17-mo+ cGAS-/- = 20, 3-mo IFNAR-/- = 22, 12-mo IFNAR-/- = 8, 17-mo+ 
IFNAR-/- = 10). (B) bar graphs depict 0-5 time to clasping behavior (3-mo WT = 13, 12-
mo WT = 13, 17-mo+ WT = 13, 3-mo STING-/- = 12, 12-mo STING-/- = 18, 17-mo+ 
STING-/- = 10, 3-mo cGAS-/- = 10, 12-mo cGAS-/- = 6, 17-mo+ cGAS-/- = 20, 3-mo IFNAR-

/- = 22, 12-mo IFNAR-/- = 8, 17-mo+ IFNAR-/- = 10). Data is a combination of 5 
experiments. Bar graphs represent data by mean ±SEM and dots represent individual 
mice. The scoring system is explained in the methods. Two-way ANOVA with Tukeys 
correction factor was run; **** p< 0.0001, ***p<0.001. 

The cGAS-/- mice at 17-mo+ have a larger standard deviation (SD = 0.759), which is 

more similar to the WT animals (SD = 0.48) (Figure 3.2.7B), suggesting that the STING-

/- phenotype may be independent of cGAS activation. In STING-/- animals, we saw a 

reduced level of senescence, by LLP accumulation, and exacerbated neuromotor 

function. Therefore, we looked for LLPs accumulation in IFNAR-/- and cGAS-/- mice in 

addition to WT and STING-/- mice (Figure 3.2.8A-C).  
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Figure 3.2.8. LLPs accumulation occurs independent of cGAS-signaling in 
hippocampus, thalamus, and cortex at 12-mo.  
(A) Hippocampus representative immunofluorescent images of autofluorescent signature 
from TxRed channel (excitation peak at 596nm and emission peak at 615nm) to label 
LLPs (red) and with Hoechst (blue) of 12-mo WT (n = 6), 12-mo STING-/- (n = 3), 12-mo 
IFNAR-/- (n = 3), and 12-mo cGAS-/- (n = 3) hippocampal formation region (HP). Scale 
bars 40μm. Below; bar graphs depict quantification of LLPs coverage in HP. (B) 
Thalamus representative immunofluorescent images of autofluorescent signature from 
TxRed channel (to label LLPs (red) and with Hoechst (blue) of 12-mo WT (n = 6), 12-mo 
STING-/- (n = 3), 12-mo IFNAR-/- (n = 3), and 12-mo cGAS-/- (n = 3) hippocampal 
formation region (HP). Scale bars 40μm. Below; bar graphs depict quantification of LLPs 
coverage in thalamus. (B) Cortex representative immunofluorescent images of 
autofluorescent signature from TxRed channel (to label LLPs (red) and with Hoechst 
(blue) of 12-mo WT (n = 6), 12-mo STING-/- (n = 3), 12-mo IFNAR-/- (n = 3), and 12-mo 
cGAS-/- (n = 3) hippocampal formation region (HP). Scale bars 40μm. Below; bar graphs 
depict quantification of LLPs coverage in cortex. 

The images highlight a significant difference in LLP accumulation between cGAS-/- and 

IFNAR-/- brain regions. We see a significant decrease in the IFNAR-/- animals compared 

to the WT and no changes between the cGAS-/- and the WT. The IFNAR-/- show a 

similar, but more significant decrease in the LLP accumulation. Thus, strengthening the 

hypothesis that STING-dependent IFN-I responses are mediating LLP accumulation and 

IFN-I production independent of cGAS activation.  
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All experiments and analysis within this section are my own. Exceptions to this 

statement are as follows: LLP image collection was conducted with Dr. Sasha 

Smolgovsky, PhD. 
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3.3. STING PROMOTES TISSUE MAINTENANCE AND LONGEVITY WITH AGE.  

In the previous sections, the focus was on a notoriously immune privileged site: the 

CNS. Though it is clear that the CNS is not devoid of immune responses, we uniquely 

showed that microglia-dependent STING-signaling is necessary to protect against age-

associated neurological decline and neuroinflammation. However, STING is ubiquitously 

expressed by most cell types74,75 and central to host defenses against microbial DNA 

and host DNA in instances of damage or cancer and has recently been described in 

most organ systems and the blood232. STING activation is primarily associated with 

systemic and multi-organ inflammatory responses, such as is seen in mice deficient in 

three prime repair exonuclease 1 (TREX1)233, which degrades DNA, or STING gain of 

function (GOF) mouse models which result in autoimmune responses234,235. In the 

different contexts, STING drove the inflammatory response from DCs or endothelial 

cells, respectively, to induce elevated interferon and proinflammatory cytokine levels. 

However, in contrast to these previous studies, STING was shown to suppress 

inflammation and reduce disease pathology in models or systemic lupus erythematosus 

(SLE)236. Sharma et al. showed that STING-deficient mice prone to SLE had significantly 

shorter lifespans and STING-deficient macrophages did not upregulate negative 

regulators of inflammation237, thus, highlighting necessary functions of STING-signaling. 

Recently, STING’s homeostatic role for immune cell development and function has been 

described232. Here the authors highlight a dynamic relationship between tightly regulated 

STING expression in various immune cells and tissue. The collected data highlights the 

need to critically investigate STING-signaling and with small molecule agonists of STING 

being tested, it is more crucial to understand long term consequences of suppressing 

STING-signaling. Therefore, we asked if STING-deficiency had negative consequences 

similar to these recent publications and impaired tissue health in the heart, kidney, and 
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liver. Further we investigated the systemic effects of long-term STING-deficiency and 

consequences on lifespan.  

To understand the STING-dependent gross changes that occur within vital organs that 

are required for healthy aging; the heart, kidney, and liver serum analysis, 

histopathology, imaging, and in vitro functional assays were used. We used young (2-

3mo), middle aged (12-14-mo), and aged (18-mo+), and lifespan (17-mo+ animals that 

were required to be euthanized for humane reasons) WT and STING-/- mice (Figure 

3.3.1). 

 

Figure 3.3.1. Experimental Design 
Diagram of ages of mice used for experiments throughout the paper. These include 3-
mo, 12-14-mo, 18-24-mo (healthy), and lifespan (LS) animals (17-mo-40-mo) that 
required euthanasia WT and STING-/- mice. Techniques used for analysis includes 
scRNA-seq, histopathology, flow cytometry, and functional readouts.  

3.3.1. The Role of STING in Tissue Immunity 

Inflammation is a central hallmark to aging. Therefore, to determine STING-dependent 

changes to systemic inflammation, we collected serum from 3-mo, 12-mo, 18-mo, and 
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24-mo WT and STING-/- animals and tested a 44 multi-plex panel of proinflammatory 

biomarkers. Unsurprisingly, we saw significant age-dependent changes to cytokines, 

such IL-10, EPO, and IL-20 in WT animals (Figure 3.3.2A-D).  

 

Figure 3.3.2. STING-signaling suppresses uncontrolled inflammation with age.  
(A) Bar graphs depict biomarker levels (log transformed pg/mL) of innate immune/pro-
inflammatory cytokines (IL-1β, Il-6, TNF-α, Il-17), anti-inflammatory cytokines (IL-10, IL-
13, IL-2), chemokines (IP-10, MCP-1, MIP-3β), and cytokines that are important for 
tissue repair (EPO, IL-20) from 3-mo, 12-mo, 18-mo, and 24-mo WT (gold) and STING-/- 
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(purple). Color transparency indicates ages (25% transparency bars are 3-mo, 50% 
transparency are 12-mo, 75% transparency are 18-mo, and darkest color is 24-mo). Bar 
graphs represent data by mean ±SEM and dots represent individual mice. The scoring 
system is explained in the methods. Two-way ANOVA with Tukey’s correction factor was 
run; **** p< 0.0001, ***p<0.001, **p<0.01, *p<0.05, numbers without star indicated p-
value. 

We also saw trending increases (p < 0.2) based on a two-way ANOVA analysis with 

Tukey’s correction factor for TNF-α, IL-6, IL-13, IP-10 (CXCL10), and MCP- in the WT 

animals, supporting an increase of inflammation with age. The most significant 

differences between STING-/- and WT animals was seen in the innate/pro-inflammatory 

cytokines group, which mediate inflammatory responses3 (Figure 3.3.2A). IL-10, IL-13 

and IL-2 are important for anti-inflammatory regulatory responses and differentiation are 

seen to trend up in 24-mo STING-/- compared to WT (IL-10) or are significantly increased 

in 24-mo STING-/- compared to younger aged STING-/- mice or 24-mo WT mice (Figure 

3.3.2B). Specific chemokines are increased with age, such as IP-10 or CXCL10 (Figure 

3.3.2C). At 18-mo STING-/- mice have significantly more EPO compared to age-matched 

WT mice (Figure 3.3.2D). In WT mice, there are significant increases with age that are 

not seen in STING-/- mice, even though there trending increases with age, but there are 

not differences seen between genotypes. Overall, in STING-/- aged groups there are 

significant increases in proinflammatory cytokines showcasing exaggerated inflammation 

with age. Therefore, STING-signaling is controlling inflammation with age and protecting 

against unrestrained inflammation. 

