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ABSTRACT 

 

Autoimmunity can result when cells fail to properly dispose of DNA. Mutations in 

the DNA-degrading Three-prime Repair EXonuclease 1 (TREX1) cause a spectrum of 

human autoimmune diseases resembling Systemic Lupus Erythematosus (SLE). The 

pathogenic mechanism is thought to involve sensing of undegraded TREX1 DNA 

substrates by cyclic GMP-AMP synthase (cGAS)-STimulator of INterferon Genes 

(STING), leading to chronic production of the inflammatory cytokine type I interferon 

(IFN-I) and loss of self-tolerance. However, previous studies have utilized a model 

system in which other sources of inflammatory signaling could contribute to 

pathogenesis. In this study, we utilize a unique mouse model of TREX1 catalytic 

inactivity to demonstrate that IFN-I and STING are required for pathogenesis, 

confirming the link between failed DNA degradation, DNA sensing, and immune 

activation. We further demonstrate that bone marrow-derived cells drive the 

development of autoimmunity in TREX1-deficient mice. We identify both innate 

immune and surprisingly, activated T cells as sources of pathological IFN-α production. 

These findings demonstrate that TREX1 enzymatic activity is crucial to prevent 

inappropriate DNA-sensing and IFN-I production in immune cells, including normally 

low-level IFN-α-producing cells. These results expand our understanding of DNA 

sensing and innate immunity in T cells, and may have relevance to the pathogenesis of 

human disease caused by TREX1 mutation.  
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INTRODUCTION 

 
Infectious organisms utilize nucleic acid polymers to encode genetic information. 

Thus, DNA and RNA represent excellent pathogen-associated molecular patterns 

(PAMPs) for innate immune recognition of microbial threats. Pattern recognition 

receptors (PRRs) have evolved to detect pathogen-derived nucleic acids within both the 

endosomal and cytosolic compartments. PRR ligation initiates signaling cascades leading 

to production of inflammatory signaling molecules, such as the type I interferons (IFN-

I), which stimulate innate and adaptive immune responses against the perceived 

microbial threat (reviewed in [1]). DNA PRRs are generally not sequence-specific and 

provide broad detection coverage regardless of pathogen origin. This lack of specificity 

presents a potential danger, however. The innate immune system cannot distinguish 

self- from pathogen-derived DNA, so cells must carefully manage and compartmentalize 

their own genetic material to prevent self-DNA sensing and aberrant immune activation. 

By sequestering DNA within the nucleus and mitochondria, cells establish the cytosol as 

a DNA-free space in which non-specific DNA-sensing molecules can be safely deployed 

for pathogen detection.  

The Three-prime Repair EXonuclease 1 (TREX1) is required to maintain the 

cytosol as a DNA-free space. TREX1 is a potent 3’→5’ cytosolic exonuclease which 

rapidly degrades both double-stranded and single-stranded DNA (ds- and ssDNA) [2]–

[5]. TREX1 was initially thought to participate in DNA repair, based on sequence and 

structural homology with bacterial DNA repair enzymes. However, TREX1 ablation in 

mice demonstrated an aggressive, immune-activating phenotype and not a mutator 

phenotype [6]. TREX1 mutations are now known to cause a spectrum of human 

autoimmune diseases associated with constitutive low-level IFN-I signaling in the 

absence of a microbial threat [7], [8]. Murine models of TREX1 deficiency have 
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demonstrated that the cyclic GMP-AMP Synthase – Stimulator of INterferon Genes 

(cGAS-STING) pathway of cytosolic DNA sensing is required for this inflammatory 

signaling [9], [10], supporting a model in which TREX1 degrades cytosolic DNA to 

prevent inappropriate DNA PRR activation. TREX1 DNA substrates may arise from 

within the cell itself or from exogenous sources, but critically, must be cleared to 

maintain normal DNA compartmentalization and suppress persistent stimulation of 

cytoplasmic DNA sensors, inflammation, and autoimmunity.  

The precise nature of TREX1 substrates continues to emerge, as do the specific 

molecular pathways of DNA sensing and inflammatory signaling underlying TREX1-

mediated autoimmune pathogenesis. Here, we summarize accumulated biochemical and 

structural knowledge regarding the activity, regulation, and function of the TREX1 

enzyme. We explore the accumulated mouse and human immunological data 

demonstrating a role for TREX1 in suppression of cytosolic DNA sensing and 

inflammatory signaling, and discuss current concepts regarding where the DNA being 

sensed in TREX1-deficient cells and organisms may arise. Finally, we examine potential  

cell populations participating in DNA sensing to initiate inflammation, a topic with 

substantial relevance to understanding the origins of autoimmune pathogenesis in 

TREX1-mutant humans, and the subject of this body of work.  
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1. TREX1 activity, structure, localization, and regulation 

 The TREX1 gene is a single open reading frame located on chromosome 3p21.31 

encoding a 314 amino acid polypeptide with a molecular weight of ~33 kDa [11]. TREX1 

homologs are found in metazoans, are well-conserved, and are expressed in most tissues 

[5], [11], [12], likely indicating an important house-keeping function in most cells. The 

gene encodes a magnesium-dependent, non-processive DNA exonuclease which 

degrades both double- and ssDNA from the 3’-terminus, cleaving the phosphodiester 

bond and releasing single nucleoside monophosphates [2]–[5], [11]. The TREX1 N-

terminal 242 amino acids contain all of the necessary structural elements for full 

catalytic activity, and the C-terminal region 72 amino acids are required for localization 

to the perinuclear space or endoplasmic reticulum (ER), where it is oriented with its 

active sites exposed to the cytosol (Figure 1A) [13], [14], [15, p.], [16]–[20]. TREX1 is an 

obligate homodimer, with residues from one protomer reaching across the dimer 

interface to contribute to catalysis in the opposing protomer. This structure is unique 

among exonucleases and is mediated by an extensive hydrogen-bonding network 

between protomers, including backbone contacts between β-strands, side-chain pairings, 

and hydrophobic packing of antiparallel helices (Figure 1B). The strength of this 

interaction creates a kinetically stable dimer that does not dissociate and re-equilibrate 

at measurable rates [21]–[23].  

The TREX1 sequence contains the DEDD motif typical of many DNA 

exonucleases, and exhibits both sequence and structural homology with the E. coli 3’→5’ 

exonuclease domain of DNA Pol I and the DnaQ subunit of Pol III [4], [5]. Because these 

bacterial enzymes play a critical role in DNA proofreading and repair, it was initially 

hypothesized that TREX1 was a component of the mammalian DNA repair machinery. 

However, TREX1 exhibits very little degradative activity against DNA  
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Figure 1 – TREX1 localization and structure.  (A) Microscopy images 
demonstrating full-length protein (AA 1-314) and C-terminal region (AA 243-314) 
localizing to perinuclear region/ER, and diffuse localization of TREX1 C-terminal 
truncation mutant (AA 1-286). Images borrowed from published data [18]. (B) The 
dimer interface and active site of TREX1 with DNA bound (yellow and orange). 
Magnesium ions are denoted as magenta spheres. Protomers are differentiated by 
color. Interactions along the dimer interface are represented by dashed lines. 
Catalysis in the highlighted TREX1 active site (right) is mediated by several key 
residues in the green protomer, including D18 and D200, as well as residues from the 
blue protomer, including R62 and R114 (not shown). Image was borrowed from 
published data [25]. (C) A space-filling model of substrate binding in the TREX1 
active-site.  The 3'-terminal nucleotide (orange spheres) of the 4-mer oligonucleotide 
substrate is tightly constrained inside the nucleotide binding pocket, such that bulky 
DNA damage adducts would be sterically hindered. TREX1 atoms are represented as 
cyan spheres. Graphic was generated in PyMol using Protein Data Bank structure 
'2OA8'. 
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containing 3’ obstructive lesions that result from DNA damage, indicating that its 

primary substrate is undamaged DNA 3’-termini [24], [25]. This notion is further 

supported by the crystal structures of TREX1 in complex with substrate or product, 

which reveal a nucleotide binding pocket within the active site too constrictive to allow 

binding of bulky 3’-modifications such as phosphate, phosphoglycolate, or tyrosyl 

residues (Figure 1C) [13], [18]. TREX1 has been reported to translocate to the nucleus 

following genotoxic stress [20], [26] and to interact with the PARP1 complex [27, p. 1],  

suggesting that it could contribute to DNA repair. However, TREX1 ablation in mice does 

not increase mutation rates or oncogenesis [6] and TREX1 does not co-localize with 

major DNA Damage Response (DDR) components γH2AX, pATR, or p53BP following 

genotoxic stress [26]. In addition, TREX1-deficient cells repair UV-induced dsDNA 

breaks and cyclobutane pyrimidine dimers at the same rate as TREX1 wild type (WT) 

cells [19]. Therefore, TREX1 does not appear to participate directly in DNA damage 

repair. 

TREX1 exhibits complex and multi-layered regulation, suggesting a fluctuating 

level of exonuclease activity dependent upon the physiological status of the cell. TREX1 

transcription is induced by numerous DNA-damaging agents, including UV light, 

polycyclic aromatic hydrocarbons, and H2O2 [26] as well as high doses of gamma 

radiation [28] and the cytokine IFN-γ [29]. TREX1 induction following DNA damage 

might indicate that TREX1 acts on DNA which “leaks” from the nucleus to the cytosol 

following DNA damage, a concept that will be revisited later in the review. Upregulation 

of TREX1 in response to genotoxic stress or to IFN-γ requires c-Jun, a member of the 

AP-1 transcription factor complex, and the TREX1 promoter contains an AP-1 binding 

site[26]. In addition, TREX1 is induced by IFN-I signaling and is therefore considered an 

interferon-stimulated gene (ISG), suggesting a potential role for TREX1 in the anti-viral 

response [12], [30]. The TREX1 gene contains two splice sites, allowing for three 
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potential splice variants [11]. At least one TREX1 splice variant results in truncation of 

key catalytic residues, revealing a potential pathway for post-transcriptional regulation. 

In addition, microRNA-mediated RNA interference has been shown to modulate TREX1 

message levels in endothelial cells [31]. Finally, our lab has demonstrated that the 

TREX1 C-terminus is post-translationally modified by ubiquitination, a modification 

which promotes shuttling to and degradation in the autophagosome [16]. Additional 

study of how and when TREX1 activity is modulated by the cell might contribute to our 

understanding of its normal physiological role.  

 

2. Immunological consequences of TREX1 dysfunction 

TREX1 mutations induce a chronic state of IFN-I signaling and inflammation, 

presumably due to the accumulation or persistence of undegraded DNA in the cytosol 

and constitutive activation of DNA PRRs. A multitude of redundant PRRs detect DNA in 

the cytoplasm of eukaryotic cells (reviewed in [32]). The key sensor of cytosolic DNA 

resulting from TREX1 dysfunction appears to be cGAS, a sequence-independent obligate 

dsDNA sensor localized predominantly within the cytoplasm [33]. DNA binding induces 

cGAS dimerization and production of cyclic GMP-AMP (cGAMP), a small molecule 

ligand of the ER-localized signaling adaptor protein STING [34]–[37]. Binding of 

cGAMP to STING leads to STING dimerization, translocation to the Golgi apparatus, and 

recruitment of both IKK and TANK-binding kinase 1 (TBK1) [38], [39]. IKK 

phosphorylates IκB, leading to its degradation, NF-κB activation, and the expression of 

pro-inflammatory cytokines such as TNF-α and IL-1 [40]. Binding of TBK1 to STING 

induces TBK1 auto-phosphorylation and subsequent phosphorylation of IRF3 [41].  IRF3 

dimerizes, translocates to the nucleus, and stimulates production of type I interferons 

(IFN-I), secreted signaling molecules which induce inflammation and mediate anti-viral 
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immunity. IFN-I binds to the IFN-alpha receptor (IFNAR), expressed on all cells, 

inducing the expression of hundreds of ISGs as a coordinated anti-viral defense 

program. TREX1-deficient mice exhibit constitutive IFN-I signaling and ISG expression, 

and ablation of cGAS [9], [42], STING [10], [43], IRF3 [44], or IFNAR [44] completely 

abrogates this chronic inflammatory state. Inhibition of TBK1 in TREX1-deficient mice 

mediates similar effects [45]. Thus, TREX1-dependent inflammation likely arises from 

the inappropriate sensing of undegraded TREX1 substrates in the cytosol by cGAS, 

leading to chronic STING activation and constitutive IFN-I signaling (Figure 2).  

Inflammation arising from TREX1 mutations causes a spectrum of rare 

autoimmune diseases in humans and mice. All exhibit clinical overlap with a common 

form of autoimmune disease known as Systemic Lupus Erythematosus (SLE), and as 

such are considered “lupus-like”. Interestingly, the nature of the disease-causing TREX1 

mutation strongly determines the resulting phenotype.  Certain TREX1 alleles give rise to 

Aicardi-Goutières Syndrome (AGS), a severe neurodegenerative disorder typically 

presenting in infancy [7], [8], [46]. AGS TREX1 mutations include single amino acid 

variants and frameshift mutations leading to early translational STOP codons and 

presumably dysfunctional TREX1 polypeptides. Most disease-causing alleles exhibit 

recessive genetics, but some dominant alleles have been identified. AGS patients 

demonstrate sterile IFN-I production, dramatic expansion of white blood cells, neural 

inflammation and calcification, skin lesions, multi-organ inflammation, and significant 

mortality early in life [47]–[50]. Similarly, TREX1 ablation in mice leads to an aggressive 

lupus-like autoimmune phenotype, as indicated by robust ISG induction, extensive 

myocarditis, nuclear autoantibody production, and markedly reduced survival [9], [10], 
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[42], [43], [51], [52]. TREX1-/- mice do not exhibit a neuroinflammatory phenotype, but 

the severity and rapid course of disease in these animals mirrors the aggressiveness of 

AGS. 

In contrast, humans expressing the catalytically inactive TREX1 D18N allele 

develop less severe and autosomal dominant Familial Chilblain Lupus (FCL) [8], [53], 

[54]. FCL patients exhibit temperature-sensitive chilblain lesions on the hands and feet 

as well as systemic IFN-I signaling, autoantibody production, and multi-organ 

Figure 2 – TREX1 dysfunction triggers the cGAS-STING cytosolic DNA 

sensing pathway. Model of how TREX1 catalytic inactivity initiates IFN-I-

dependent inflammation. TREX1 dysfunction allows cytosolic accrual of undegraded 

DNA, cGAS-dependent sensing, cGAMP synthesis, and activation of STING. STING 

recruitment of TBK1 and TBK1-dependent IRF3 phosphorylation triggers 

transcription of IFN-I genes, leading to chronic inflammation and autoimmunity. 
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inflammation. Neurological involvement is occasionally observed, leading to speculation 

that FCL may represent a milder form of AGS [46].  Our laboratory generated a mouse 

model of FCL by replacing the TREX1 WT allele with the catalytically inactive TREX1 

D18N allele. This mouse model exhibits a less aggressive lupus-like phenotype relative to 

TREX1-/- mice, paralleling the human TREX1 disease spectrum [55].  

The dominant inheritance pattern of FCL can likely be explained by the 

biochemical properties of TREX1 dimers. In TREX1WT/D18N cells, dimers are generated as 

a stochastic mixture of allelic combinations, such that WT/WT, D18N/D18N, and 

heterodimeric enzyme are formed. Heterodimers and D18N homodimers retain the 

capacity to bind dsDNA, but cannot degrade it, effectively “trapping” DNA substrates 

and preventing degradation by WT/WT enzyme. This likely allows for DNA 

accumulation and sensing [56]. In contrast, most AGS alleles exhibiting autosomal 

recessive inheritance patterns encode significantly truncated or disrupted polypeptides. 

Heterodimers or mutant homodimers retaining DNA-binding capacity are therefore 

unlikely to form, leaving functional WT/WT enzyme as the predominant TREX1 species 

in TREX1WT/AGS cells (Figure 3). 

Interestingly, correct localization of TREX1 to the perinuclear or ER membranes 

appears crucial for its proper function. Frameshift mutations in TREX1 that eliminate 

the C-terminal region from the protein cause mislocalization throughout the cytosol and 

autosomal dominant Retinal Vasculopathy with Cerebral Leukodystrophy (RVCL) [14], 

[17], [57]. RVCL most often presents in middle age as progressive vision loss and neural 

degeneration, likely through destruction of small retinal and neural blood vessels [17], 

[58]. In contrast with AGS and FCL,  systemic IFN-I signaling is not observed [59]. 

Curiously, mice expressing RVCL-causative TREX1 C-terminal mutants develop elevated 

levels of autoantibodies, but not specifically against nuclear antigens. Furthermore, 
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systemic ISG expression is not observed, but certain purified cell populations may 

exhibit ISG upregulation in vitro, potentially indicating a more localized IFN-I response 

[60], [61]. This suggests a disease mechanism distinct from AGS and FCL. 

Different TREX1 mutations cause a spectrum of human diseases, indicating that total 

loss of TREX1 protein, fractional or complete loss of catalytic activity, and enzyme 

mislocalization differentially impact disease phenotype. This implies that TREX1 

possesses additional function(s) beyond cytosolic DNA degradation, and that the C-

terminal region must be properly localized in the perinuclear space or ER to fulfill at 

least one of these functions. Supporting this concept are studies demonstrating TREX1 

participation in the oligosaccharyltransferase (OST) complex [60], [62]. OST is an ER-

localized membrane protein complex responsible for transferring short sugar moieties 

from lipid-linked oligosaccharides (LLOs) to nascent proteins. TREX1 interacts with this 

complex through its hydrophobic C-terminal region, and appears to mediate proper OST 

function through a DNA catalysis-independent mechanism. Loss of the TREX1-OST 

interaction disrupts normal OST function, leading to an increase in non-LLO-linked free 

glycans in TREX1-/- cells. Glycan mismanagement has been previously linked to 

inflammation and lupus-like autoimmunity [63], [64], and indeed, free glycans induced 

by TREX1 dysfunction have been shown to directly induce IFN-I signaling through a 

STING-TBK1-dependent mechanism [65]. Thus, the human and mouse disease spectrum 

resulting from different TREX1 mutations likely indicates that multiple molecular 

sources of inflammation contribute to disease (Figure 4). Furthermore, the severe 

phenotypes resulting from full TREX1 ablation likely reflect the combined effects of 

failed DNA degradation and OST dysregulation.  
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Figure 3 – Differing inheritance patterns of TREX1-linked diseases 

depend on the capacity to form non-productive enzyme-DNA complexes. 

