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Abstract 

Female sex is associated with enhanced immune responses to viral infection and 

vaccinations, but also an increased risk of autoimmune disease. A major reason for these sex 

differences is that females display stronger Type-I interferon (IFN) responses than males. 

While IFN is critical in alerting the adaptive immune system to viral infections, excessive or 

inappropriate IFN signaling can drive systemic autoimmunity. Many systemic autoimmune 

diseases are characterized by aberrant IFN signaling, and the IFN response is particularly 

prominent in systemic lupus erythematosus (SLE).   

SLE is one of the most sex-biased diseases identified to date, affecting 9-times more 

women than men. SLE is caused by aberrant IFN signaling due to the chronic, inappropriate 

activation of toll-like receptors (TLRs) by self-RNA and self-DNA. The single-stranded RNA 

(ssRNA) sensor TLR7 is especially heavily implicated in SLE pathogenesis, as genetic 

abnormalities in TLR7 have been shown to induce SLE in both mice and humans. 

X-inactive specific transcript (XIST) is a long non-coding RNA (lncRNA) that is 

responsible for X-inactivation, the process by which X-linked gene expression is normalized 

between biological women, who have two X chromosomes, and biological men, who have one. 

XIST has been studied for a protective role in SLE due to its role in restricting TLR7 

expression, but it has also been found to be overexpressed in SLE. Furthermore, recent 

studies revealed abnormal XIST localization in SLE and other autoimmune diseases like 

systemic sclerosis (SSc).  

In this thesis, we elucidate a novel, proinflammatory function for the XIST RNA as a 

TLR7-dependent danger signal. In Chapter II, we show that XIST RNA is capable of inducing 
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IFN, and that its expression correlates with SLE disease status, clinical disease activity, and 

the IFN signature in female SLE patients. In Chapter III, we explore XIST expression in SSc, 

and show that its expression and failure to fully inactivate TLR7 may underlie certain SSc 

disease subtypes. And in Chapter IV, we explore neutrophils and neutrophil extracellular traps 

(NETs) as a potentially important source of extracellular XIST RNA in systemic autoimmunity.  
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Sex differences in human immunology 

 Sex differences abound in human immunology. For better and for worse, 

biological women mount stronger immune responses than men. These differences often 

coincide with the production of Type I interferon, which plays a role in viral defense, 

vaccine response, and autoimmunity.1–4 Women generate higher antibody titers in 

response to vaccines, are more successful in fighting off viral infections, and are more 

likely to experience autoimmune diseases.1–3,5,6 There are many factors underlying 

these immunological differences, including endocrine, genetic, and environmental 

factors. However, emerging evidence continues to reinforce the importance of genetic 

factors, with the X chromosome receiving particular attention for the critical role it plays 

in viral immunity, vaccine responses, and autoimmune disease risk.2  

XX, XIST, and X-inactivation in systemic autoimmunity 

The connection between an XX genotype and systemic autoimmunity is 

particularly robust, as systemic autoimmune diseases occur with high frequency in 

biological women and men with Klinefelter syndrome, a trisomy in which biological men 

are born with XXY sex chromosomes instead of XY.4,5,7–10  This has led many to 

investigate immune genes on the X chromosomes to explain this sex bias. However, 

most X-linked genes are expressed at similar levels regardless of sex chromosomes 

due to X-inactivation.  

X-inactivating specific transcript (XIST) is a lncRNA responsible for inducing the 

inactivation of one X chromosome per every cell with two X chromosomes, achieving 

dose-normalization of most X-linked genes.11–13 While X-inactivation has high fidelity in 
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mice, human X-inactivation is much less stringent, with a subset of genes “escaping” X-

inactivation, meaning they can be expressed from both X chromosomes in the same 

cell. It has been shown that while only 3% of X-linked genes escape XCI in mice, up to 

15% of human X-linked genes exhibit at least partial escape.14,15  

Toll-like receptor 7 (TLR7) is a single-stranded RNA (ssRNA) sensor encoded for 

by a gene on the X chromosome. It is known to play a critical role in the pathogenesis of 

systemic lupus erythematosus (SLE) and is also under investigation in Sjögren’s 

syndrome (SS), systemic sclerosis (SSc), and other autoimmune diseases.16–22 It has 

recently been shown that TLR7 partially escapes X-inactivation, resulting in 30% higher 

expression in women compared to men.23 Other immune genes such as IL3RA, IRAK1, 

CXorf21, CD40L, and CXCR3 are also known to escape X-inactivation.24–27 Thus, the 

second X chromosome could increase the risk of autoimmunity by increasing the dose 

of immune genes including TLR7.  

Systemic Lupus Erythematosus (SLE) 

Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disease that 

follows this X-chromosomal bias. Biological women are affected 9-times as often as 

biological men, and men with Klinefelter syndrome are affected 14-times as often as XY 

men.28 SLE is diagnosed most often in the United States, where it has a prevalence of 

around 100 in 100,000 individuals and an incidence of approximately 6 cases per 

100,000 person-years. SLE most commonly affects African Americans, with prevalence 

in African Americans over twice as high as in Caucasians.29–36 SLE has diverse 

manifestations, with some of the most common disease symptoms being fevers, fatigue, 

joint pain, and skin rashes, including the characteristic malar rash which is specific to 
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SLE.37,38 However, SLE can be especially dangerous when it causes lupus nephritis, an 

autoantibody-mediated inflammatory process that leads to destruction of the kidneys 

that can be fatal.39–41 Lupus patients can also experience significant morbidity, 

especially due to fatigue and renal failure, making SLE a significant public health 

problem.  

Type-I interferon in SLE 

The production of type-I interferons (IFN), including IFNα and IFNβ, is the 

hallmark of SLE.37,42,43 Type-I IFNs are pro-inflammatory cytokines with extremely broad 

impacts on the immune system.43–45 IFNα is of particular importance in SLE, as its 

broad antiviral effects drive many disease processes.43,46 IFNα is secreted in large 

quantities by plasmacytoid dendritic cells (pDCs), which are historically called natural 

IFN producing cells.47,48 The receptors for Type-I IFNs, IFNAR1 and IFNAR2, signal 

through the JAK-STAT signaling pathway to turn on IFN-stimulated genes, or ISGs.49,50 

These ISGs exhibit broad antiviral and proinflammatory effects, which increases 

lymphocyte activation and proinflammatory cytokine secretion by other immune 

cells.43,51–53 

Genetic Risk Factors for SLE outline the disease process 

SLE has a polygenic risk profile, with risk alleles in over 100 known genes. Many 

genetic risk factors for SLE fall into one of three categories: genes involved in cell death 

and debris clearance (e.g. C1q, C2, C4, TREX1, DNASE1, and RAD51B); genes that 

control the threshold for lymphocyte activation (e.g. HLA alleles, STAT4, PTPN22, LYN, 

BANK, and TNFAIP3); and genes encoding proteins responsible for IFN induction (e.g. 
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TLR7, TLR8, TLR9, IRF5, and IRF7).54,55 Together, these risk alleles outline the 

pathways thought to be crucial in SLE development. Insufficient clearance of cellular 

debris leads to a chronic buildup of extracellular RNA and DNA, which aberrantly 

activates TLRs in pDCs to induce IFN production. In SLE, IFNα promotes autoreactive T 

cell development by upregulating CD80 and CD86 on dendritic cells (DCs), and 

promotes B cell differentiation into plasmablasts, leading to excess production of 

autoantibodies.56 Autoantibodies made by autoreactive B cells then opsonize target 

tissues, inducing complement-mediated destruction of the tissues, which leads to 

manifestations like lupus nephritis.37 Furthermore, SLE autoantibodies frequently target 

RNA and DNA binding partners, including histones, Ro52, Ro60, La, and others, 

forming immune complexes and facilitating the uptake of nucleic acids into pDCs and B 

cells, further increasing the rate of IFN production and B cell activation and perpetuating 

the cycle of inflammation.57–59  

The IFN Signature 

Aberrant IFN production is the hallmark of SLE. However, IFNs themselves are 

often undetectable in transcriptional assays because they are short-lived cytokines 

expressed at very low concentrations. However, the effects of type I IFN production can 

still be detected in these assays via upregulation of the IFN signature.44,53,56,60,61 The 

IFN signature is a subset of hundreds of genes that are known to be IFN responsive, 

including several IFN response factors (IRFs), IFN-stimulated genes (ISGs), and IFN-

induced transmembrane (IFIT) genes. In transcriptional data like microarray data and 

single-cell RNA sequencing data, IFN scores are often calculated as summed 

expressions of all genes in a pre-defined IFN signature relative to a set of control 
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genes.42,60,61 In this way, the effects of IFN can be quantitatively studied even when the 

expression of specific type I IFN proteins, like IFNα2, cannot be detected.  

Apoptosis and NETosis in SLE 

 Dead cell debris, particularly RNA and DNA, is widely considered to be 

responsible for the initial activation of the interferon IFN signature in SLE via TLRs37 

Apoptosis and NETosis are particularly implicated as the cell death processes likely 

behind the buildup of this extracellular nucleic acid.62–64 Apoptosis is an organized, 

structured form of cell death that all cell types can undergo in response to intrinsic or 

extrinsic signals that leads to the breakdown of cellular material into membrane-bound 

compartments. SLE autoantigens with distinct subcellular localizations have been 

shown to cluster during apoptosis, and the substrates of Granzyme B are 

disproportionately SLE autoantigens.62,65,66 However, much research remains to be 

done on how the tolerizing mechanisms of apoptosis breakdown in SLE. It may be that 

an overwhelming amount of apoptosis leads to secondary necrosis of non-

phagocytosed apoptotic blebs and bodies, leaving RNA and DNA exposed in the 

extracellular space. This hypothesis is supported by findings that events that acutely 

induce excess apoptosis such as sunburns, viral infections, smoking, increased 

oxidative stress, and Kikuchi-Fujimoto disease are likely SLE triggering events.67–69 

Furthermore, many genetic risk factors for SLE are involved in apoptotic clearance.70,71  

On the other hand, NETosis has attracted great interest as a potentially 

pathologic mechanism in SLE. NETosis is a method of neutrophil death characterized 

by the deliberate extrusion of nuclear material including DNA, RNA, and nuclear 

proteins. 64,72,73 Double-stranded DNA (dsDNA), histones, and other proteins released 
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as part of the NET are SLE autoantigens.74,75 Furthermore, it has been shown that 

some SLE patients have impaired NET degradation, in some cases due to 

autoantibodies binding to NETs and blocking DNase access to them.76 Still, the 

epidemiologic evidence does not support a role for NETs in SLE as strongly as it does 

for apoptosis, and the question of whether aberrant NETosis or failed clearance of NET 

components precedes or follows disease onset remains unanswered. In addition, the 

ability of NETs to activate TLR7 depends strictly on the RNA released with the NET, 

which has yet to be studied extensively.   

The role of TLR7 in SLE 

TLR7 is at the center of our understanding of SLE pathogenesis. TLR7 is a 

ssRNA sensor that localizes to the endosome and is highly expressed by pDCs, which 

are key inducers of the IFN response in SLE. Upon activation by ssRNA, TLR7 

dimerizes and initiates a MyD88-dependent signaling cascade that culminates in the 

phosphorylation of interferon response factors 3 and 7 (IRF3 and IRF7), which then 

translocate to the nucleus to induce expression of IFNα.77,78,78,79 TLR7 has been shown 

to induce disease in the Yaa mouse model of SLE, in which the portion of the X 

chromosome containing TLR7 is duplicated onto the Y chromosome, causing male mice 

to have double expression of TLR7 and consequently develop a lupus-like 

disease.17,18,20 TLR7 inhibition ameliorates disease in this model. Genome-wide 

association studies (GWAS) have identified single nucleotide polymorphisms (SNPs) in 

TLR7 as risk alleles for SLE, and a case study recently identified a constitutively active 

TLR7 variant as the monogenic cause of a pediatric lupus case.16,80  
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TLR7 is particularly interesting as an important SLE risk factor because of its 

relationship with biological sex. TLR7 is X-linked and has been shown to escape X-

inactivation. This escape from XCI was explored in depth by Souyris et. al, who showed 

that this leads to 30% higher TLR7 expression in women, who are at an elevated risk of 

developing SLE.23 These authors also showed that TLR7 is over-expressed in men with 

Klinefelter syndrome. The function of TLR7 as an IFN inducer, its sex bias, and the 

causative evidence that TLR7 can induce disease indicate that TLR7 expression and 

activation is likely a significant element in SLE pathogenesis. Moreover, TLR7 is 

responsible for IFN induction in response to viral RNA. Women have stronger IFN 

responses than men, and this response underlies a wide variety of innate immune 

responses, potentially explaining the sex biases in viral and vaccine responses as well 

as SLE.1,81,82  

Self RNA ligands for TLR7 

 Given the importance of TLR7 activation to SLE pathogenesis, a deep 

understanding of the self-RNA transcripts responsible for activating TLR7 is necessary. 

The sequence specificity for TLR7 was first illustrated in 2005 by Hornung et. al, who 

showed that ectopic treatment with the 20mer RNA9.2s 5’-

AGCUUAACCUGUCCUUCAA-3’ could activate pDCs to produce ng amounts of IFNα, 

whereas the antisense sequence 5’-UUGAAGGACAGGUUAAGCU-3’ did not.83 

However, structural work published by Zhang et. al in 2016 and 2018 partly contradicted 

this finding. These authors found that TLR7 contains two binding sites, one for 

Guanosine and one for short ssRNA molecules. The ssRNA molecules most likely to 

crystallize in the ssRNA binding site of TLR7 are 3-5mers containing UUN, where N can 
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be any nucleotide. The authors confirmed the preference for UU-dense RNA by 

developing a TLR7 reporter cell line that responded specifically to UU-containing 20mer 

repeats (e.g. UUA and UUC) to similar repeat sequences like UAA or UCC.84,85  

 While the sequence specificity of TLR7 is becoming clearer, little attention has 

been given to the self-RNA transcripts containing TLR7 stimulatory ligands. Hung et. al 

found that the Ro60 autoantigen binds Alu RNAs, which are interferon-inducible 

endogenous retroelements thought to potentially function as danger signals.58 Alu RNAs 

contain short, UU-rich regions in highly repetitive sequences and were shown to induce 

production of other proinflammatory cytokines, possibly through TLR7.58 UU-rich RNAs 

in complex with SLE autoantigens make for an attractive topic of study, since SLE 

autoantigens are often RNA-binding proteins, and TLR ligation by the RNA in these 

complexes could induce antigen presentation of the protein while upregulated 

costimulatory molecules.  The role of XIST RNA, which is one of the most UU-rich 

transcripts in the transcriptome and is known to bind lupus autoantigens including DNA, 

histones, hnRNPA1B2 (also known as RA33), and Sjogren’s Syndrome Antigen B (La), 

as a source of TLR7 ligands is explored in Chapter II.  