Next, to visualize organ deterioration with age27, we evaluated histopathological changes 

with age. We used H&E staining to visualize gross histological changes in 3-mo and LS 

(17-mo+) heart, kidney, and liver to determine the extent of decline at end-of-life points 

(Figure 3.3.3A).  
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Figure 3.3.3. STING-/- animals heart, liver, and kidney show signs of exacerbated 
decline and inflammation. 
(A) Representative images of hematoxylin and eosin (H&E) staining of heart, kidney, 
livers from WT and STING-/- 3-mo and LS (17-mo+) mice (n=5/group stained). Graphics 
above each staining showcase information of organ structure and/or orientation of 
sectioning. Black arrow highlights scarring. Scale bar represents 1000μm.  

Routine histopathology visually reveals greater numbers of infiltrating cells in the heart, 
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a larger number of infiltrates and increased numbers of cells around vasculature (Figure 

3.3.3B-C and Figure 3.3.4A) compared to age-matched WT. 

 

Figure 3.3.4. Histopathological scoring indicates overall organ deterioration in 
STING-/- hearts, liver, and kidneys. 
(A) Graphic of a mouse heart; below graphs depict fibrosis and leukocyte infiltration 
scoring. (B) graphic of mouse liver; graphs below depict hepatocyte changes, general 
leukocyte infiltration, and leukocyte infiltration in the periportal region. (C) graphic of 
kidney, graphs below depict glomerular basement thickening, cysts/ dilated tubules, and 
leukocyte infiltrations/ interstitial fibrosis. Light gold = 3-mo WT, gold = LS WT, light 
purple = 3-mo STING-/-, purple = LS STING-/-. Bar graphs represent data by mean ±SEM 
and dots represent individual mice. One-way ANOVA followed by Bonferroni correction 
factor. **** p< 0.0001, **p<0.01, *p<0.05, numbers without star indicated p-value. 

We also note enlarged striations found within the LS STING-/- heart tissue compared to 

age-matched WT. In the STING-/- LS livers, we note increased cellular infiltrates 

although many are interstitially localized and not proximal to the vasculature as in WT 

livers (Figure 3.3.3B-C and Figure 3.3.4B). Further, the endothelial cell layer around 

the portal veins and central veins are severely disrupted and has larger amounts of 

eosin staining without nuclei in the STING-/- compared to the WT. This altered 
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localization pattern of infiltrates is in part complicated by the high degree of stromal 

disorganization notable in aged STING-/- livers (Figure 3.3.3B-C). STING-/- kidneys 

present with remarkable histopathological changes that are represented by large 

increases in tubular infiltrates, the size of Bowman’s capsules, and the thickening of 

parietal epithelial cell (PEC) layer surrounding the Bowman’s capsules (Figure 3.3.3B-C 

and Figure 3.3.4C). There is also apparent loss of cells and scarring within glomeruli 

(Figure 3.3.3C, black arrows) in LS STING-/- mice, suggesting glomerulosclerosis. 

Though the increased interstitial infiltrates and fibrosis (Figure 3.3.4C) are strongly 

indictive of chronic inflammation and kidney disease, these features more pronounced in 

the STING-/- livers29,154. LS WT kidneys exhibit thickening of the glomerular basement, 

which was worse with the loss of STING. Importantly, changes impacting age-associated 

immune infiltrates and organ decline are dependent on STING. We next looked at 

functional readouts, using echocardiograms and ELISAs for markers of dysfunction 

(Figure 3.3.5A-B).  
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Figure 3.3.5. No major functional changes from Echocardiograms, albumin levels 
from urine, or AST/ALT/ levels from serum. 
(A)Functional readout from echocardiograms in order; left ventricular (LV) wall thickness: 
(1) Internal diameter LV internal dimension (LVID) (mm), (2) posterior wall LV posterior 
wall (LVPW) (mm), (3) relative wall thickness (LVPW*2/LVID). (B) Aspartate 
aminotransferase (AST) (ng/mL) and alanine aminotransferase (ALT) (U/L) levels from 
serum. (C) Albumin levels from urine (ng/mL). Bar graphs represent data by mean ±SEM 
and dots represent individual mice. One-way ANOVA followed by Bonferroni correction 
factor. Numbers without star indicated p-value, ns; p values between 0.05-0.2. 

To determine changes in the heart function, we performed echocardiograms on 3-mo 

and 24-mo WT and STING-/- animals. STING-/- and WT hearts showed no significant 

changes in ejection fraction though there was a trending increase in 24-mo STING-/- 

compared to WT (Figure 3.3.5A). Overall there are no indications of heart failure28 as 

the EFs are within the normal range. We saw significant increases in the internal 

diameter wall (LVID) in 24-mo STING-/- hearts compared to 3-mo STING-/- hearts, which 
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wall thickness and LV relative wall thickness. We noted that the 3-mo STING-/- animals 

has a trending increase in LV relative wall thickness compared to 3-mo WT, suggesting 

base changes in LV function in STING-/- animals (Figure 3.3.5A). Age-associated 

decline of liver function is often associated with an increase of protein aggregates 

because of the decline of macroautophagy and chaperone-mediated autophagy239. To 

test liver dysfunction, we measure levels of aspartate aminotransferase (AST) and 

alanine aminotransferase (ALT) in the serum of 3-mo and 24-mo+ mice. We saw no 

significant changes between young and aged WT and STING-/- mice (Figure 3.3.5B). 

With age and kidney failure, protein levels, such as albumin, increase in the urine 

because of glomerular basement membrane permeability29. In aged WT mice, we saw a 

significant increase of urine albumin levels and in 24-mo STING-/- urine showed an 

trending increase with age, to indicate kidney failure in both genotypes (Figure 3.3.5C). 

Thus, indicating age-dependent changes in kidney functions, but no differences between 

genotypes. Based on the histopathological changes there are significant functional 

declines, however the functional readouts we tested did not indicate the same 

exacerbated decline in STING-/- compared to WT with age.  

To determine age-dependent changes in body weight and organ weight, we measured 

body, heart, liver, kidney weights of WT and STING-/- animals throughout lifespan ex vivo 

(Figure 3.3.6A-B). Over time WT animals exhibit age-dependent changes in grooming 

habits and experience hair thinning, greying and other habits240. STING-/- animals also 

exhibited hair loss and greying at LS timepoints, but they also exhibited decline in wound 

healing capabilities which can be visualized in the male STING-/- mice image (Figure 

3.3.6A).  
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Figure 3.3.6 mouse images and body weights 
(A) Representative images of female and male WT and STING-/- mice at 3-mo, 12-mo 
and lifespan timepoints. (B) bar graphs depict body, heart, liver, and kidney weights from 
3-mo, 12-mo, 18-mo-24, mo, and lifespan (LS) (17-mo+) mice. 3-mo WT = 56, 3-mo 
STING-/- = 42, 12-mo WT = 30, 12-mo STING-/- = 23, 18-mo WT = 17, 18-mo STING-/- 
= 17, 24-mo WT = 7, 24-mo STING-/- = 6, LS WT = 8, LS STING-/- = 7; Bars that are 
25% transparency are 3-mo, 50% transparency are 12-mo, 75% transparency are 18-
mo, and darkest color is 24-mo. Bar graphs represent data by mean ±SEM and dots 
represent individual mice. The scoring system is explained in the methods. Two-way 
ANOVA with Tukey’s correction factor was run; **** p< 0.0001, ***p<0.001, **p<0.01, 
*p<0.05, ns: p = 0.05-0.2, no value shown p>0.2. 
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With age, we see that body weights increase in both WT and STING-/- animals. 3-mo 

STING-/- body weights are significantly less compared to age-matched WT and remain 

significantly reduced or trending reduced wrights suggestive of reduced body 

condition240,241. Heart, liver and kidney weights were also reduced in STING-/- animals at 

3-mo. In most instances, the organs weighed less in the STING-/- compared to age-

matched WTs even though body weights increased. Most organ weights increase with 

age241. Typically decreased weight was only seen in very old mice and our data indicates 

that STING-/- mice, regardless of age, had a reduced organ weight, thus, suggesting 

uncommon aging effects and decrease in body condition.  

To further identify changes in body condition, we utilized the animal health information to 

plot changes in body condition score (BSC) (Figure 3.3.7A-B).