Diagram illustrating the formation of various TREX1 hetero- and homodimers, 

depending on the genotype of the cell. Catalytically inactive TREX1 D18N protomers 

(orange) may dimerize and bind DNA, but cannot degrade it, thereby blocking 3’-

hydroxyl binding sites for WT protomers (blue) and resulting in a dominant negative 

phenotype. Note that TREX1 WT/D18N dimers retain activity against one strand, but 

the undegraded strand prevents progress down the length of both strands. In 

contrast, AGS-causative mutations generally encode severely truncated polypeptides 

unlikely to form dimers, leaving functional WT homodimer as the major species 

formed. 
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3. TREX1 DNA substrates 

The molecular targets of TREX1 degradation are an active area of research, and 

several potential DNA sources have been proposed. This may suggest that TREX1 acts on 

DNA arising from multiple independent physiological processes. One model posits that 

TREX1 acts in the SET complex to degrade genomic dsDNA during granzyme A-

mediated cell death [66]. Granzyme A is released by cytolytic immune cells, initiating a 

death program in cells targeted for deletion. This process involves nuclear translocation 

of the SET complex, allowing the NM23-H1 endonuclease to cleave phosphodiester 

bonds in the genomic DNA. TREX1 binds to the free 3’-hydroxyl termini of NM23-H1-

generated nicks and fully dismantles the genome, killing the target. However, granzyme 

A-mediated cell killing is primarily linked to virally- 

 

infected cells and cancer cells, raising questions about the mechanism of constitutive 

inflammation detected from TREX1 dysfunction in humans and mice. Recently, our 

laboratory has proposed that NM23-H1 and TREX1 could act in concert to degrade the 

genomic DNA of developing erythroblasts [67]. Over ~200 billion enucleated 

erythrocytes generated in humans each day [68], so TREX1 dysfunction in this context 

could lead to the persistence of undegraded erythroblast DNA, dysregulated 

erythropoiesis, and constitutive self-DNA sensing. 

Mounting evidence suggests that genomic DNA may move from the nucleus to the 

cytosol, perhaps resulting from DNA damage, repair processes, DNA replication, or 

turnover of endogenous retroelements. TREX1 likely acts as a general disposal 

mechanism for these DNA species to limit self-sensing. Two models have been proposed 
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in which TREX1 degrades nucleus-derived ssDNA to prevent inflammation, but they 

differ on how ssDNA is generated. In one model, ssDNA fragments are thought to be 

generated in the nucleus during S phase following failed processing of aberrant 

replication intermediates [20], [69], [70]. TREX1-/- murine embryonic fibroblasts 

Figure 4 – Heterogeneity in TREX1-linked human diseases likely relates to 
distinct sources of inflammation. Cartoon models depicting active sources of 
inflammation caused by TREX1 mutations. Full ablation of TREX1 or highly 
deleterious mutations that lead to no polypeptide (upper right) lead to both failed 
cytosolic DNA degradation and OST dysregulation, and are associated with the severe 
AGS phenotype. Point mutation D18N (lower left) renders TREX1 catalytically inactive 
and leads to failed cytosolic DNA degradation, but preserves OST interactions, 
consistent with the more mild FCL phenotype observed in humans expressing the 
D18N allele. C-terminal mutations (lower right) induce TREX1 mislocalization 
throughout the cytosol but preserve catalytic activity, likely allowing clearance of 
cytosolic DNA but negatively impacting OST regulation. C-terminal mutations cause 
RVCL in humans, but a direct link between RVCL and free glycan mismanagement has 
yet to be definitively established. 
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(MEFs) and primary fibroblasts from AGS patients exhibit cytosolic ssDNA accrual, and 

BrdU-pulse experiments suggest that this DNA is released from the nucleus during S 

phase. Cytosolic ssDNA accumulation in TREX1-deficient cells is reportedly correlated 

with cell cycle defects, p53 activation and p21 induction, reduced CHK2 expression, and 

DNA comet formation, consistent with a state of elevated DNA damage and chronic DDR 

activation [19], [20], [71], [72]. Another model proposes a source of accumulating 

cytosolic ssDNA derived from retroviral replication. ssDNA retroelements were found to 

be more abundant in TREX1-/- versus WT hearts [44] and in TREX1-deficient cells [71], 

[73], [74], and overexpression of WT TREX1 but not catalytically-inactive TREX1 led to 

reduction in retrotransposition events in vitro [44]. Related to this idea, TREX1 also 

appears to exhibit degradation activity against HIV retroviral cDNA during infection. It 

has been proposed that TREX1 degradation of aborted, non-productive HIV cDNA 

contributes to HIV avoidance of detection by cGAS [75], [76]. 

TREX1 dysfunction causes cGAS-STING activation, and cGAS requires dsDNA 

binding for activation [34], [77]–[80]. Furthermore, TREX1 WT/D18N heterodimers 

that could form in FCL patients exhibit no functional activity against dsDNA, but retain 

significant ssDNA degradative activity [56]. Thus, inflammation arising from TREX1 

dysfunction likely reflects sensing of dsDNA. Cytosolic ssDNA originating from the 

nucleus during DNA replication, reportedly ~60-65 nucleotides in length [20] would 

therefore need to exhibit dsDNA structure to activate cGAS. HIV cDNAs have been 

shown to form hairpin structures permitting cGAS-DNA binding and activation [81], 

potentially suggesting that a similar property may extend to retroelement cDNAs, but 

attempts to relate retroelement activation of cGAS-STING to TREX1 dysfunction have 

generated conflicting results. The reverse transcriptase (RT) inhibitor AZT had no 

apparent effect on TREX1-/- mouse survival [51], but a small study reported marked 

improvement in survival using a combination of Truvada and Viramune targeting a 
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broader range of RT enzymes [82]. A more comprehensive study using similar broad-

spectrum RT inhibitor cocktails found no change in survival, tissue inflammation scores, 

or IFN-I signaling between treated and untreated TREX1-/- animals [83]. Finally, the RT 

inhibitors 3TC and d4T appear to cause a reduction in inflammatory signaling within 

TREX1-mutant neuronal cell lines in vitro [74]. TREX1 substrates continue to emerge, 

and further research will likely reveal that TREX1 acts on many DNA species to maintain 

a DNA-free cytosol. 

 

4. Nucleic acid metabolism, genome instability, and inflammation 

 Five genetic loci involved in nucleic acid-metabolism or detection are causally 

linked to AGS. In addition to TREX1, mutations in any of the three RNASEH2 genes 

[84], SAMHD1 [85, p. 1], ADAR1 [86], and IFIH1 [87], [88, p. 1] are causative for AGS. 

Mutations in these genes can be partitioned into those involving cytosolic RNA sensing 

and those involving DNA sensing. ADAR1 is an RNA-editing enzyme which may target 

and destabilize endogenous dsRNA species, preventing chronic activation of the RIG-

I/MDA5 RNA sensing pathway (reviewed in [89]). Likewise, IFIH1 encodes MDA5 [90], 

and gain-of-function mutations in IFIH1 cause AGS. Thus, one cluster of AGS mutations 

likely induce aberrant cytosolic RNA sensing. TREX1, RNaseH2, and SAMHD1 

mutations impinge on the cGAS-STING pathway of cytosolic DNA sensing. RNaseH2 

excises misincorporated ribonucleotides from genomic DNA. These ribonucleotide 

lesions increase susceptibility to single- and double-stranded breaks (DSBs) and loss of 

RNaseH2 activity induces massive DNA damage, impaired cell cycle progression, and 

perinatal lethality in mice dependent on cGAS-STING [91]–[93]. SAMHD1 is a 

triphosphohydrolase which regulates dNTP pools to maintain DNA replication fidelity 

[94], [95, p. 1]. SAMHD1 also likely contributes to dsDNA break repair by homologous 
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recombination [96], and might promote resolution of stalled replication forks by MRE11 

exonuclease activity [97]. SAMHD1 deficiency  leads to chronic DNA damage, DDR 

activation, cellular senescence, and cell cycle defects [98], an increased mutational 

burden in cultured fibroblasts [99], and cGAS-STING-dependent IFN-I signaling [97], 

[100]. Thus, AGS-causing mutations occur in multiple genes responsible for genome 

maintenance, suggesting a model in which failure to maintain genome integrity can lead 

to cGAS-STING activation and autoimmunity. 

Ample experimental evidence supports the concept that genome instability can lead 

to the appearance of DNA in the cytosol and the activation of cGAS-STING. RNaseH2-

deficient MEFs exhibit increased formation of micronuclei, extra-nuclear structures 

containing damaged chromatin that bud from the nucleus following missegregation of 

genetic material during mitosis [101], [102]. Micronuclei are initially compartmentalized 

by a nuclear envelope but  frequently rupture, allowing cGAS access to the damaged 

chromatin [101], [103], [104]. In addition, DNA damage caused by genotoxic agents, 

depletion of DNA repair factors, and the normal aging process are all associated with 

“leakage” of naked ss- and dsDNA fragments directly into the cytosol, which induces a 

cGAS-STING-dependent IFN-I response [28], [105, p. 201], [106]–[110]. These 

observations suggest that cGAS-STING might participate in the detection of genotoxic 

stress in addition to PAMPs. Aging cells and cells exposed to genotoxic insults risk 

oncogenic transformation. cGAS-STING-dependent cytosolic DNA sensing and IFN-I 

production in these cells could act to promote immune recognition and clearance, as well 

as encouraging senescence [111], [112], [113, p.]. 

TREX1 does not appear to directly participate in DNA repair. It is therefore curious 

that TREX1-/- cells exhibit chronic DNA damage similar to RNaseH2 and SAMHD1-

deficient cells [19], [20], [71], [72]. It may be that the failure to degrade cytosolic DNA by 
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TREX1 can cause genomic instability by triggering a “feedback” response in the nucleus. 

One model suggests that undegraded TREX1 ssDNA substrates in the cytosol can diffuse 

back into the nucleus, where they non-productively associate with DNA repair factors 

RPA and RAD51 [19]. Depletion of free RPA/RAD51 may chronically sensitize cells to 

DNA damage and genome instability. However, the structural and biochemical 

properties of TREX1 indicate that dsDNA is a key substrate, and genotoxic stress can 

lead to the appearance of double-stranded genomic DNA in the cytosol. The fate of this 

dsDNA after it leaves the nucleus could involve TREX1-mediated degradation. 

Consistent with a model of extranuclear dsDNA disposal, ablation of lysosomal 

endonuclease DNaseII in fibroblasts is associated with cytosolic accumulation of 

nucleus-derived dsDNA fragments [114]. Furthermore, these cells exhibit chronic DNA 

damage similar to AGS-mutant cells. DNaseII-deficient cells and mice also exhibit cGAS-

STING-dependent IFN-I signaling [114]–[116]. This implies that 1) dsDNA is regularly 

exported from and degraded outside the nucleus, and 2) dysfunction in this process may 

lead to both cytosolic pattern recognition and DDR activation. A precise mechanism 

describing how failed cytosolic dsDNA degradation leads to DNA damage remains to be 

elucidated, but a similar model to that proposed for ssDNA TREX1 substrates could 

apply. dsDNA fragments diffusing back into the nucleus would represent excellent 

substrates for DNA-PK, a nuclear kinase which mediates recruitment of repair factors to 

dsDNA breaks, and which is readily activated by fragments as small as 14 nucleotides in 

vitro [117]–[119]. The localization of TREX1 at the nuclear border, its high affinity for 

dsDNA, and the phenotypic similarities between TREX1 and DNaseII deficiency could 

suggest that both participate in disposal of leaked nuclear dsDNA to prevent genome 

instability and cytosolic DNA sensing.  
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5. Cell populations driving inflammation in TREX1-linked 

autoimmunity 

TREX1 dysfunction in multiple cell populations could drive inflammatory IFN-I 

signaling and trigger autoimmunity. The widespread expression of TREX1 suggests that 

many cell populations likely utilize TREX1 for DNA disposal, but they may differ in the 

rate of cytosolic DNA generation, sensitivity or expression of cytosolic DNA sensing 

pathways, and capacity to produce pro-autoimmune inflammatory signals. The 

inflammatory myocarditis phenotype of the TREX1-/- mouse initially suggested 

cardiomyocytes as a key cell population sensing and responding to undegraded cytosolic 

DNA [6], [43]. Consistent with this model, ISG induction was observed in TREX1-/- 

hearts early during development, suggesting active DNA sensing in cardiac tissue. 

However, cardiomyocytes do not appear to possess a functional cGAS-STING signaling 

axis [10], suggesting that DNA sensing and IFN-I production might originate within the 

immune cell infiltrates that develop in TREX1-/- mice. One model may be that TREX1-

deficient cardiomyocytes release undegraded cytoplasmic DNA into the 

microenvironment, perhaps within exosomes, which could act as an attractant and 

source of cGAS-stimulatory DNA for circulating immune cells [120]. Potentially 

consistent with this model, a recent study found that cardiomyocytes release DNA 

following ischemic injury, triggering an IRF3-dependent influx of IFN-I-producing 

phagocytic cells into cardiac tissue [121].  

Several studies have reported an immune cell origin of inflammatory signaling in 

TREX1-/- mice. One report found that the transfer of TREX1-/- bone marrow into 

TREX1WT/WT hosts was sufficient to induce autoimmune disease, and identified 

monocyte-derived cells as the major source of ifnb expression in TREX1-/-  hearts [10]. 

Another study found that conditional deletion of TREX1 in either the full hematopoietic 
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lineage or the dendritic cell lineage alone was sufficient to trigger uncontrolled IFN-I 

signaling and an autoimmune phenotype similar to fully TREX1-/- mice [52]. 

Interestingly, conditional TREX1 deletion in keratinocytes, microglia, and astrocytes led 

to localized increases in ISG expression, but no evidence of autoimmune disease. This 

could suggest that loss of TREX1 activity induces cytosolic DNA sensing and IFN-I 

production in multiple cell populations, but additional factors work in conjunction with 

IFN-I to drive autoimmune pathogenesis. 

As previously mentioned, TREX1-/- cells exhibit both DNA sensing-dependent 

and -independent sources of inflammatory signaling, complicating identification of 

pathogenic cell types. Distinct cell types may be involved in the inflammatory responses 

generated by self-DNA sensing versus free glycan accumulation, and complex 

interactions between these cells may mediate a unique pathogenic mechanism in TREX1-

/- organisms. Studies focused on isolating the variables of failed DNA catalysis vs. OST 

dysregulation are needed to separate the influence of these competing inflammatory 

pathways, and will likely lead to a better understanding of autoimmune pathogenesis in 

TREX1-linked human diseases. 

 

6. Study objective and structure 

 The purpose of this study was to examine the molecular and cellular origins of 

inflammation in mice expressing the TREX1 D18N allele. The D18N mutation causes 

FCL in humans and encodes a catalytically inactive enzyme which cannot degrade 

cytosolic DNA. Unlike most AGS alleles, the D18N enzyme forms dimers and exhibits 

correct cellular localization, thereby preserving normal protein-protein interactions with 

the OST complex and other binding partners. This mouse model therefore represents an 
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ideal model system in which to study the pathogenic influence of cytosolic DNA sensing 

in isolation. 

 FCL patients exhibit robust upregulation of ISGs, and work in the TREX1-/- model 

has demonstrated that IFN-I signaling requires the cGAS-STING cytosolic DNA sensing 

pathway. I therefore hypothesized that: 

1. TREX1 D18N mice exhibit cGAS-STING-dependent IFN-I signaling 

2. IFN-I is the molecular mediator of inflammation and 

autoimmunity in TREX1 D18N mice 

These hypotheses address the validity of the current model of TREX1-linked 

molecular pathogenesis by directly testing the link between failed DNA degradation, 

inflammation, and autoimmunity. Experiments testing these hypotheses are the subject 

of Chapter 2. 

Identification of specific TREX1-deficient cell populations driving inflammatory 

signaling is an important step towards a better understanding of autoimmune 

pathogenesis, and the development of targeted therapeutics for human patients. IFN-I is 

the key molecular mediator of inflammation in TREX1-/- mice, and innate immune cells 

are generally regarded as major sources of these cytokines. In particular, plasmacytoid 

dendritic cells (pDCs) are a cell type specialized for the large-scale synthesis of IFN-I 

[122]. As such, I initially hypothesized that TREX1 D18N pDCs sensing undegraded 

cytosolic DNA are the predominant cellular source of IFN-I in the TREX1 

D18N mouse. Experiments aimed at testing this hypothesis are the subject of 

experiments in Chapter 3. I conclude with potential models of autoimmune 

pathogenesis and directions of future research. 
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INTRODUCTION 

The TREX1 exonuclease is a highly efficient dismantler of cytosolic DNA, and 

TREX1 dysfunction has been causally linked to a spectrum of rare autoimmune diseases 

in humans. Much of our understanding of how these diseases arise derives from work 

done in TREX1-/- mice, a model system most closely mimicking the highly disruptive 

mutations which cause the severe autoimmune disorder Aicardi-Goutières Syndrome 

(AGS) in humans. These mice demonstrate an aggressive autoimmune phenotype, 

characterized by extensive myocarditis and a dramatically shortened lifespan [1]. A 

generally accepted molecular model of pathogenesis in these animals involves the 

accrual of undegraded TREX1 DNA substrates in the cytosol, leading to activation of the 

pattern recognition receptor cyclic GMP-AMP synthase (cGAS) and its downstream 

effector Stimulator of Interferon Genes (STING) and the production of type I interferon 

(IFN-I). The chronic synthesis and sensing of IFN-I is believed to act as an inflammatory 

stimulus, which ultimately triggers inappropriate self-directed immune activation [2]–

[6]. Disorders caused by TREX1 mutations have been termed “interferonopathies” 

because of the presumptive pathogenic role of IFN-I [7]. 

 While intuitive, the possibility that TREX1 may contribute to cGAS activation 

through a non-catalytic mechanism must be considered. The C-terminus of TREX1 

interacts with and stabilizes the oligosaccharyltransferase transferase (OST) complex, 

promoting normal protein glycosylation. TREX1 has also been reported to interact with 

Poly(ADP-Ribose) Polymerase-1 (PARP1), a protein complex involved in the DNA 

damage response [8], and the SET complex, which recruits the NM23-H1 endonuclease 

to facilitate granzyme A-mediated cell death [9]. TREX1 may contribute to normal 

PARP1/SET function through a non-catalytic mechanism, and the total absence of 

TREX1 protein could lead to the dysfunction of either complex. Given that both PARP1 
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and SET participate in DNA processing, this could result in the inappropriate 

appearance of DNA in the cytosol. A direct and causal link between failed DNA 

degradation by TREX1 and immune activation can therefore not be definitively 

established in the TREX1-/- system without a deeper understanding of the non-catalytic 

roles of TREX1 in the cell. 

 In contrast to severely disruptive TREX1 mutations associated with AGS, the 

point mutation TREX1 D18N causes the clinically distinct autoimmune disease Familial 

Chilblain Lupus (FCL) [10], [11]. The TREX1 D18N enzyme is catalytically inactive and 

cannot break down DNA, but retains the capacity to bind DNA and interact with other 

proteins in the cell [12], [13]. Our lab has generated mice expressing TREX1 D18N, which 

we previously reported to exhibit evidence of an autoimmune phenotype [14]. Using this 

animal model, we can directly test the hypothesis that undegraded TREX1 DNA 

substrates trigger the cGAS-STING-IFN-I axis to drive inflammation and autoimmunity. 