Systemic Sclerosis (SSc) 

Systemic Sclerosis (SSc) is another systemic autoimmune disease with a female 

sex bias, with women experiencing disease three times as often as men.86,87 SSc 

patients experience a progressive fibrosis of the skin, often accompanied by internal 

organ fibrosis. The GI tract, lungs, heart, kidneys, and joints can all be impacted, and 

disease can be fatal due to organ failure, interstitial lung disease (ILD), and pulmonary 

hypertension.88,89 Prognosis varies greatly based on disease subtype and autoantibody 
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positivity. For example, the 10-year survival rate for limited SSc is over 80%, and those 

patients often have lifespans unimpacted by disease, whereas for diffuse SSc it is 

between 60-65%, and about half of deaths are attributable to SSc.89–91     

Autoantibodies in SSc 

In SSc, autoantibodies are extremely useful in subsetting patients into diffuse 

and limited SSc, and SSc outcomes are highly variable based on autoantibody positivity 

and disease subset. Three SSc-related autoantibodies – anticentromere (ACA), anti-

topoisomerase (ATA), and anti-RNA polymerase III (ARA) – are part of the ACR/EULAR 

criteria for SSc diagnosis.93  ATAs are present in 15-42% of SSc cases and are strongly 

associated with diffuse SSc.94 ATA-positive patients have a significantly higher risk of 

developing ILD, pulmonary fibrosis, and myocardial fibrosis. Thus, ATA-positive patients 

have some of the worst prognoses in SSc, with a high likelihood of internal organ 

involvement. Furthermore, ATAs have been shown to be associated with cancer after 

SSc diagnosis and with a higher mortality rate in cancer patients with SSc.94,95 ARAs 

are also associated with diffuse SSc and higher mortality rates due to internal organ 

involvement, particularly renal involvement. However, ARAs are even more strongly 

associated with malignancy than ATAs, being particularly associated with synchronous 

onset of SSc and malignancy. On the other hand, ACAs associate strongly with limited 

SSc, which is associated with a significantly better prognosis than diffuse SSc. ACAs 

may be associated with non-Hodgkin’s lymphoma but not other malignancies. ACAs are 

also associated with hypertension, and ACA-positive SSc patients with hypertension 

have higher mortality than ACA-negative SSc patients with hypertension.95 Other 

autoantibodies that are not used as ACR criteria but are under active investigation 
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include anti-fibrillarin, anti-Th/To, anti-Ku70/80, anti-PM75/100, anti-U1RNP, anti-Ro52, 

and anti-Nor90. Because autoantibodies are so powerful in predicting disease course in 

SSc, their role in disease origins and pathogenesis is under active investigation.96   

Type 1 Interferon and XIST in SSc 

While not as ubiquitous as in SLE, the IFN signature is also present in SSc and 

precedes clinical fibrosis.97 Polymorphisms in IFN-regulatory elements are also 

implicated in the genetic risk for SSc development.98,99 Furthermore, TLR7 has been 

shown to be upregulated in peripheral blood mononuclear cells (PBMCs) from SSc 

patients, whereas TLR9 has been shown to be downregulated.22 This suggests a 

possible role for TLR7 in SSc disease onset, like in SLE. Therefore, overexpression or 

overactivation of TLR7 may also underlie disease pathogenesis in SSc.  

TSIX, the antisense RNA responsible for regulating XIST levels, has been shown 

by Wang et. al to be upregulated in scleroderma dermal fibroblasts.100 These authors 

found that TSIX positively regulates collagen expression by stabilizing collagen mRNA, 

making it more frequently translated into protein. Therefore, there are multiple ways by 

which XIST may contribute to SSc development. XIST may protect against interferon 

induction and inflammation by restricting TLR7 expression. In addition, XIST may 

negatively regulate collagen by preventing TSIX-dependent collagen stabilization, 

protecting against disease by disrupting collagen production. Finally, XIST may promote 

interferon production by acting as a TLR7 ligand as explored in Chapter II. In the former 

two roles, XIST would be protective against disease, whereas in the latter XIST may 

promote disease. Thus, we explore the connections between XIST expression, TLR7 

expression, autoantibody specificities, and disease outcomes in SSc in Chapter III.  
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XIST in Lymphocytes and Neutrophils 

 While XIST is expressed by all cell types, it has recently been shown that XIST 

localization in immune cells is distinct. In most somatic cell types, XIST is localized to 

the Barr body, which is the DNA:RNA:protein complex that is made of the inactive X (Xi) 

and pushed into the heterochromatin to achieve X-inactivation.13,101 However, Wang et. 

al recently showed that in lymphocytes, XIST localization is dynamic and occurs in four 

distinct patterns. XIST may be localized to the Barr body, diffusely spread throughout Xi, 

spread beyond the bounds of the Xi throughout the nucleus, or spread so diffusely that 

it cannot be detected by traditional RNA FISH.27 Upon lymphocyte activation, XIST 

appears to return to the Xi. Furthermore, recent single cell RNA sequencing results 

demonstrate that XIST may be more highly expressed in lymphocytes than epithelial 

cells.102 In addition, single cell analysis has identified XIST expression in neutrophils as 

well, indicating that XIST expression may vary according to neutrophil maturity.103,104 

Given that XIST localization and expression is unique in immune cells, we hypothesized 

that the function of XIST may be different in immune cells as well. Given the strong 

connection between NETosis and SLE, we explore the localization of XIST RNA in 

neutrophils and the release of XIST during neutrophil death in Chapter IV.  

Thesis Overview 

This thesis explores a new role for the XIST lncRNA as a danger signal 

underlying the sex bias in systemic autoimmunity. Specifically, we show that XIST is an 

important source of TLR7 ligands capable of activating TLR7 and driving IFN 

production. We propose that this finding contributes to the sex bias in SLE and may 

contribute to sex differences observed in immune responses more broadly. Chapter II 
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details the role of XIST in SLE pathogenesis and the clinical consequences of high XIST 

expression. Chapter III explores the role of XIST in SSc, where X-inactivation is 

dysregulated. Finally, Chapter IV elucidates XIST expression in neutrophils, XIST 

release during neutrophil death, and the role of neutrophils as a source of extracellular 

XIST in SLE.  
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A novel role for the XIST lncRNA as a sex-specific reservoir of TLR7 ligands in 

SLE 
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Abstract: 

Female sex is associated with enhanced immune responses that are 

advantageous in the setting of viral infection or vaccination but carries an increased risk 

of autoimmunity when compared to male sex. Systemic lupus erythematosus (SLE) is 

among the most sex-biased autoimmune diseases identified to date, affecting 9-times 

more women than men. Activation of toll-like receptor 7 (TLR7) by self-RNA is 

implicated as a central pathogenic process leading to aberrant production of type-I 

interferon (IFN) in SLE, but the specific RNA molecules that serve as TLR7 ligands 

have not been defined. Given the dominant roles of self-RNA and biological sex in SLE, 

we sought to identify female-specific endogenous RNAs containing canonical TLR7-

stimulatory motifs. We identified X-inactive–specific transcript (XIST), a long non-coding 

RNA and key mediator of X chromosome inactivation, as a uniquely rich source of TLR7 

ligands that is specifically expressed in women. XIST RNA stimulated IFNα production 

by plasmacytoid DCs and TLR7 reporter cells in a TLR7-dependent manner, and 

deletion of XIST diminished the ability of whole cellular RNA to activate TLR7. XIST 

expression was significantly elevated in blood leukocytes from female SLE patients 

compared to sex-matched controls, and XIST expression correlated positively with the 

IFN signature and disease activity. Importantly, XIST expression was not IFN-inducible, 

suggesting that XIST is a driver, rather than a cause, of IFN in SLE. Our work 

establishes a novel role for the XIST RNA as a female-specific danger signal that 

contributes to the sex bias in SLE and may underlie sex-dependent differences in 

immune responses more broadly.   
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Introduction 

Female sex is associated with enhanced function of both innate and adaptive immune 

pathways, including interferon (IFN) production and toll-like receptor (TLR) activation. 

1,6,82,105 As a result, females have improved viral defense and vaccine responses, 2,3,6,106 

but this enhanced immune function is accompanied by a greatly increased risk of 

autoimmunity compared to males.4,107,108 A key molecule at the intersection between the 

enhanced protective and autoreactive immune responses in women is the pattern 

recognition receptor TLR7. TLR7 is a sensor for single-stranded RNA (ssRNA) encoded 

for by a gene on the X chromosome. 83,109,110 Mounting evidence demonstrates that TLR7 

escapes X chromosome inactivation (XCI), leading to enhanced expression of TLR7 in 

women compared to men.16,23,111 Overexpression or gain of function in TLR7 is causal to 

the development of systemic lupus erythematosus (SLE) in humans and mouse 

models.16,20,80,112 SLE has emerged as one of the most female-biased autoimmune 

diseases, affecting nine times more women than men,7,113,114 and is characterized by 

immune-mediated damage to multiple organ systems and the prominent upregulation of 

genes induced by type-I IFN, known as the IFN signature.60 Aberrant recognition of self-

RNA by TLR7 is central to this phenomenon,115 but it is unknown whether female specific 

self-RNAs ligate TLR7 and thus contribute to the sex bias of SLE. Identification of female-

specific TLR7 ligands would suggest that women harbor elevated levels of endogenous 

adjuvants that synergize with the enhanced expression of TLR7 to amplify TLR7-

dependent immune responses.   

Given the strong female bias in SLE and central role of self-RNA in stimulating 

TLR7-dependent immune responses in this disease, we hypothesized that female-
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specific self-RNAs harboring TLR7-stimulatory motifs may be critical partners in SLE 

pathogenesis. The sequence specificity of TLR7 has started to be elucidated, and it is 

clear that TLR7 can recognize both pathogen-derived and self-RNA (i.e. endogenous) 

sequences.116,117 Recent structural work has revealed that most sequences that bind the 

ssRNA recognition site of TLR7 are 3-5-mers containing UUX, where X is preferentially 

C or U but can be any nucleotide.84,85 In addition, Hornung et al. identified a 20-mer region 

of a self-RNA transcript, termed RNA9.2s, that stimulated IFNα production by 

plasmacytoid dendritic cells (pDCs) in a TLR7-dependent manner. 83 Mutational analysis 

highlighted the importance of the 3’ nine nucleotides of RNA9.2s (i.e., 5’-GUCCUUCAA-

3’) for TLR7 activation. Based on this evidence, we sought to identify sex-biased self-

RNA transcripts that contained putative TLR7 ligands and examine their TLR7-stimulatory 

capacity and relevance to SLE pathogenesis.  

Our study identified the X-inactive–specific transcript (XIST), a long non-coding 

RNA (lncRNA) known for its canonical role in XCI, as a novel female-specific source of 

TLR7 ligands. We show that XIST RNA is a uniquely UU-rich, highly abundant, and 

female-specific lncRNA that also harbors the 5’-GUCCUUCAA-3’ motif, rendering it a 

potent inducer of TLR7-dependent responses, even in the context of whole cell RNA. This 

novel pro-inflammatory role for XIST RNA in disease pathogenesis in SLE was supported 

by our finding that XIST RNA levels are elevated in SLE and associated with both the IFN 

signature and clinical disease metrics. Our finding that XIST expression is not induced by 

IFN, strengthens the conclusions that elevated XIST levels in SLE are a cause rather than 

a consequence of the IFN signature. Together, these studies reveal a new function of 
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XIST as a female-specific danger signal that, in combination with its receptor TLR7, may 

contribute to the sex bias in SLE.118–120  

Results 

XIST RNA is rich in putative TLR7 ligands 

To look for sex-biased transcripts rich in TLR7 ligands, we examined the UU 

content of the 586 transcripts identified as having sex-biased expression in an RNA 

sequencing database of 1641 samples comprised of 175 individuals and 54 tissue 

sites.102 After quantifying the UU dinucleotide content of every sex-biased transcript, we 

plotted the total number of UU dinucleotides in the transcript of each gene against the 

degree of sex bias (Fig 2-1A). We found that XIST, a 19kb lncRNA responsible for 

mediating XCI, demonstrated the most pronounced female expression bias and UU 

dinucleotide enrichment, as it contained 2,140 UU dinucleotides and was expressed at 

486-times higher levels in females than males (Fig 2-1A). Given that transcript length is 

a critical factor for the number of UU dinucleotides a transcript may have, we also 

calculated the highest UU-richness in any 500-base segment of each transcript as the 

“maximum UU-richness,” and plotted this metric versus the sex bias for each transcript 

(Fig 2-1B). This analysis revealed that the XIST RNA also contained one of the most UU-

rich 500-base regions of any sex-biased transcript in the human genome, with 128 UU-

dinucleotides in a 500-base region.  

Since longer sequence specificities may also be important for TLR7 activation in 

vivo, we also searched for sex-biased transcripts containing the known TLR7-stimulatory 

motif, 5’-GUCCUUCAA-3’. Of the sex-biased genes, 15 (2.6%) were found to contain this 
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known TLR7 ligand, and 11 of the 15 transcripts (73%) had a significant female 

expression bias (Fig 2-1C). Remarkably, we again found that XIST is one of the 11 

female-biased genes containing this TLR7-stimulatory motif and termed the fragment of 

XIST containing this motif XIST1.1.  

We next considered that transcript abundance is likely critical for the importance 

of any transcript as a source of TLR7 ligands, since more abundant transcripts would be 

expected to contribute a higher number of potential TLR7 ligands within the context of 

whole cell RNA. To search for abundant UU-rich transcripts or those containing the 5’-

GUCCUUCAA-3’, we plotted the expression of all 22,738 transcripts in the RNA 

Sequencing database versus the presence of the putative TLR7 ligands in each transcript 

(Fig. 2-1D).102 Since this dataset reported median expression at the tissue level but did 

not identify donors by sex, we calculated the expression of sex-biased genes using only 

sex-specific tissues. For the 493 female specific genes, expression in female tissues (e.g. 

cervix, uterus) was averaged, while for 93 male specific genes, expression in male tissues 

(e.g. testis, prostate) was averaged; for genes that were not sex-biased, expression in all 

54 tissues was averaged. Expression calculated in this manner was termed the Sex-

Corrected Expression and plotted against the number of UUs in each gene. In this 

analysis, we found that only nuclear enriched abundant transcript 1 (NEAT1) had a higher 

expression and more UU dinucleotides than XIST. By plotting the Sex-Corrected 

Expression against the Max UU Richness for each transcript, we found no genes with 

higher Sex-Corrected Expression and a more UU-rich region than XIST (Fig 2-1E). 