 

Figure 3.3.7. Body condition scores reveal reduced body conditions in STING-/- 
animals prior to euthanasia.  
(A) Chart of percent (%) of animals with a decreased BCS score from total number of 
mice noted for required euthanasia followed by the reason for required euthanasia out of 
the total mice noted (% = #mice/total) of WT and STING-/- mice. (B) BCS (C) Bar graph 
depicts the age at which a mouse was at the time of euthanasia with a BCS score. (D) 
Bar graph depicts the score assigned to mice based on severeness from WT (gold) and 
STING-/- (purple). (E) Score assigned based on severeness of abdominal distension 
(ABD) from WT and STING-/-. (F) Bar graph depicts the score assigned to mice based on 
severeness of prolapse from WT and STING-/-. Student’s t-test was run with Bonferroni 
correction factor. P values are shown not based on start values.  
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BCS scores were given to mice to assess overall health and were used to establish a 

standardized endpoint for euthanasia. The STING-/- mice did not received a worse BCS 

score (Figure 3.3.7B). Importantly, STING-/- mice were much younger when they were 

assigned a decreased BCS (Figure 3.3.7C). Though BSC scoring was assigned to more 

WT mice, STING-/- animals received worse scores for euthanasia in dermatitis, ABD, and 

prolapses (Figure 3.3.7D-F). Given the increased inflammatory profile, worsened 

histopathology and overall degenerating health at time of euthanasia, we evaluated the 

role of STING-deficiency on lifespan. We note that STING-/- male mice showed a 

significant decrease in lifespan (Figure 3.3.8). 

 

Figure 3.3.8. IFN-I-cGAS-STING-signaling pathway decreases lifespan in male 
mice. 
(A) Top graph depicts lifespan survival data of male WT (gold), STING-/- (purple), cGAS-/- 

(green), IFNAR-/- (pink) mice. Bottom graph depicts lifespan survival data of female WT, 
STING-/-, cGAS-/-, IFNAR-/- mice. Data shows Kaplan-Meier survival probability curves 
with Mantal-Cox statistical significance test. **** p< 0.0001, ***p<0.001, **p<0.01, ns not 
significant. 
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Importantly, these changes were seen only in male STING-/-, cGAS-/-, IFNAR-/- mice, not 

females (Figure 3.3.8, bottom graph), suggesting that STING may influence the sexually 

dimorphic nature of longevity. Collectively, these data challenge current paradigms that 

place STING-signaling as a driver of chronic inflammation and shorter lifespans. 

Furthermore, our data underscore the importance of evaluating the role of STING and 

related molecules (cGAS and IFN-I) in physiologic aging to understand their role in 

homeostasis. 

3.3.2. The STING-signaling pathway encodes viability and vitality of TRMs 

and thereby accumulation of damaged DNA in tissue  

During pathway analysis within the brain 12-mo cohort, we saw upregulation of cell 

death regulating and response to stimuli pathways and we noted a decrease of key 

microglia populations in the STING-/- mice (Figure 3.1.10 and Figure 3.1.22). Therefore, 

we investigated if TRM populations compared to bone marrow derived macrophages 

(BMDM) are more susceptible to forms of cell death (Figure 3.3.9A-C).  
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Figure 3.3.9. STING-deficiency drive TRM susceptibility to cell death mechanisms.  
(A) Graphs depict cell death curves of WT (gold) and STING-/- (purple) BMDMs and 
peritoneal macrophages with stimulation from Etoposide. (B) Graphs depict cell death 
curves of WT (gold) and STING-/- (purple) BMDMs and peritoneal macrophages with 
stimulation from hydrogen peroxide (H2O2) and 3-MA. (C) Graphs depict cell death 
curves of WT (gold) and STING-/- (purple) BMDMs and peritoneal macrophages with 
stimulation from nigericin. Student’s t-test **** p< 0.0001, **p<0.01, *p<0.05, ns not 
significant. 

We investigated cell death mechanisms associated with DNA damage induced cell 

death (etoposide), oxidative stress induced cell death (H2O2) and mediated by the 

autophagy inhibitor, 3-methyadenine (3-MA), and inflammasome-mediated cell death 

(nigericin). We compared BMDM to peritoneal macrophages as a proxy for TRM 

populations from 3-mo WT and STING-/-. We note that STING-/- TRMs were more 

susceptible to multiple forms of cell death (Figure 3.3.9A-C).  
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Figure 3.3.10. Controls for cell death comparing 3-mo WT and STING-/-.  
(A) Graphs depict cell death curves of WT (gold) and STING-/- (purple) BMDMs and 
peritoneal macrophages with stimulation from Etoposide. (B) Graphs depict cell death 
curves of unstimulated WT (gold) and STING-/- (purple) BMDMs and peritoneal 
macrophages. (C) Graphs depict cell death curves of WT (gold) and STING-/- (purple) 
BMDMs and peritoneal macrophages with stimulation from nigericin + LPS. Student’s t-
test  
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findings emphasize the responsiveness of TRMs to damaged DNA and stress 
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3.3.3. TRM-dependent STING, a master regulator of tissue immune 

response, reinforces organismal longevity and homeostasis  

As STING is ubiquitously expressed, we utilized scRNA-seq data from heart, kidney, and 

liver datasets to determine Tmem173 (STING) expression within cell populations. We 

saw that the cells resident to the tissue that express STING are primarily macrophages 

and stromal cells, such as endothelial cells (Figure 3.3.11).

 

Figure 3.3.11. Macrophages and endothelial cells express Tmem173. 
Representative UMAP 24-mo cohort of heart, liver, and kidney single cells followed by 
violin plots of Tmem173 expression of identified cell populations by cluster from WT 
samples. 

Adaptive immune cells also express levels of STING, but they are less likely to be 

resident to the tissue. In previous sections, we have noted the importance of STING-

signaling in microglia population, the brain’s TRM population. We showed how global 

STING-deficiency and STING-deficiency in Csf1r cells (MGSTING-/- or Csf1rSTING-/-) 

contributed to exacerbated neuromotor functional decline (Figure 3.1.16 and Figure 
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3.1.26). Therefore, we investigated the loss of STING-signaling within macrophage and 

more specific TRM populations reveals significant impacts on lifespan (Figure 3.3.12). 

 

Figure 3.3.12. Loss of STING in TRM negatively impacts lifespan. 
Graph depicts lifespan survival data of male WT (n = 11) and male STING-/- (n = 15) 
mice and female and male Cx3cr1STING-/- (n = 10) and female and male Csf1rSTING-/- (n = 
16) from both sexes. Ns are included within the figure. Data shows Kaplan-Meier 
survival probability curves with Mantal-Cox statistical significance test. ***p<0.001, 
**p<0.01, ns not significant. 

We saw significant decreases in lifespan in both Cx3cr1STING-/- and Csf1rSTING-/- mice 

compared to WT male mice. There were no significant differences in the cell-specific 

knockouts of STING compared to the global STING-/- mice. Preliminary data showed a 

general trending elevation of pro-inflammatory cytokines in Cx3cr1STING-/- and Csf1rSTING-/- 

serum compared to their 3-mo and age-matched WT controls (Figure 3.3.13).  

 

Figure 3.3.13. Pro-inflammatory cytokines in Cx3cr1STING-/- and Csf1rSTING-/- serum.  
(A) Bar graphs depict pro-inflammatory serum cytokines levels of 3-mo Cx3cr1WT (n = 1) 
(orange) and 3-mo Cx3cr1STING-/- (n = 2) (pink) and Lifespan (LS) Cx3cr1WT (n = 6) 
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(orange with fill pattern) and LS Cx3cr1STING-/- (n = 2) (pink with fill pattern) and (B) 3-mo 
(orange) and LS Csf1rWT (orange with dotted fill pattern) (n=2/ group) and 3-mo 
Csf1rSTING-/- (n = 2) (blue) and LS Csf1rSTING-/- (n = 4) (blue with dotted fill pattern). No 
statistics was done due to number of mice –preliminary experiment. 

These data suggest that macrophage-specific STING-signaling is an important 

inflammatory regulator protecting against age-associated pathologies and decline.  

 

 

All experiments and analysis within this section are my own. Exceptions to this 

statement are as follows: Cell death assays were planned and completed with Machlan 

Sawden. 
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CHAPTER 4: DISCUSSION  
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4.1. OVERVIEW AND IMPACT 

The compiled work in this thesis expands on the basis of aging and further describes the 

role of inflammation, senescence, and cell-specific contributions of innate immune 

pathways to age-associated pathologies. Further, this work highlights a beneficial role of 

TRM-specific STING signaling in preserving health and supporting longevity. 