Here we report that TREX1 D18N mice exhibit adaptive and innate immune 

activation consistent with a lupus-like form of autoimmunity. This immune activation 

coincides with robust induction of the IFN-I system, which is required for the 

development of all indications of disease. This suggests that IFN-I is the key 

inflammatory mediator of loss of self-tolerance, consistent with the interferonopathy 

concept. Finally, we report that inflammation and autoimmunity depend on STING, 

which integrates signals from cGAS. These data demonstrate that the sensing of 

undegraded TREX1 DNA substrates is sufficient to trigger a cGAS-STING-driven IFN-I 

response and lupus-like autoimmune disease in mice, and likely in humans. 
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RESULTS 

TREX1 catalytic inactivity induces inappropriate adaptive immune 

activation consistent with lupus-like autoimmune disease 

Humans expressing the inactive TREX1 D18N develop FCL, a rare disease 

exhibiting significant clinical overlap with the far more prevalent Systemic Lupus 

Erythematosus (SLE). FCL patients develop cold-sensitive chilblain lesions on the hands 

and feet, as well more common hallmarks of lupus-like disease (LLD), including 

Interferon-Stimulated Gene (ISG) upregulation, anti-nuclear autoantibodies, and multi-

organ inflammation. In both SLE and LLD, activation and differentiation of autoreactive 

helper CD4 T cells  is believed to represent the initial cell-level event leading to disease 

[15]–[18]. In addition to infiltrating tissues and releasing inflammatory compounds, 

activated autoreactive CD4 T cells facilitate the activation of autoreactive B cells. These 

cells produce large quantities of affinity-matured and self-reactive autoantibodies, 

resulting in highly elevated levels of IgG in serum (hypergammaglobulinaemia) [17], 

[19], [20]. Autoantibodies are a key driver of tissue inflammation in SLE and LLD, and B 

cell deletion abrogates most indications of inflammation in murine lupus models [21], 

[22]. 

. Mice homozygous for the TREX1 D18N allele exhibited many of the cellular 

indications of inflammation and immune activation consistent with LLD. We initially 

utilized high-dimensional flow cytometry to examine lymphocyte populations in the 

spleen and peripheral blood of TREX1 WT and D18N mice (Supplemental Figure 1A-

C). In the peripheral blood, TREX1 D18N CD4 T cells exhibited significant skewing 

towards a more differentiated phenotype by ten weeks of age. This trend became 

increasingly pronounced over time, and reflects increased T cell activation (Figure 1A). 

In the spleen, both CD4 and CD8 T cells from TREX1 D18N mice expressed higher levels 



36 
 

of the marker of recent activation CD69 (Figure 1B), and differentiated effector and 

memory CD4 T cells were significantly expanded (Figure 1C). TREX1 D18N 

differentiated CD4 T cells also expressed significantly higher levels of PD-1, a marker of 

T cell exhaustion (Supplemental Figure 2). These data are consistent with activation 

and expansion of autoreactive helper T cells, the key cellular initiation event in LLD. 

Interestingly, despite elevated expression of CD69, TREX1 D18N CD8 T cells were not 

significantly expanded relative to WT cells and no skewing towards an antigen-

experienced phenotype was observed (Supplemental figure 3), likely indicating that 

autoreactive T cell activation is restricted to helper T cells. CD69 can be upregulated 

following T cell exposure to IFN-I [23], [24], so upregulation on CD8 T cells in the 

absence of any evident activation or expansion could be consistent with spontaneous 

IFN-I signaling in the TREX1 D18N mouse. 

In addition to changes in conventional T cells, we also noted significant 

expansion of immunosuppressive T-regulatory cells (T-regs) in TREX1 D18N spleens 

(Figure 1D), a phenomenon which is also observed in the NZBxNZW F1 murine lupus 

model [25], [26]. This could represent an attempt by the TREX1 D18N immune system 

to counter-balance uncontrolled immune activation and tissue damage. TREX1 D18N 

mice also exhibited increased numbers of T-regs lacking expression of the IL-2 receptor 

alpha chain, CD25. While the exact function of these cells is not well understood, 

multiple groups have reported expansion of this cell subset in SLE [27]–[29]. Thus, 

TREX1 D18N mice exhibit both a conventional T cell and T-reg response consistent with 

LLD. 
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Figure 1. Adaptive immune activation and dysregulation in TREX1 D18N 

mice.  (A) Representative flow plots (left) and quantified percent of total peripheral 

CD4+ T cells that are differentiated (6-10 mice per genotype, mixed sex, 24 weeks of 

age).  (B) Percent of splenic T cell populations positive for the marker of recent 

activation CD69 (Effector: CD62L- CD44high, Memory: CD62L+ CD44high). (C) 

Population counts for CD4 T cell differentiation states in the spleen. (D) Population 

counts for T-regulatory and CD25- “atypical” T-regulatory cells in the spleen. (E) 

Representative flow plots for GC B cells (left) and quantified B cell population counts 

in spleen (10-12 mice per genotype, mixed sex, 24 weeks of age). Error bars represent 

SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by unpaired student’s t-test. All 

data is representative of 2-3 independent experiments. 
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 As expected, evidence of an autoreactive B cell response was also observed in 

TREX1 D18N mice. A significantly greater number of recently activated CD69+ B cells 

were found in the spleens of TREX1 D18N mice relative to WT. In addition, we observed  

expansion of germinal center (GC) B cells, representing activated B cells which have 

begun undergoing affinity maturation and antibody class-switching. We also noted 

higher  

 numbers of fully differentiated antibody-producing CD138+ plasma cells in the TREX1 

D18N spleen (Figure 1E). Collectively, these data demonstrate a B cell response 

consistent with activation of autoreactive cells and LLD. 

 

Increased myelopoiesis and aberrant APC maturation in TREX1 D18N mice 

 Curiously, innate immune cell populations including macrophages, monocytes, 

and dendritic cells (DCs) were significantly expanded in TREX1 D18N spleens (Figure 

2A). This likely represents a hematopoietic stem and progenitor cell (HSPC) response to 

inflammation. In the steady state, HSPCs produce myeloid lineage cells (myelopoiesis) at 

a given rate, but possess the capacity to increase production in response to inflammation 

and a perceived microbial threat (“demand-adapted” or “emergency” myelopoiesis) [30], 

[31]. Increased myelopoiesis in TREX1 D18N mice may therefore reflect an HSPC 

response to a constitutive inflammatory state.  
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In addition, TREX1 D18N innate immune antigen-presenting cell (APC) 

populations exhibited upregulation of co-stimulatory molecules relative to WT 

counterparts (Figure 2B). APCs collectively perform an important role in presenting 

antigens to T cells, and the upregulation of co-stimulatory molecules (through a process 

known as “maturation”) greatly enhances APC capacity to stimulate T cell activation. Co-

stimulatory molecules are generally upregulated following recognition of 

pathogen/danger-associated molecular patterns (PAMPS/DAMPS), or in response to the 

sensing of certain inflammatory cytokines, including IFN-I, IFN-γ, or TNF-α [32]–[34]. 

Maturation of TREX1 D18N APCs therefore likely reflects the sensing of an inflammatory 

state induced by the catalytic inactivity of TREX1, and may facilitate the activation of 

autoreactive T cells by enhancing T cell co-stimulation. 

 

 

Figure 2. Myelopoiesis and aberrant APC maturation in TREX1 D18N 

mice.  (A) Flow cytometric measurement of total cell counts and (B) CD86 

expression of splenic innate immune cell populations (Neu: Neutrophil, Mac: 

Macrophage, Mono: Monocyte, M-DC: Myeloid (CD11b+) dendritic cell (DC), L-DC: 

Lymphoid (CD11b-) DC, pDC: Plasmacytoid DC. 10-12 mice per genotype, mixed sex, 

24 weeks of age). Error bars represent SEM. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001 by unpaired student’s t-test. All data is representative of 2-3 

independent experiments. 
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TREX1 D18N mice develop a lupus-like form of autoimmune disease 

 In addition to cellular indications of inflammation consistent with autoimmune 

disease, TREX1 D18N mice demonstrate direct evidence of LLD. Anti-nuclear 

autoantibodies and hypergammaglobulinaemia are key clinical diagnostic criteria for 

SLE in humans, and are indicative of autoreactive B cell activation. The presence of anti-

dsDNA autoantibodies and hypergammaglobulinaemia could be readily detected in the 

serum of TREX1 D18N mice (Figure 3A). Nuclear autoantibodies mediate tissue 

inflammation and destruction by forming immune complexes with nucleic acids or  

nucleoproteins, which become deposited in tissues and mediate inflammatory signaling 

and complement activation [35]. Tissue sections from the hearts and kidneys of aged 

(24+ weeks) TREX1 D18N animals demonstrated extensive deposition of IgG antibody, 

likely representing immune complexes (Figure 3B). In the kidney, deposition was 

detected predominantly in the glomeruli. Anti-dsDNA autoantibodies are required for 

glomerular immune complex deposition in SLE and LLD, and this process promotes a 

localized inflammatory response that compromises glomerular function, promotes the 

development of fibrosis, and can eventually progress to kidney failure [36]. In addition 

to IgG deposition, the hearts of TREX1 D18N mice exhibited extensive infiltration of the 

pericardium and major vessels by CD45+ leukocytes, and a corresponding enlargement 

and loss of normal heart tissue architecture. This is consistent with our previous 

observation of a general vasculitis phenotype and the development of congestive heart 

failure in TREX1 D18N mice [14]. Heart failure is the predominant cause of accelerated 

mortality in TREX1 D18N animals, with death occurring as early as 6 weeks in some 

cases (Figure 3C). Together, these data demonstrate that TREX1 catalytic inactivation 

leads to a robust LLD phenotype. 
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Figure 3. TREX1 D18N mice develop a lupus-like form of autoimmune 
disease  (A) Serum anti-dsDNA autoantibodies (left-axis) and total serum IgG (right-
axis) by ELISA in WT and D18N mice (A-C, 9-11 mixed-sex TREX1 WT and D18N 
mice, 21-24 weeks of age). (B) Representative immunofluorescence images (top) 
demonstrating infiltration of CD45+ immune cells (magenta) and deposition of IgG 
(green) in the heart of a 24 week old D18N animal relative to an age-matched WT 
mouse, and representative images (bottom) demonstrating extensive IgG deposition 
(green) in the glomeruli of a D18N animal relative to an age-matched WT mouse (Blue 
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 TREX1 catalytic inactivity induces aberrant IFN-I signaling 

 FCL patients consistently demonstrate an ISG signature in peripheral blood cells, 

indicating the systemic production and sensing of IFN-I. TREX1 D18N mice similarly 

exhibit spontaneous activation of IFN-I signaling. RNAseq was used to examine 

differences in gene expression in the spleens of TREX1 WT vs. D18N animals. Seventeen 

of the nineteen most significantly and robustly upregulated genes in TREX1 D18N 

animals (FDR < 0.001 and fold change > 4) were identified as interferon-stimulated 

genes (Figure 4A). In addition, gene ontology analysis demonstrated significant 

enrichment in signaling pathways associated with “immune responses” and “response to 

viral infection” (Figure 4B), consistent with activation of the innate immune  

IFN-I system. TREX1 D18N mice therefore recapitulate the ISG signature of human 

disease. 

 To identify the extent of interferon signaling caused by the TREX1 D18N mutation, 

we measured the expression of a subset of ISGs in tissues of TREX1 WT and D18N mice 

using qRT-PCR. ISG induction was readily detected in multiple tissues, indicating a 

systemic IFN-I response (Figure 4C). Curiously, ISG expression exhibited significant 

heterogeneity depending on the tissue examined. ISGs were strongly induced in the 

heart, salivary glands, and in peripheral blood cells, but were not significantly different 

in skin, brain, lungs, or kidney. This may suggest that unique cell populations or tissue 

microenvironments contribute to the induction if interferon signaling in distinct tissues.   

= DAPI). (C) Survival curve demonstrating autoimmune-related mortality in TREX1 
D18N mice.  Error bars represent SEM. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 by unpaired student’s t-test (B, C) or Log-rank test (D). All data is 
representative of 2-3 independent experiments. 
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Figure 4. TREX1 catalytic inactivity induces aberrant IFN-I signaling. (A) 
Volcano plot and (B) gene ontology analysis generated from differential expression 
analysis of RNAseq data, demonstrating upregulation of ISGs and enrichment of 
immune signaling pathways in TREX1 D18N mice (‘FDR’: False Discovery Rate, 3 mice 
per genotype, mixed sex, 6-8 weeks of age). (C) ISG expression within TREX1 D18N 
tissues (‘SG’: Salivary gland, ‘CLN’: Contralateral lymph node, 3-4 mice per genotype, 
mixed sex, 8-12 weeks of age). Error bars represent SEM. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001 by unpaired student’s t-test. All data is representative of 2-
3 independent experiments. 
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Cumulatively, these data demonstrate that TREX1 catalytic inactivity is sufficient to 

induce spontaneous IFN-I synthesis and sensing. 

 

The TREX1 D18N autoimmune phenotype requires STING and IFN-I 

signaling 

 The prevailing model of TREX1-linked molecular pathogenesis involves the 

sensing of undegraded cytosolic TREX1 DNA substrates by the cGAS-STING axis. This 

induces the chronic production of inflammatory IFN-I, which is sensed by the 

ubiquitously expressed interferon alpha receptor (IFNAR) [37]. IFNAR ligation induces 

the expression of hundreds of ISGs, making cells more resistant to viral infection and 

priming immune responses [38], [39]. The latter is believed to promote the eventual loss 

of immune self-tolerance in TREX1-deficient organisms, leading to the classification of 

TREX1-linked disease as “interferonopathies”. To test this model in the TREX1 D18N 

system, we crossed D18N mice with animals lacking expression of IFNAR or STING and 

observed animals for evidence of IFN-I signaling, immune activation, and autoimmunity. 

 As expected, IFNAR ablation completely abrogated the ISG signature in TREX1 

D18N mice (Figure 5A). At the level of ISG protein, we noted that TREX1 D18N CD4  

and CD8 T cells uniformly exhibited high cell-surface levels of SCA-1, which can reflect 

the sensing of IFN-I [40] (Figure 5B). IFNAR ablation restored T cells to normal levels 

of SCA-1, demonstrating that this phenomenon is IFN-I-dependent, and that IFNAR 

drives the ISG response at both the message and protein levels. Similarly, TREX1 D18N 

STING-/- mice also exhibited significantly reduced ISG expression compared to WT 

controls (Figure 5A). This indicates that ISG expression and IFN-I production likely 

depend on cGAS-STING activation.  
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Figure 5. The TREX1 D18N autoimmune phenotype requires STING and 

IFN-I signaling. (A) ISG expression in spleen tissue normalized to TREX1 WT 

animals (B) FACS measurement of relative SCA-1 expression on splenic CD4+ and 

CD8+ T cells, normalized to WT (‘MFI’: Mean Fluorescent Intensity) (C) ISG 

expression within TREX1 D18N tissues (3-4 mice per genotype, mixed sex, 8-12 

weeks of age). Error bars represent SEM. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001 by unpaired student’s t-test. All data is representative of 2-3 

independent experiments. 
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In addition to ameliorating IFN-I signaling, loss of IFNAR or STING protects 

TREX1 D18N mice from autoimmune disease. Relative to TREX1 D18N mice, TREX1 

D18N IFNAR-/- animals exhibited no skewing of CD4 T cells in the peripheral blood  

towards a more differentiated phenotype (Figure 5C), no increase in activated CD4 T 

cells in the spleen (Supplemental Figure 4A), and no increase in T-regs or CD25- T-

regs (Supplemental Figure 5). Interestingly, we observed no increase in effector CD4 

T cells in IFNAR-/- spleens, but did see increased numbers of memory cells relative to WT 

(Supplemental Figure 4B). IFNAR ablation renders mice more susceptible to viral 

infection, so this could represent a history of more frequent or higher level infection with 

viruses endemic to the housing facility. Consistent with the absence of an autoreactive 

helper T cell response, TREX1 D18N IFNAR-/- mice also exhibited no evidence of an 

autoreactive B cell response, with no increase in GC B cells relative to TREX1 D18N 

animals (Figure 5D). Without the activation of autoreactive B cells, an autoantibody 

response is unlikely to form. Indeed, ablation of IFNAR or STING was sufficient to 

completely abolish the increase in anti-dsDNA autoantibodies observed in TREX1 D18N 

mice (Figure 5E). TREX1 D18N IFNAR-/- and STING-/- therefore appear phenotypically 

normal, and D18N animals lacking IFNAR exhibit normal lifespans (Figure 5F). Thus, 

TREX1 catalytic inactivity drives a LLD phenotype dependent on STING and IFNAR 

signaling. 
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DISCUSSION 

 TREX1 mutations lead to a spectrum of lupus-like autoimmune diseases in 

humans involving the chronic production of IFN-I. The sensing of undegraded TREX1 

DNA substrates in the cytosol has been strongly implicated as the key molecular event 

driving inflammatory IFN-I production in these disorders, but this hypothesis has not 

been rigorously tested in a model system which precisely inactivates TREX1 degradative 

activity without compromising its other functions in the cell. We have generated mice 

expressing the FCL-causative and catalytically inactive TREX1 D18N allele as an ideal 

model system to address this issue. Here, we demonstrate that TREX1 D18N mice 

develop robust evidence of adaptive immune activation, uncontrolled IFN-I signaling, 

and lupus-like disease pathology. Furthermore, we show that this phenotype is entirely 

dependent on the expression of both IFNAR and STING. These findings add validity to 

the model of cGAS-STING-dependent IFN-I production as the key determinant of 

disease in TREX1-deficient organisms. 

 The cytosolic dsDNA sensor cGAS and its downstream signaling adaptor STING 

have emerged as key players in both productive and maladaptive immune responses. 

Since its discovery, cGAS-STING has been found to participate in the detection of 

numerous DNA viruses [41]–[43] as well as the detection of malignant cells [44], and 

may also contribute more generally to the sensing of DNA damage and genomic 

instability [45]. Conversely, cGAS-STING activation in response to improperly disposed 

DNA appears to underlie fatal inflammatory responses to myocardial infarction [46], and 

has been linked to autoimmunity. Particularly, work done in the TREX1-/- model was the 

first to demonstrate that cGAS can act as a pathogenic source of IFN-I signaling leading 

to LLD [2], [4]. Our work builds on these previous findings by demonstrating a definitive 

link between failed TREX1 DNA degradation, the activation of the STING, and the 
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pathogenic synthesis of IFN-I. Multiple DNA sensors utilize STING to induce IFN-I, 

including DAI [47] and IFI16 [48, p. 16], [49], but a recent report found that ablation of 

cGAS was sufficient to ameliorate all evidence of IFN-I signaling and autoimmunity in 

TREX1 D18N mice [50]. Thus, TREX1 catalytic activity is crucial to prevent accrual or 

persistence of undegraded DNA substrates in the cytosol and the inappropriate 

activation of cGAS-STING. 

 Our findings demonstrate that the TREX1 D18N mouse is a unique and useful 

murine model for the study of monogenic LLD. In the context of TREX1, much remains 

to be learned regarding how various forms of TREX1 dysfunction (including full 

knockout, catalytic inactivation, and loss of normal protein localization) lead to unique 

forms of human disease. As previously mentioned, TREX1 likely fulfills multiple non-

catalytic functions, including regulation of the OST complex to prevent release of 

inflammatory free glycans [51]. Careful study of differences between TREX1-/- mice, 

TREX1 D18N mice, and mice expressing TREX1 C-terminal tail mutations known to 

cause OST dysregulation will be useful for dissecting how DNA sensing vs. glycan 

mismanagement contribute to or potentially synergize to drive inflammation and disease 

pathology in AGS, FCL, and RVCL. 