Finally, when looking at the Sex-Corrected Expression of every gene containing the 5’-

GUCCUUCAA-3’ motif, we found 366 transcripts containing this TLR7 ligand, with XIST 
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also being one of the most highly expressed transcripts containing this motif (Fig 2-1F). 

While this motif may be important for TLR7 activation, we considered that any gene with 

a female sex bias, high expression, and many UU dinucleotides could be an important 

source of TLR7 ligands. When looking at these 3 variables, we found that XIST is uniquely 

positioned as an abundant, sex-biased source of putative TLR7 ligands (Fig 2-1G).  

To identify specific regions within the XIST RNA molecule with the highest potential 

to act as TLR7 ligands, we examined the XIST sequence more closely. We found that 

most of the XIST sequence is more UU-rich than the average transcript, and that the 

maximally UU-rich region was located between nucleotides 181-1007 in an area known 

as the A-repeat region, which is essential for the canonical function of XIST in XCI (Fig 

2-1H). The A-repeat region supports the DNA-binding and multimerization of the XIST 

molecule121 and is comprised of short A-repeat sequences connected by long, U-rich 

linkers (Fig 2-1I).  The XIST 1.1 sequence resides in Exon 1 outside of the A-repeat 

region at nucleotides 5835-5843, highlighting that different regions of the XIST RNA may 

have the capacity to ligate TLR7. Together, our unbiased search for sex-biased TLR7 

ligands revealed the XIST lncRNA as the strongest candidate source of female-specific 

TLR7 ligands in the human genome. 
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Fig 2-1 | XIST is a sex-biased source of putative TLR7 ligands. (A) Dot plot showing the number of UU 
dinucleotides and degree of sex bias in expression of all transcripts identified as having sex-biased expression.102 (B) 
Dot plot showing the maximum local (500-nucleotide) UU-richness and degree of sex bias of all transcripts in A. (C) 
Volcano plot of transcripts previously found to have sex-biased expression that also contain the known TLR7 ligand 
5’-GUCCUUCAA-3’.102 15 sex-biased transcripts containing this motif were found. (D) Dot plot showing the number of 
UU dinucleotides and Sex-Corrected Expression of all 22,738 transcripts whose expression was identified in a 
publicly available RNA Sequencing dataset. (E) Dot plot showing the maximum local (500-nucleotide) UU-richness 
and Sex-Corrected Expression of all transcripts in C. (F) Dot plot showing the Sex-Corrected Expression of every 
transcript containing a 5’-GUCCUUCAA-3’ motif. (G) Venn Diagram showing the overlap between UU-rich, highly 
expressed, and sex-biased transcripts. Genes were included in High Expression with an average sex-corrected tissue 
expression of > 100 TPM, in UU Richness if they had at least 1,000 UU dinucleotides, and in Female Sex Bias if they 
were previously identified as having a statistically significant female sex bias in at least 1 tissue.102 (H) A line chart 
indicating the density of UU dinucleotides surrounding each point in the XIST sequence. The number of UUs in the 
500-base section starting with each nucleotide is shown. The A-repeat region and XIST1.1, the region containing the 
5’-GUCCUUCAA-3’ motif, are denoted. The dotted line indicates the average UU richness of all transcripts in the 
human transcriptome. (I) The first 1,000 nucleotides of the XIST sequence, which contains the A-repeat region, is 
shown. The A-repeats are shown as black text, with the surrounding UU-rich regions highlighted as red text. 
Nucleotides outside the A-repeat region are shown as gray text.  
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XIST contains TLR7 ligands that stimulate human pDCs and HEK-hTLR7 reporter 
cells  

To investigate whether the fragment of XIST containing the 5’-GUCCUUCAA-3’ 

motif can act as a TLR7 ligand, we measured IFNα production by pDCs in response to 

transfection with three RNA 20-mers: 1) XIST 1.1, the fragment of XIST RNA containing 

this motif at the 3’ end; 2) RNA9.2s, the sequence that was originally identified as a TLR7 

motif by Hornung et al;83 or 3) RNA9.2a, the non-stimulatory antisense oligo of RNA9.2s 

(Fig 2-2A). We found that the XIST1.1 fragment stimulated robust IFNα production by 

pDCs that was equivalent to the response to the positive control, RNA9.2s (Fig 2-2B). 

RNA9.2a and mock transfection did not induce IFNα production, as expected.  

To verify that this was a TLR7-dependent effect, we used HEK-hTLR7 reporter 

cells, which stably express human TLR7 and release secreted embryonic alkaline 

phosphatase (SEAP) into the culture media in a NF-κB-dependent manner downstream 

of TLR7 signaling. By treating HEK-hTLR7 reporter cells and the untransfected parental 

line (HEK-null) with increasing doses of imiquimod (IMQ), a known TLR7 ligand, we 

validated that the reporter cells were specifically stimulated via TLR7 ligation in a dose-

dependent manner (Fig 2-2C). We then treated the HEK-hTLR7 cells with increasing 

concentrations of XIST1.1, RNA9.2s, RNA9.2a, or polyA RNA as an additional negative 

control. Marked dose-dependent activation of TLR7 by XIST1.1 and RNA9.2s was 

observed (Fig 2-2D), with significantly more TLR7 activation observed in response to 10, 

100, and 300 μg/ml XIST1.1 RNA compared to equal concentrations of RNA9.2a or polyA 

RNA, indicating that the XIST1.1 fragment is a potent TLR7 ligand.  

Given that the UU-rich A-repeat region of XIST contains over 100 putative TLR7 

ligands in a short 500-base region, we hypothesized that this region would be a potent 
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inducer of TLR7 activation. We thus investigated the capacity of this larger region to 

stimulate TLR7-dependent responses using HEK-hTLR7 reporter cells and primary 

human pDCs. To do this, we used in vitro transcription to produce a transcript containing 

the A-repeat region of XIST and synthesized a comparable length fragment of 

peptidylarginine deiminase 4 (PAD4) as an irrelevant control RNA (Fig 2-3A-B). We then 

transfected pDCs with XIST A-repeat RNA or PAD4 control RNA, performed a mock 

transfection, or treated the pDCs with IMQ as a positive control. We found that pDCs 

produced an average of 4.14-fold more IFNα in response to XIST A-repeat RNA than to 

control RNA (p=0.02; Fig 2-2E). By transfecting HEK-hTLR7 reporter cells with the A-

repeat and control RNA, we again observed that the XIST A-repeat RNA was significantly 

more stimulatory than equal length control RNA (p=0.007; Fig 2-2F).  

To further confirm the TLR7 dependence of the IFNα response to XIST A-repeat 

RNA, we transfected human pDCs with A-repeat RNA in the presence of 

hydroxychloroquine (HCQ), an endosomal TLR inhibitor, or ODN20958 (ODN), a TLR7-

specific inhibitor. We found that both inhibitors blocked IFNα production by pDCs in 

response to the A-repeat region of XIST, confirming that XIST RNA is activating pDCs in 

a TLR7 specific manner (Fig 2-2G). Finally, to investigate the relative abilities of the two 

XIST regions to act as TLR7 ligands, we performed a dose titration with equimolar 

concentrations of A-repeat and XIST1.1 RNA between 100 pM and 160 nM.  We found 

that the A-repeat RNA, with over 100 UU dinucleotide motifs, was a more potent TLR7 

ligand than the smaller XIST1.1 fragment, capable of inducing half-maximal IFNα 

production by pDCs at a concentration that was over 25-fold lower than XIST1.1 (0.4 vs. 

10-40nM; Fig 2-2H). These results confirm that XIST RNA sequences are able to 
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stimulate TLR7-depdent production of IFN, and highlight that the UU-richness of XIST, 

rather than the 5’-GUCCUUCAA-3’ motif, is most important for its function as a TLR7 

ligand.  

 

 

 

 

Fig 2-2 | TLR7 ligands in XIST activate human pDCs and HEK-hTLR7 cells. (A) Sequences of the four RNA 
oligonucleotides used to stimulate pDCs and HEK-hTLR7 cells: a fragment of XIST containing a known TLR7 ligand 
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(XIST1.1), a known TLR7 ligand RNA9.2s, the antisense RNA9.2a, and polyA RNA (negative control). (B) ELISA measuring 
IFNα production by pDCs after transfection with 20-mer oligonucleotides from 4 different healthy donors. (C) Colorimetric 
assay showing the production of SEAP by HEK-hTLR7 cells in response to treatment with varying doses of IMQ in 3 
technical replicates. Fold induction relative to absorbance induced by 1 μg/ml IMQ (dotted line). (D) Colorimetric assay 
showing the production of SEAP by HEK-hTLR7 cells in response to treatment with 20-mer oligonucleotides in 3 technical 
replicates. All treatments were compared to XIST1.1 by multiple comparisons at each dose. † Indicates XIST1.1 vs RNA9.2s 
comparisons, # indicates XIST1.1 vs RNA9.2a comparisons, and * indicates XIST1.1 vs polyA comparisons. Fold induction 
relative to absorbance induced by 0.1 μg/ml RNA9.2a oligo (dotted line). (E) ELISA measuring IFNα production by pDCs 
after transfection with A-repeat or control RNA from 4 different healthy donors. IMQ was used as a positive control. (F) 
Colorimetric assay showing the production of SEAP by HEK-hTLR7 cells after transfection with A-repeat or control RNA in 6 
technical replicates. G) ELISA measuring IFNα production by pDCs after transfection with A-repeat with or without TLR7 
inhibitors HCQ or ODN from 3 different healthy donors. (H) ELISA measuring IFNα production by pDCs after transfection 
with varying concentrations of A-repeat RNA or XIST1.1 in 3 technical replicates. A-repeat was compared to XIST1.1 by 
Student’s t test at each dose. (B-H) Error bars indicate one standard deviation. * Indicates p < 0.05. ** indicates p < 0.01, *** 
indicates p < 0.001, **** indicates p < 0.0001. (B, E-G) All treatments were compared to XIST1.1 or A Repeat by multiple 
comparisons test within one-way Anova. 

 

  

Fig 2-3 | Cloning the A-repeat region. (A) RNA gel shows the approximate lengths of the A-
Repeat and PAD4 control RNA fragments produced by in vitro transcription. (B) The A-repeat 
region was cloned into a pCR-XL-2 TOPO plasmid containing a T7 promoter.   

XIST depletion significantly reduces the amount of TLR7 ligand in whole cell RNA 

We next sought to determine the contribution of cell-derived XIST RNA to TLR7 

activation in the context of whole cellular RNA. To do this, we used CRISPR/Cas9-based 

gene editing to first generate XIST depleted cells using the A431 cell line (a female-

derived, epithelial cell line that expresses XIST), and visualized XIST expression pre- and 

post-depletion by RNAScope. Since XIST performs XCI by binding to the inactive X, XIST 

is typically found in a single punctate Barr body in cells with two X chromosomes. In wild-

type A431s (WT), we found that nearly all cells contained an accumulation of XIST at a 
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single Barr body. Importantly, treatment with scrambled guide RNA (pCAS) did not affect 

XIST expression. After one round of treatment with CRISPR guide RNAs and subsequent 

culturing, RNAScope analysis revealed we had a mixed population where 67% of cells 

were XIST-negative (Fig 2-4A-B). We termed this population of cells XIST-depleted 

population A, or XIST-A. In order to further reduce the amount of XIST in our A431 cells, 

an additional round of CRISPR/Cas9-based editing was utilized, resulting in yet another 

mixed population in which 91% of cells were XIST-negative, which we termed XIST-

depleted population B, or XIST-B.   

To investigate whether potentially important transcriptional changes occurred in 

response to XIST depletion, we performed RNA sequencing on all four A431 cell 

populations. This analysis confirmed a reduction in the amount of XIST expressed by the 

XIST-A and XIST-B cell populations (Fig 2-4C). We also looked broadly at transcriptional 

changes between the cell populations, analyzing the change in expression of all 11,675 

genes measured with high confidence, where high confidence was defined as FPKM ≥ 

7.0 (Fig 2-5A). We considered genes that experienced a change in expression > 4-fold 

and a Benjamini-Hochberg-adjusted p-value of < 0.05 to be significantly differentially 

expressed between these two cell populations. We found only 63 such genes (0.05%), 

including XIST, met this criteria. As expected, given the role of epigenetic modification in 

maintaining XCI for most genes post-embryogenesis,101 XIST depletion did not result in 

preferential reactivation of X-linked genes (Fig 2-5B). 

To determine whether other potentially important sources of TLR7 ligands were 

lost in the XIST-B cell population, we plotted the total number of UUs for every gene 

downregulated more than 4-fold in the XIST-B cell line versus its expression in wild-type 
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A431 cells (Fig 2-5C). As expected, XIST was the most UU-rich transcript downregulated 

in the XIST-B cells, followed distantly by SEMA5A, which had fewer than half as many 

UUs as XIST, suggesting minimal non-specific perturbation of UU-rich RNA levels. We 

also searched the transcripts of all 63 downregulated genes for the 5’-GUCCUUCAA-3’ 

motif and found that only two other depleted genes (i.e. SCNN1G & SCNN1B) contained 

this motif. Importantly, however, both genes were expressed at lower levels in the WT 

cell line (FPKM = 7.96 and FPKM = 7.08, respectively) than XIST (FPKM = 12.44). 

Therefore, we concluded that XIST was the most significant source of TLR7 ligands that 

differed between the WT and XIST-B cell lines.  

We then investigated the effect of XIST RNA on the stimulatory potential of cellular 

RNA debris by transfecting HEK-hTLR7 cells with fragmented cellular RNA from each of 

the four A431 cell populations. To mimic the natural phenomena of TLR7 being activated 

by RNA degradation products,85 we performed Mg2+ fragmentation of the A431 RNA prior 

to transfection. Fragmented RNA was between 25-50 bases in length (Fig 2-5D). Using 

a titration of WT RNA from 1–400 ng, we found that transfection with 100 ng of cellular 

RNA optimally induced TLR7 activation in HEK-hTLR7 reporter cells (Fig 2-5E). We 

therefore selected 100 ng as the optimal dose at which to evaluate the effect of changes 

in XIST RNA level on TLR7 stimulation. Strikingly, we found a dose-dependent effect of 

XIST expression on HEK-hTLR7 cell activation. Compared to WT RNA, the ability to 

activate TLR7 was reduced 21% with XIST-A RNA and 47% using XIST-B RNA (Fig 2-

4D). The stimulatory capacity of pCAS control RNA was not significantly different from 

WT RNA in this assay. These experiments support our hypothesis that the XIST lncRNA 

is a potent and significant source of sex-specific TLR7 ligands, with this single RNA 
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comprising nearly half of the stimulatory capacity of female cellular RNA when considered 

in the context of the entire transcriptome of female cells.  