Inflammation is a hallmark of aging and is commonly associated as a negative 

consequence to aging27. In the combined studies, we first describe STING as necessary 

in neuronal damaged DNA clearance, senescence signaling, and supportive of 

preserving neuromotor functions and BBB maintenance through microglia signaling. 

Next, we highlight the novel discovery of IRM populations during healthy aging and 

discover STING-independent IRM populations that expand with age. Next, we described 

the negative consequence of STING-deficiency in vital organs and circulating cytokines 

and chemokines. Overall, we have shown the importance and necessity of STING-

signaling as a central safeguard against age-associated decline of multiple organ 

systems during physiological aging.  

Previous studies defined STING as a pathological driver of age-associated inflammation; 

these studies inhibited STING with a small molecule in aged mice126. However, acute 

inhibition is not analogous to a constitutive, life-long deficiency in STING, which likely 

enforces numerous adaptive changes in the organism over its lifespan. The latter is 

more emblematic of the altered physiology in ~40% of humans with LOF variants of 

STING83,242. More than 40% of the human population have 4 major loss-of-function 

(LOF) single nucleotide polymorphisms (SNPs) in TMEM173 or STING1 (R232H, 

R293Q, HAQ, AQ)82,83. These SNPs all negatively affect innate immune signaling by 

impacting cell intrinsic signaling and resulting IFN-I and proinflammatory cytokine 

responses. Our studies underscore that STING inhibitors that are used haphazardly of 

existing LOF allelic variants of STING or for long periods of time may have unexpected 
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detrimental impact on neurological and systemic health-spans. In this work, STING-

deficient mouse models were used to cover this critical gap, making this work directly 

relevant to a significant cross-section of the human population who possess a LOF 

STING variant.  

Although most of our understanding of STING signaling is based on antiviral immune 

responses outside of the brain, there is a large amount of data that highlights the 

importance of this pathway in the CNS. IFN-I have a prominent role in 

neurodegenerative disease progression because of their ties to cellular stress which 

occurs during protein aggregation and cellular damage with age. Similar to IFN-I, STING 

plays dual roles in the CNS as a producer of IFN-I and proinflammatory cytokines. 

Hyperactivation of STING has been shown to play a role in AGS and PD. During AGS, 

damaged DNA triggers excessive IFN-I responses through STING signaling and results 

in elevated inflammation levels in the brain. In models of PD, STING expression 

increases, and cells are hyperactivated by α-synuclein aggregates, with microglia shown 

to be main drive of neuroinflammation in these models of α-synucleinopathies243. Our 

data suggest that STING is likely activated more with age because of the increased 

presence of damaged DNA in neuronal populations. However, in the absence of STING 

there is an increase of inflammation and more damaged DNA is present, which 

highlights a critical role of STING regulation of neuroinflammation and age-associated 

phenotypes. Therefore, it is possible that STING is activated to control inflammation and 

drive autophagy phenotypes, which are now known to be a basic function of 

STING244,245. TBI models similarly show that STING is important for autophagy and that 

STING contributes to neuroinflammatory environments through glial populations246. 

However, these TBI models are short-term studies that do not look at the overall impact 

STING-deficient animals beyond 24-hours post-TBI. In contrast to the detrimental effects 

of STING signaling, in MS models activation of STING was shown to reduce microglia 
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reactivity and inflammation168. We similarly saw that STING signaling was important for 

containing inflammation with extended aging. STING signaling is also important for 

antiviral responses and anti-tumor immunity247. The elderly populations are more 

susceptible to infections because of their impaired immune system. The activation of 

STING pathway is necessary for the recognition of viral DNA and activating immune 

protection248, and could lead to detrimental outcomes if the already susceptible 

population has blocked this prominent antiviral pathway. Similarly, the prevalence of 

cancer is increased in the elderly population, and importantly, STING engagement 

promotes antitumor IFN-I and NF-κΒ-dependent cytokine production249 and anti-

proliferative62 effects. These studies highlight the complexity of STING signaling and 

dual nature of STING. STING is important for driving IFN-I and proinflammatory 

cytokines, however this response may become detrimental after prolonged exposure. 

However, our data shows there are consequences to STING-deficiency during aging and 

the necessity of STING signaling may be more context and time dependent. 

A question that remains unanswered in our studies is what ligands engage STING in 

these complex roles in the aging tissues. Though it is unclear how DNA damage is 

initiated with age, numerous studies continue to implicate damaged nuclear (genomic) 

DNA, marked by γH2A.X, (radiation damage, telomeric, mitotic chromatin breaks, etc.) 

and/or related sources of nuclear DNA (reactivated endogenous retroelements/viruses, 

micronuclei, microbes etc.) as persistent triggers of the cGAS-STING pathway127. To add 

further complexity, mitochondrial DNA (mtDNA) has recently been shown to activate 

cGAS126. It is also unclear whether it is mtDNA or DNA damage that drive STING 

signaling in our model, and contribute to feedback loops resulting in the accrual of 

mtDNA mutations to drive compounding mitochondrial instability and genomic 

stress47,250,251. Identifying what drives cGAS-STING activation remains an ongoing area 

of investigation. 
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4.2. MICROGLIAL STING IS A CENTRAL SAFEGUARD AGAINST AGE-ASSOCIATED 

NEUROLOGICAL DECLINE. 

The role of innate immune pathways and cell types in neurological disease processes 

are increasingly well-described, however, the identity and role of innate pathways in 

maintaining homeostasis, especially with age, is poorly elucidated. Here, this work 

reports a role for the second-messenger sensor and ER-resident signaling adaptor, 

STING, in safeguarding neurological health, especially with age. First, we reveal STING 

is critical for the interrelated functions of neuronal DNA-damage clearance and the 

induction of senescence in non-neuronal cells. STING is critical in modulating cellular 

senescence with age62,125,169,172, our data shows it may be a critical signaling component 

driving ‘necessary’ inflammation to protect against worsened damage. The overall 

protective role for STING in the CNS is further supported by our data that reveal that 

STING-signaling protects against detrimental changes in the immune transcriptomes 

and microglial populations with aging. In STING-deficient animals, homeostatic microglia 

population sizes decrease with age, with many of the microglia acquiring increasingly 

activated and proinflammatory signatures with age. Moreover, it is reasonable to 

speculate that this process at least partially, if not wholly, impacts microgliosis in the 

STING-/- brains as well. If microgliosis is a protective/appropriate response to damage in 

the brain, STING-deficiency is potentially restraining this transition, and fails to restrain 

accumulating damage with age.  

Phenotypic and transcriptional changes within the aged STING-/- microglia populations 

and their physical proximity to endothelial cells suggest they drive accelerated BBB 

breakdown, increased incidence of microhemorrhages and aggravated neuromotor 

deficits. Importantly, we show evidence that microglial STING-signaling is critical for LLP 

accumulation, preventing BBB breakdown, and ensuing neuromotor deficits emblematic 

of aging in the full-body STING-/- mice. Collectively, our study represents a novel 



 130 

paradigm shift revealing a protective role for the ubiquitous innate immune protein, 

STING, in neurological homeostasis with aging. Furthermore, we provide mechanistic 

insight into how microglial STING-signaling safeguards the trajectory of neurological 

aging by balancing senescence induction with damage-control and tissue repair, thereby 

mitigating archetypal age-associated neuropathology.  

As the interface between the CNS and periphery, the BBB is essential for maintaining 

brain function252. Specifically, hippocampal BBB breakdown is an early event, directly 

linked to cognitive impairment with age in humans. How the BBB is maintained has yet 

to be fully elucidated198, however, extrinsic inflammatory processes, such as a plethora 

of proinflammatory cytokines in the sera are directly implicated in BBB leakage during 

human patients with AD, PD, amyotrophic lateral sclerosis (ALS), MS253. The exact role 

and contribution of cell-intrinsic or CNS-restricted inflammatory components contributing 

to BBB breakdown is not well understood. Here we report the exacerbated disruption in 

the BBB in aged STING-/- brains compared to aged WT, which in turn correlates with the 

uniquely proinflammatory fingerprint of STING-/- CNS distinct from age-matched WT 

CNS. Our data thus indicate that the ‘type’ of inflammation may be a critical component 

of aging associated dysfunction, and in healthy aging, the type of CNS-intrinsic 

inflammation engaged presents as a critical and measured response to damage accrual, 

necessary for preserving BBB homeostasis.  