In a broader context, TREX1 D18N mice will serve as a genetically precise model 

for the study of LLD. SLE is believed to represent an incredibly heterogenous disease 

with a multitude of potential molecular etiologies and pathophysiological mechanisms 

[52]. No single mouse model is sufficient to capture its full complexity, highlighting the 

importance of utilizing a large range of model systems in studying SLE. Furthermore, 

many commonly studied murine lupus models such as the NZB/NZWF1 or MRL strains 

are poorly defined at a genetic level, with mutations in many genes at various loci 

throughout the genome being implicated [53], [54]. While this complexity likely reflects 

the multifactorial genetics of human SLE, it can make studying distinct disease 
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mechanisms challenging. The TREX1 D18N mouse represents a genetically defined 

model system, and the work we present here establishes a clear molecular basis for 

inflammation and disease in these animals. TREX1 D18N mice will therefore represent 

an excellent platform for development and testing of therapeutics aimed at dampening 

aberrant cGAS-STING activation, or more broadly for the testing of therapies meant to 

block excessive IFN-I signaling. While a few potentially viable treatment options have 

been identified, there are currently no FDA-approved and demonstrably efficacious 

interventions for TREX1-linked autoimmune diseases [55], [56], so this work is 

desperately needed. 

Key questions regarding how TREX1 catalytic inactivity results in cytosolic 

pattern recognition and LLD remain to be answered. cGAS-STING lies at the heart of 

auto-inflammation in TREX1-deficient cells, demonstrating the important role for 

TREX1 as a general cytosolic DNA disposal mechanism, but how cytosolic DNA is 

generated requires further study. DNA repair or replication byproducts [57], 

retroelements [6], and phagocytosed red blood cell genomic material  [58] have all been 

implicated as TREX1 DNA substrates, but more work is needed to fully elucidate 

physiological sources of cytosolic DNA. TREX1 D18N animals will represent an excellent 

model system in which to probe these questions. 

Additionally, how the constitutive activation of IFN-I signaling erodes self-

tolerance remains a poorly understood topic. Acute, high level IFN-I signaling during 

viral infection acts as an important signal supporting APC maturation and T cell 

activation, but the potent effects of IFN-I have favored the development of robust 

negative feedback mechanisms to shut the system off shortly after activation [59]. Why 

negative feedback mechanisms fail to control IFN-I production in the context of TREX1 

dysfunction remains to be fully explored. Furthermore, how the constant “smolder” of 

TREX1-induced IFN-I signaling differs from that induced by viral infection remains to be 
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fully explored. Constitutive IFN-I signaling in the context of chronic viral [60] or 

bacterial infection [61] has been shown to facilitate T cell exhaustion and general 

immunosuppression, seemingly at odds with the sustained function of autoreactive T 

cells in autoimmunity. TREX1 D18N mice may represent the ideal model system in 

which to explore how constitutive IFN-I signaling differentially impacts immune cells in 

chronic viral infection vs. autoimmunity, potentially leading to important insights into 

the regulation and function of the IFN-I system. 

 

 

  



51 
 

MATERIALS AND METHODS 

Mice 

TREX1 D18N mice were generated as described [14]. Immunophenotyping 

experiments utilized 6-8 week old female TREX1 WT and D18N mice on a pure 129S1/Sv 

background. IFNAR-/- mice on the C57BL/6J background were purchased from Jackson 

Laboratories and crossed with TREX1 D18N animals to generate F1 hybrid TREX1 D18N 

IFNAR-/- mice. Pure C57BL/6J TREX1 D18N mice develop an autoimmune phenotype 

indistinguishable from 129S1/Sv TREX1 D18N mice (data not shown). Mixed sex TREX1 

D18N STING-/- mice on the C57BL/6J background were utilized at 8-12 weeks of age. All 

other experiments utilized 8-12 week old mixed sex animals on the pure 129S1/Sv 

background. All experiments were performed in accordance with the guidelines set forth 

by the Institutional Animal Care and Use Committee at Wake Forest Baptist Medical 

Center and the University of Virginia. 

 

Generation of single-cell suspensions and flow cytometry 

Spleens were harvested from experimental animals and processed into a single-

cell suspension by mashing on a wire screen in RPMI 1640 + 10% Fetal Bovine Serum 

(FBS) with a 5 mL syringe plunger. Red blood cells (RBCs) were lysed using ammonium-

chloride-potassium (ACK) lysing buffer (Lonza), and remaining splenocytes were washed 

by dilution with RPMI 1640 + 1% FBS, passed through a 70 μm nylon filter, and counted. 

Peripheral Blood Mononuclear Cells (PBMCs) were collected from experimental animals 

by facial vein puncture. A total of 5-6 drops of blood were collected into tubes containing 

1 mL 4% (w/v) sodium citrate in water, 1 mL of RPMI 1640 + 1% FBS was added, and the 

tubes mixed by inversion. This solution was underlaid with 1 mL of Histopaque 1077 

(Sigma-Aldrich), and the mixture centrifuged at 400 x g for 20 minutes. PBMCs were 
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aspirated from the resulting interface and washed twice by pelleting and resuspension in 

RPMI 1640 + 1% FBS.  

 

For all flow cytometry stains, 106 cells were incubated with 50 µL of the fixable 

viability dye Zombie Red (BioLegend) diluted 1:200 in phosphate buffered saline (PBS) 

for 15 minutes at room temperature, then washed by dilution to 250 µL with PBS + 2% 

FBS (FACS buffer), pelleted (300 x g, 3 minutes, 4 °C), and decanted before moving to 

surface staining. For innate immune cell enumeration, cells were first stained with 50 µL 

of FACS buffer containing biotinylated antibodies against CD3 (Clone 17A2, 1:50), CD19 

(6D5, 1:200), CD49b (DX5, 1:200), and TER-119 (1:200) for 30 minutes on ice. Cells 

were then washed twice and stained with 50 µL anti-B220 (RA3-6B2, APC/Fire750, 

1:100), CD11b (M1/70, e450, 1:400, eBioscience), CD11c (N418, PE/Cy7, 1:400), Ly6C 

(HK1.4, APC, 1:400), Ly6G (1A8, BV510, 1:400), CD86 (GL1, FITC, 1:100), and 

Streptavidin-PE in FACS buffer for 30 minutes on ice. For general T cell enumeration, 

cells were stained with 50 µL anti-CD3 (17A2, AF700, 1:50, eBioscience), CD90.2 (30-

H12, PerCP/Cy5.5, 1:200), CD4 (RM4-4, APC/Fire 750, 1:200), CD8 (53-6.7, V500, 

1:200, BD Biosciences), CD44 (IM7, BV421, 1:400), CD62L (MEL-14, FITC, 1:400), 

CD69 (H1.2F3, PE, 1:100), and SCA-1 (D7, PE/Cy7, 1:250) for thirty minutes on ice. For 

B cell enumeration, cells were stained with 50 µL anti-CD19 (6D5, PerCP/Cy5.5, 1:200), 

B220 (as above), CD138 (281-2, PE, 1:200), GL7 (AF647, 1:200), CD95 (Jo2, BV510, 

1:100, BD Biosciences), and CD69 (H1.2F3, FITC, 1:100) for thirty minutes on ice. 

Except where otherwise specified, all antibodies were acquired from BioLegend. Cells 

were washed 3 times with FACS buffer after staining, fixed in a 1% paraformaldehyde 

(PFA) solution for 30 minutes on ice, then acquired on an LSR Fortessa X-20 (BD 

Biosciences). Data were analyzed using FlowJoTM analytical software (FlowJo, LLC). 
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Gating strategies can be found in Supplemental Figure 1. Innate immune gating 

strategies were based on an established approach [62]. 

T regulatory cells were enumerated using similar techniques. Cells were first 

stained with Zombie Red as above, then stained with a simplified cocktail of anti-mouse 

CD3 (17A2, PerCP/Cy5.5, 1:50), CD90.2 (30-H12, e450, 1:200), CD4 (RM4-4, APC/Fire 

750, 1:200), and CD25 (PC61, APC, 1:100). Cells were incubated for 30 minutes on ice, 

washed 3 times with FACS buffer, then fixed and permeabilized using the eBioscience 

Foxp3 / Transcription factor staining buffer set according to manufacturer instructions. 

Cells were then stained with 50 µL of anti-mouse/human FOXP3 (FJK-16s, PE, 1:50, 

eBioscience) in 1X permeabilization buffer for 30 minutes at room temperature, washed 

twice, and acquired as above. 

 

Immunohistochemistry and microscopy 

 Heart and kidneys were collected from TREX1 WT and D18N animals, cut along 

the long axis, immersed in optimal cutting temperature compound (OCT), and snap-

frozen in liquid nitrogen. A cryotome was used to cut 5 µm sections of each tissue, which 

were adhered to room temperature Superfrost slides. Slides were fixed by immersion in 

ice-cold acetone for 2 minutes, rinsed in PBS, then stored in PBS at 4 °C for later use. 

 

 For staining, slides were carefully dried, and a hydrophobic pen was used to 

encircle tissue sections. A total of 200 µL of PBS + 0.25% Triton X-100 (PBST) + 1% 

(w/v) BSA was added to tissue sections, and slides were incubated for 30 minutes at 

room temperature to block non-specific binding. The slides were washed in PBS, then 

200 µL of staining solution containing goat anti-mouse IgG (1:1000) and rabbit anti-

mouse CD45 (1:150) in PBST was added, and slides incubated overnight at 4 °C. Slides 

were then washed 3 times in PBST, and 200 µL of secondary staining solution containing 
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donkey anti-goat Ig (Alexafluor 488, 1:1000) and chicken anti-rabbit Ig (alexa-fluor 594, 

1:1000) in PBST was added. Slides were then incubated at room temperature for 1 hour 

and washed 3 times with PBST. A single drop of Vectashield antifade mounting medium 

containing DAPI was added to each section, a coverslip added, and the slides allowed to 

cure for 2 hours at room temperature. Images were collected on a Nikon TE2000 

inverted fluorescent microscope using a 20X air lens and processed using ImageJ. All 

antibodies were purchased from Abcam. 

  

RNAseq 

Total RNA was collected from splenocytes of experimental animals using the 

RNeasy RNA isolation kit (Qiagen), according to the manufacturer’s protocol. RNA 

quality was determined using an Agilent 2100 Bioanalyzer, and samples with a RIN 

Score >8 were utilized. RNA quality and concentration was determined using a Qubit 

fluorimeter, and 4 µg of total DNase-treated RNA was used for cDNA library generation 

using the TruSeq Stranded Total RNA LT Sample Prep Kit (Illumina, CA). Purified 

mRNA was fragmented, converted to cDNA, A-tailed and indexing adapters ligated, PCR 

amplified, purified with Ampure XP beads, and assessed again for quality using the 

Agilent 2100 Bioanalyzer. Samples were normalized, pooled, and run on the Illumina 

HiSeq 2500 using SBS v3 reagents. Collected reads were pseudo-aligned to the Ensembl 

mouse transcriptome (GRCm38.p6) [63] using Kallisto [64]. Differential expression of 

aligned transcripts was measured using the DESeq2 R package [65]. Gene ontology 

analysis was performed using the Database for Annotation, Visualization, and Integrated 

Discovering (DAVID) [66].  
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RT-qPCR measurement of ISGs 

RNA was collected from splenocytes or purified cells as described above. Quality 

and concentration of RNA was assessed using a Nanodrop spectrophotometer. A 

maximum of 1 μg of RNA was converted to cDNA using the Protoscript II cDNA 

conversion kit (Applied Biosystems), according to the manufacturer’s supplied protocol. 

The cDNA product was diluted 5X with nanopure water and reactions performed as 

described above. Primer/probe mixes were from Thermofisher Scientific. Data were 

collected on a 7500 Real-Time qPCR system (Applied Biosystems), and analyzed using 

the accompanying 7500 analysis software. Fold expression measurements were made 

using the ΔΔCT method, with normalization against the house-keeping gene RPLP0. 

 

ELISAs 

Serum was collected by incubating whole blood at room temperature for 1 hour 

and then centrifuging at 1500 x g for 15 minutes at 4 °C. The clear supernatant was 

transferred to a fresh tube, centrifuged again at 1500 x g, the clear supernatant removed, 

and the clarified serum aliquoted and frozen at -80 °C. For measurement of anti-dsDNA 

autoantibodies, serum was diluted 1:2000 with the supplied diluent and anti-dsDNA 

autoantibody titer measured using a commercial kit (Alpha Diagnostics), according to 

the manufacturer’s protocol. For measurement of total IgG, serum was diluted 1:100000 

with supplied diluent and IgG concentration measured using a commercial kit (Alpha 

Diagnostics). 
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SUPPLEMENTAL FIGURES 

 

Supplemental Figure 1. Measurement of immune cell activation, 

differentiation, and maturation. (A) T cell gating strategy. Markers of 

activation, differentiation, and IFN-I sensing were measured on CD3+ CD4+ or CD8+ 

cells (not shown). (B) B cell gating strategy. Percentages of CD138+ plasma cells, 

CD95 GL7+ germinal center B cells, and CD69+ activated B cells (not shown) were 

quantified. (C) Cells were stained with a biotinylated lineage cocktail against T, B, 

NK, and erythroid cells, and within the lineage- population, the percentages and 

maturation state (not shown) of innate immune cell subsets was quantified. All panels 

were first gated to exclude forward scatterlow debris, doublets, and fixable viability 

dye+ necrotic cells. 
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Supplemental Figure 3. The TREX1 D18N immune phenotype does not 
involve activation or expansion of CD8 T cells. Splenic cell counts of TREX1 
WT and D18N CD8 T cell populations by FACS (10-12 mice per genotype, mixed sex, 
24 weeks of age). Error bars represent SD. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 by unpaired student’s t-test. All data is representative of 2-3 
independent experiments. 

Supplemental Figure 2. TREX1 D18N helper T cells express higher levels 

of the exhaustion-associated marker PD-1. FACS measurement of PD-1 

expression on splenic CD4 T cells in TREX1 WT and D18N mice (3-4 mice per 

genotype, mixed sex, 24 weeks of age). Error bars represent SD. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 by unpaired student’s t-test. All data is representative of 2 

independent experiments. 
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Supplemental Figure 4. TREX1 D18N IFNAR-/- helper T cells do not exhibit 

changes consistent with autoimmune disease. FACS measurement of (A) CD4 

T cell activation and (B) differentiation state in the spleens of TREX1 WT, D18N, and 

D18N IFNAR-/- mice (7-12 mice per genotype, mixed sex, 24 weeks of age). *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Dunnett’s post-hoc 

test. All data is representative of 2-3 independent experiments. 

 

Supplemental Figure 5. TREX1 D18N IFNAR-/- mice do not exhibit T-reg 

expansion. Splenic counts of T regulatory cells and CD25- “lupus-associated” T 

regulatory cells (7-12 mice per genotype, mixed sex, 24 weeks of age). *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Dunnett’s post-hoc 

test. All data is representative of 2-3 independent experiments. 
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INTRODUCTION 

 TREX1 is a powerful DNA-dismantling cytosolic enzyme expressed by most 

mammalian cells. A general model has emerged in which TREX1 acts as a “custodian” of 

the cytosol, degrading DNA waste or byproducts to prevent the aberrant activation of 

cytoplasmic pattern recognition mechanisms. This model is supported by human and 

mouse data demonstrating uncontrolled, chronic inflammatory signaling and 

autoimmune disease resulting from inactivating TREX1 mutations. Our work in 

Chapter 2 indicates that this inflammation requires the cGAS-STING cytosolic DNA 

sensing pathway, and that it is dependent on the loss of TREX1 catalytic activity alone, 

adding to the robustness of this model. Importantly however, the cell populations in 

which DNA sensing occurs to facilitate the emergence of autoimmunity have not been 

fully elucidated. Identification of specific cell populations contributing to inflammation 

could facilitate research into better, more targeted therapeutics for human diseases 

caused by TREX1 mutation, as well as provide an ideal cell population for experiments 

aimed at identifying specific TREX1 DNA substrates. 

The key molecular mediator of inflammation caused by TREX1 mutation is type I 

interferon (IFN-I). In mice, IFN-I represents 19 related protein isoforms, including 14 

IFN-α subtypes, 1 IFN-β subtype, 1 IFN-ε subtype, and 3 IFN-ζ subtypes [1]. IFN-Is are 

induced by DNA sensing through the cGAS-STING signaling axis and other PRRs [2], 

[3], and all act through the common type I IFN-α/β receptor (IFNAR) [4]. IFNAR 

ligation induces the expression of hundreds of interferon-stimulated genes (ISGs) as a 

coordinated “anti-viral program”, making cells more resistant to viral infection and 

priming immune responses. While IFN-I plays an essential role in innate immunity, 

dysregulated or chronic IFN-I signaling is strongly linked to autoimmune disease.  

Prolonged therapeutic use of IFN-I for chronic viral infection and cancer is associated 
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with the development of autoimmune disorders [5], [6]. Furthermore, SLE patients 

exhibit robust induction of ISGs during disease flare-ups, and several reports have 

implicated IFN-α as a key molecule in the pathophysiology of SLE [7], [8]. In the context 

of TREX1-mutation, IFN-α has been found in the cerebrospinal fluid and serum of AGS 

patients, and a robust signature of ISG expression is seen in FCL and AGS patients [9], 

[10]. Together, these findings suggest that IFN-I represents an extremely potent immune 

mechanism that must be tightly regulated to prevent autoimmune consequences. 

 Multiple cell types may contribute to IFN-I production, and much of our 

knowledge regarding cellular sources derives from viral infection models. Most cell types 

are believed to possess the capacity to synthesize IFN-β, but IFN-α production has 

historically been regarded as more restricted to immune cells [11]. Cells of the innate 

immune lineage, including macrophages [12], monocytes [13], and multiple dendritic cell 

subsets [14], [15] have all been reported to express high levels of IFN-α in response to 

certain viral infections. In particular, plasmacytoid dendritic cells (pDCs) represent a cell 

type specialized to produce vast quantities of IFN-α. In response to certain DNA and 

RNA viruses, pDCs have been reported to produce on the order of 1000-fold more IFN-α 

than other leukocytes [16]. This capacity is thought to reflect high basal expression of 

toll-like receptors and the transcription factor IRF7, which is required for IFN-α 

production [17], [18].  In addition, aberrant pDC IFN-α production has been implicated 

in the pathogenesis of SLE [19], [20]. As such, we hypothesized that TREX1-deficient 

pDCs could act as a major source of IFN-I in the TREX1 D18N model of lupus-like 

autoimmunity. However given the broad expression of TREX1, we considered the 

possibility that multiple cell types might contribute to inflammatory signaling in our 

model system. 