  



 

29 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2-4 | XIST knockdown diminishes TLR7 activating potential of whole cell RNA. (A) A431 cells 
were targeted with CRISPR-Cas9 technology to generate XIST-knockdown cell lines. Representative 
RNAScope images showing XIST expression (green) and nuclei (blue) in WT, pCAS, XIST KO, and XIST 
2KO cultures are shown. Scale bar indicates 20μm. (B) Percentage of XIST-positive cells was determined 
by blinded quantification of 10 randomly chosen RNAScope image fields per cell line. (C) Bar graph showing 
XIST expression in terms of fragments per kilobase of exon per million mapped fragments (FPKM) in each 
cell line as measured by RNA sequencing. (D) Colorimetric assay measuring SEAP secretion by HEK-
hTLR7 cells transfected with fragmented cellular RNA from either WT, pCAS, XIST KO, or XIST 2KO cell 
lines. Results shown are pooled from 3 independent experiments. (B-D) All conditions compared to WT by 
multiple comparisons within one-way Anova. * indicates p < 0.05, *** indicates p < 0.001, **** indicates p < 
0.0001.   
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Fig 2-5 | XIST is the most significant difference in TLR7 ligands between WT and XIST 2KO 
cell lines. (A) Volcano plot showing the transcriptional differences between the XIST 2KO cell 
line versus WT. (B) Bar graph showing the % of genes found to be upregulated in XIST-knockout 
cells. Autosomal genes were more often upregulated than X-linked genes. (C) Scatter plot 
showing the difference in expression level and number of UU dinucleotides of all genes “lost” (> 
3-fold downregulated) in the XIST 2KO cell line when compared to the WT. Genes containing the 
GUCCUUCAA motif are colored and labeled. (D) Cellular RNA from A431 cells was fragmented 
using a Mg2+ RNA fragmentation kit prior to transfection. Fragments were 25-50 nucleotides in 
length. Lanes with fragmented RNA denoted by solid blocks. (E) Colorimetric assay measuring 
SEAP secretion by HEK-hTLR7 cells transfected with varying concentrations of Mg2+-fragmented 
cellular RNA from the WT cell line.  

 

XIST RNA levels are elevated in SLE patients and correlate with clinical disease 

activity 

Given the striking ability of the XIST RNA to stimulate TLR7-dependent IFNα 

production in vitro, we investigated whether there was evidence for an immunostimulatory 

role for the XIST RNA in patients with SLE. Our hypothesis that the sex-specific 

expression of this endogenous TLR7 ligand predisposes females to systemic 

autoimmunity, suggests that XIST RNA levels may stratify females based on their risk for 
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SLE development. To measure XIST RNA levels in human peripheral blood mononuclear 

cells (PBMCs) from female SLE patients and sex-matched controls, we first optimized an 

RNA flow assay to detect XIST RNA at the single cell level by flow cytometry. We 

validated this approach by performing parallel RNA flow cytometry and qPCR on cell lines 

with known XIST expression levels: Jurkat, a male T cell leukemia line with low levels of 

XIST, and HEK293T, a female embryonic kidney cell line with high levels of XIST due to 

the presence of two inactive and one active X chromosome per cell 122. We confirmed the 

expected expression of XIST in these two cell lines and found strong agreement between 

qPCR (Fig 2-6A) and RNA flow cytometry (Fig 2-6B), with HEK293T cells expressing 

orders of magnitude more XIST RNA than Jurkat cells in both assays. Next, we validated 

the ability of RNA flow to quantify XIST expression by biological sex in PBMCs from 12 

healthy female and 10 healthy male donors and found that females expressed 

significantly higher levels of XIST RNA than males (p < 0.0001), as expected. Importantly, 

the housekeeping gene RPL13A, which resides on chromosome 19, did not exhibit this 

female sex bias (Fig 2-6C).  
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Fig 2-6 | Validation of RNA PrimeFlow to measure XIST expression. (A) Bar graphs showing 
XIST expression as measured by qPCR in HeLa cells (XIST-negative female cell line), Jurkat 
(male T cell line), and HEK293T cells (a triploid female cell line). HeLa and Jurkat cells compared 
to HEK293T cells by multiple comparisons test within one-way Anova. (B) Histograms of XIST 
expression in HEK293 cells and Jurkat cells as measured by RNA PrimeFlow. (C) Dot plots 
showing XIST and Rpl13A MFI in female vs. male healthy donors. (D) Dot plots showing the 
frequencies of CD3+ cells, CD19+ cells, and CD14+ cells in Rpl13A+ leukocytes from SLE 
patients and healthy controls. (A,C-D) Error bars represent one standard deviation. (C-D) SLE 
and healthy controls compared by Student’s t test. * indicates p < 0.05, ** indicates p < 0.01, **** 
indicates p < 0.0001.   

 



 

33 
 

We then used RNA flow cytometry to compare the expression of XIST in PBMCs 

from 11 female patients with SLE versus 12 female healthy controls (Fig 2-7A). 

Demographic and clinical data is included in Table 2-1 and our gating strategy is shown 

in Fig 2-8. Using this approach, we found significantly higher levels of XIST RNA in cells 

from female SLE patients compared with sex-matched healthy controls: the mean 

fluorescence intensity (MFI) ± SEM of XIST in female SLE PBMCs was 5848 ± 561.6 

compared to 4252 ± 505.9 in female healthy controls (p=0.04). On the other hand, 

RPL13A expression did not differ between SLE patients and sex-matched controls. The 

difference in XIST expression was most exaggerated in B cells (p=0.006; Fig 2-7B), but 

the trend was also reflected in T cells and monocytes (p=0.14 and p=0.12, respectively; 

Fig 2-7C-D). Importantly, the elevated XIST RNA expression in SLE PBMCs was not 

driven by differences in cellular composition. The percentage of B cells, the highest 

expressors of XIST in SLE patients, was similar in PBMCs from SLE patients and controls 

(7.8% vs 10.7%, p=0.16), as was monocytes (15.23% vs 10.8%, p=0.34), and the 

percentage of T cells was significantly lower in SLE patient PBMCs compared to healthy 

controls (32.7% vs 59.8%, p<0.0001; Fig 2-7D). 

The elevated levels of XIST RNA in women with SLE over healthy control women, 

suggests that XIST RNA may play an active role in the disease process. We therefore 

examined the relationship between XIST expression and disease activity, as measured 

by the physician’s global assessment (PGA) and the systemic lupus erythematosus 

disease activity index (SLEDAI). We found that SLE patients with active disease (PGA ≥ 

1) had 46.9% more XIST RNA in their PBMCs than SLE patients with PGA < 1 (p = 0.07; 

Fig 2-7E). In accordance with this result, we also observed that XIST expression in 
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PBMCs was significantly correlated with SLEDAI, with each point increase in the SLEDAI 

being associated with a 1089.7-unit increase in XIST MFI (r = 0.62; p = 0.04; Fig 2-7F). 

Overall, these data indicated that XIST expression is elevated in SLE patient PBMCs 

compared to healthy controls and is increased in patients with higher disease activity. 

 

Fig 2-7 | XIST expression in PBMCs correlates with SLE status and disease activity. RNA flow 
cytometry was used to measure XIST and Rpl13A expression levels in PBMCs from female SLE patients 
(n=11) versus female healthy donors (n=12). (A) Dot plots showing XIST and RPL13A mean fluorescence 
intensity (MFI) in SLE and control PBMCs. (B-D) XIST MFI in B cells (B), T cells (C), and monocytes (D) 
from SLE patients and controls. (E) Bar graph showing XIST MFI in SLE patients with a PGA ≥ 1 (n=7) and 
a PGA < 1 (n=4). (F) Scatterplot of XIST MFI versus SLEDAI. Pearson correlation coefficient and p-value 
for linear regression shown. (A-E) Error bars indicate one standard deviation. (A-E) Expression of XIST or 
RPL13A compared between SLE patients and healthy donors by Student’s t test. (F) Correlation tested by 
simple linear regression.  
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Table 2-1: Demographics and patient classification criteria for SLE patients. ACR 
classification criteria for SLE patients.  

 

      SLE 
    (n=11) 

   Healthy Control 
           (n=12) 

Sex   
     Female, n (%) 11 (100%) 12 (100%) 
     Male, n (%) 0 (0%) 0 (0%) 
Ethnicity   
     Caucasian, n (%) 9 (82%) 10 (83%) 
     African American, n (%) 2 (18%) 1 (8%) 
 
Native American, n (%)  
 
Age at sample collection, years, 
Mean ± SD 
 

0 (0%) 
 
 

44.5 ± 11.9 

 
1 (8%) 

 
 

37.9 ± 13.2 

Age at SLE diagnosis, years, 
Mean ± SD 25.7 ± 10.9 n/a 

 
Clinical findings   

     Malar Rash, n (%) 5 (45%) n/a 
     Discoid Rash, n (%) 2 (18%) n/a 
     Photosensitivity, n (%) 7 (64%) n/a 
     Mouth Ulcer, n (%) 7 (64%) n/a 
     Arthritis, n (%) 5 (45%) n/a 
     Proteinuria, n (%) 7 (64%) n/a 
     Serositis, n (%) 5 (45%) n/a 
     Neurologic, n (%) 1 (9%) n/a 
     Hematologic, n (%) 10 (91%) n/a 
     Immunologic, n (%) 10 (91%) n/a 
ACR Criteria 6.0 ± 1.6 n/a 

  n/a = not assessed 
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Fig 2-8 | Gating strategy for RNA PrimeFlow. 
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XIST RNA is a cause and not a consequence of the IFN signature 

Coupled with our in vitro findings, the observations that XIST RNA levels are higher 

in women with SLE and correlate with disease activity suggests a model whereby XIST 

RNA released from dying cells is engulfed by TLR7-expressing immune cells and 

stimulates IFN-production in SLE. To interrogate this hypothesis, we first examined 

whether XIST RNA levels were associated with evidence of IFN production in the SLE 

target tissue using single-cell RNA sequencing data from kidney-infiltrating immune cells 

in lupus nephritis patients available through the Accelerating Medicines Partnership 

(AMP).42 Production of type I IFN is the output of signaling downstream of TLR7 ligation, 

and the IFN signature is a hallmark feature of SLE indicating in vivo exposure to IFN. For 

each cell in the AMP dataset, we calculated an IFN response module score as previously 

described.42 For each female SLE patient in the dataset, we then calculated the average 

IFN response score and compared it to the average XIST expression level. This analysis 

showed that XIST RNA levels strongly correlated with the IFN response module score 

(r=0.62, p=0.013; Fig 2-9A), providing clear evidence for a positive relationship between 

XIST expression and IFN signaling. To evaluate the rigor and specificity of this method, 

we also performed this analysis for all other genes in the dataset and found that only 

2.69% of genes (604/22,448) were positively correlated with the IFN signature, including 

many known IFN-responsive genes.  

To further examine the causal relationship between XIST RNA levels and IFN, we 

next evaluated whether XIST expression was induced by IFN. To examine this, we treated 

HEK293 cells, A431 cells, primary female keratinocytes, and PBMCs from SLE patients 

with IFNα and measured XIST expression pre- and post-treatment. In all cell types tested, 
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we found that IFNα increased the expression of known IFN-stimulated genes (either IRF7 

or IFI6), by 4.1- to 80-fold but did not significantly affect XIST expression. XIST expression 

was relatively static after IFNα treatment, with a 1.17-fold induction in HEK293 cells, a 

1.33-fold induction in in A431 cells, a 0.96-fold induction in SLE PBMCs, and a 0.80-fold 

induction in primary human keratinocytes (Fig 2-9B). These data indicate that the 

relationship between XIST RNA levels and IFNα production is likely unidirectional, with 

XIST acting as an inducer of IFNα rather than as an IFN-stimulated gene. 

We sought to further evaluate our model of extracellular XIST RNA driving IFN 

production by studying extracellular vesicles (EVs) released from dying cells. Since 

extracellular vesicles (EVs) released during apoptosis are a major source of extracellular 

RNA implicated in SLE pathogenesis, we hypothesized that trafficking of XIST to EVs 

during apoptosis is likely important for its role as a danger signal.62,65 We used qPCR to 

measure XIST levels in EVs from live A431 cells and UV-irradiated A431 cells undergoing 

apoptosis. We found that apoptosis induced the trafficking of XIST to EVs, with EVs from 

apoptotic A431 cells containing 17.36-fold more XIST than live A431 EVs, using GAPDH 

as an internal control (Fig 2-9C). These changes were due to an increase in the amount 

of XIST found in the EVs as opposed to preferential degradation of the internal control 

RNA (GAPDH), as the relative quantity of XIST in EVs released by apoptotic A431 cells 

was increased by 252.3-fold over those from live EVs (Fig 2-9D). The increase in XIST 

RNA levels in EVs during apoptosis indicated that cell death induces trafficking of XIST 

is apoptotic vesicles, which have a well-established role in SLE and are known to contain 

many SLE autoantigens. Taken together, these data support our model that XIST RNA 

acts as an endogenous female-specific danger signal that is packaged into EVs upon cell 
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death and stimulates TLR7-dependent secretion of IFN by pDCs, thus contributing to the 

development of SLE and increased disease activity, as shown in Fig 2-9E.  
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Fig 2-9 | XIST activates IFN production in a cell-extrinsic, TLR7-dependent mechanism. (A) 
Scatterplot showing average XIST expression in immune cells from 15 lupus nephritis patients from the 
AMP dataset versus IFN score 42. (B) Bar graphs showing XIST and IRF7 expression in response to IFNα 
treatment as measured by qPCR in HEK293 cells, A431 cells, SLE patient PBMCs, and primary human 
keratinocytes. Upregulation of IRF7 vs XIST or IFI6 vs XIST compared by Student’s t test. * indicates p < 
0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001. (C-D) Bar graphs showing 
XIST Expression Fold Change calculated using the delta delta Ct method relative to GAPDH (C) or the 
Relative Quantity Released (D) of XIST in extracellular vesicles (EVs), calculated as the fold change in 
XIST multiplied by the fold change in the amount of RNA isolated, as measured by qPCR. Release of 
XIST RNA compared by Student’s t test. **** indicates p < 0.0001. (E) Our model for the role of XIST in 
SLE pathogenesis. (I) Dying cells release XIST and self-antigens. (II) XIST RNA activates TLR7 in pDCs. 
(III) Activated pDCs make large amounts of IFN, inducing the IFN signature and an inflammatory 
environment in the target tissue. (IV) Inflammatory environment and lymphocyte infiltration leads to 
increased cell death, inducing more XIST release to perpetuate the cycle. 
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Discussion 

Activation of TLR7 signaling by self-RNA is central to the current understanding of 

SLE pathogenesis, with prior work elucidating its importance in mouse models and human 

studies.20,40,112,115,123 Yet, the identity of specific RNA molecules responsible for TLR7 

activation in this setting remains obscure. Our investigation reveals the XIST lncRNA as 

a rich reservoir of endogenous TLR7 ligands that is unique to females and over-

expressed in women with SLE compared to sex-matched healthy controls. In our 

unbiased genome-wide survey of sex-biased RNAs, XIST was unique among other sex-

biased human transcripts in its exceptional female bias, high level of expression, and 

density of putative TLR7 ligands including the UU-rich A-repeat region and the well-

characterized TLR7-activating 9-mer in exon 1.83–85,124 Our in vitro studies confirmed the 

sizeable contribution of XIST-derived TLR7 ligands to TLR7 signaling and IFNα 

production by pDCs, findings that were mirrored in kidney-infiltrating and peripheral blood 

leukocytes from women with SLE, in which XIST RNA levels were correlated with the IFN 

signature and disease activity, respectively. Thus, these findings suggest that the XIST 

RNA acts as an endogenous female-specific danger signal that equips female cells with 

an enhanced capacity to stimulate TLR7-dependent immune responses. This quality may 

contribute to the female immunologic advantage in response to both viral infections and 

vaccines, while simultaneously lowering the threshold for the development of autoimmune 

diseases including SLE.  