The type of immune signature enriched in the STING-/- CNS is potentially insightful for 

characterizing the ‘necessary’ inflammatory responses that maintain homeostasis. While 

lacking key senescent, IFN-I stimulated and proinflammatory genes, STING-deficiency 

triggers the expression of other genes from these same pathways, prototypically 

associated with more pathological inflammation. In response to elevated levels of age-

associated inflammation, Activator Protien-1 (AP1) complex members become 

transcriptionally more active across multiple mouse models of extended and shortened 
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lifespans191. We saw increased AP1 activation through the upregulation of AP1 family 

members (Jun and Fos) and inhibition of NF-κΒ (Nfkbia) which indicate preferential 

engagement of upstream pathways in the absence of STING. We note enriched 

transcriptional levels in both WT and STING-/- aged animals and show more specificity in 

microglia populations. Glial AP1 has been shown to be detrimental in the brain when 

chronically activated and becomes critical for sensing damaged neurons254. As AP1 has 

been defined as a driver of age-associated inflammation and neuroinflammation, our 

work contributes that without STING, there are heightened levels of pro-inflammatory 

cytokines, such as IL-6. Therefore, it is possible that STING mediates AP1 activation to 

tune inflammatory responses. Future studies will require more work to understand how 

STING suppresses inflammation via AP1. Overall, these data suggest that STING likely 

drives the induction of routine, “clearance-biased” inflammatory genes, critical in the 

sensing and removal damaged neurons. STING-deficiency, in contrast, instigates a 

pathological proinflammatory state indicative of unresolvable damage and increasing 

alarm. 

Separately, Adaptor protein complex-1 (AP-1) (with a hyphen) is tightly linked to STING 

signaling. AP-1 sequesters phosphorylated STING into clathrin-coated vesicles to the 

lysosomes for degradation255. AP-1 was the first adaptor identified and it is most known 

for its capacity to transport cargo through clathrin-mediated trafficking256. Similar to 

STING244,245, AP-1 complexes are evolutionarily conserved supporting a longstanding 

relationship to STING as part of its degradation system. Recently, it was shown that 

suppression of AP-1 mediated trafficking exacerbated STING-dependent responses255. It 

was reported that the hydrophobic residues on the cytosolic parts of STING were 

necessary for AP-1 trafficking and resulting in an increase of IFN-I if AP-1 was unable to 

bind to STING. It is unclear how STING-deficiency impacts these required processes 
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and if there are any unintended consequences to a dysregulated degradation pathway 

with age. 

Our data extends our understanding of how STING-dependent senescence plays a role 

in situ and in vivo responses during aging. Indeed, the induction of senescence markers 

by STING-signaling may be a critical signaling intermediate in the resolution and 

clearance of on-going DNA damage in the CNS with age. Canonically, increased 

senescence is often considered another marker of age-associated loss-of-fidelity119,257. 

However, studies have also implicated senescence in critical pro-survival, anti-

tumorigenic and wound-healing processes119,257. Intriguingly, recent studies suggest that 

outright removal of senescent cells from key tissues during aging may cause aggravated 

pathological outcomes258. The mechanistic basis for the latter studies remains unknown. 

Our findings may provide some insight into this observation. One possibility is that 

adequate cellular senescent remodels inflammatory signatures in cells that make up the 

BBB and subsequently recruits microglia in a STING-dependent fashion to silently clear 

and repair damage in the vasculature. The decrease in this signature or the decreased 

capacity of STING-deficient microglia to sense secreted signals, leads to pathological 

responses by the microglia likely promoting the disruption and damage of vasculature 

rather than repair.  

Changes in microglia states, such as DAMs, have been shown to increase with age and 

in neurodegenerative diseases, such as AD, MS, ALS166,173,188,209. Researchers have 

found CLEC7A+ microglia surround amyloid-beta plaques in AD mouse models and 

human samples during neurodegenerative states. They go on to show that restoration of 

homeostatic microglia in mouse models protect against neurodegeneration209,259. Our 

data corroborates and extends these studies and implicates STING-dependent 

processes in preserving homeostatic microglia populations by enriching necessary 

inflammatory mechanisms that are functionally important for CNS maintenance. The 



 133 

absence of STING attritions not just key populations of homeostatic microglia 

(Cx3cr1hi)173 but also precursor microglia (Ly6Chi) known to replenish depleted microglia 

niches in the CNS210,211. In addition to an increased loss in key microglia subsets, we 

show that the STING-deficient CNS acquires microglia with an exaggerated 

inflammatory signature, typified by upregulation of cellular-stress associated AP1 

transcriptional module with concomitant increase in negative regulators of NF-κΒ, 

Nfkbia. Considering these data, it is likely that microglial-STING dependent induction of 

core protective inflammatory pathways routinely contribute to microglia-supported repair 

mechanisms.  

With age, the brain is susceptible to DNA damage and senescence; classic hallmarks 

associated with age. DNA damage is directly linked to neurodegenerative diseases and 

is used as an early indicator of neuropathology260. Neurons are particularly in danger of 

accumulated damaged DNA as postmitotic cells. As postmitotic cells, neurons are 

unable to perform most DNA repair mechanisms beyond non-homologous end joining 

(NHEJ). The most common genomic stress that occurs is single-stranded breaks 

(SSBs), largely from reactive oxygen specifics (ROS) attacking DNA oxidized bases and 

abasic sites261. This is most prevalent in neurons because of the energy expenditure that 

is required for basic functions. DSBs occur in neurons through transcriptional activity 

rather than replication260 and the only likely repair mechanism to repair DSBs is NHEJ. 

This process is error-prone and DSBs are marked by γH2A.X. Though these processes 

are found throughout the lifespan of the animals, DSBs are most prominent in aged 

populations due to reduced function of DNA repair mechanisms, thus securing damaged 

DNA as a hallmark of aging in the CNS. However, γH2A.X is also used to mark DSBs in 

neurons during memory formation, a basic cognitive function. It was shown that TLR9 

sensing of DSBs drives inflammatory activation in hippocampal CA1 neurons and 

activation supports repair mechanisms necessary for memory formation. Furthermore, 
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neuronal-specific deletions of TLR9 resulted in impaired memory and alterations in the 

neurons transcriptional landscape108. DSBs appear to be a critical signaling component 

of the neuroimmune system that results in both positive and negative consequences.  

Unregulated DDR pathways drive cells to become senescent, undergo uncontrolled cell 

division, or apoptosis. DNA damage is a potent activator of senescence and multiple 

downstream proinflammatory pathways through DDR pathways or mis-localization of 

‘self’-DNA260,262. Cells that become senescent exert SASP profiles, which are made up of 

pro-inflammatory cytokine, chemokines, growth factors, and extracellular matrix 

proteases. It has been shown that full body removal of senescent cells has positive 

outcomes in mouse models of neurodegenerative diseases263. Intriguingly, recent 

studies suggest that outright removal of senescent cells from key tissues during aging 

may cause aggravated pathological outcomes258. In our work, we show correlations 

between increased neuronal DNA damage and BBB breakdown and the reduced levels 

of senescent cells in the brain. In mouse models of disease, senescent cells, commonly 

marked by p16 (Cdkn2a) or p21 (Cdkn1a), are reported in multiple cell types found 

within the brain such as neurons, microglia, astrocytes and stromal cells264,265. 

Importantly, SASP initially is beneficial to clear other senescent cells, but over time the 

chronic exposure results in more senescent cells61. It is important to decipher the 

positive contributions of senescence, such as wound healing and tissue repair, from the 

negative consequences that result in an unrestrained chronic inflammatory niche.  

A contributing factor of the unrestrained activation of iinflammation is the engagement of 

the upstream cytosolic DNA sensor, cGAS. In 2023, Gulen et al.126 showed that cGAS-

specific engagement increased inflammatory genes and ISGs using a mouse model that 

activated cGAS in microglia in the absence of a ligand. These mice showed the 

importance of cGAS without a trigger and that STING antagonist reduce inflammation 

and reverse neurodegeneration126. In our hands, cGAS-/- mice showed age-dependent 
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neuromotor deficits similar to WT animals and compared to STING-/- and IFNAR-/- mice. 

They also had a significantly reduced lifespan similar to STING-/- mice. Therefore, 

lifespan and neuromotor deficits are likely dependent on cGAS-signaling. In opposition 

to our STING-/- data, LLP accumulation was not dependent on cGAS-signaling. 

Therefore, LLP accumulation during physiological aging is cGAS-independent. These 

data were surprising as we know that cGAS is necessary for senescence62 and so more 

investigation into the purpose of LLPs is required. We suggest that there are cGAS-

independent mechanisms that impact specific aspect of neurodegeneration, such as 

senescence. 