Here, we demonstrate that TREX1 inactivity within bone marrow-derived cells 

drives the immunological features of the TREX1 D18N phenotype, consistent with an 
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immune origin of inflammatory signaling. Furthermore, we show that TREX1 catalytic 

inactivity induces overexpression of IFN-α within immune cells. Surprisingly, we identify 

both innate immune cells and T cells as sources of this IFN-α, but report no evidence of 

pDC IFN-α induction, suggesting that TREX1 dysfunction induces a unique form of IFN-

I response. The functionality of the cGAS-STING pathway in T cells is only beginning to 

be explored, but we demonstrate that TREX1 D18N T cells possess a functional STING 

signaling axis which is chronically activated, and that IFN-α protein is produced 

following T cell receptor (TCR) stimulation. Our work suggests that chronic IFN-α 

production in TREX1-deficient T cells could act as an inflammatory signal to facilitate 

expansion of autoreactive clones, leading to autoimmunity.   
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RESULTS 

TREX1 catalytic inactivity in hematopoietic cells induces lupus-like 

autoimmunity 

To identify the cellular origins of IFN-I signaling and immune activation in 

TREX1 D18N mice, we generated bone marrow chimeric animals expressing TREX1 

D18N in only bone marrow-derived (hematopoietic) cells, only somatic cells, or in both 

compartments. Bone marrow was collected from TREX1 WT and D18N donors, and then 

depleted of T cells to prevent the transfer of activated autoreactive cells. TREX1 WT and 

D18N mice were then irradiated and injected with bone marrow of either genotype, and a 

qPCR-based strategy was used to confirm successful engraftment of the desired genotype 

(Figure 1A).  

We first assessed immune phenotypes in experimental animals after 15 weeks by 

measuring ISG expression and comparing to unmanipulated TREX1 WT and D18N mice. 

Interestingly, expression of TREX1 D18N in either hematopoietic or somatic cells alone 

was sufficient to induce a modest ISG signature, whereas the presence of TREX1 D18N 

within both compartments induced a more robust response similar to unmanipulated 

TREX1 D18N animals (Figure 1B).  This initial finding suggested that catalytic 

inactivity of TREX1 in both hematopoietic and non-hematopoietic cells contributes to 

IFN-I signaling.  

Curiously however, further immune cell analyses revealed evidence of 

inflammation and autoimmunity only in mice that had received TREX1 D18N  

bone marrow. We previously observed that the lupus-like phenotype of the TREX1 D18N 

mouse correlates with expansion and maturation of innate immune cells (Chapter 1, 

Figure 2), T cell CD69 and SCA-1 expression, activation and expansion of CD4 helper T 

cells, and B cell activation and autoantibody production (Chapter 1, Figures 1 and 5). 
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Figure 1. Hematopoietic or somatic inactivation of TREX1 induces 

transcriptional evidence of IFN-I signaling. (A) Experimental setup. Legend 

denotes donor genotype→recipient genotype. (B) Measurement of hematopoietic 

TREX1 genotype for bone marrow transplant experiments. Genotype represents the 

concentration of TREX1 WT DNA vs total DNA collected from PBMCs. (C) 

Splenocyte and PBMC ISG expression at time of sacrifice. ISG score represents 

averaged fold induction of IFIT1, IFIT3, and Usp18, relative to WT→WT control 

group. Untreated animals included as reference point (not included in statistical 

analysis). All figures represent 2-3 independent experiments with a total of 5-7 

female mice, aged 6-8 weeks at time of transplant and 21-23 weeks at time of 

sacrifice. Error bars represent SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 

by one-way ANOVA with Dunnett’s multiple comparison test against WT→WT 

control group. 
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TREX1 D18N bone marrow recipients exhibited increased numbers of neutrophils and 

macrophages, and a trend towards expansion of other innate immune cell subsets 

(Figure 2A). Additionally, we observed significantly increased expression of co-

stimulatory molecule CD86 on TREX1 D18N innate immune APCs, indicative of 

maturation (Figure 2B). We also observed significant induction of T cell SCA-1 

expression in all mice that received TREX1 D18N bone marrow (Figure 2C), 

accompanied by increased expression of the activation antigen CD69 on CD4+ and CD8+ 

T cells (Figure 2D), increased differentiation of circulating CD4 T cells (Figure 2E), 

splenic CD4 T cells (Supplemental Figure 1), and T-regulatory cells (Supplemental 

Figure 2). As expected, this CD4 T cell response coincided with increased B cell 

activation and proliferation. TREX1 D18N bone marrow recipients exhibited increased 

numbers of total and activated B cells, as well as a trend towards increased germinal 

center and plasma cells (Figure 2F). Importantly, increased serum concentrations of 

anti-dsDNA autoantibodies were only observed in animals expressing TREX1 D18N in 

hematopoietic cells (Figure 2G). Thus, ISG signaling results from TREX1 D18N 

expression in either bone marrow or somatic cells, but the cellular correlates of 

autoimmunity require expression only in hematopoietic cells.  

 

TREX1 D18N innate immune and T cells express IFN-I 

 Having identified a hematopoietic origin of immune activation in the TREX1 

D18N mice, we next sought to identify specific cell populations producing IFN-I to drive 

disease (Chapter 1, Figure 5). We first looked to examine IFN-α/β gene expression in 

TREX1 D18N cells. We designed an RT-qPCR assay to simultaneously measure 

expression of all 14 IFN-α genes as a combinatorial readout of total IFN-α activity. To 

validate this assay, IFN-α expression was measured in the spleens of WT mice infected 

with Lymphocytic Choriomeningitis Virus, Armstrong strain (LCMV-Arm), 
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Figure 2. TREX1 catalytic inactivity in hematopoietic cells induces cellular 
correlates of lupus-like autoimmune disease.   (A) Splenic innate immune cell 
counts, and (B) maturation state, as measured by CD86 expression levels (Neu: 
Neutrophil, Mac: Macrophage, Mono: Monocyte, M-DC: Myeloid (CD11b+) dendritic 
cell (DC), L-DC: Lymphoid (CD11b-) DC, pDC: Plasmacytoid DC. (C) SCA-1 intensity 
on splenic total CD3+ T cells (left), and quantified relative SCA-1 intensity of CD4+ or 
CD8+ T cells, normalized to WT→WT MFI (right). (D) Percentage of splenic effector 



72 
 

which potently induces IFN-α production predominantly within innate immune 

dendritic cells [21]–[23]. As expected, we observed significantly increased levels of IFN-

α expression in LCMV-Arm-infected splenocytes relative to uninfected animals. Further, 

we measured an 11-fold enrichment of IFN-α expression in purified innate immune cells 

from LCMV-infected splenocytes (Figure 3A, Supplemental Figure 3A-B), 

consistent with a predominantly innate immune origin. Thus, this assay represents an 

appropriate method for measuring IFN-α expression. 

We next sought to identify active isoforms and cellular sources of IFN-I in the 

TREX1 D18N mouse. IFN-α and IFN-β were upregulated 5-fold in the spleens of TREX1 

D18N animals, with IFN-α transcripts approximately 25-fold more abundant than IFN-β 

transcripts (Figure 3B, Supplemental Figure 4). Where measured, the relative 

expression levels of IFN-α and IFN-β were well-correlated, so we focused on the more 

abundant IFN-α due to its hypothesized role in the pathogenesis of lupus and lupus-like 

disease. Elevated levels of IFN-α protein were observed in the serum of TREX1 D18N 

mice (Figure 3C), confirming that it is both expressed and secreted. The absolute 

concentration of IFN-α was several orders of magnitude below that observed in acute 

LCMV-Arm infection, consistent with a low-level, “smoldering” inflammatory response 

caused by TREX1 inactivation. 

 

or memory CD4 and CD8 T cells that are CD69+, and (E) Percentage of peripheral 
CD4+ T cells that are effector or memory over time. (F) Total, activated, germinal 
center, and plasma B cell counts, and (G) serum α-dsDNA autoantibody levels. All 
figures represent 2-3 independent experiments with a total of 5-7 female mice, aged 6-
8 weeks at time of transplant and 21-23 weeks at time of sacrifice. Error bars represent 
SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with 
Dunnett’s multiple comparison test against WT→WT control group. 
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Figure 3. TREX1 D18N innate immune and T cells express IFN-I (A) IFN-α 
expression in uninfected WT splenocytes, LCMV+ splenocytes, purified LCMV+ non-
innate immune cells, and purified LCMV+ innate immune cells (data represents cells 
from three virally-challenged mice 48 hours post-infection). (B) IFN-α gene 
expression in splenocytes from unchallenged TREX1 WT and D18N mice (26-30 mice 
per genotype). (C) Serum IFN-α levels in unchallenged TREX1 WT or D18N mice and 
in WT LCMV-challenged mice, as in (A). (D) IFN-α expression in whole splenocytes, 
or in innate immune cells, pDCs, B cells, and T cells purified from splenocytes. 
Normalized to WT splenocyte expression (Innate, B, and T cells represent 3 magnetic 
separations with 3 pooled samples from 2 mice of each genotype. pDCs were FACS 
sorted from pooled samples and represent 3 samples of each genotype). (E) ISG 
expression in whole splenocytes, T cells, and B cells from TREX1 WT and D18N mice 
(3 separations, 3 pooled samples from 2 mice of each genotype). (F) IFN-α expression 
in naïve or effector/memory CD4 or CD8 T cells sorted from the spleens of TREX1 WT 
and D18N mice (3 independent sorts, 3-5 pooled samples from 2 animals of each 
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Innate immune cells are major IFN-α producing cells, with pDCs specialized for 

its production [16]. As such, we hypothesized that exonuclease deficient TREX1 D18N 

pDCs sensing undegraded cytosolic DNA might be a major source of inappropriate IFN-

α production. To test this, we purified a mixed population of innate immune cells from 

TREX1 WT and D18N spleens, resulting in an approximately 11-fold enrichment of pDCs 

(Supplemental Figure 3A-B). Surprisingly, IFN-α expression in TREX1 D18N innate 

immune cells was similar to levels seen in TREX1 D18N whole splenocytes (Figure 3D), 

suggesting that non-innate populations also contribute to IFN-α expression.  To more 

specifically assess the contribution of pDCs, we sorted pDCs to a purity of >95% and 

measured IFN-α expression. Interestingly, we could not detect elevated expression of 

IFN-α in TREX1 D18N pDCs (Figure 3D). This population therefore likely does not 

contribute to spontaneous IFN-α expression in the TREX1 D18N spleen.  

 We next asked if other TREX1 D18N splenic cell populations might exhibit 

elevated IFN-α expression. Although not traditionally regarded as major IFN-α-

producing cells, T and B cells represent 70-80% of splenic leukocytes, and therefore 

strongly influence whole-spleen gene expression measurements.  We purified TREX1 WT 

and D18N T and B cells to >99% and >97% purity, respectively (Supplemental Figure 

3C-E) and measured IFN-α induction. TREX1 D18N T cells exhibited robust enrichment 

of IFN-α expression relative to whole splenocytes, whereas expression was significantly 

reduced in B cells (Figure 3D). We also noted significantly higher ISG expression in T 

cells relative to both splenocytes and B cells, consistent with the observed pattern of IFN-

I induction (Figure 3E). To determine if T cell IFN-α expression tracked to a specific 

genotype). All mice were mixed sex and 8-12 weeks of age at time of sacrifice. Error 
bars represent SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by unpaired 
student’s t-test (B, C, D, WT vs D18N comparisons in E, F) or one-way ANOVA with 
Dunnett’s post-hoc test (D18N population comparisons in E, F). 
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cell population, we sorted naïve or CD44high effector/memory (E/M) CD4 and CD8 T 

cells from the spleens of TREX1 WT and D18N animals, and measured induction of IFN-

α. Relative to TREX1 D18N splenocytes, significant enrichment of IFN-α expression was 

observed only in naïve CD4 and CD8 T cells (Figure 3F). Interestingly, while IFN-α 

induction in TREX1 D18N E/M CD8 T cell did not enrich relative to splenocytes, 

expression was still elevated over WT E/M CD8s. In contrast, we observed no significant 

induction in TREX1 D18N E/M CD4 T cells relative to their WT counterparts. 

Intriguingly, ISG expression was highest in CD4 T cells, potentially suggesting higher 

production of IFN-I protein, or increased sensitivity to IFN-I sensing (Supplemental 

Figure 5). In sum, the TREX1 D18N T cell IFN-α response appears to be delocalized 

across various populations and differentiation states, but is most strongly enriched 

within naïve cells. These findings demonstrate that catalytic inactivity of TREX1 D18N 

within both innate immune and T cells activates DNA sensing and IFN-α/β expression. 

 

T cells possess a functioning STING axis which is constitutively active in 

TREX1 D18N T cells   

TREX1-mediated autoimmunity involves inappropriate T cell activation, and 

IFN-I can act as an inflammatory signal supporting T cell activation. As such, we elected 

to further explore TREX1 D18N T cell IFN-I production as a potentially self-supplied, 

pro-autoimmune signal. We first sought to confirm that TREX1 D18N and WT T cells 

possess the capacity to respond to the presence of undegraded cytosolic DNA through a 

cGAS-STING-dependent mechanism. We found that all T cell subsets expressed cGAS, 

STING, and IRF3/IRF7, which control IFN-β and IFN-α/β transcription, respectively 

[17] (Figure 4A-B). Relative to whole TREX1 WT splenocytes, WT E/M and D18N naïve 

and E/M T cells were significantly enriched for cGAS expression. Interestingly, we 

observed slight enrichment of STING expression in both TREX1 WT and D18N E/M 
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CD4, but not CD8 T cells. cGAS-STING expression levels were therefore not well-

correlated with the observed pattern of TREX1 D18N T cell IFN-α expression (Figure 

3F), suggesting alternative regulatory mechanisms. Similar to whole splenocytes 

(Figure 1A), IRF7 expression was strongly expressed within all TREX1 D18N T cell 

subsets. Thus, TREX1 D18N T cells express all molecular components of the DNA 

sensing and signaling pathways required for cytosolic DNA detection and IFN-α/β 

production. 

  We next examined the functionality and activation state of the STING pathway in 

TREX1 WT and D18N T cells. We attempted to measure basal IRF7 phosphorylation in 

TREX1 D18N cells by western blot, but it was below the limit of detection in all animals 

tested (data not shown). Using flow cytometry, we were able to observe increased 

phosphorylation of TBK1 (Figures 4C-D) and IRF3 (Figures 4E-F) in T cells following 

stimulation with the small-molecule STING agonist 5,6-dimethylxanthenone-4-acetic 

acid (DMXAA) [24]. Furthermore, TREX1 D18N T cells exhibited a heightened response 

to stimulation. This confirms that STING is functional within T cells, consistent with 

recent reports [25]–[27], and suggests that STING activation in TREX1 D18N T cells may 

lead to heightened cytokine responses. Importantly, we observed increased basal 

TBK1/IRF3 phosphorylation in TREX1 D18N T cells (Figures 4C-F), indicating 

spontaneous activation of the primary STING signaling transducers. Thus, TREX1 

inactivation in T cells results in constitutive activation of the cGAS-STING pathway.   
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Figure 4.  Figure 4. T cells possess a functioning STING axis which is 
constitutively active in TREX1 D18N T cells. (A, B) Expression of cGAS-STING 
signaling molecules in naïve or effector/memory CD4 or CD8 T cells sorted from the 
spleens of both TREX1 WT and D18N mice (3 independent sorts, 3-5 pooled samples 
from 2 animals of each genotype, mixed sex animals 8-12 weeks of age). (C) 
Representative histograms (left) and quantified measurement (right) of TBK1 
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TREX1 D18N pDCs exhibit significant alterations to DNA sensing and 

danger signaling pathways 

 Despite lacking a transcriptional signature of IFN-α expression, the established 

role for pDCs in IFN-α production led us to investigate them further. Surprisingly, 

TREX1 D18N pDCs did exhibit significant phenotypic and functional differences relative 

to WT cells. Consistent with gene expression measurements, TREX1 D18N pDCs showed 

no basal increase in TBK1 or IRF3 phosphorylation relative to WT, likely suggesting that 

they do not spontaneously sense self-DNA. Interestingly however, DMXAA treatment led 

to significantly lower phosphorylation or TBK1/IRF3 in TREX1 D18N pDCs over WT 

(Figure 5A). We initially hypothesized that lower phosphorylation of STING signaling 

intermediates would lead to a weakened downstream cytokine response, but 

surprisingly, TREX1 D18N pDCs made substantially more IFN-α following a 24 hour 

stimulation with DMXAA (Figure 5B). Thus, TREX1 catalytic inactivation does not lead 

to spontaneous STING activation in pDCs, but does appear to prime them to produce 

large quantities of IFN-α in response to STING activation.  

We were also curious to determine if TREX1 D18N pDCs might exhibit 

alterations to other PAMP sensing and response pathways. pDCs are particularly 

sensitive to the presence of CpG DNA, which they detect through high level expression  

phosphorylation in splenic CD4 or CD8 T cells with or without a 1 hr stimulation with 
DMXAA. (D) Representative histograms (left) and quantified measurement (right) of 
IRF3 phosphorylation in the same cell populations. Panels C-F represent 2-3 
independent experiments with a total of 5-6 mixed sex mice 8-12 weeks of age. Error 
bars represent SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way 
ANOVA with Dunnett’s post-hoc test (A, B) or unpaired student’s t-test (D, F). 
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of the endosomal TLR9 [28]. In pDCs, TLR9 activation initiates a signaling cascade 

involving MyD88 and IRF7, ultimately culminating in robust synthesis of IFN-α [29]. 

Indeed, TREX1 WT pDCs exhibited vigorous IFN-α production in response to 

stimulation with CpG DNA (Figure 5B). In contrast, TREX1 D18N pDCs appeared 

almost completely anergized to CpG stimulation, producing ~20-fold less IFN-α than 

WT counterparts. TREX1 inactivation or the chronic inflammatory environment that it 

 

Figure 5. TREX1 D18N pDCs exhibit significant alterations to DNA sensing 
and danger signaling pathways. (A) Representative histograms (left) and 
quantified measurement (right) of TBK1 and IRF3 phosphorylation in TREX1 WT and 
D18N pDCs. (B) ELISA measurement of IFN-α production by TREX1 WT and D18N 
pDCs after 24 hour culture with no treatment (UT), 10 ug/mL DMXAA (DX), or 1 µM 
CpG DNA (CpG). pDCs were FACS sorted from 2 pooled spleens per sample. All 
figures represent 2-3 independent experiments with 3-6 mixed sex mice 8-12 weeks of 
age. Error bars represent SD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by 2-way 
ANOVA with Dunnett’s post-hoc test (A) or unpaired student’s t-test (B).  
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creates therefore appears to promote “inversion” of the typical pDC response, by 

augmenting STING responses and weakening TLR9-based signaling. This finding may 

have significant implications for understanding crosstalk between these pathways, and 

for TLR9-dependent immune responses in TREX1-deficient organisms. 