This hypothesis is supported by the observation that men with Klinefelter syndrome 

(XXY) and women with triple X syndrome, who have high levels of XIST expression due 

to their having additional X chromosomes, demonstrate an increase in both anti-viral 
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responses and incidence of SLE.9,113,125 While many genes reside on the X chromosome 

that could increase SLE risk, XIST is one of the few genes that is not dose-normalized 

between XXY men and XY men, since it is not subject to X-inactivation.15 As observed in 

our study, enhanced XIST expression in the peripheral blood cells from females with SLE 

was also reported in a small study by Zhang et al., who performed RNA sequencing 

analysis of T cells from five SLE patients and 12 healthy controls.126 Our study was unique 

in its analysis of XIST levels in relation to clinical variables, and revealed a positive 

correlation between XIST PBMC levels and SLE disease severity, suggesting an 

amplifying role for XIST in SLE pathogenesis. Moreover, our analysis of gene expression 

in lupus nephritis biopsies revealed a positive correlation between XIST expression and 

the IFN signature, yet we did not find XIST itself to be an IFN-stimulated gene. These 

findings implicate a unidirectional relationship in which XIST is a driver of enhanced IFN 

production in females, rather than a product of increased IFN signaling. In this way, XIST 

RNA may contribute to the observed higher responsiveness of females to TLR7 ligands 

compared to males (42). The elevated levels of XIST RNA in Klinefelter men, triple X 

women, and women with SLE, as well as the association of XIST RNA levels with SLE 

disease activity, suggests a disease-amplifying role for XIST outside of its canonical role 

in XCI, with a dose-dependent relationship between XIST levels and SLE risk.    

 The canonical role of XIST RNA is to initiate XCI, and dysregulated XCI has been 

implicated in SLE pathogenesis. Recent work has shown that XIST is necessary to limit 

expression of TLR7 and restrain atypical B cells, which are expanded in SLE.111 In 

addition, biallelic expression of TLR7 via partial escape from XCI in the B cells of women 

and XXY men has also been shown, leading to enhanced TLR7 expression in individuals 



 

43 
 

with two X chromosomes.18,23,111 Given these observations, our work suggests that both 

the ligand (XIST RNA) and its receptor (TLR7) are overexpressed in SLE and synergize 

to drive IFN production.   

In addition to the interferogenic role of XIST RNA in stimulating TLR7, XIST may 

also participate in SLE pathogenesis via binding to protein autoantigens. Given its 

considerable size and function in the polycomb repressive complex, XIST binds 

numerous nuclear proteins, some of which may be autoantigens.127 Indeed, an unbiased 

ChIRP-MS screen59 revealed that the SLE and Sjögren’s syndrome autoantigen SSB/La, 

along with the SLE autoantigen hnRNP A2/B1,128 interacts with XIST. This finding 

suggests that XIST-autoantigen complexes may be released by dying cells and 

endocytosed into TLR7-containing endocytic compartments by antigen-presenting cells 

in the SLE microenvironment. These XIST-autoantigen complexes would then have the 

capacity to induce the production of IFN, as well as provide both signal 1 (i.e., peptide 

antigen for CD4 T helper cell recognition) and signal 2 (i.e., co-stimulatory signals 

upregulated in response to TLR7 ligation), leading to activation of T helper cells and 

autoreactive B cell differentiation into autoantibody-producing plasma cells. XIST-

autoantigen recognition by autoantibodies could amplify this process, leading to the 

formation of RNA-containing immune complexes in the setting of cell death, which are 

known to induce IFN production and antigen presentation by pDCs, B cells, and cDCs.129–

131 The recent observation that XIST is found in atypical subcellular localization patterns 

in lymphocytes suggests that human immune cells may be a source of novel XIST-

autoantigen complexes.27 Determining whether XIST is present in immune complexes 
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and identifying additional XIST-binding autoantigens in SLE are important areas for future 

study.   

The identification of XIST as an endogenous sex-specific source of 

immunostimulatory TLR7 ligands unites two longstanding observations in SLE—the 

presence of the IFN signature and the disproportionate incidence in individuals with two 

or more X-chromosomes.7,9,42,43,60,108,113,114,125 The identification of XIST as a danger 

signal is distinct from its previously defined role in XCI.23,27,111,112 Our data suggest that 

not only is the TLR7 receptor over-expressed in women and Klinefelter’s men compared 

to XY men, but so is the XIST RNA ligand, dramatically increasing the potential for 

activation of the TLR7 signaling pathway in these groups. This finding has broad 

implications for understanding the female immunological advantage and the sex bias in 

autoimmunity.  
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Materials and Methods 

Finding TLR7 motifs in sex-biased transcripts 

A list of genes with sex-biased expression was downloaded from a published RNA 

sequencing study on the human transcriptome across many tissues.102 In addition, the 

expression matrix containing the average expression of each transcript in each of 54 

tissues was downloaded. Sex bias was previously calculated as the log2(Fold Change) 

between female and male expression in each listed organ.102 For genes with sex-biased 

expression in multiple tissues, the degree of bias in all tissues was averaged.  

To count TLR7 ligands in each gene transcript, we used R version 3.6.1 to search 

the human transcriptome using the biomartr, stringr, and genomes packages.132–135 The 

human transcriptome was downloaded from RefSeq.124 After downloading the 

transcriptome, a data frame containing each unique gene in the transcriptome and its 

sequence was created. For genes with multiple sequence variants listed under the exact 

same gene name, only the first sequence variant listed — the longest variant — was 

included. All genes were searched using R for the known TLR7 ligand 5’-GUCCUUCAA-

3’.  Code used to generate Fig. 1, Supplementary Fig. 2, and Fig. 5A is published on 

GitHub at https://github.com/Jcrawford400/XIST-is-a-sex-specific-reservoir-of-TLR7-

ligands.  

Plasmacytoid dendritic cell (pDC) enrichment 

pDCs were isolated from healthy control peripheral blood mononuclear cell 

(PBMC) fractions by negative selection using the EasySep Human Plasmacytoid DC 

Enrichment Kit (Stemcell, cat # 19062) and the Easy 50 EasySep magnet (Stemcell, cat 

# 18002) according to the manufacturer’s instructions. PBMCs were originally obtained 

https://github.com/Jcrawford400/XIST-is-a-sex-specific-reservoir-of-TLR7-ligands
https://github.com/Jcrawford400/XIST-is-a-sex-specific-reservoir-of-TLR7-ligands


 

46 
 

from leukopaks by Percoll-gradient centrifugation. Prior to pDC isolation, monocytes were 

depleted from the PBMC fraction using CD14 MicroBeads (Miltenyi Biotec, cat # 130-050-

201). 1 billion monocyte-depleted PBMCs were used to isolate approximately 5 million 

pDC-enriched cells per isolation.  

pDC stimulation assay 

For treatment with A-repeat and PAD4 RNA, 3 x 104 pDCs were plated in each 

well of a 96-well plate in 100 μl RPMI (Thermo Fisher, cat # 11875093) and rested 1 hour 

before transfection. Each well treated was transfected with 0.2 μg RNA using 

Lipofectamine MessengerMAX reagent (Thermo Fisher, cat # LMRNA003) according to 

the manufacturer’s instructions in the presence of 10 U SUPERase-In RNase Inhibitor 

(Invitrogen, cat # AM2696). After transfection, pDCs were incubated at 37°C for 18 hours 

before supernatants were harvested. IMQ was used at 100 μg/ml as a positive control. 

When HCQ and ODN (Miltenyi Biotec, cat # 130-105-820) were used, both were used at 

5μM. IFNα production was measured with the Human IFN-alpha 2/IFNA1 DuoSet ELISA 

(R&D Systems, cat # DY9345-05) according to the manufacturer’s protocol.  

HEK-hTLR7 stimulation assay 

HEK-Blue-hTLR7 cells with a SEAP reporter gene were obtained (Invivogen, cat 

# hkb-htlr7) as well as the parental HEK-Blue Null1-k cells (Invivogen, cat # hkb-null1). 

hTLR7 cells were selected with blasticidin according to the manufacturer’s instructions. 

IMQ (Sigma Aldrich, cat # 99011-02-6) was used at increasing concentrations from 0.2 

μg/ml to 1000 μg/ml to verify the ability of hTLR7 cells to respond in a dose-dependent 

manner to TLR7 ligand in the media. Custom oligonucleotides were ordered from IDT 

according to the sequences provided in Fig. 2A. 1 x 104 HEK-hTLR7 cells were seeded 
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in 100 μl RPMI (Thermo Fisher, cat # 11875093) the day before transfection in a 96-well 

plate. Each well was treated with 100 μg/ml RNA oligonucleotides in the presence of 0.1 

mM guanosine (Millipore Sigma, cat # G6752-1G) and 10 U SUPERase-In RNase 

Inhibitor (Invitrogen, cat # AM2696). For transfection experiments, transfection using 

Lipofectamine MessengerMAX reagent (Thermo Fisher, cat # LMRNA003) was 

conducted according to the manufacturer’s instructions. Cells were incubated for 24 hours 

at 37°C before absorbance was measured at 616 nm using a spectrophotometer. Fold 

induction was calculated as δA/δ0, with δA equal to the difference in absorbance between 

the treated well A and an untreated well, and δ0 equal to the difference in absorbance 

between the comparator (mock transfection or polyA treatment) wells and the untreated 

wells.85  

Construction of A-repeat plasmid 

To construct the plasmids containing the 5’ A-repeat region of human XIST, a 747 

bp fragment (nucleotides 105-851) of human XIST was amplified by Platinum SuperFi 

Green PCR Master Mix (Invitrogen, cat # 12369010) from HEK293 cell cDNA. To prepare 

HEK293 cDNA, total RNA was extracted from HEK293 cells by TRIzol Reagent 

(Invitrogen, cat # 15596018), and then cDNA was synthesized using SuperScript VILO 

Master Mix (Invitrogen, cat # 11755050). The following primer pairs were used in the PCR 

reaction: forward 5’-TCTAGAACATTTTCTAGTCCCCCAACACCC-3’ and reverse 5’-

CACACACCACCAAATGATCAGCAGC-3’. The XIST PCR fragment was subsequently 

cloned into pCR-XL-2-TOPO vector containing a T7 promoter using the TOPO XL-2 

Complete PCR Cloning Kit, with One Shot OmniMAX 2 T1R Chemically Competent E. coli 

Cells (Invitrogen, cat # K8050-10; Supplementary Fig. 1A). A fragment of PAD4, cloned 
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into pEF-DEST51 as previously described,136 was also cloned into a T7 promoter–

containing vector to produce a transcript of similar length as a control. Both plasmids were 

sequenced by Sanger sequencing by the Johns Hopkins Genetic Resources Core Facility 

to verify that the T7 promoter was upstream of the XIST fragment and that no mutations 

were introduced by PCR.  

In vitro transcription 

XIST A-repeat RNA and PAD4 control RNA were transcribed in vitro using 

RiboMAX Large Scale RNA Production System – T7 Kit (Promega, cat # P1300). The A-

repeat–containing TOPO plasmid was linearized by digestion with PmeI (NEB, cat # 

R0560S). The plasmid containing human PAD4 was linearized by digestion with Eco53kI 

(NEB, cat # R0116S). After linearization, DNA was purified by ethanol purification: 3 

volumes of 100% ethanol and 1/10 volume of 3M sodium acetate (pH 5.2) were added to 

aqueous solution of DNA after linearization. The resultant linearized DNA was 

precipitated at -80°C for 20 minutes before spinning at 16,000 x g at 4°C for 30 minutes. 

Pellet was then air-dried and resuspended in water for in vitro transcription. In vitro 

transcription was then performed according to the manufacturer’s instructions, incubating 

at 37°C for 4 hours. After transcription, the DNA template was degraded by adding DNase 

I, RNase-free (ThermoFisher, cat # EN0521) at 1 U/μg of template DNA and incubating 

at 37°C for 15 minutes. Extraction of RNA and chromatographic removal of unincorporated 

nucleotides were performed according to the manufacturer’s protocol. The A-repeat RNA 

transcript produced was 815 base pairs, including the T7 promoter, nucleotide bases 

between the T7 promoter and the PCR product, the 747-base PCR product, and the 

bases between the PCR product and the PmeI cut site. Similarly, the control RNA 
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transcript was 884 base pairs. RNA length was visualized on a 1% agarose gel 

(Supplementary Fig. 1A). Immediately before loading, 100 ng of RNA was mixed with Gel 

Loading Dye, Purple (NEB, cat # B7024S) and was then heated to 65°C for 10 minutes. 

1 kb Plus DNA Ladder (ThermoFisher, cat # 10787018) was used for reference.  