The timeline associated with CNS age-associated decline mimics that of other organ 

systems124. Further, while the number of deaths attributed to heart disease, cancer, and 

stroke decreased in the last couple of decades, the number of deaths attributed to AD 

increased by 70% between the years 2000 and 2013124. These data suggest that while 

understanding how age impacts all organs, there is critical need to understand more 

about how age impacts brain function and the underlying immune mechanisms that drive 

age-related changes. Our study demonstrates that STING is a critical and necessary 

signaling component that preserves CNS health with age (Figure 4.2.1) and urges 

caution in indiscriminate inhibition of the STING-signaling pathway with age.  
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Figure 4.2.1. Graphical representation of the consequences of STING-deficient 
aging in the CNS. 
During normal aging (WT) in the brain, damaged neuronal DNA, marked by 
phosphorylated H2AX (γH2A.X), accumulates with age and likely activates STING to 
upregulate IFN-I and inflammatory genes. Senescence increases in WT animals in an 
age-dependent manner and BBB integrity is compromised resulting in neuromotor 
deficits. During STING-deficient (STING-/-) aging, the inflammatory components are 
altered and drive a more neurodegenerative inflammatory states that results in the 
accumulation of more damaged. The mice showed reduced cellular senescence marked 
by LLPs and senescence-associated beta galactosidase (SA-β-Gal). However, 
senescence associated secretory phenotype (SASP) and neurodegeneration-associated 
gene expression profiles were upregulated in STING-/- animals. STING-/- mice also had 
worsened functional outputs in all the following: neuromotor deficits, degradation of BBB 
integrity, and microhemorrhages in an age-dependent manner. Specifically, microglial-
STING provides protective and necessary inflammatory components that keep 
progressive age-associated decline mechanisms, such as inflammation and structural 
deterioration in check, as these phenotypes are worse in STING-/- compared to WT. 
(Created with Biorender.com) 
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4.3. STING-DEPENDENT INTERFERON-RESPONSIVE MICROGLIA SUPPORT HOMEOSTATIC 

FUNCTIONS WITH AGE. 

IFN-I are an important immune regulator for antiviral defenses, but their role within the 

CNS and physiology is unclear. First, IFN-β is one of the current treatments for multiple 

forms of MS as the first disease-modifying therapy. For MS treatments, the mechanism 

of action is not completely understood, but we do know that IFN-β regulates IFN-I 

signaling through IFNAR engagement, T cell activation, and drives anti-inflammatory 

cytokine production130. In instances of interferonopathies, such as SLE and Aicardi-

Goutières syndrome (AGS), chronic production of IFN-I is a toxic feature of these 

disease states266. IFN-I are produced and regulated through a multitude of pathways 

further adding to the complexity of IFN-I89. Here, we highlight that STING-dependent 

mechanisms drive IFN-I responses within the aging brain and influence IRM populations. 

Similar to others, we identify a small IRM population109 and show that specific ISG and 

proinflammatory transcriptional landscapes are dependent on age and STING-signaling. 

STING-dependent IFN-I transcription increases with age in our dataset, and it has been 

shown that IFN-I-dependent microglia populations are essential for cortical development 

underpinning a homeostatic function of IFN-I signaling in neuronal pruning109. Since 

pathways expressed during development may become re- or aberrantly expressed 

during disease188, re-expression of a specific subset of IFN-I genes may be beneficial 

with age as they play homeostatic roles during development. Similarly, interferon 

responsive populations were found in the white matter of aging mice and shown to be 

moderated by adaptive immune responses220. Removal of CD8+ T coincided with a 

reduction of IRMs and interferon-responsive oligodendrocytes (IROs), resulting in altered 

aging phenotypes within the white matter. However, the specific cellular mechanisms 

that dictate adaptive control of IRMs, IROs, and interferons and resulting impact on 

health unclear. These combined studies, highlight the complicated role of IFN-I signaling 
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and the related cell populations. Though it may prove to be beneficial, we suspect that 

experiments with re-expression of IFN-I will have a range of effects that are difficult to 

predict. Furthermore, the exact timing of administering a correct dose of IFN-I remains a 

challenge in physiologically aged animals. These data underscore that STING-deficiency 

leads to an overall poor performance of a key glial cell type, microglia, customarily 

responsible for homeostatic functions, such as neuronal corpse disposal. Therefore, if 

the population is performing neuronal engulfment functions109, it may not be beneficial to 

have a larger frequency of this populations as is seen in the STING-/- brains. More work 

is necessary to elucidate specific roles of IFN-I the triggers for activation within the CNS. 

In injury models, researchers described high levels of dsRNA in neurons that require 

mitochondrial antiviral sensing protein (MAVS)-sensing for appropriate activation of IFN-I 

to support neuronal engulfment109. In the context of memory formation, neuronal dsDNA 

sensing through TLR9-specific engagement is critical for memory formation through 

DDR pathways108. This work identified NF-κΒ and not IFN-I as downstream mediators for 

the inflammatory responses that support neuron encoded memory. We noted changes of 

NF-κΒ signaling molecules (Nfkbia) within the transcriptional landscape of STING-/- 

microglia populations. Given that different triggers drive specific responses downstream 

of TLR9, we ask a similar question whether damage from specific cells or sources drive 

specific IFN-I or NF-κΒ pro-inflammatory responses from specific microglia populations. 

We ask if IRM populations are beneficial a support necessary inflammation, while other 

microglia populations become more inflammatory and skew towards an NF-κΒ signaling 

phenotype. 

This data further suggests that the STING-/- brains are declining faster and begins to 

implicate a specific population of microglia. While there were many ISGs upregulated in 

the IRM4 cluster, there were also other genes upregulated that are associated with DAM 

signatures and neurodegeneration. One such gene is Ctss, which encodes for Cathepsin 
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S (CTSS) and is important for immune responses as a lysosomal cysteine protease. 

CTSS is activated by its pro-peptide within lysosomes and is important for antigen 

processing and presentation267. It has also been shown to increase in AD268 and aging269 

and is found to be preferentially expressed in myeloid cells, such as microglia270. CTSS 

derived from CP-macrophages cleave tight junction components, claudin 1 (CLDN1), 

within the choroid plexus causing disruption to blood-CSF barrier functions with age270 

and blocking Ctss transcription was protective against brain damage after stroke271. 

Recently, it was shown that CTSS also dysregulates calcium (Ca2+) fluxes, is necessary 

for action potential in neurons, and acts a secondary signal during immune signaling272. 

Therefore, continued research within the CNS is necessary to understand this critical 

intersection between the CNS and the immune system.  

We showed that specific ISGs are up and downregulated in aged STING-deficient 

animals. Within the same IRM4 cluster, we saw Ctss was upregulated in the STING-/- 

scRNA-Seq datasets and therefore it is possible that key IFN-I production which is 

dependent STING-signaling is suppressing CTSS and potentially other cathepsin levels 

with age. Others have shown that IFN-β suppress cathepsin levels and impair immune 

cell migration273. This presents another avenue by which STING-dependent IFN-I may 

regulate inflammation and protect against BBB breakdown.  

In summary, this data supports STING-dependent IRM populations as providing 

protective mechanisms with age (Figure 4.3.1) and demonstrates that more research is 

needed to fully understand the impact of this pathway with age.  
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Figure 4.3.1. IRM behavior in development is mimicked with age and during 
neurodegenerative states.  
Interferon responsive microglia (IRM) described during development, aging/ 
neurodegenerative states with and without STING. During development, IRMs drive 
phagocytic functions and inflammation to clean up debris and stressed/ damaged 
neurons. With age, STING-dependent signaling supports microglia homeostatic 
functions and provides protection against excessive inflammatory states and necessary 
and appropriate levels of IFN-I production. Similar to development stages, IRMs are 
critical for overall brain health with age. IRMs sense molecular patterns in the 
environment and respond through STING-dependent mechanism. Therefore, STING-
deficiency aging and likely downstream alterations of IRM populations result in increased 
neurons with DNA damage, excessive inflammation, and worsened BBB breakdown as 
normal IRM populations are altered with age and not able to appropriately respond to the 
stressed or damage neurons that normally accumulate with age and increase even more 
with STING-deficiency. (Created with Biorender.com) 

4.4. STING PROTECTS AGAINST SYSTEMIC DECLINE WITH AGE AND PRESERVES 

LONGEVITY. 

The role of inflammation is well defined as a hallmark of aging27. However, which key 

innate immune pathways that drive the inflammatory signatures remains unclear. 

Similarly, the primary cell types which drive the responses remain poorly defined. The 

work here investigating vital organs (heart, liver, kidney) begins to address key cell types 

and pathways that are responsible for age-dependent inflammation. We investigated the 

impact of STING-deficiency on inflammatory serum signatures, tissue deterioration, and 

consequences on lifespan. STING is responsible for the production of IFN-I and pro-
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inflammatory cytokines in viral75, injury226, and disease171,235,253,274 settings. However, 

contrary to expectations, the data highlights a necessary and beneficial role for STING 

signaling in preserving tissue architecture and controlling systemic inflammation. We 

also highlight that long-term loss of STING signaling results in a shortened lifespan, 

revealing a critical need for STING-signaling. A recent study has comprehensively 

investigated STING expression and activation levels in tissue during development232. 