 

Activated TREX1 D18N T cells produce IFN-α protein 

 We next asked if evidence of STING activation in TREX1 D18N T cells coincided 

with the spontaneous production of IFN-I protein. TREX1 WT or D18N “source” T cells 

were placed in the bottom chamber of a transwell apparatus, separated from an upper 

chamber by a pore-containing membrane. IFN-I produced by source cells could diffuse 

across this membrane to induce ISG expression in “reporter” TREX1 WT T cells placed in 

the upper chamber (Figure 6A). A ~2-fold upregulation of reporter ISG expression was 

observed following incubation of reporter cells with TREX1 D18N T cells for 24 hours, 

indicating that a soluble factor produced by these cells can induce modest ISG 

expression (Figure 6B). Induction of reporter ISGs was augmented by pre-incubation 

of TREX1 WT or D18N T cells with DMXAA, again confirming the functionality of the 

STING pathway in T cells. Interestingly, DMXAA-stimulated TREX1 D18N T cells 

produced a 5-fold more potent reporter ISG response than WT T cells (Figure 6B), 

indicating more robust IFN-I production and consistent with our pTBK1/IRF3 data 

(Figure 4C-D). To confirm that these effects were dependent on IFN-I sensing, we pre-

incubated reporter cells with α-IFNAR antibody before measuring reporter ISG 

expression. IFNAR blockade returned reporter ISG expression to near baseline using 

both unstimulated and DMXAA-stimulated source cells, indicating that T cell-produced 

IFN-I was the source of ISG induction in both conditions (Figure 5B). Together, these 

results demonstrate that small molecule activation of STING or sensing of unprocessed  
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Figure 6. Activated TREX1 D18N T cells produce IFN-α protein. (A) Setup 
for T cell transwell experiments (UT: Untreated, DX: Source cells + 10 μg/mL 
DMXAA, αIF: reporter cells + 20 μg/mL IFNAR blockading antibody, DX-αIF: source 
cells + DMXAA and reporter cells + IFNAR blockading antibody). Treated cells were 
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 TREX1 nucleic acid substrates can lead to IFN-I protein synthesis and secretion in T 

cells.   

 To further confirm that TREX1 D18N T cells produce IFN-I protein, T cells were 

cultured for 72 hours, and ISG expression was assessed at regular intervals. We reasoned 

that if TREX1 D18N T cells could not degrade self-derived DNA and were producing IFN-

I as a result, then the ISG signature would continue in vitro, and would be sensitive to 

IFNAR blockade. We noted that ISG expression in unstimulated TREX1 D18N T cells fell 

relative to WT cells over the initial 24 hours, but then stabilized at a 5-fold relative 

induction over subsequent days. Surprisingly, this diminished ISG signature was not 

sensitive to IFNAR blockade (Figure 6C), suggesting that it is not dependent on IFN-I. 

This may indicate that resting TREX1 D18N T cells require additional signals to 

stimulate IFN-I production or ISG expression in vitro, and that unstimulated ISG 

induction measured in the transwell system (Figure 6B) represented the residual effect 

of deteriorating IFN-I production.  

A recent report demonstrated that TCR ligation can amplify STING signaling in T 

cells [27]. As such, we examined ISG expression in T cell cultures activated with α-

kept in a separate plate, washed extensively after incubation, then transferred to the 
transwell. (B) Averaged fold induction of IFIT1, IFIT3, and USP18 in reporter WT T 
cells after 24 hour incubation with WT or D18N “source” T cells (3 independent 
experiments, 3-5 mice of each genotype, normalized to UT WT source). (C) Averaged 
fold induction of IFIT1, IFIT3, ISG15, IRF7, and OAS1a in bulk WT and D18N T cells 
cultured for 72 hours, either without or with (D) stimulation with 2e5 α-CD3/CD28-
coated beads (αIF: 20 μg/mL IFNAR-blockading antibody, ISO: isotype control for α-
IFNAR, normalized to untreated WT). (E, F) ISG expression over time in sorted naïve 
(CD62L+ CD44low) CD4 or CD8 T cells, stimulated with 5 μg/mL plate-bound α-
CD3/CD28. For C-F, all measurements are normalized to WT cells at each time point. 
(G) ELISA measurement of IFN-α secreted by WT and D18N T cells after 24 hours in 
vitro. Panels C-G represent 2-3 independent experiments with 3-6 mixed sex mice 8-
12 weeks of age. Error bars represent SD. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 by unpaired student’s t-test (B, G) or 2-way ANOVA with Dunnett’s 
post-hoc test (C-F). For C-F, significance is shown only for 72 or 96 hours, but similar 
statistical differences were present at 24 and 48 hours. 
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CD3/CD28 over the same time frame. Activated TREX1 D18N T cells maintained higher 

ISG expression relative to unstimulated cells, and this signature was significantly 

diminished by IFNAR blockade (Figure 6D). To determine if this evidence of IFN-I 

production was dependent on a specific T cell subset or the presence of differentiated 

cells, we sorted naïve CD4 and CD8 T cells to >95% purity and repeated the experiment. 

ISG expression in both populations remained elevated and sensitive to IFNAR blockade 

(Figure 6E-F), indicating that activation-dependent IFN-I production does not require 

already differentiated cells, and occurs in both CD4 and CD8 T cells. Interestingly, 

IFNAR blockade in activated TREX1 D18N cultures did not return ISG expression to WT 

levels, but lowered it to levels similar to unstimulated cultures, suggesting that a 

component of the ISG signature is IFNAR-independent in both conditions.  

To confirm that IFNAR-dependent ISG expression in activated cultures truly 

reflected IFN-I protein production, we assayed T cell culture supernatants for IFN-α. 

Unsurprisingly, IFN-α was below the limit of detection in unstimulated wells and wells 

treated with CpG DNA. Consistent with our pTBK1/IRF3 and transwell data, chemical 

STING activation using DMXAA induced robust T cell IFN-α production, and TREX1 

D18N T cells secreted more protein than WT. Importantly, TREX1 D18N T cells 

produced detectable quantities of IFN-α protein when activated with anti-CD3/CD28, a 

phenomenon which was not observed with TREX1 WT T cells (Figure 6G). Thus, 

activated TREX1 D18N T cells likely represent a major source of IFN-α in the TREX1 

D18N mouse. 
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 DISCUSSION 

Failed processing of self-DNA triggers cytosolic DNA sensors, inflammation, and 

autoimmunity. Mice expressing catalytically inactive TREX1 D18N fail to process 

cytosolic DNA, resulting in inflammation and spontaneous lupus-like disease [30]. Here, 

we show that the cellular correlates of autoimmunity require TREX1 inactivity only in 

hematopoietic cells, indicating that TREX1-mediated DNA disposal must occur within 

immune cells to prevent autoinflammation. Furthermore, we demonstrate that TREX1 

inactivity in T cells causes IFN-I signaling and production. Unprocessed DNA in TREX1 

D18N T cells is sensed through cGAS-STING, and activated T cells aberrantly produce 

IFN-I protein. Thus, TREX1 DNA degradation in T cells is critical to prevent cytosolic 

self-DNA sensing and spontaneous IFN-I production, providing important new insights 

into DNA processing and innate immunity in T cells. 

  TREX1 D18N mice reveal that catalytic inactivity within bone marrow-derived 

cells is the primary determinant of autoinflammation. TREX1 is expressed in all murine 

tissues tested, suggesting that TREX1-mediated DNA disposal occurs in many cell 

populations [30], [31]. Indeed, our data indicate that hematopoietic or somatic TREX1 

inactivation induces modest ISG expression (Figure 2B), potentially reflecting IFN-I 

production by many cell populations. It is therefore curious that only hematopoietic 

TREX1 inactivation results in indications of autoimmunity. This may reflect 

hematopoietic IFN-α production as the key pathogenic isoform driving autoimmunity in 

TREX1 D18N mice. Supporting this concept, fibroblast-specific TREX1 deletion and 

global SAMHD1 deletion in mice cause IFN-β-dependent ISG expression, but no 

evidence of autoimmunity [32]–[34], suggesting that IFN-β is not sufficient to cause 

interferonopathy. In contrast, IFN-α appears to be the primary pathogenic isoform in the 

NZB model of lupus-like disease [35], demonstrating its potential as a pro-autoimmune 
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signal. We propose that somatic TREX1 inactivation induces IFN-β, whereas 

hematopoietic TREX1 inactivation induces IFN-α and -β synthesis to promote 

autoimmunity. Alternatively, it may be that IFN-I is necessary but not sufficient to 

promote loss of self-tolerance. This is supported by the fact that an adenoviral vector 

encoding IFN-α was sufficient to induce autoantibodies in NZBxW/F1 mice, but not WT 

mice [36]. TREX1 inactivity and chronic DNA sensing in immune cells may stimulate 

production of other STING-inducible cytokines, such as TNF-α [37] or IL-6 [38], which 

could work in tandem with IFN-I to potentiate loss of self-tolerance. 

TREX1 D18N innate immune and T cells express IFN-α and -β. Surprisingly, T 

cells exhibit more robust IFN-I expression than innate immune cells, and we observe no 

evidence of a spontaneous pDC IFN-I response (Figures 3 and 5). This finding 

challenges conventional thought that pDCs are the predominant source of IFN-I 

signaling in lupus-like disease [39], [40], and might more accurately reflect the large 

capacity for IFN-α synthesis by pDCs during viral infection and through TLR-dependent 

rather than cGAS-STING-dependent mechanisms[16]. Interestingly, TREX1 D18N pDCs 

produced significantly more IFN-α in response to DMXAA than WT cells (Figure 5B), 

despite exhibiting weaker phosphorylation of STING signaling intermediates (Figure 

5A). Additionally, they appeared anergic to TLR9-dependent CpG DNA stimulation. This 

observation could represent “retuning” of pDC danger sensing and signaling pathways in 

response to the chronic inflammatory state of the TREX1 D18N mouse.  Alternatively, 

this finding could be consistent with IFN-I production below the limit of detection of the 

assays used in this study. A recent study reported that cGAS-STING activation in human 

pDCs led to dampened TLR9-dependent IFN-I production [41]. CpG DNA anergy in 

TREX1 D18N pDCs could therefore represent the product of low-level cGAS-STING 

activation. Regardless, alterations to pDC function could have important implications for 

how TREX1-deficient organisms respond to DNA viruses, especially those involving 
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TLR9-dependent recognition. While these findings merit further study, we observed no 

evidence of spontaneous STING activation or IFN-α production in TREX1 D18N pDCs, 

suggesting that they likely do not measurably contribute to systemic IFN-I signaling in 

this model system. Other TREX1 D18N innate immune populations such as macrophages 

or conventional DCs likely do sense self-DNA and produce IFN-α/β (Figure 3D), but T 

cells consistently exhibited the most robust signature of IFN-I expression and are highly 

abundant relative to these cell types, suggesting that they may be the predominant 

source in vivo. 

 TREX1-mediated autoimmunity requires cGAS-STING activation [42]. Our 

finding of IFN-α/β induction in TREX1 D18N T cells therefore requires that these cells 

possess a functioning cGAS-STING axis. We have shown that T cells express all 

molecular components of the cGAS-STING pathway and that chemical activation of 

STING induces TBK1/IRF3 phosphorylation (Figure 4) and IFN-α production (Figure 

6G), supporting the functionality of this innate immune pathway in T cells [25]–[27]. 

Further, we demonstrate that TREX1 D18N T cells are actively sensing DNA through 

cGAS-STING, as indicated by increased basal TBK1/IRF3 phosphorylation (Figure 4C-

F). Thus, failure to process DNA in TREX1 D18N T cells triggers cGAS to activate fully 

functional STING, leading to IFN-I production.  

Chronic IFN-I signaling in TREX1 D18N mice likely sustains high-level IRF7 

expression in T cells, licensing them to produce IFN-α following DNA sensing. TREX1 

D18N T cells produce considerably more IFN-I than WT cells upon STING activation 

(Figure 6G). This likely results from chronic overexpression of the IFN-α regulator 

IRF7 (Figure 4A-B). Innate immune cells require cGAS-STING to produce IFN-α in 

response to cytosolic DNA [3], [38], supporting the idea that STING activation results in 

IRF7 phosphorylation and activation. During homeostasis, IRF7 is expressed at high 

levels only in innate immune cells, priming them to produce IFN-α in response to nucleic 
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acid sensing. IRF7 is also an ISG, however, creating a positive feedback loop of IFN-α 

production [17]. Self-DNA sensing in TREX1 D18N T cells may therefore perpetually 

maintain this feedback loop, allowing chronic IFN-α production.  

IFN-α production by TREX1-deficient T cells likely contributes to autoimmunity. 

IFN-I is a cytokine “signal 3” in the 3-signal hypothesis of T cell activation, promoting 

survival, expansion, and function of activated cells [43]–[46]. Inappropriate IFN-α 

production by TREX1 D18N T cells following TCR stimulation (Figure 6G) may 

therefore have important consequences for autoreactive T cell responses. IFN-I 

production in response to the STING agonist cGAMP is strongly augmented by TCR 

ligation in WT T cells [27]. Our data indicate a similar relationship between cGAS-

STING-dependent sensing of undegraded TREX1 substrates and TCR signaling. We 

would propose that TCR engagement in vivo stimulates TREX1 D18N T cells to 

aberrantly produce IFN-α/β, which may act as a self-provided inflammatory signal to 

facilitate expansion and survival of autoreactive clones. Potentially consistent with this 

model, TREX1-/- mice lacking T cells never develop autoimmune disease, while those 

lacking B cells do [42], and deletion of RAG2 reduces IFN-β expression in TREX1-/- 

hearts [47].  

Curiously, we noted that TREX1 D18N naïve T cells exhibited the highest 

transcriptional signature of IFN-α ex vivo (Figure 3F), but the ISG signature decayed in 

unstimulated cells in vitro (Figure 5C). TCR ligation was sufficient to induce in vitro 

IFN-I production in naïve T cells, however (Figure 5E-F), suggesting that TCR contacts 

may indeed be critical for driving naïve T cell IFN-α expression in vivo. Interestingly, we 

also noted that in vitro ISG expression in unstimulated TREX1 D18N cultures decayed 

but never reached WT levels, and was resistant to IFNAR blockade. Similarly, ISG 

expression in TCR-stimulated cultures was only partially IFNAR-dependent (Figure 

5C-F). This could suggest that in addition to IFN-I, TREX1 D18N T cells produce and 
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sense IFN-III, which signals through an alternate receptor and can also drive ISG 

expression [48], [49].  

In summary, our findings demonstrate that T cells act as an important source of 

IFN-α in a model of IFN-I dependent lupus-like autoimmune disease. T cells exhibited a 

signature of IFN-α/β overexpression, evidence of spontaneous TBK1/IRF3 

phosphorylation, and IFN-α protein synthesis following TCR stimulation in vitro. 

Although the mass of IFN-α protein produced on a per-cell basis is small, T cells are 

highly abundant relative to rare innate immune cells such as pDCs, suggesting that they 

possess the cumulative capacity to meaningfully contribute to systemic IFN-I levels. We 

propose a model in which chronic cGAS-STING-dependent DNA sensing in TREX1-

deficient T cells, in conjunction with contact with self- or foreign antigen, induces 

inappropriate IFN-α production to potentiate autoimmunity. These findings add to our 

understanding of DNA sensing and innate immunity in T cells, and may have relevance 

to the pathogenesis of human interferonopathy. 
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MATERIALS AND METHODS 

Mice 

TREX1 D18N mice were generated as described [30]. All experiments utilized 6-

12 week-old male and female TREX1 WT and D18N mice on a pure 129S1/Sv 

background. All experiments were performed in accordance with the guidelines set forth 

by the Institutional Animal Care and Use Committee at Wake Forest Baptist Medical 

Center and the University of Virginia. 

 

Generation of single-cell suspensions and flow cytometry 

Spleens were harvested from experimental animals and processed into a single-

cell suspension by mashing on a wire screen in RPMI 1640 + 10% Fetal Bovine Serum 

(FBS) with a 5 mL syringe plunger. Red blood cells (RBCs) were lysed using ammonium-

chloride-potassium (ACK) lysing buffer (Lonza), and remaining splenocytes were washed 

by dilution with RPMI 1640 + 1% FBS, passed through a 70 μm nylon filter, and counted. 

For each stain, 106 cells were incubated with the fixable viability dye Zombie Red 

(BioLegend) diluted 1:200 in phosphate buffered saline (PBS) for 15 minutes at room 

temperature.  

For innate immune cell enumeration, cells were first stained with a mixture of 

biotinylated antibodies against CD3 (17A2, 1:50), CD19 (6D5, 1:200), CD49b (DX5, 

1:200), and TER-119 (1:200) for 30 minutes on ice, then washed. Cells were then stained 

with anti-B220 (RA3-6B2, APC/Fire750, 1:100), CD11b (M1/70, e450, 1:400, 

eBioscience), CD11c (N418, PE/Cy7, 1:400), Ly6C (HK1.4, APC, 1:400), Ly6G (1A8, 

BV510, 1:400), CD86 (GL1, FITC, 1:100), and Streptavidin-PE in FACS buffer (PBS + 2% 

FBS) for 30 minutes on ice. For T cell enumeration, cells were stained with anti-CD3 

(17A2, AF700, 1:50, eBioscience), CD90.2 (30-H12, PerCP/Cy5.5, 1:200), CD4 (RM4-4, 

APC/Fire 750, 1:200), CD8 (53-6.7, V500, 1:200, BD Biosciences), CD44 (IM7, BV421, 
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1:400), CD62L (MEL-14, FITC, 1:400), CD69 (H1.2F3, PE, 1:100), and SCA-1 (D7, 

PE/Cy7, 1:250). For B cell enumeration, cells were stained with anti-CD19 (6D5, 

PerCP/Cy5.5, 1:200), B220 (as above), CD138 (281-2, PE, 1:200), GL7 (AF647, 1:200), 

CD95 (Jo2, BV510, 1:100, BD Biosciences), and CD69 (H1.2F3, FITC, 1:100). Except 

where otherwise specified, all antibodies were acquired from BioLegend. Cells were 

washed 3 times with FACS buffer after staining, fixed in a 1% paraformaldehyde (PFA) 

solution for 30 minutes on ice, then acquired on an LSR Fortessa X-20 (BD Biosciences). 

Data were analyzed using FlowJoTM analytical software (FlowJo, LLC). Gating strategies 

can be found in Chapter 1, Supplemental Figure 1. Innate immune gating strategies 

were based on an established approach [50]. 

For measurement of protein phosphorylation, cells were processed as described 

above, then incubated for 1 hour at 2 x 106 cells/mL and 37 °C with or without 10 μg/mL 

DMXAA (Invivogen). After harvesting and pelleting, cells were stained with a viability 

dye. For pTBK1 interrogation, cells were stained with surface antibodies allowing 

delineation of T cells and pDCs, then fixed and permeabilized using the eBioscience 

Foxp3 Transcription Factor Staining buffer set. Cells were then stained with anti-pTBK1 

(D52C2, PE, 1:200) or an equal concentration of rabbit IgG isotype control (DA1E, PE, 

1:50). Cells were washed 3 times, then acquired. For measurement of pIRF3, cells were 

first stained with anti-CD19 (6D5, FITC, 1:200), then fixed with 1% PFA. Cells were 

washed twice with PBS, resuspended in 100 μL of PBS, then slowly dripped into 900 μL 

of ice-cold 100% methanol while gently vortexing and stored at -20 °C overnight. The 

next day, cells were pelleted, resuspended in FACS buffer, and stained with anti-CD3 

(PE), CD4 (BUV737), CD8 (BUV395), B220 (APC/Fire750), CD11c (PE/Cy7), and CD11b 

(e450) at the concentrations described above. We verified that these antigens survive 

fixation with PFA and methanol, and that the CD19-FITC signal does not degrade during 

the fixation process. The cells were then stained with anti-pIRF3 (D6O1M, 1:100) or 
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concentration-matched anti-rabbit IgG isotype control (DA1E, 1:500), washed 3 times, 

stained with goat anti-rabbit polyclonal antibody (Alexafluor 647, 1:1000, Abcam), then 

washed 3 times and acquired. All phospho-antibodies and isotype controls were from 

Cell Signaling.  