CRISPR-Cas9 XIST knockdowns 

CRISPR/Cas9–mediated knockdown of XIST was performed using the XIST 

Human Gene Knockout Kit (CRISPR) (Origene, cat # KN412685) according to the 

manufacturer’s protocol. WT A431 cells (ATCC, cat # CRL-1555) were used as target 

cells. After the initial round of treatment and serial dilution to generate the cell line XIST 

KO, a second round of treatment with a different guide RNA and serial dilution was 

performed to generate cell line XIST 2KO. The guide RNA 

(AGCGCTTTAAGAACTGAAGG) was transfected in a complex with TrueCut Cas9 

Protein (ThermoFisher) using Lipofectamine CRISPRMAX (ThermoFisher). 

qPCR 

Total RNA was isolated from WT A431 cells, pCAS-treated A431 cells, and the 

two XIST knockdown lines using RNeasy Mini Kit (Qiagen, cat # 74104) with on-column 

DNase digestion using the RNase-Free DNase Set (Qiagen, cat # 79254). cDNA was 

synthesized using SuperScript VILO Master Mix (Invitrogen, cat # 11755050). XIST 

gene expression was measured by QuantStudio 3 Real-Time PCR System 

(ThermoFisher cat # A28136). TaqMan gene expression assays XIST Hs01079824_m1 

FAM and GAPDH Hs99999905_m1 VIC PL (ThermoFisher) were used. GAPDH was 

used as a housekeeping gene. Samples were measured in triplicate, and the relative 

expression level of XIST was calculated using QuantStudio Design & Analysis Software 
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(ThermoFisher). Expression fold change was calculated using the delta delta Ct 

method. Relative quantity of RNA released was calculated as 2^δCt*R, where R was the 

ratio of RNA isolated from UV irradiated cells versus live cells.  

RNAScope 

RNAScope was carried out using the RNAScope Multiplex Fluorescent V2 Assay 

(ACDBio, cat # 323132) according to the manufacturer’s protocol for cultured adherent 

cells. The XIST probe was fluorescent in Channel 2 (cat # 311231-C2). Akoya 

Biosciences fluorophore Opal 520 (Product Code FP1487001KT) was used in conjunction 

with the RNAScope kit. Cells were visualized on a Zeiss LSM 880 Confocal microscope 

with Airyscan FAST Module at the Johns Hopkins Institute for Basic Biomedical Sciences 

Microscope Facility. 

RNA isolation and Mg2+ RNA fragmentation 

RNA was isolated from A431 cell lines using TRIzol Reagent (Invitrogen, cat # 

15596026) according to the manufacturer’s protocol. Fragmentation of A431 cellular RNA 

was performed using the NEBNext Magnesium RNA Fragmentation Module (cat # 

E6150S). To achieve smaller size fragments, 2 μg of total RNA was incubated with RNA 

Fragmentation Buffer at 94°C for 20 minutes instead of 1–5 minutes. Fragmentation was 

verified using an Agilent 2100 Bioanalyzer (Part # G2939BA) according to the 

manufacturer’s instructions. While unfragmented cellular RNA ran with two bands at 1800 

and 3500 nucleotides, fragmented RNA ran with many bands between 25 and 50 bp 

(Supplementary Fig. 2C).  

RNA sequencing 
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The full RNA Sequencing dataset is available under GEO accession GSE201160. 

RNA extraction, sequencing, and sequence analysis were performed by the Johns 

Hopkins Single Cell & Transcriptomics Core. Single ended 100nt sequencing libraries 

were prepared using the Illumina Stranded Total RNA Prep Ligation with Ribo-Zero Plus 

total RNA protocol (cat # 20040525). Purified fragmented total RNAs first underwent QC 

and quantification using the ThermoFisher NanoDrop 1000 instrument, then underwent 

rRNA depletion, cleanup, and reverse transcription into cDNA. Barcoded adaptors were 

ligated to create libraries that were amplified for sequencing on the Core’s Illumina 

NovaSeq 6000 system. Resulting FASTQ reads were imported into the Partek Flow 

(Partek Inc. St. Louis MO) platform and aligned to NCBI Homo sapiens genome 

GRCh38.p13 RefSeq v99 transcriptome. Gene expression levels were calculated as 

fragments per kilobase of exon per million reads mapped (FPKM). FPKM values were 

imported into the Partek Genomics Suite 6.6 (Partek Inc.) for statistical analysis. These 

values underwent QC and were then log2 converted and quantile normalized for 

comparison across the three biological classes using the two-tailed one-way ANOVA test 

to determine differential expression as fold change and its statistical significance as p-

values for all transcripts. Annotated transcripts that demonstrated adequate FPKM 

expression levels (log2 > 7.0) were used to assess differential expression. Since genes’ 

log2 fold changes showed a normal distribution, their standard deviations (SD) from 

unchanged was determined on the Spotfire Genomics Suite v9.1.2 platform (TIBCO 

Spotfire, Boston, MA, USA), and used to establish the cut-offs for differential expression 

(e.g., the log2 fold changes > 2SD either up or down for three cell class comparisons). 
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These 2SD cutoffs were employed to perform pathway and functional analyses using 

QIAGEN Ingenuity Pathway Analysis (IPA, QIAGEN Bioinformatics).  

 RNA sequencing data were analyzed using Microsoft Excel and R.132 A Benjamini-

Hochberg correction was applied to p-values using Excel. UUs for all transcripts of 

interest were counted using R and the RefSeq Human Transcriptome.  

AMP data analysis 

The AMP dataset was downloaded from ImmPort using SDY997.137 The Seurat 

package was used for analysis.138 The raw expression data was pulled from the 

gene_by_cell_exp_mat.736297.txt file. The celseq_meta file was used to identify which 

cells belonged to each patient identification number. Patients who contributed fewer than 

10 cells to the published RNA sequencing dataset were excluded from the analysis. 

Seurat was used to normalize and scale the data and to calculate IFN scores via the 

AddModuleScore function, and the interferon score was defined as previously 

described.42,61 Contaminating epithelial cells were removed from the analysis.  

Interferon induction 

HEK293 cells, A431 cells, SLE patient PBMCs, or primary keratinocytes were kept in a 

12-well plate at a density of 1x106 cells/ml. Cells were treated with 1000 U/ml IFNα 2a 

PBL Assay Science, cat # 11100) and 50ng/ml IFNγ (PBL Assay Science, cat # 11500) 

and incubated for 24 hours at 37°C before RNA isolation.  

Extracellular Vesicle (EV) RNA Isolation  

For UV irradiation experiments, 80% confluent A431 cells cultured in a 100mm Petri dish 

were irradiated under UVB for 1 minute 40 seconds at room temperature and then 



 

53 
 

returned to 37°C for 4 hours before isolation of extracellular vesicles. Extracellular vesicle 

RNA was isolated using the Qiagen exoRNeasy exosome/extracellular vesicle isolation 

kit (cat # 77144). The yield of extracellular vesicle RNA was quantified by Nanodrop 2000 

(ThermoFisher). Subsequently, cDNA was synthesized for qPCR.  

Human subjects 

This study included 11 female SLE patients recruited from the Johns Hopkins 

Lupus Center (IRB study number NA_00039294), as well as 12 female and 10 male 

healthy controls enrolled in an observational study of healthy individuals at Johns Hopkins 

(IRB00066509). All SLE patients met the ACR criteria for SLE diagnosis.139–141 A 

summary of the SLE patient and healthy control demographics and SLE disease features 

is shown in Supplementary Data Table 3. Healthy controls were included if they were 18 

years of age or older, were not pregnant, did not have a history of autoimmune disease, 

cancer, or Lyme disease, and did not have active HIV, tuberculosis, or hepatitis infection. 

All samples were obtained under informed written consent approved by the Johns 

Hopkins Institutional Review Board. Demographic and clinical information were collected 

at the same visit as sample collection and included the PGA and SLEDAI, two measures 

of disease activity. The PGA is a subjective measurement of disease score on a scale of 

0-3 based on the doctor’s view of disease activity at the time of visit. A score of 0 indicates 

no disease activity and a score of 3 indicates very severe disease activity. The SLEDAI 

accounts for clinical symptoms such as rash, ulcers, joint stiffness, and includes lab 

results such as autoantibody positivity and low complement. XIST expression levels were 

not available to the doctor assigning the PGA and SLEDAI scores. Blood was collected 

by venipuncture and processed for downstream assays within 2 hours of collection. 
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PBMCs were isolated from whole blood by Ficoll density-gradient centrifugation (Ficoll-

Paque Plus, GE Healthcare). 

RNA flow cytometry 

RNA PrimeFlow (Thermo Fisher) was conducted per the manufacturer’s protocol 

with probe sets for human XIST (cat # 68114) and human RPL13A (cat # 63229). Prior 

to performing PrimeFlow, cells were stained with cell lineage surface markers including 

CD3 AF700 (Invitrogen, cat # 56-0038-42), CD14 PE-eF610 (Invitrogen, cat # 61-0149-

42), CD19 PE-Cy7 (Invitrogen, cat # 25-0199-42), and LIVE/DEAD Fixable Blue Dead 

Cell Stain viability dye (Invitrogen, cat # L34962), per the protocol. Samples were 

analyzed using a FACSAria II Flow Cytometer (BD Biosciences) and FCS Express 7 

software (De Novo Software). After gating on singlets and live cells, a gate was created 

for all cells positive for the housekeeping gene, RPL13A. From all RPL13A+ single cells, 

gates were created for CD3+, CD14+, and CD19+, defining all T cells, monocytes, and B 

cells, respectively. Jurkat and HEK cells were run in parallel with patient and healthy 

control cells for several samples in multiple batches to verify that any signal in male cells 

was above-background.  

Statistics 

GraphPad Prism 8.4.3 was used to make dot plots, bar graphs, and line plots and to 

conduct one-way ANOVA tests, t-tests and simple linear regression tests. A Benjamini-

Hochberg correction for the p-values of genes in RNA sequencing data was done in Excel. 

Two-sided p-values less than 0.05 were considered significant. Significance at p < 0.05 

was denoted by *, p < 0.01 by **, p < 0.001 by ***, and p < 0.0001 by ****.  
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Material from: Crawford, JD, Wang, H, Cimbro, R, Talbot, C, Thomas, MA, Curran, AM, Trejo-Zambrano, 

D, Schroeder, J, Fava, A, Goldman, D, Rosen, A, Antiochos, B, Darrah, E. The XIST lncRNA is a sex-

specific reservoir of TLR7 ligands in SLE (in revision at Journal of Clinical Investigation (JCI) Insight, 2023). 
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Chapter III 

 

Evidence of dysregulated X-inactivation in lymphocytes and monocytes of female 

Scleroderma patients 
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Introduction 

Autoimmune diseases predominantly affect biological women, and this risk 

follows the second X chromosome: men with Klinefelter syndrome (XXY) face the same 

elevated prevalence of systemic autoimmune diseases as XX women.108,142–144 The 

basis for this chromosomal bias is incompletely understood, with many hypotheses 

implicating immune-related genes on the X chromosome, skewed and incomplete X-

inactivation, and the hormonal consequences of the XX genotype in autoimmune 

disease pathogenesis.145–149 One disease that follows this sex bias is Scleroderma, also 

known as systemic sclerosis (SSc).  

SSc is a rare, heterogeneous systemic autoimmune disease affecting 

approximately three times more women than men.150 The disease manifests as a 

chronic, inflammatory connective tissue disease with progressive skin tightening, 

vasculopathies, and multiple organ fibrosis. Serological markers are useful in both 

diagnosis and prognosis. Three autoantibody specificities – anti-centromere (ACA), anti-

RNA Polymerase III (ARA), and anti-topoisomerase (ATA) – were included in the 2013 

ACR/EULAR classification criteria for diagnosing SSc,151 and it has recently been 

shown that these autoantibody specificities are useful for defining SSc subtypes and 

predicting disease course.152,153 For example, ATAs are associated with a higher risk for 

interstitial lung disease (ILD), while ACAs are associated with a significantly milder 

disease course, including the lowest risk for ILD, pulmonary fibrosis, and many other 

disease manifestations.154,155 Limited SSc, which is the mildest form of SSc, is strongly 

associated with ACAs.156 
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Dysregulated X-inactivation is implicated in the pathogenesis of many systemic 

autoimmune diseases, including SSc.157 X-inactivating specific transcript (XIST) is the 

long non-coding RNA (lncRNA) responsible for mediating X-inactivation. Transcription 

of XIST from the inactive X chromosome (Xi) leads to significant epigenetic modification 

of the Xi, including widespread inhibitory methylation and structural changes to the 

chromatin.158 However, up to 15% of X-linked genes – including several immune genes 

such as TLR7 – have been shown to escape X-inactivation, and this altered gene 

dosage is implicated in the pathogenesis of multiple autoimmune diseases.157,159–161 

XIST is essential for maintaining XCI for a specific subset of genes, including TLR7, 

which has been reported to be overexpressed in SSc.22,111 Therefore, we hypothesized 

that X-inactivation of TLR7 may be altered in SSc or in specific SSc subtypes, possibly 

leading to differential expression of immune genes on the X-chromosome such as 

TLR7.  

In this study, we examined XIST expression, TLR7 expression, and the 

relationship between XIST and TLR7 in the peripheral blood cells of female ACA+, 

ATA+, and ARA+ SSc patients and sex-matched healthy controls. We explore 

differences in XIST expression levels by SSc disease status and autoantibody status, 

as well as the relationship between XIST and TLR7 in healthy controls and SSc 

patients. Our data suggests that dysregulated X-inactivation may alter expression of 

TLR7 and influence disease course in ATA+ and ACA+ SSc patients.  
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Results 

RNA flow cytometry shows sex differences in XIST expression  

We used RNA flow cytometry to measure XIST and TLR7 expression in PBMCs 

from a total of 26 donors (14 female scleroderma patients and 12 female healthy 

controls). The sex, disease, and antibody status of the SSc patients is shown in Table 

3-1. The analysis was performed over the course of 10 individual experiments, which 

each included scleroderma patients and healthy controls, and results were pooled after 

checking for batch effects.   

Patient ID Sex Disease Status ATA ARA ACA 

SSC01 F Diffuse SSc + - - 

SSC02 F ssSSc + - - 

SSC03 F Limited SSc + + - 

SSC04 F Diffuse SSc + - - 

SSC05 F Limited SSc + - + 

SSC06 F Limited SSc - + - 

SSC07 F Diffuse SSc - - - 

SSC08 F Limited SSc - + - 

SSC09 F Limited SSc - - - 

SSC10 F Limited SSc - + - 

SSC11 F Limited SSc - - - 

SSC12 F ssSSc - + + 

SSC13 F Limited SSc - + - 

SSC14 F Diffuse SSc - - + 

 

Table 3-1. SSc Patient sex, disease, and antibody status.  
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Overall, we did not find differences in XIST expression levels in total leukocytes 

(defined as live, Rpl13A+ singlet events) between female SSc patients and healthy 

controls (p = 0.63, XIST MFI in scleroderma patients 3710 ± 524.3 versus in healthy 

controls 3391 ± 362.0; Fig 3-1A). TLR7 expression in the total leukocyte population also 

did not differ vary between SSc patients and healthy controls (p = 0.30, TLR7 MFI in 

scleroderma patients 378.3 ± 37.95 versus in healthy controls 326.5 ± 30.42; Fig 3-1B). 