They highlight that STING is essential for homeostatic functions that regulate immune 

cell differentiation and functionality232. In concordance with this recent publication, we 

suggest a protective role of STING signaling with age.  

The data presented in this thesis highlights the complexities of STING’s role in regulating 

inflammatory profiles and homeostatic properties that protect the aging organism against 

uncontrollable inflammatory profiles. Our data calls for more in-depth research into the 

long-term loss of STING, which is found in ~40% of the human population83,242. These 

LOF polymorphisms generally show impaired DNA sensing and reduced innate immune 

responses, as well as reduced functionality in monocytes within human population242. 

Humans with LOF Tmem173 develop autoimmunity and are more susceptible to viral 

infections. Our understanding of the benefits of STING have expanded dramatically in 

cancer research. In human acute myeloid leukemia cell lines, cancer cells directly 

silence STING to reduce IFN-I production, resulting in a protected tumor 

microenvironment275. Our lifespan data supports what is seen in the human population, 

that the loss of STING results in negative consequences. We show that the loss of 

STING in macrophages mimics the global STING-/- lifespan, suggesting that 

macrophage-specific STING-signaling is the critical mediator of inflammation and 

disease progression, similar to the human population. More research is required to 

identify specific triggers (i.e. cell types or types of damage) and the mechanisms that 

activate STING to control the downstream responses. The triggers can cause acute or 
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chronic STING-signaling, which have different durations and outcomes. Acute STING-

signaling has a quick resolution period and is controlled by ISGs and removal of 

phosphorylated STING. Phosphorylated STING is removed through microautophagy 

from recycling endosomes. STING is brought into vesicles and encapsulated into 

lysosomes for degradation255,276. This process stops active signaling and disruption of 

the ESCRT pathway drives more cytokine production via active STING-signaling276. The 

lack of resolution after chronic inflammation may contribute the tissue degradation and of 

the dysregulation of tissue function and integrity seen in the heart, liver, and kidneys. 

Any process that prolongs STING-signaling may ultimately be detrimental. However, 

STING-signaling is still a necessary regulator of IFN-I and proinflammatory cytokines 

and caution should be used during STING-antagonist or agonist therapeutic studies. 

Though chronic activation of STING may lead to unresolved inflammation, the chronic 

loss of STING similarly results in an increase of damaged DNA and activation of different 

inflammatory signatures. The canonical activation is through cGAS and development of 

the secondary messenger cGAMP73,76. We see the presence of damaged DNA, imaged 

by γH2A.X, and know that a likely ligand is present. However, STING can be activated 

independently of cGAS14 and the transcriptional responses are dependent on the mode 

of activation. More research will be required to understand the alternative inflammatory 

pathways that are driving the tissue degeneration, increased inflammation, and 

ultimately decreased lifespan.  

Our work also notes sex differences in the lifespans of STING-/- mice. Though data from 

previous sections did not discriminate between sexes, it is possible that overall sex-

specific differences controls protein patterns with age. In a study of diabetic kidney 

disease (DKD), researchers focused on sex differences and age-specific contributions 

resulting in DKD and saw significant differences in activity of cGAS/STING in male mice 
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compared to females277. Future studies to decipher specific differences between sexes 

with STING-signaling will aide in clarifying specific triggers and changes during aging.  

In summary, the data presented supports a beneficial role of TRM-STING signaling with 

age in the heart, liver, kidney, and bloodstream (Figure 4.4.1). 

 

Figure 4.4.1. Tissue resident macrophage promotes homeostasis via STING-
signaling with age. 
Tissue resident macrophage (TRM)-specific STING-signaling preserves homeostasis 
during aging in the heart, liver, and kidney with age. TRMs sense damaged DNA within 
the tissues to activate the STING-signaling pathway and corresponding type I interferon 
(IFN-I), pro-inflammatory cytokines and associated senescence-associated secretory 
phenotype (SASP) cytokines. Macrophage-specific STING signaling suppresses 
exacerbated pro-inflammatory pathways, protects TRMs against susceptibility to multiple 
triggers of cell death, and protects against deteriorate and consequential dysfunction of 
all the tissues. Systemic inflammation is contained by STING-signaling and protects 
against shortened lifespan during physiological aging. (Created with Biorender.com) 

4.5. LIMITATIONS AND FUTURE DIRECTIONS 

4.5.1. CNS and Microglia 

While our study relies on comprehensive, complimentary, and rigorous approaches, 

some key limitations persist. First, we observe that STING-deficiency leads to a 
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reduction of senescence markers, LLPs and SA-β-Gal in the CNS, which coincides with 

an increase in neuronal DNA damage, suggesting that these processes are linked. 

However, we are only able to show correlation between these two pieces of data, as the 

molecular detail of this intersection likely requires in-depth inquiries into multiple cellular 

processes (e.g. p53 signaling, mitochondria recycling, autophagy or lysosomal 

functions), potentially in a cell-specific manner. Further experiments are required to 

determine the specifics of glial senescence and if/how it is acting as a signal for 

clearance of degenerating neurons marked by DNA damage. Second, our work 

highlights a link between microglia and CNS vasculature that relies on STING. While we 

are able to show that STING in microglia determines this interaction, the molecular 

details of microglia-endothelial cell interaction remain untested and cell specific roles of 

STING during BBB maintenance remains unknown. Third, examination of other pattern 

recognition receptors (PRRs), including specific TLRs, are important for sensing damage 

DNA will be critical for fully understanding the source of proinflammatory signatures in 

the absence of STIING and the specific contribution of microglial STING-signaling with 

age. Fourth, which transcription factor/pathways downstream of STING determine its 

protective roles remain uncharacterized, although our study does implicate NF-κΒ and 

AP1 as key regulators of protection vs. pathology. Finally, future studies with spatial 

transcriptomic, proteomic, and imaging data, will exponentially enhance our 

understanding of STING’s role in shaping location and function of key microglia subsets, 

especially those that localize proximal to endothelial cells and vasculature. These 

experiments will also further elucidate STING-dependent roles in other cell types of the 

brain, because STING is ubiquitously expressed (although enriched in microglia). 
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4.5.2.  Periphery and TRMs 

Our study identified major structural and health specific changes in the absence of 

STING signaling. Though the data highlights specific relevance to the human population 

there are key limitations that will need to be addressed in future work. First, our study 

briefly touches on the relevance of macrophage-specific STING signaling for lifespan. 

Future experiments would include a comprehensive immunophenotyping panel, scRNA-

Seq of stromal and macrophage populations, and immunofluorescence to determine 

presence or alterations of ligand availability. Secondly, IFN-I drives B and T cell 

differentiation and maturation89 and therefore, we further investigate into how STING-

deficiency and changes in the IFN-I production impacts the adaptive immune responses. 

Similar to the above section, more research is needed to identify which transcription 

factors are downstream of STING and alter the signaling and inflammatory profiles.   

4.6. CONCLUDING REMARKS  

In summary, the work presented in this thesis reveals that (1) microglia-specific STING-

signaling is a safeguard against neuromotor decline and BBB dysfunction, (2) STING-

dependent IFN-I responses suppress detrimental microglia transcriptional landscapes, 

and (3) STING-deficiency in vital organs similarly results in worsened tissue architecture 

and macrophage-specific deletion of STING reduces lifespan similar to global STING-/- 

compared to WT mice. STING is implicated in many age-associated disease progressive 

states and more work will be necessary to determine critical times during healthy aging 

that makes these necessary immune responses detrimental. This work importantly 

identifies the critical innate immune signaling pathway, STING, as providing control of 

inflammatory networks and pathways and further identifies STING-dependent microglia-

signaling as important for overall health-span. 
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CHAPTER 5: APPENDIX  
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5.1. SUPPLEMENTAL FIGURES  

5.1.1. QC of 12-mo and 24-mo datasets for scRNA-Sequencing analysis. 

 

Figure 5.1.1. scRNA sequencing data QC.  
(A) 3-mo and 12-mo scatter plots of total number of molecules vs. percent mitochondria 
of cells used during analysis for 3-mo WT, 12-mo WT, 3-mo STING-/-, 12-mo STING-/-. 
(B) 3-mo and 12-mo scatter plots of total number of molecules vs. number of genes of 
cells used during analysis for 3-mo WT, 12-mo WT, 3-mo STING-/-, 12-mo STING-/-. (C) 
2-mo and 24-mo scatter plots of total number of molecules vs. percent mitochondria of 
cells used during analysis for 2-mo WT, 24-mo WT, 2-mo STING-/-, 24-mo STING-/-. (D) 
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2-mo and 24-mo scatter plots of total number of molecules vs. number of genes of cells 
used during analysis for 2-mo WT, 24-mo WT, 2-mo STING-/-, 24-mo STING-/-. 