 

Bone marrow transplant 

Bone marrow transplants were conducted as 3 independent experiments with 3-5 

mice per group in each experiment. Recipient animals were female 6-8 week old WT and 

D18N mice. In preparation for the transplant, animals were maintained on filtered 

antibiotic water containing 800 mg/L sulfamethoxazole and 160 mg/L trimethoprim 

(Sigma-Aldrich) for 3 days before irradiation. On the day of the transplant, bone marrow 

was harvested from female 6-8 week old WT and D18N donor mice by flushing the femur 

and tibia with RPMI 1640 + 1% FBS. RBCs were lysed using ACK buffer, and remaining 

cells were resuspended in RPMI 1640 + 10% FBS and counted. T cells were depleted 

from isolated bone marrow using a CD3ε MicroBead magnetic depletion kit and LS 

column (Miltenyi Biotec), in order to prevent transfer of autoreactive T cell clones. 

Successful depletion of T cells was confirmed by staining cells with anti-mouse CD3-PE 

(1:50, BioLegend) and CD90.2-APC (1:200, BioLegend), and verifying the absence of 

positive cells by flow cytometry. Depleted cells were resuspended in serum-free RPMI 

1640 for injection. Recipient animals were administered a single sub-lethal dose of 

gamma radiation equaling 900 rads using a cesium source. A total of 5 x 106 T cell-

depleted bone marrow cells of either genotype were injected in a volume of 500 µL 

through the tail vein into irradiated animals. Animals were bled at 4 week intervals 

following the transplant, and euthanized 15 weeks after the transplant procedure. 

Successful bone marrow engraftment was assessed by collecting Peripheral Blood 

Mononuclear Cells (PBMCs) and employing a qPCR-based genotyping strategy. In brief, 
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blood was collected from experimental animals 12 weeks after transplant by facial vein 

puncture. A total of 5-6 drops of blood were collected into tubes containing 1 mL 4% 

(w/v) sodium citrate in water, 1 mL of RPMI 1640 + 1% FBS was added, and the tubes 

mixed by inversion. This solution was underlaid with 1 mL of Histopaque 1077 (Sigma-

Aldrich), and the mixture centrifuged at 400 x g for 20 minutes. PBMCs were aspirated 

from the resulting interface and washed twice by pelleting and resuspension in RPMI 

1640 + 1% FBS. DNA was isolated from purified PBMCs using the DNeasy DNA isolation 

kit (Qiagen) according to the manufacturer’s protocol, and the quality and concentration 

of DNA assessed using a Nanodrop spectrophotometer.  

The TREX1 genotype of engrafted hematopoietic cells was assessed using qPCR 

(Figure 1B). The total concentration of DNA in each sample was quantitated using a 

Taqman primer/spanning a single exon of ISG15 (Thermofischer Scientific) and a 

standard curve of genomic DNA of known concentrations across 4 logs, while the 

concentration of TREX1WT/WT DNA was determined using a primer/probe set specifically 

recognizing the TREX1 WT allele and a similar standard curve of genomic DNA 

(Forward: 5’-CCC ATC TCC TCC CCA GGC-3’, Reverse: 5’-GGC CAG TGG CTT CCA GGT 

C-3’, Probe: 5’-[Fluorescein (FAM)]-CCC ATG GTC ACA TGC AGA CCC TCA TCT TC-

[Black Hole Quencher 1 (BHQ1®)]-3’). Each reaction consisted of 5 µL of 2X Taqman 

gene expression master mix (Thermofischer Scientific), 0.5 µL of 20X primer/probe mix 

(18 μM primer, 5 μM probe), and 5 µL of template DNA. Data were collected on a 7500 

Real-Time qPCR system (Applied Biosystems) and analyzed using the 7500 analysis 

software. The ratio of TREX1 WT DNA concentration::total DNA concentration was used 

as a measure of successful engraftment. 
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ELISAs 

Serum was collected from whole blood incubated at room temperature for 1 hour 

and centrifuged at 1500 x g for 15 minutes at 4 °C. For measurement of anti-dsDNA 

autoantibodies, serum was diluted 1:2000 with the supplied diluent and anti-dsDNA 

autoantibody titer measured using a commercial kit (Alpha Diagnostics), according to 

the manufacturer’s protocol. For measurement of IFN-α, serum or cell culture 

supernatants were diluted 1:125 (LCMV samples) or 1:1 (all others) with supplied diluent 

and IFN-α concentration measured using a commercial kit (Verikine high-sensitivity 

IFN-α all subtype ELISA kit, PBL Assay Science). 

 

RT-qPCR measurement of IFN-I and ISGs 

RNA was collected from splenocytes or purified cells as described above. On-

column DNase-treatment was performed during RNA isolation using a DNase kit 

(Qiagen), according to the manufacturer’s supplemental protocols. Quality and 

concentration of RNA was assessed using a Nanodrop spectrophotometer. A maximum 

of 1 μg of RNA was converted to cDNA using the Protoscript II cDNA conversion kit 

(Applied Biosystems), according to the manufacturer’s supplied protocol. The cDNA 

product was diluted 5X with nanopure water and reactions performed as described 

above. ISG, IFN-β, and RPLP0 Taqman primer/probe mixes were from Thermofisher 

Scientific. The IFN-α assay consisted of 6 forward primers, listed 5’→3’ (ATA CTT CCA 

CAG GAT CAC TGT GTA CCT G, ATA TTT CCA CAG GAT CAC TGT GTA CCT G, ATA 

CTT CCA CAG CAT CAC TGT GTT CCT G, ATA CTT CCA CAG CAT CAC TGT GTA CCT 

G, ATA CTT CCA CAG GAT CAC TGT TTA CCT G, ATA CTT CCA CAG GAT CAC TGT 

GTT CCT G), 4 reverse primers (GGC TCT CCA GAC TTC TGC TCT GA, GGT TCT CTG 

GAC TTC TGC TCT GA, GGC TCT CCA GAT TTC TGC TCT GA, GGT TCT CCA GAC TTC 

TGC TCT GA), and a 5’-FAM, 3’-BHQ1-labeled hydrolysis probe ([FAM]-AGA AGA AAC 
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ACA GCC CCT GTG CCT GG-[BHQ1]), all from Eurofin Genomics. Forward primers 

were used at 150 nM, reverse primers at 225 nM, and the probe at 250 nM. Data were 

collected on a 7500 Real-Time qPCR system (Applied Biosystems), and analyzed using 

the accompanying 7500 analysis software. Fold expression measurements were made 

using the ΔΔCT method, with normalization against the house-keeping gene RPLP0. 

For pDC IFN-I expression measurements, low cell inputs necessitated 

concentration of cDNA products before downstream RT-qPCR analysis. RNA was 

collected from a total of 1 x 105 purified pDCs. Following reverse transcription, a 1:10 

volume of 3 M sodium acetate was added, followed by glycogen to a final concentration 

of 0.25 μg/μL. This solution was diluted with 4 volumes of ice-cold 100% ethanol and 

incubated at -80 °C for 1 hour. The solution was then centrifuged at 16000xg for 30 

minutes and carefully decanted, avoiding the glycogen pellet. The pellet was washed 

twice by adding 500 μL ice-cold 70% ethanol, centrifuging for 10 minutes, and 

decanting. The pellet was then air dried and resuspended in 30 μL of nuclease-free water 

for downstream analysis. An equal number of splenocytes and T cells were subjected to 

this protocol in tandem with pDC samples to ensure that precipitation did not introduce 

any artifacts, which yielded similar results to larger cell inputs (data not shown). 

 

Purification of innate immune, T, and B cells 

For each separation, splenocyte single cell suspensions were stained on ice for 10 

minutes in FACS buffer + 2 mM EDTA containing a cocktails of biotinylated antibodies. 

For innate immune negative selection, cells were stained with the same biotinylated 

antibody cocktail used for innate immune cell surface staining, described above. For T 

cell negative selection, splenocytes were stained with anti-CLEC9a (7H11, 1:50, Miltenyi 

Biotec), CD19 (6D5, 1:200), CD138 (281-2, 1:200), Ly6G (1A8, 1:400), TER-119 (1:220), 

CD11c (N418, 1:200), and CD11b (M1/70, 1:400). For B cell negative selection, cells were 
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stained with anti-CD3 (17A2, 1:50), CD49b (DX5, 1:200), CD115 (AFS98, 1:200), and 

CLEC9a, Ly6G, and TER-119 as above. Stained and unstained cells were separated using 

Anti-Biotin Microbeads and an LS column, according to the manufacturer’s protocol 

(Miltenyi Biotec). B cells underwent a secondary round of purification, using a positive 

selection against CD19 and CD138, as above. Except where otherwise specified, 

biotinylated antibodies were from BioLegend. Purity of cell preparations was assessed 

after every separation using flow cytometry and similar panels to those described above 

(Figure S3C-F). 

 

Cell sorting 

To enrich for T cells before sorting, splenocyte single cell suspensions were 

stained on ice for 10 minutes in FACS buffer + 2 mM EDTA containing anti-CD19 

(1:200), TER-119 (1:200), Ly6G (1:400) biotinylated antibodies, then washed. Stained 

and unstained cells were separated using Anti-Biotin Microbeads and an LS column, 

according to the manufacturer’s protocol (Miltenyi Biotec). For each sorting sample, 

enriched T cells from 2 mice were pooled to increase sorting yield. Cells were then 

stained with a T cell-specific panel of fluorochrome-conjugated antibodies similar to that 

described above. CD3+ CD4+ or CD8+ cells were sorted based on CD44 expression at 4 °C 

on a Beckman Coulter MoFlo Astrios EQ using a 70 μm nozzle, and immediately pelleted 

and lysed for subsequent RNA isolation and RT-qPCR analysis, as described above. 

Purity of all sorted populations was >95%. 

For sorting of pDCs, pooled splenocyte suspensions were generated from 3 mice 

for each sample. Magnetic depletion of lymphocytes and neutrophils was accomplished 

as described above, with the addition of biotinylated anti-CD3 (1:50). Cells were stained 

with viability dye and anti-CD90.2, CD4, CD8, B220, Ly6C, and CD11c. Contaminating T 

cells were excluded as CD90.2+ CD4+ or CD8+ events, while contaminating B cells were 
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excluded as B220+ Ly6C- events. pDCs were sorted as B220+ Ly6C+ CD11cint cells using a 

Becton Dickinson FACSAria with a 100 μm nozzle. Purity was routinely >95%. 

 

Viral infection 

The IFN-α expression assay was validated using virally-challenged mice. Mixed-

sex 8-12 week old WT mice on the 129 background were challenged with 2 x 104 PFU 

LCMV-Arm by intraperitoneal injection. After 48 hours, animals were euthanized and 

splenocyte single-cell suspensions generated. A total of 5 x 106 cells were set aside for 

RNA isolation, and the remainder of the cells subjected to innate immune cell 

purification as described above. RNA was isolated with on-column DNase treatment 

from whole splenocytes, innate cells, and non-innate cells, and subjected to IFN-α and 

ISG expression measurements, as described above. 

 

Cell culture experiments 

TREX1 WT and D18N T cells were purified by column purification or sorted, as 

described above. For transwell experiments, source cells were incubated at a 

concentration of 1 x 106 cells/mL and 37 °C for 1 hour with or without 10 μg/mL 

DMXAA. In addition, TREX1 WT reporter cells were incubated under similar conditions 

in either media or 20 μg/mL anti-mouse IFNAR (MAR1-5A3, Leinco Technologies). Cells 

were then washed four times by dilution with 1 mL media, pelleting, and decanting. Cells 

were added to a 96-well transwell apparatus with a 0.4 μm pore size (Corning). A total of 

235 μL of 1 x 106 cells/mL source cell solution was added to the bottom chamber of each 

well, and then the upper chamber gently overlaid. A total of 80 μL of 2 x 106 cells/mL 

reporter cell solution was added to the upper chamber of each well, and the plate 

covered. Cells were incubated for 24 hours at 37 °C, then reporter cells from the upper 

chamber collected for RNA isolation and RT-qPCR analysis, as described above. 
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For long-term in vitro measurement of the ISG signature, 2 x 105 purified WT or 

D18N T cells in 100 μL media were added to a 96-well plate. This was then supplemented 

with 100 μL media, 40 μg/mL anti-IFNAR, 40 μg/mL mouse IgG1 isotype control 

(Leinco Technologies), 2 x 106  beads/mL anti-CD3/CD28-coated beads (Miltenyi 

Biotec), or T cell activation beads + anti-IFNAR/isotype control. For experiments 

utilizing sorted naïve T cells, wells were pre-coated with 5 μg/mL anti-CD3/CD28 

overnight and then washed once with PBS in lieu of activation beads. Cells were 

incubated for 72-96 hours at 37 °C, then harvested and RNA collected for RT-qPCR 

analysis. For in vitro measurement of IFN-α production, 2 x 105 purified WT or D18N T 

cells in 100 μL media, or 2.5 x 104 pDCs in 50 μL media were added to a 96-well plate. T 

cells were supplemented with 100 μL of media, 20 μg/mL DMXAA, 2 μM CpG DNA, or 2 

x 106 beads/mL anti-CD3/CD28-coated beads, while pDCs were supplemented with 50 

μL of media, 20 μg/mL DMXAA, or 2 μM CpG DNA. Supernatants were collected after 

24 hours and IFN-α measured as described above. 
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SUPPLEMENTAL FIGURES 

 

 

 

 

Supplemental Figure 1. TREX1 D18N bone marrow recipients exhibit 

increased splenic CD4 T differentiation. Cell counts for splenic CD4 T cell 

differentiation states as measured by FACS (5-7 female mice, aged 6-8 weeks at time 

of transplant and 21-23 weeks at time of sacrifice). Error bars represent SEM. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Dunnett’s 

multiple comparison test against WT→WT control group. 

Supplemental Figure 2. T reg expansion in TREX1 D18N bone marrow 

recipients. FACS measurement of (A) total splenic T regulatory cell counts, and 

(B) CD25- “lupus-associated” splenic T reg cell counts in unmanipulated TREX1 WT 

and D18N animals (black and white) vs TREX1 WT and D18N bone marrow 

recipients (colors) (5-7 female mice, aged 6-8 weeks at time of transplant and 21-23 

weeks at time of sacrifice). Error bars represent SEM. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 by Student’s t-test (unmanipulated animals) or one-way 

ANOVA with Dunnett’s multiple comparison test against WT→WT control group 

(BMT animals). 
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Supplemental Figure 3. Innate and adaptive immune cell purification. 

(A) Representative flow plots of innate immune cell purity before and after 

separation. (B) Flow cytometric measurement of average fold enrichment of innate 

immune cell populations in TREX1 D18N samples, relative to whole splenocytes (C) 

Flow plots of T cell purity before and after separation. (D) Flow plots of B cell purity 

before negative selection (left), following negative selection (middle), and following 

subsequent positive selection (right). (E) Quantified percentage of total viable cells 

that were of the desired cell type for each separation across all experiments. 
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Supplemental Figure 4. IFN-β fold induction and relative message 

abundance in TREX1 D18N spleens. (A) Normalized splenic IFN-α and IFN-β 

induction relative to TREX1 WT expression. (B) Relative abundance of IFN-α vs 

IFN-β message, as measured by normalization to the house-keeping gene RPLP0. 

IFN-β measurements represent 3 independent experiments with a total of 8 mice, 

mixed sex, 8-12 weeks of age. Error bars represent SD. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 by Student’s t-test. 

Supplemental Figure 5. TREX1 D18N CD4 T cells are enriched for ISG 

expression. RT-qPCR measurement of ISG induction in sorted splenic CD4 T cell 

subsets. Represents the averaged fold induction of IFIT1, IFIT3, and USP18 relative 

to the house-keeping gene RPLP0, and normalized to WT spleen (3-4 mixed sex 

mice, 8-12 weeks of age at time of sacrifice). Error bars represent SEM. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Dunnett’s multiple 

comparison test against TREX1 D18N spleen control group. 
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CONCLUDING 

REMARKS 

 

 Since its discovery, the study of TREX1 has significantly advanced our 

understanding of cytosolic DNA sensing and innate immunity. Initial biochemical work 

revealed TREX1 to be a potent DNA degrading enzyme likely involved in DNA repair [1], 

[2], but interestingly, TREX1 mutations were found to cause a diverse spectrum of rare 

human autoimmune diseases rather than cancer [3], [4]. Initial studies examining the 

role of TREX relied on the knockout mouse model, a system most closely mimicking the 

highly disruptive TREX1 mutations which cause the neurodegenerative disease AGS. 

This work generated a model of pathogenesis in which the failure of TREX1 to break 

down DNA triggers cytosolic pattern recognition by cGAS-STING, the chronic 

production of IFN-I, and the loss of lymphocyte self-tolerance [5]–[9]. 

 This work was formative in shaping the direction of the TREX1 field, but did not 

capture the full complexity of TREX1 biology. TREX1 interacts with numerous proteins 

in the cell, and participates in non-catalytic regulation of the OST complex [10, p. 1], [11], 

[12]. Full TREX1 knockout therefore impacts more than just normal DNA disposal, 

complicating a model in which undegraded TREX1 substrates directly trigger cytosolic 

pattern recognition to drive inflammation and disease. In contrast with the knockout 

model, our laboratory has generated mice expressing the TREX1 D18N allele. This point 

mutation renders the enzyme catalytically dead, but preserves other non-catalytic 

functions and interactions in the cell [13]. The D18N allele causes Familial Chilblain 

Llupus in humans, and previous work from our laboratory has demonstrated evidence of 

autoinflammation in TREX1 D18N mice [14]–[16]. The primary aims of this research 
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were to build on previous findings by examining molecular and cellular sources of 

inflammation in the TREX1 D18N model. 

 Initially, I hypothesized that inflammation in TREX1 D18N mice would depend 

on self-DNA sensing through cGAS-STING, and that the production and sensing of IFN-I 

would represent the key inflammatory mediator facilitating autoimmunity. Here, I have 

demonstrated evidence of a robust ISG signature and lupus-like disease phenotype in 

TREX1 D18N mice, and used these same measurements to show that the loss of STING 

or the IFN-I receptor IFNAR was sufficient to fully ameliorate inflammation and disease. 

I also hypothesized that pDCs would be the primary cellular producers of IFN-I, due to 

their large capacity for IFN-α synthesis and high-level expression of DNA PRRs. 