The housekeeping gene Rpl13A was measured in parallel and also did not differ in 

expression between patients and controls (p = 0.090; Fig 3-1C).  

To examine XIST expression levels more closely, we gated on CD4+ T cells, 

CD8+ T cells, CD19+ B cells, CD56+ NK cells, and CD14+ monocytes. XIST expression 

did not vary significantly by cell type in SSc patients or controls, with lymphocytes 

expressing slightly higher levels of XIST than monocytes in both groups (one way 

Anova p = 0.43 in scleroderma patients; p = 0.68 in healthy controls; Figure 3-1 D-E). 

When comparing XIST levels between SSc patients and controls in each cell subset, we 

found that SSc patients had statistically significantly more variability in XIST expression 

than healthy controls in B cells and monocytes, despite having similar average MFIs 

(Fig 3-1 F-J; In B cells, unpaired Student’s t test for difference in means p = 0.42; F test 

for difference in variance p = 0.016; In monocytes, unpaired Student’s t test for 

difference in means p = 0.22; F test for difference in variance p = 0.04). Given that 

subsets of SSc delineated by autoantibody status often vary significantly in disease 
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course and likely in pathogenesis, we hypothesized that XIST expression may vary 

between ACA+ SSc patients, ATA+ SSc patients, and ARA+ SSc patients.  

Fig 3-1 | XIST Expression has higher variability in SSc patient B cells and monocytes. (A-C) Dot 
plots showing XIST (A), TLR7 (B), and RPL13A (C) MFI in all leukocytes as measured by RNA flow 
cytometry for female SSc patients and healthy controls. (D-E) Dot plots showing XIST MFI by cell type in 
SSc patients (D) and healthy controls (E). (F-J) Dot plots showing XIST MFI in SSc patients versus 
healthy controls for CD4+ T cells (F), CD8+ T cells (G), B cells (H), NK cells (I), and monocytes (J). 
Differences in means in SSc patients versus healthy controls tested by unpaired Student’s t test. 
Differences across cell types tested by one way Anova with multiple comparisons tests. Differences in 
variances tested by F test. Statistically significant differences in variances denoted by †.  
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XIST expression correlates with autoantibody specificity in SSc patients 

To investigate the relationship between XIST expression and autoantibody 

status, we analyzed XIST expression levels by autoantibody specificity in our 

scleroderma cohort. We found that patients who tested positive by EUROIMMUN for 

ACAs had lower XIST levels in total leukocytes than SSc patients who were negative for 

ACAs (Fig 3-2A). We did not observe statistically significant differences in XIST 

expression in total leukocytes for patients positive for ATAs or ARAs (Fig 3-2 B-C). In B 

cells, the lower XIST expression in ACA+ patients was exceptionally pronounced (Fig 3-

2D). We did not find a significant difference in XIST expression in these groups versus 

healthy controls (Fig 3-2 E-F). Significant differences in XIST expression by 

autoantibody type were not found in monocytes. Finally, because some patients had 

overlapping autoantibody specificities, the analysis was repeated while excluding 

patients with multiple autoantibody specificities (Fig 3-2G). In this analysis, we found 

that SSc patients positive for ATA+ autoantibodies tended to have higher XIST 

expression than healthy controls (p = 0.04). The XIST MFI for ACA+ patients was 

dramatically lower than that for HC (ACA+ XIST MFI = 1797 vs HC XIST MFI = 3582); 

however, the low sample size prevented us from performing statistical tests on ACA+ 

patients. Overall, these results suggested that XIST expression may vary by 

autoantibody specificity in scleroderma, being lower in ACA+ patients and higher in 

ATA+ patients. We also investigated whether XIST expression levels correlated with 

clinical variables including diffuse vs limited SSc, ILD, modified Rodnan skin score 

(MRSS), synovitis, myopathy, and various organ involvements, but we did not identify 

any statistically significant results.  
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Fig 3-2 | XIST levels vary by autoantibody status in scleroderma. (A-C) Dot plots showing XIST MFI 
in scleroderma patients positive or negative for (A) ACAs, (B) ATAs, and (C) ARAs versus healthy 
controls. Patients with ACAs have lower XIST expression than healthy controls (adj. p = 0.252). (D-F) Dot 
plots showing XIST MFI in B cells in scleroderma patients positive or negative for the autoantibodies in A-
C versus healthy controls. ACA+ Ssc patients have significantly lower expression than ACA- SSc patients 
(adj. p = 0.0009) and healthy controls (adj. p = 0.04). (G-H) Dot plots showing XIST expression in SSc 
patients positive for only one autoantibody in (G) all leukocytes or (H) B cells. ATA+ Ssc patients have 
higher XIST expression than healthy controls in B cells (adj. p = 0.01). (A-H) All comparisons made by 
one-way Anova with multiple comparisons test. 
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TLR7 levels do not vary by SSc disease status or autoantibody status 

XIST is responsible for inactivating immune genes on the X chromosome, and is 

important for maintaining TLR7 inactivation even after Xi methylation.111 However this 

process is incomplete, as it has previously been shown that TLR7 is inactivated in only 

50-70% of female immune cells and that escape from inactivation leads to 

approximately 30% higher expression of TLR7 protein in female immune cells.160 Thus, 

we reasoned that female patients with low XIST expression may have high TLR7 

expression and vice versa, and that altered expression of TLR7 could contribute to 

disease development. In particular, we hypothesized ACA+ SSc patients, which have 

lower levels of XIST in B cells, may have elevated TLR7 expression in B cells, since 

TLR7 partially escapes X-inactivation. However, we did not detect differences in TLR7 

expression in B cells or monocytes of scleroderma patients versus sex-matched 

controls (Fig 3-3 A-B). Even when stratifying patients by autoantibody status, we found 

no difference in TLR7 expression between ACA+ SSc patients, ACA- SSc patients, and 

healthy controls (Fig 3-3 C-D). We also found no differences in TLR7 expression based 

on ATA or ARA positivity (Fig 3-3 E-H). As with XIST, we also investigated whether 

TLR7 expression levels correlated with various clinical variables but did not identify any 

statistically significant results.  
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Fig 3-3 | TLR7 levels do not vary by SSc disease status or autoantibody status. (A-B) Dot plots 
showing TLR7 expression levels in (A) B cells and (B) monocytes from SSc patients and healthy controls. 
(C-H) Dot plots showing TLR7 expression levels in B cells (D,E,G) and monocytes (D,F,H) of SSc 
patients positive or negative for (C-D) ACAs, (E-F) ATAs, and (G-H) ARAs. (A-B) Differences in TLR7 
expression tested for using Student’s t test. (C-H) Differences in TLR7 expression between groups tested 
for using one-way anova with multiple comparisons test. No significant differences in TLR7 expression 
were identified. 
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Evidence of dysregulated X-inactivation in female SSc patients 

We then looked to see whether there was evidence that XIST was effectively 

inactivating TLR7 in SSc patients. We hypothesized that because TLR7 is inactivated 

by XIST, XIST expression would be negatively correlated with TLR7 expression at the 

single cell level. However, we found that the relationship between XIST and TLR7 

varied between SSc patients and healthy controls and across SSc subtypes. We first 

analyzed B cells from healthy controls or SSc patients. In healthy controls and ARA+ 

SSc patients, XIST expression had a modest, positive correlation with TLR7 expression 

(R = 0.35 for both ATA+ and HC; 95% CI for ATA+ R [0.341, 0.369], 95% CI for HC R 

[0.332, 0.378]). ARA+ SSc patients had a stronger positive relationship between XIST 

and TLR7 (R = 0.43; 95% CI [0.403, 0.447]). In ACA+ SSc patients, XIST had a much 

weaker relationship with TLR7 (R = 0.15; 95% CI [0.123, 0.172]; Fig 3-4A). The 

differences in the degree of X-inactivation patients’ cells experienced, as reported by 

the correlation between XIST and TLR7, was statistically significant for both ARA+ 

patients and ACA+ patients versus healthy controls (p < 0.0001). 

In monocytes, the differences in the relationship between XIST and TLR7 were 

even more dramatic. Healthy controls again exhibited a weak, positive relationship 

between XIST and TLR7, with R = 0.15; 95% CI [0.123, 0.172], and ARA+ SSc patients 

exhibited a similar relationship, with R = 0.07; 95% CI [0.0504, 0.0885]. However, ATA+ 

SSc patients exhibited a strong positive relationship (R = 0.59, 95% CI [0.581, 0.602]), 

while ACA+ SSc patients exhibited a strong negative relationship (R = -0.26; 95% CI [-

0.275, -0.246]; Fig 3-4B). The significantly different relationships between ACA+ SSc 

patients and healthy controls (p < 0.0001) and ATA+ SSc patients and healthy controls 
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(p < 0.0001) indicates that the X-inactivation of TLR7 is dysregulated in multiple SSc 

subtypes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-4 | X-inactivation of TLR7 is dysregulated in ATA+ and ACA+ SSc. (A) Histograms showing the 
correlation between XIST and TLR7 calculated from bootstrapped samplings of all B cells in ACA+, 
ATA+, and ARA+ SSc patients and healthy controls (HC). (B) Histograms showing the correlation 
between XIST and TLR7 calculated from bootstrapped samplings of all monocytes in ACA+, ATA+, and 
ARA+ SSc patients and healthy controls (HC).  
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Discussion 

Our experiments provide evidence that XIST expression is related to 

autoantibody status and disease pathogenesis in SSc. Although SSc patients in general 

did not have different levels of XIST expression than healthy controls, we found that 

ACA+ patients expressed lower levels of XIST than healthy controls, while ATA+ 

patients may express elevated levels of XIST. Since ATA+ patients tend to have a 

worse disease course, this challenges the notion that XIST would play a protective role 

in autoimmune disease by inactivating immune genes on the second X-

chromosome.91,94,152 In fact, high XIST expression may contribute to ATA+ SSc 

pathogenesis through mechanisms described in Chapter II. 

Furthermore, our data showed that the X-inactivation of TLR7 is not necessarily 

dependent on XIST expression levels in healthy PBMCs, despite recent evidence that 

XIST RNA is required to restrict TLR7 expression.111 We found that in healthy controls 

and in ATA+ and ARA+ SSc patients, XIST expression was weakly and positively 

correlated with TLR7. Thus, expression of XIST beyond a threshold amount required to 

maintain XCI likely does not contribute to inactivation of XCI-escapee genes. Instead, it 

may be that elevated XIST expression represented a broad Xi-reactivation, as has been 

shown to happen in lymphocytes.27 

However, we also found that ACA+ SSc patients have very low levels of XIST 

expression, especially in B cells, and that XIST expression is negatively correlated with 

TLR7 expression in these patients. This suggests that ACA+ SSc patients may be 

expressing levels of XIST below the threshold required for properly maintaining XCI, 

and thus experiencing defective or incomplete inactivation of TLR7 due to very low XIST 
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expression. While our data did not identify ACA+ patients as having significantly higher 

TLR7 expression than healthy controls, other work has found TLR7 to be expressed at 

higher levels in SSc patients than healthy controls, although this has not been explored 

by disease subtype.22 ACA positivity is strongly associated with limited SSc, and this 

milder subtype of SSc may be driven by low XIST levels leading to the overexpression 

of immune genes like TLR7 that may contribute to disease development. Notably, other 

X-linked immune genes like FOXP3 expressed by T-regulatory cells, may also have 

altered expression as a result of dysregulated XCI.14,25  

Alternatively, lower XIST expression in these patients could be leading to excess 

fibrosis via TSIX. TSIX has been shown to stabilize collagen mRNA in SSc, possibly 

leading to the excess collagen production that drives fibrosis.100 TSIX, which is the 

antisense of XIST, is typically responsible for regulating XIST expression by hybridizing 

to and sequestering XIST RNA.162–164 The absence of XIST may free TSIX to bind other 

RNA, including collagen, thus contributing to increased disease development.   

Overall, these data illustrate dysregulation in X-inactivation in the immune cells of 

SSc. ACA+ SSc patients may experience an incomplete X-inactivation due to low levels 

of XIST, making TLR7 expression highly sensitive to XIST levels. On the other hand, 

ATA+ SSc patient monocytes may be experiencing a general X-reactivation, indicated 

by highly correlated expression of XIST and TLR7. The variable relationship between 

XIST and TLR7 in different types of SSc may underlie the different pathogeneses and 

disease outcomes in SSc subtypes. 
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Materials and Methods 

Patients and controls 

This study included 14 SSc patients recruited from the Johns Hopkins 

Scleroderma Center as well as 12 healthy controls. Blood was collected by 

venipuncture and received within 2 hours of collection. PBMCs were isolated by Ficoll 

density centrifugation and fixed within 4 hours of blood collection. All samples were 

obtained under informed written consent approved by the Johns Hopkins Institutional 

Review Board.  

Flow cytometry 

Thermo Fisher’s RNA PrimeFlow was conducted per the manufacturer’s protocol 

with 3 probes: HUMAN XIST (cat. # 68114), HU RPL13A (cat. # 63229), and HUMAN 

TLR7 (cat. # 68385). Cells were stained with cell surface markers per the protocol 

including CD3 AF700 (Invitrogen, cat. # 56-0038-42), CD4 Pacific Blue (BD Pharmagen, 

cat. # 558116), CD8a eF506 (eBioscience, cat. # 69-0088-42), CD14 PE-eF610 

(Invitrogen, cat. # 61-0149-42), CD19 PE-Cy7 (eBioscience, cat. # 25-0199-42), CD56 

PE (Invitrogen, cat. # 12-0566-42), and LIVE/DEAD Fixable Blue Dead Cell Stain 

viability dye (Invitrogen, cat. # L34962). Samples were analyzed using a BD FACSAria 

IIu Flow Cytometer and FCS Express 7. After gating on all cells and singlets by forward 

and side-scatter, a “live gate” was created encompassing all cells not stained with the 

cell viability dye. After that, a gate was created for all cells positive for the housekeeping 

gene, RPL13A. From all RPL13A+ single cells, gates were created for CD3+, 

CD3+CD4+, CD3+CD8+, CD14+, CD19+, and CD56+, defining T cells, helper T cells, 

cytotoxic T cells, monocytes, B cells, and NK cells, respectively. FCS Express 7 was 
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used to make histograms showing the XIST expression in each cell type. Because XIST 

expression was left-skewed in many samples, median fluorescence intensity (Median 

FI) was considered the expression level of XIST for each cell type. In contrast, mean 

fluorescence intensity (MFI) was used for RPL13A and TLR7.  