5.1.2. Mouse BCS and Neurological Readouts 

                               

Figure 5.1.2. Body Condition Scores (BCS) diagram. 
Diagram Figure1. from Ullman-Cullere and Foltz (1999) highlighting specifics to BCS 
scores used by DLAM to determine BCS. 

 

Figure 5.1.3. Scored 0-3 Clasping behavior. 

0 1 2 3

0-3 Clasping Score
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(A) Representative images of splaying behaviors 0-3.  Quality of clasping is represented 
(hindlegs are retracted or splayed by a single leg or both legs (0 = hindlegs splayed 
away from abdomen, 1 = one hindleg retracted towards abdomen for 50% of the time, 2 
= both hindlegs retracted towards abdomen for 50% of the time, 3 = hindlegs entirely 
retracted) 

5.1.3. Gating for flow cytometry of middle-aged WT and STING-/- brains. 

 

Figure 5.1.4. Flow cytometry gating strategy for microglia. 
Representative gating strategy from 3-mo and 14-mo WT and STING-/-. 
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5.1.4. Top 10 DEGS from microglia populations.  

Table 5.1. Top 10 DEGs of microglia populations from all samples combined. 

 

Table 5.2. Top 10 DEGs of IRM populations from all samples combined.  

 

Microglia 
populations 

Top DEGs Metascape® Top Pathway Hits 
based on top 10 DEGs 

MG1 
Fcrls, Ecscr, Adora3, Tspan4, 
Sall1, Herc2, Slc40a1, Thrsp, 

Tmem100, Gp9 
(1) tube morphogenesis 

MG2 
Arhgap45, Cx3cr1, P2ry13, 

Vgll4, Pld1, Foxn3, Arhgap5, 
Rnaset2b 

(1) positive regulation of cell migration 

MG3 
mt-Atp6, mt-Nd1, mt-Cytb, mt-

Nd4, Cox4i1, Atp5l, Cox6c, 
Cox7c, Atp5j, 1500015O10Rik 

(1) Oxidative phosphorylation 
(2) oxidative phosphorylation 

(3) proton transmembrane transport 

MG4 
Ccl3, Zfp36, Acox3, Rgs1, 

Slc15a3, Btg1, Ier5, Gpr183, 
Wbp2 

(1) Signaling by GPCR 

MG5 
Jun, Hspa1a, Btg2, Hspa1b, 
Gem, Tmx4, B430010I23Rik, 

Hsp90aa1, Jund, Acox3 

(1) Attenuation phase 
(2) MAPK signaling pathway 
(3) IL-17 signaling pathway 

MG6 
Fos, Nfkbia, Ier2, Egr1, Dusp1, 
Atf3, Ppp1r15a, Dnajb1, Nfkbiz, 

Fosb 

(1) skeletal muscle cell differentiation 
(2) IL-17 signaling pathway 

(3) positive regulation of apoptotic 
process 

MG7 
Ccl4, Ccl3, Nfkbia, Atf3. Ier3, 

Nfkbiz, Cd83, Ppp1r15a, Ccrl2, 
Tnf 

(1) cytokine-mediated signaling 
pathway 

(2) regulation of inflammatory 
response 

(3) apoptotic signaling pathway 

MG8 
Malat1, mt-Atp6, mt-Co3, 

Enpp2, mt-Cytb, mt-Nd1, mt-
Nd2, mt-Nd4, 1500015O10Rik, 

Itgb5 

(1) Electron transport chain 
(2) aerobic electron transport chain 

(3) Oxidative phosphorylation 

MG9 
Ccl2, Ccl12, Bst2, Lgals3bp, 

Ccrl2, Ier5, Rgs1, Nfkbid, 
Gpr84, Cd83 

(1) chemokine-mediated signaling 
pathway 

(2) Signaling by GPCR 
(3) Herpes simplex virus 1 infection 

MG10 
Pf4, Ms4a7, F13a1, Cbr2, Folr2, 

Mrc1, Dab2, Apoe, Wfdc17, 
Lgals1 

(1) negative regulation of neuron 
projection development 

(2) negative regulation of cell 
activation 

MG11 
H2-Eb1, H2-Aa, H2-Ab1, 

Clec12a, Plbd1, Klra2, Mgl2, 
Cybb, Ccr2, Cd74 

(1) antigen processing and 
presentation of exogenous peptide 

antigen via MHC class II 
(2) regulation of leukocyte 

differentiation 
(3) positive regulation of cytokine 

production 

 

IRM 
populations Top DEGs 

IRM0 Pf4, F13a1, Cbr2, Folr2, Clec4n, Lyve1, Mrc1, Ccl24, Cd209f, Clec10a 

IRM1 H2-Eb1, H2-Aa, H2-Ab1, Cd74, Fxyd5, Ccr2, Plbd1, Gm34084, Mcub, Klra2 

IRM 2 Crip1, S100a6, Vim, Mgl2, Ccnd2, Gm9493, Klra2, Plbd1, Pim1, Tmsb10 

IRM 3 Cox8a, Ctsd, Enpp2, Cox6c, Atp5e, Atp6v1f, Tomm7, Dpm3, Atp5j, Pld3 

IRM 4 Ccl12, Isg15, Ifit3, Lag3, Gpr84, Ifi35, Phf11b, Rtp4, Slc1a3, Irf7 

IRM 5 Slc2a5, Frmd4a, Adgrg1, B430010I23Rik, Lrba, Insig2, Klk8, Usp2, Ints6l, 
Tmem63a 

IRM 6 Ccl2, Sgk1, Mertk, Socs3, Pik3r1, Gem, Slc44a2, Upk1b, Il1a, Nav3 
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5.1.5. TRM and Brain Projects: Extended Data 

 

Figure 5.1.5. Representative images of WT, STING-/-, cGAS-/-, and IFNAR-/- mice and 
body weights. 
(A) Representative images of WT, STING-/-, cGAS-/-, and IFNAR-/- mice at 3-mo, 12-mo 
and Lifespan time points. Both sexes are represented in the images. (B) Body weights 
(g) of 3-mo, 12-mo, 18-mo, lifespan WT, STING-/-, cGAS-/-, and IFNAR-/- mice. Two-way 
ANOVA with Tukey’s multiple comparisons test was run. **** p< 0.0001, ***p<0.001, 
**p<0.01, ns = not significant. 
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Figure 5.1.6. Body weight and brain weights of WT and STING-/- mice.  
(A) Copy of body weight from previous figure. (B) brain weights of WT and STING-/- from 
3-mo, 12-mo, 24-mo, and lifespan mice; Bars that are 25% transparency are 3-mo, 50% 
transparency are 12-mo, 75% transparency are 24-mo, and darkest color are Lifespan 
animals. Two-way ANOVA with Tukey’s multiple comparisons test was run. **** p< 
0.0001, ***p<0.001, **p<0.01, ns = not significant. 

 

 

Figure 5.1.7. Extended open field data to include cGAS-/- ages. 
First panel; quantification of velocity of 3-mo, 12-mo, 18-mo, and 24-mo WT, STING-/-, 
and cGAS-/- mice. These are combined experiments; purple is experiment 1, green and 
clear dots are experiment 2. No statistics are shown in these data. 
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Figure 5.1.8. Rotarod assay to test balance.  
First panel depicts WT learning curves on a rotarod apparatus with consistent speed. 
Second panel depicts WT learning curves on a rotarod apparatus with consistent speed. 
Third panel depicts WT learning curves on a rotarod apparatus with consistent speed. 

The data above (Figure 5.1.8) show all WT have improved balance and coordination 

with practice, but with age the animals are not as coordinated. In the STING-/- animals, 

they are similarly able to practice coordination and improve over time. However, at 18-

mo STING-/-, balance plateaus compared to the WT. At 24-mo STING-/- mice show 

difficulty in staying on the beam compared to the WT suggesting motor impairments at 

this late age. Findings from the rotarod assay suggest major deficits within the cGAS-/- 

mice at 12-mo and 18-mo. 
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Figure 5.1.9. Y maze behavior assay. 
Extended data from above (Figure 3.1.17) to incude 3-mo, 12-mo and 18-mo cGAS-/- 
mice. No statistics are shown in these data. 

5.1.6. Optimization Data 

 

Figure 5.1.10. Optimization of dissociation of brain samples.  
Top panels utilized the collagenase and DNaseII enzymatic digestion buffer within the 
Miltenyi octo-dissociator with to preserve more microglia when compared to the Miltenyi 
Brain Dissociation Kit within the Miltenyi octo-dissociator, as per the manufacturers 
protocol. 
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