Interestingly, this hypothesis was likely not correct. I identified IFN-α expression in the 

TREX1 D18N spleen and demonstrated that it enriches most strongly in T cells and 

innate immune cells, but found no evidence of IFN-α induction in TREX1 D18N pDCs. 

Interestingly, I did observe significant alterations to TREX1 D18N pDC functional 

phenotype and responses to danger signals. T cell IFN-α expression was unexpected, so I 

confirmed the functionality and chronic activation of the STING pathway in TREX1 

D18N T cells. I further demonstrated that stimulation of the TCR on TREX1 D18N T cells 

leads to measurable production of IFN-I protein. 

 Cumulatively, these data suggest potential models of autoimmune pathogenesis 

in TREX1-deficient organisms. One model may be that TREX1-deficient T cells and 

innate immune APCs participate in a spontaneous “pathogenic crosstalk” that 

culminates in autoimmunity. Consider an interaction between a TREX1 D18N naïve 

autoreactive T cell and APC (Figure 1A). The TREX1 D18N APC may exist in a chronic 

state of self-DNA sensing and low level IFN-I production, as evidenced by upregulation  
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A model of pathogenic crosstalk leading to autoimmunity in TREX1 D18N 

organisms. (A) The “auto-activation” model. TCR contacts with self-antigen 

(purple diamond) drive IFN-I production (blue circles) in TREX1 D18N T cells. In 

conjunction, TREX1 D18N APCs sense self-DNA and produce IFN-I. Both cell types 

may sense self-produced and neighbor-produced IFN-I. IFN-I crosstalk promotes 

APC “partial maturation”, increasing co-stimulatory molecule expression and antigen 

presentation, as well as facilitating full T cell activation and expansion by providing a 

“Signal 3”. (B) An alternative “bystander” model, in which T cell responses generated 

by foreign antigen (green diamond) stimulate excessive or prolonged IFN-I 

production, which may promote loss of self-tolerance by stimulating autoreactive T 

cell activation. 
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of IFN-α mRNA in innate immune cells (Chapter 3, Figure 3D). On the side of the T 

cell, self-DNA sensing combined with recognition of self-antigen presented by the APC 

may stimulate IFN-I synthesis (Chapter 3, Figure 6C-G). Both cells may sense self- 

and neighbor-produced IFN-I, promoting changes that facilitate full T cell activation. 

IFN-I stimulates APC maturation, involving upregulation of co-stimulatory molecules 

(Chapter 2, Figure 2B) and increasing antigen presentation, both of which increase 

APC capacity to stimulate T cells. For T cells, IFN-I can act as a “signal 3”, promoting 

survival, expansion, and function. Together, these effects may be sufficient to allow the 

autoreactive T cell to reach the threshold of activation, and to sustain T cell proliferation 

and the development of autoreactive memory cells. 

 Alternatively, it may be that autoreactive cells become activated through a 

bystander effect (Figure 1B). Autoreactive cells with strong recognition of self-antigen 

are efficiently deleted in the thymus, meaning that most autoreactive cells likely possess 

TCRs with weak to moderate affinity for self-antigen [17]. Presently, it is unclear what 

level of TCR stimulation is needed to induce TREX1-deficient T cell IFN-I production. If 

high level stimulation is required, it may be that pathogenic IFN-I production occurs in 

TREX1-deficient T cells responding to microbial pathogens. During the course of a T cell-

dependent immune response, millions of pathogen-specific T cells become activated 

[18]. If all activated TREX1 D18N T cells sense self-DNA and inappropriately produce 

IFN-I, this could represent a large and potentially abnormally prolonged increase in 

systemic IFN-I signaling during the course of an infection. As previously mentioned, the 

IFN-I system is a delicately balanced and tightly regulated system, so this could be 

sufficient to tip the scale towards autoimmunity by promoting autoreactive T cell 

activation. Variable infection with housing-acquired microbes could also help to explain 

why TREX1 D18N mice exhibit significant heterogeneity in lifespan (Chapter 2, Figure 

3C). 
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These findings raise many questions which should continue to be explored in 

future research. At the molecular level, why TCR ligation augments STING signaling in T 

cells merits further investigation. Crosstalk in T cells between the STING and the mTOR 

pathways has been reported [19], but this work is in its nascency. In addition, the models 

presented above assume that T cell IFN-I production acts to increase T cell function, 

proliferation, or survival, but this has not been tested empirically. In certain contexts, 

IFN-I signaling may take on an immunosuppressive role, and high-level STING 

activation has been shown to promote T cell apoptosis in vitro [19], [20]. It seems 

unlikely that TREX1 D18N T cells are experiencing high-level STING activation as a 

result of self-DNA sensing (Chapter 3, Figure 6G), but a careful examination of how 

autocrine IFN-I influences T cell properties is certainly warranted. Finally, the 

pathogenicity of TREX1 dysfunction in T cells should be directly addressed. Based on the 

work presented here, it is possible that TREX1 D18N T cells spontaneously acquire the 

capacity to produce IFN-I and act as the major initiators of systemic IFN-I signaling. 

Alternatively, they may first require a “licensing” signal from another cell type. It may be 

that another immune cell is the first to spontaneously produce IFN-I, which is sensed by 

T cells to promote IRF7 expression (Chapter 3, Figure 4A-B). This could then license 

them to produce IFN-α following TCR stimulation. Studies utilizing genetic tools to 

isolate TREX1 dysfunction to T cells alone should be conducted to address this question. 

Genetic tools could also be used to inducibly delete TREX1, and careful kinetic studies 

conducted to identify cell populations that respond first. 

In closing, this work advances our understanding of the molecular and cellular 

basis of inflammation arising from TREX1 dysfunction. Data shown here demonstrate 

the importance of the cGAS-STING-IFN-I axis in a model of Familial Chilblain lupus, 

and identify cellular producers of IFN-I. T cells could represent a novel and important 

source of inflammatory signaling in TREX1-deficient humans, and could represent an 
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appealing therapeutic target for research into more effective therapies for human 

interferonopathy. 

  



111 
 

REFERENCES 

[1] T. Lindahl and J. A. Gally, “Properties of Deoxyribonuclease III from Mammalian 
Tissues,” vol. 244, no. 18, p. 7, 1969. 

[2] F. W. Perrino, H. Miller, and K. A. Ealey, “Identification of a 3’-->5’-exonuclease 
that removes cytosine arabinoside monophosphate from 3’ termini of DNA.,” 
Journal of Biological Chemistry, vol. 269, no. 23, pp. 16357–16363, Jun. 1994. 

[3] Y. J. Crow et al., “Mutations in the gene encoding the 3’-5’ DNA exonuclease 
TREX1 cause Aicardi-Goutieres syndrome at the AGS1 locus,” Nature Genetics, 
vol. 38, no. 8, pp. 917–920, Aug. 2006, doi: 10.1038/ng1845. 

[4] G. Rice et al., “Heterozygous Mutations in TREX1 Cause Familial Chilblain Lupus 
and Dominant Aicardi-Goutières Syndrome,” Am J Hum Genet, vol. 80, no. 4, pp. 
811–815, Apr. 2007. 

[5] M. Morita et al., “Gene-Targeted Mice Lacking the Trex1 (DNase III) 3′→5′ DNA 
Exonuclease Develop Inflammatory Myocarditis,” Mol Cell Biol, vol. 24, no. 15, pp. 
6719–6727, Aug. 2004, doi: 10.1128/MCB.24.15.6719-6727.2004. 

[6] E. E. Gray, P. M. Treuting, J. J. Woodward, and D. B. Stetson, “Cutting Edge: 
cGAS Is Required for Lethal Autoimmune Disease in the Trex1-Deficient Mouse 
Model of Aicardi–Goutières Syndrome,” The Journal of Immunology, vol. 195, no. 
5, pp. 1939–1943, Sep. 2015, doi: 10.4049/jimmunol.1500969. 

[7] A. Gall et al., “Autoimmunity Initiates in Nonhematopoietic Cells and Progresses 
via Lymphocytes in an Interferon-Dependent Autoimmune Disease,” Immunity, 
vol. 36, no. 1, pp. 120–131, Jan. 2012, doi: 10.1016/j.immuni.2011.11.018. 

[8] D. B. Stetson, J. S. Ko, T. Heidmann, and R. Medzhitov, “Trex1 Prevents Cell-
Intrinsic Initiation of Autoimmunity,” Cell, vol. 134, no. 4, pp. 587–598, Aug. 
2008, doi: 10.1016/j.cell.2008.06.032. 

[9] J. Ahn, T. Xia, H. Konno, K. Konno, P. Ruiz, and G. N. Barber, “Inflammation-
driven carcinogenesis is mediated through STING,” Nat Commun, vol. 5, no. 1, p. 
5166, Dec. 2014, doi: 10.1038/ncomms6166. 

[10] T. Miyazaki, Y.-S. Kim, J. Yoon, H. Wang, T. Suzuki, and H. C. Morse, “The 3’-5’ 
DNA Exonuclease TREX1 Directly Interacts with Poly(ADP-ribose) Polymerase-1 
(PARP1) during the DNA Damage Response,” Journal of Biological Chemistry, 
vol. 289, no. 47, pp. 32548–32558, Nov. 2014, doi: 10.1074/jbc.M114.547331. 

[11] M. Hasan et al., “Cytosolic nuclease TREX1 regulates oligosaccharyltransferase 
activity independent of nuclease activity to suppress immune activation,” 
Immunity, vol. 43, no. 3, pp. 463–474, Sep. 2015, doi: 
10.1016/j.immuni.2015.07.022. 

[12] D. Chowdhury et al., “The Exonuclease TREX1 Is in the SET Complex and Acts in 
Concert with NM23-H1 to Degrade DNA during Granzyme A-Mediated Cell 
Death,” Molecular Cell, vol. 23, no. 1, pp. 133–142, Jul. 2006, doi: 
10.1016/j.molcel.2006.06.005. 

[13] J. M. Fye, C. D. Orebaugh, S. R. Coffin, T. Hollis, and F. W. Perrino, “Dominant 
Mutations of the TREX1 Exonuclease Gene in Lupus and Aicardi-Goutieres 
Syndrome,” Journal of Biological Chemistry, vol. 286, no. 37, pp. 32373–32382, 
Sep. 2011, doi: 10.1074/jbc.M111.276287. 

[14] M. A. Lee-Kirsch et al., “A mutation in TREX1 that impairs susceptibility to 
granzyme A-mediated cell death underlies familial chilblain lupus,” J Mol Med, 
vol. 85, no. 5, pp. 531–537, May 2007, doi: 10.1007/s00109-007-0199-9. 

[15] J. L. Grieves, J. M. Fye, S. Harvey, J. M. Grayson, T. Hollis, and F. W. Perrino, 
“Exonuclease TREX1 degrades double-stranded DNA to prevent spontaneous 



112 
 

lupus-like inflammatory disease,” Proceedings of the National Academy of 
Sciences, vol. 112, no. 16, pp. 5117–5122, Apr. 2015, doi: 
10.1073/pnas.1423804112. 

[16] S. L. Rego et al., “TREX1 D18N mice fail to process erythroblast DNA resulting in 
inflammation and dysfunctional erythropoiesis,” Autoimmunity, vol. 51, no. 7, pp. 
333–344, Oct. 2018, doi: 10.1080/08916934.2018.1522305. 

[17] S. Koehli, D. Naeher, V. Galati-Fournier, D. Zehn, and E. Palmer, “Optimal T-cell 
receptor affinity for inducing autoimmunity,” PNAS, vol. 111, no. 48, pp. 17248–
17253, Dec. 2014, doi: 10.1073/pnas.1402724111. 

[18] R. J. De Boer, M. Oprea, R. Antia, K. Murali-Krishna, R. Ahmed, and A. S. 
Perelson, “Recruitment Times, Proliferation, and Apoptosis Rates during the 
CD8+ T-Cell Response to Lymphocytic Choriomeningitis Virus,” J Virol, vol. 75, 
no. 22, pp. 10663–10669, Nov. 2001, doi: 10.1128/JVI.75.22.10663-10669.2001. 

[19] T. Imanishi et al., “Reciprocal regulation of STING and TCR signaling by mTORC1 
for T-cell activation and function,” Life Science Alliance, vol. 2, no. 1, p. 
e201800282, Feb. 2019, doi: 10.26508/lsa.201800282. 

[20] B. Larkin, V. Ilyukha, M. Sorokin, A. Buzdin, E. Vannier, and A. Poltorak, “Cutting 
Edge: Activation of STING in T Cells Induces Type I IFN Responses and Cell 
Death,” The Journal of Immunology, vol. 199, no. 2, pp. 397–402, Jul. 2017, doi: 
10.4049/jimmunol.1601999. 

 

 

 

 

 

 

 

 

  



113 
 

CURRICULUM VITAE 

Sean Simpson 
4712 Brighton Park Dr., Winston Salem NC 27103 – Unit 3C   

Phone: (336) 817-4205, Email: ssmpsn2@gmail.com 
 
PROFESSIONAL INTERESTS: 
 
I am an inquisitive and industrious scientist, interested in applying my 
knowledge, technical skills, and passion for science to unsolved problems in 
human health.  
 
 
RESEARCH EXPERTISE: 
 
Autoimmunity, anti-viral innate immunity, T cell biology, cGAS-STING pathway, 
DNA metabolism 
Technical expertise: Flow cytometry, RT-qPCR, RNAseq, in vitro T cell culture 
and functional assays, ELISA, rodent-handling, R and python programming 
languages 
 

 

 
PROFESSIONAL EXPERIENCE: 
 
Wake Forest School of Medicine – Graduate student          
August 2015 – present 
Department of Biochemistry, laboratory of Dr. Fred Perrino, PhD 

• Developed expert knowledge on lupus-like autoimmune disease, innate 
immunity and type I interferon signaling, T cell biology, and the TREX1 
exonuclease, a DNA-degrading enzyme linked to autoimmune disease in 
humans 

• Pursued a highly colloborative research program focused on identifying 
specific cell types driving cGAS-STING-dependent type I interferon 
production in an autoimmune murine model of TREX1 dysfunction 

• Mediated a close and interdepartmental collaboration between the Perrino 
laboratory (Biochemistry) and the Grayson laboratory (Immunology) to 
meet program goals 

• Identified T cells as novel type I interferon producers, with implications 
for autoimmune pathogenesis and innate immunity in T cells 

• Acquired strong scientific writing skills through preparation of multiple 
manuscripts 

• Developed expertise in a wide range of technical skills (detailed below) 

• Cultivated strong public speaking skills through numerous inter- and 
intra-departmental seminars, symposiums, journal clubs, and chalk talks 
 

mailto:ssmpsn2@gmail.com
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UNC-Greensboro – Research assistant                        
January 2014 –August 2015 
Department of Chemistry, laboratory of Gregory Raner, PhD 

• Undertook multiple research projects, including characterization of 
cytochrome P450 (CYP) metabolism of the anticancer compound 5-fluoro-
2-oxindole, screening of açaí berry extracts for CYP inhibition, and 
characterizing CYP oxidation of aldehydes 

• Developed expertise in HPLC, HPLC method development, LC- and GC-
MS 

• Acquired basic skills in scientific record-keeping, experiment design, and 
scientific writing 

 
PUBLICATIONS: 
 
Simpson SR, Hemphill WO, Hudson T, Perrino FW. TREX1 – Apex Predator of 
cytosolic DNA metabolism. DNA Repair (Submitted April 2020, forthcoming 
October 2020) 
 
Simpson SR, Rego SL, Harvey SE, Liu M, Hemphill WO, Venkatadri R, Sharma 
R, Grayson JM, Perrino FW. T cells produce IFN-α in the TREX1 D18N model of 
lupus-like autoimmunity. Journal of Immunology. 2020, 204:348-359 
 
Rego SL, Harvey S, Simpson S, Hemphill WO, McIver ZA, Grayson JM, Perrino 

FW. TREX1 D18N mice fail to process erythroblast DNA resulting in 

inflammation and dysfunctional erythropoiesis. Autoimmunity. 2018, 13:1-12 

Kandagatla SK, Mack T, Simpson S, Sollenberger J, Helton E, Raner GM. 

Inhibition of human cytochrome P450 2E1 and 2A6 by aldehydes: Structure and 

activity relationships. Chemico-Biological Interactions. 2014, 219C:195-202 

 
LABORATORY SKILLS 
 
Expert:  

- High dimensional flow cytometry (14+ colors) – Surface, intracellular, and 
intracellular cytokine staining, cell sorting, cell cycle analysis 

- PCR, qPCR, and RT-qPCR assay design and execution – over 20 assays 
designed with performance comparable to commercial products 

- RNAseq and RNAseq data analysis/visualization 
- T cell purification, in vitro T cell activation, proliferation, and differentiation 

assays 
- ELISA 
- Mouse handling/breeding, tissue collection/processing – Spleen, lymph node, 

thymus, PBMCs 
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- R programming language—many scripts prepared to process data and 
automate analyses 

Proficient: 

- Immunohistochemistry and confocal microscopy 
- Automated image analysis 
- Western blot 
- Reverse phase HPLC 
- LC-MS 

 
EDUCATION: 
 
Ph.D. Program, Molecular and Cellular Biosciences  
 August 2015-Present 
Wake Forest School of Medicine, Winston Salem NC   
 Graduation: August 2020 
Department of Biochemistry      GPA: 4.0 
Advisors: Dr. Fred Perrino, Dr. Jason Grayson 
Research topic: DNA sensing and autoimmunity 
 
Post baccalaureate work, Biochemistry     
 August 2013 – 2015 
University of North Carolina at Greensboro    GPA: 4.0 
Research topic: Cytochrome P450 metabolism 
 
B.S., Biology         
 August 2009 – May 2012 
University of North Carolina at Chapel Hill    GPA: 3.31 
 
 
GRANTS AND FELLOWSHIPS: 
 
NIH-sponsored T32 “Immunology and Pathogenesis” training grant  
Wake Forest University School of Medicine 
June 2016 – June 2017, June 2018 – June 2019 
 
Artom Memorial Fellowship 
Wake Forest University School of Medicine 
October 2018 – October 2019 
 
Cowgill Memorial Fellowship 
Wake Forest University School of Medicine 
October 2017 – October 2018 
 
 
AWARDS AND HONORS: 
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Honorary American Chemical Society membership for excellence in research 
University of North Carolina at Greensboro 
May 2015 
 
 
POSTERS 
 
Simpson, S.  T cells produce IFN-α in a model of lupus-like disease. The 13th 
International Congress on Systemic Lupus Erythematosus; April 2019; San 
Francisco CA 

Simpson, S.  Expression of catalytically inactive TREX1 in hematopoietic cells is 
sufficient to induce lupus-like autoimmunity. Wake Forest Microbiology and 
Immunology Student Symposium; 2017 October; Winston-Salem NC 
 
Simpson, S. Characterization of in vitro cytochrome P450 mediated metabolism 
of the fluorinated compounds 5-fluoro-2-oxindole and a thermal degradant of the 
synthetic cannabinoid XLR-11. American Chemical Society 15th Annual Poster 
Vendor Night, April 15th 2015, Greensboro, NC 