Analysis 

GraphPad Prism 8® was used to make dot plots and conduct statistical tests. 

Unpaired t tests were used to compare scleroderma patients with healthy controls. One-

way Anova tests were used to compare across cell types or autoantibody status. Linear 

regression was used to examine the relationship between XIST and TLR7. R was used 

to analyze flow cytometry data at the single-cell level, including randomly selecting 

bootstrapped samples of B cells and monocytes, making linear mixed models, and 

computing correlations. Prism was used to make histograms.  

Antibody Testing 

Each patient’s antibody status was tested using the commercially available 

immunoblot platform EUROIMMUN according to manufacturer’s instructions. Antibody 

specificities are reported in Table 3-1.  
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Chapter IV 

Dying neutrophils as a source of extracellular XIST RNA in SLE 
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Introduction 

Extracellular RNA and DNA released from dying cells is a critical element in SLE 

pathogenesis.37,64,115,165 SLE patients often have mutations in genes responsible for 

clearing such debris, such as TREX or DNase I, and events that induce significant 

amounts of cell death are thought to be SLE triggers.54,67,70,71,166 As the most abundant 

immune cell in circulation and the first responders to infection and injury, neutrophils are 

compelling sources of the DNA and RNA debris that drives SLE pathogenesis.167 

Furthermore, neutrophils are capable of unique forms of cell death, including NETosis, 

which is of particular interest in SLE as it involves the deliberate exposure of DNA to the 

extracellular space.64,72,74,76,168  

NETosis is a method of cell death involving the release of DNA, other nuclear 

contents, and granules from neutrophils in response to TLR2/4 activation, and was 

discovered to occur in response to bacterial pathogens.169 NETosis can also be induced 

by phorbol myristate acetate (PMA) and by reactive oxygen species (ROS) production, 

suggesting that non-bacterial signals may also induce NETosis in vivo.170–172 The 

release of nuclear material in NETosis is immediately preceded by chromatin 

decondensation and a broad, genome wide transcriptional firing event, where 

thousands of RNA transcripts are upregulated within 1 hour of PMA or ROS 

exposure.171 The consequences of this genome-wide transcription are relatively 

unexplored, but increased RNA production may be important to activate the IFN 

response downstream of NET production, since TLR7/8 activation by RNA is critical to 

IFN induction.  
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SLE is characterized by a chronic innate response to exposed self-RNA and self-

DNA, implicating NETosis.37,80,168,173,174 NETs are known to release large amounts of 

nuclear DNA, which may underlie the development of anti-dsDNA and other anti-nuclear 

autoantibodies in SLE.175–178  However, the consequences of RNA release by NETs is 

relatively underexplored and may be even more significant. TLR9, which is the only TLR 

that recognizes dsDNA, has been shown to be protective in SLE, whereas TLR7, which 

recognizes RNA, has been shown to drive disease.16–18,179 Thus, more research on the 

RNA in NETs may provide important revelations in SLE.  

In addition to NETosis, neutrophil apoptosis may also be a critical source of 

extracellular nucleic acid. Both environmental triggers for SLE and genetic risk factors 

implicate apoptosis in SLE, with apoptotic debris thought to underlie disease onset in 

many cases.54,55,62,67,70,70,71,166,180 Apoptosis is canonically considered immunologically 

silent, but apoptotic blebs and bodies that are not phagocytosed by macrophages in a 

timely manner may undergo secondary necrosis, exposing extracellular nucleic acid and 

activating toll-like receptors.181 A better understanding of the RNA released during 

NETosis and apoptosis will improve our understanding of SLE pathogenesis and 

possibly elucidate novel targets for therapy.  

As discussed in Chapter II, XIST RNA activates IFN production in SLE by ligating 

TLR7. XIST is a long-lived, nuclear lncRNA that binds to dsDNA and SLE 

autoantigens.59 It is unknown whether XIST RNA remains attached to DNA during 

NETosis, or whether it is removed and possibly degraded to prevent aberrant TLR7 

activation in macrophages clearing NETs. In this Chapter we explore the localization 
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and expression of XIST in neutrophils as well as the release of XIST into the 

extracellular space during multiple forms of neutrophil death.   
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Results  

 

XIST is released from neutrophils during apoptosis, necrosis, and NETosis 

 To investigate the fate of XIST during neutrophil death, we treated primary 

human neutrophils with a variety of death stimuli or no treatment before harvesting the 

cells and cell supernatants and measuring XIST levels via qPCR. We induced 

apoptosis, necrosis, and NETosis to examine XIST localization in each condition. 

Primary human neutrophils were treated with cycloheximide and tumor necrosis factor 

alpha (CHx + TNFα) to induce apoptosis, hydrogen peroxide (H2O2) to induce necrosis, 

or phorbol myristate acetate (PMA) to induce NETosis. After 4 hours of undergoing cell 

death, RNA was purified from the cell supernatants. We then used qPCR to calculate 

the relative quantity of XIST released into the supernatant in each condition. In all 3 

forms of cell death analyzed, XIST was found at significantly higher quantities in the 

supernatants of treated cell cultures than live cell cultures (52.7-fold more XIST in 

apoptotic neutrophils, 46.7-fold more XIST in necrotic neutrophils, and 25.4-fold more 

XIST in NETosing neutrophils (Fig 4-1). Overall, XIST was released into the 

supernatant regardless of the cell death method induced.   
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Fig 4-1 | XIST is released during apoptosis, necrosis, and NETosis. Bar graph showing the relative 
quantities of XIST released into the supernatant during apoptosis, necrosis, and PMA-induced NETosis 
as measured by qPCR. Differences tested by one-way Anova with multiple comparisons test comparing 
each cell death condition to live cells.  

XIST-positive neutrophils are more likely to undergo NETosis 

To visualize XIST’s processing and release during NETosis, we used in situ 

hybridization to image XIST in neutrophils undergoing NETosis from healthy female 

donors. We were surprised to find that most neutrophils did not exhibit XIST 

fluorescence. Furthermore, neutrophils that did express XIST had extra-nuclear XIST 

expression (Figure 4-2A). On the other hand, in situ hybridization of A431 cells and 

HEK293 cells – female epithelial cell lines – revealed that most cells were XIST-

positive, and XIST was restricted to the nucleus, as expected (Fig 4-2A). Counts of 

randomly selected fields illustrated that only 13.3% of neutrophils in the untreated 

culture were XIST-positive. In contrast, female epithelial cell lines, including A431 cells 

and HEK293 cells, had nearly 100% XIST-positive cells (Fig 4-2B).  
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 By inducing NETosis with PMA, we were able to visualize XIST RNA being 

released from neutrophils in association with the NET (Fig 4-2C). XIST was not seen 

directly bound to the DNA in a single Barr body; instead, XIST RNA was identified 

around the NET, indicating dissociation of the Barr body. Interestingly, neutrophils 

undergoing NETosis were more likely to express XIST than live neutrophils. XIST was 

present in 28.6% of NETs identified in randomly chosen fields from the PMA-treated 

culture, but only in 13.2% of untreated cells (p = 0.063). Furthermore, XIST was only 

present in 6.6% of live cells in the PMA-treated condition, versus 28.6% of NETs, 

meaning that NETting neutrophils were significantly more likely to be XIST-positive than 

their surviving counterparts (p = 0.0058; Fig 4-2D). Considering all cells in the PMA-

treated condition regardless of whether they were live or undergoing NETosis, 11.6% 

were XIST-positive, similar to the live condition. Thus, we concluded that XIST-positive 

neutrophils were significantly more likely to undergo NETosis than XIST-negative 

neutrophils. 
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Fig 4-2 | Neutrophils release XIST during NETosis. (A) In situ hybridization images showing XIST 
localization (green fluorescence) in live primary human neutrophils, A431 cells, or HEK293 cells. DAPI 
stain is in blue. (B) Bar graph showing the percent of cells in randomly selected fields of each cell line that 
were XIST-positive. (C) In situ hybridization images showing XIST localization in PMA-treated neutrophils. 
DAPI stain is in blue. (D) Bar graph showing the percent of cells in three groups that were XIST-positive: 
Live, untreated neutrophils, live neutrophils in the PMA-treated condition (Live, PMA), and neutrophils in 
the PMA condition undergoing NETosis (NETosis, PMA). (B,D) Fisher’s exact test on contingency tables 
used for comparison s. p < 0.01 denoted by **, p < 0.0001 denoted by ****. 
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Altered XIST expression in neutrophils 

We found that XIST was not present in most female neutrophils, which was 

surprising given that XIST is known to be present in every cell with two X chromosomes. 

To further investigate this finding, we performed RNA flow cytometry on paired 

neutrophils and leukocytes purified from the whole blood of a male and female donor. 

The RNA flow cytometry assay was validated as shown in Chapter II. To analyze XIST 

expression, we gated on specific cell subsets – T cells, B cells, monocytes, and 

neutrophils. We found that neutrophils had significantly lower XIST expression than T 

cells, B cells, and monocytes (p < 0.0001; Fig 4-3A). Histograms of XIST expression in 

each cell type revealed that while most cell types exhibited a skewed-left distribution 

where > 80% of cells were XIST-positive (B cells 83.76%, T cells 89.3%, and 

monocytes 92.1%), neutrophils exhibited a bimodal distribution in which most cells were 

XIST-negative, while a small subset was XIST-positive (Fig 4-3B). Only 14.59% of 

neutrophils were XIST-positive, consistent with our in situ hybridization data. A χ2 test 

comparing the XIST-positivity rates of B cells, T cells, and monocytes versus 

neutrophils indicated this difference was statistically significant (p < 0.0001).  
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Fig 4-3 | Most neutrophils are XIST-negative (A) Violin plots showing XIST expression in B cells, T 
cells, monocytes, and neutrophils. Differences in XIST expression tested by one-way Anova with multiple 
comparisons tests for each cell type to neutrophils. (B) Histograms showing XIST expression as in (A), 
with XIST-positive cells denoted. (C) Table showing statistical significance in (B). Differences in XIST-
positivity rates tested by Fisher exact test on a 2x2 contingency table for each cell type versus 
neutrophils. **** indicates p < 0.0001. 
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Discussion 

Our data indicate that XIST is only expressed by a small subset of neutrophils. 

This finding is supported by recently published single cell RNA sequencing data in mice 

and humans, which also found XIST RNA in only a small proportion of female 

neutrophils.103,104 Notably, these RNA sequencing datasets described substantial sexual 

dimorphism in neutrophils which was increased upon interferon stimulation, with female 

neutrophils exhibiting a more intense interferon response. These datasets described 

subsets of neutrophils along a pseudo time continuum, with pseudo early neutrophil 

progenitors (G0-G2) being most similar to granulocyte-monocyte progenitors, and 

mature neutrophils (G4-G5) being fully differentiated, transcriptionally quiescent 

neutrophils. Exploration of these datasets may provide a window into whether XIST 

expression is related to neutrophil maturity. Granulocyte and neutrophil precursors 

express XIST RNA .182 Therefore, when and how neutrophils degrade XIST or allow 

XIST RNA to decay is an important question.  

An overlapping hypothesis is that low-density granulocytes (LDGs), which may 

be neutrophil precursors and are implicated in several systemic autoimmune diseases 

including SLE, are the XIST-positive neutrophils found in our flow data.183–186 LDGs 

have been shown to form NETs more readily than other neutrophils, and SLE patients 

have elevated LDG counts compared to healthy controls.187,188 This hypothesis is 

consistent with our data that XIST-positive neutrophils are more likely to undergo 

NETosis in the PMA-treated condition. The most attractive hypothesis based on our 

data is that LDGs, which are more numerous in SLE and are more likely to undergo 

NETosis, release excess amounts of XIST RNA into the extracellular space as a danger 
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signal in SLE. This XIST RNA activates IFNα production as described in Chapter II. 

Thus, XIST RNA activating TLR7 as previously described may be the mechanism by 

which LDGs undergoing NETosis drives SLE pathogenesis and the development of 

several anti-nuclear antibodies. Further study of the RNAs released by NETs and the 

role of XIST RNA in the NET is warranted. 
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Materials and Methods  

Human subjects 

This study included 5 female and 1 male healthy donor enrolled in an 

observational study of healthy individuals at Johns Hopkins (IRB00066509). Healthy 

controls were included if they were 18 years of age or older, were not pregnant, did not 

have a history of autoimmune disease, cancer, or Lyme disease, and did not have 

active HIV, tuberculosis, or hepatitis infection. All samples were obtained under 

informed written consent approved by the Johns Hopkins Institutional Review Board. 

Blood was collected by venipuncture and processed for downstream assays within 1 

hour of collection. Neutrophils were isolated from whole blood by Ficoll density-gradient 

centrifugation (Ficoll-Paque Plus, GE Healthcare) and ACK Lysing Buffer (Thermo 

Fisher, cat. # A1049201).  

Cell culture and cell death assays 

Primary human neutrophils were plated in a 12 well plate at a density of 1x106 

cells/ml. Neutrophils were immediately treated with either no treatment, 10 μg/ml CHx + 

50 ng/ml TNFα to induce apoptosis, 100 ng/ml PMA, or 10 mM H2O2 to induce necrosis. 

After 4 hours, cells and supernatants were removed. Cell/supernatant mixture was first 

centrifuged at 500xg for 5 minutes at 4°C to remove live cells. Second, the 

cell/supernatant mixture was centrifuged at 10,000xg for 10 minutes at 4°C to remove 

cellular debris, and the remaining supernatant was used as sample.  

qPCR 
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Total RNA was isolated from each sample using TRIzol LS (Thermo Fisher, cat. 

#10296010) according to the manufacturer’s protocol. cDNA was synthesized using 

SuperScript VILO Master Mix (Invitrogen, cat # 11755050) according to the 

manufacturer’s protocol. XIST gene expression was measured using the QuantStudio 3 

Real-Time PCR System (ThermoFisher cat # A28136). Taqman XIST probe 

Hs01079824, which spans the Exon 5/6 boundary, was used to measure XIST 

expression. Samples were measured in triplicate and the experiment was run 3 times to 

generate 3 biological replicates. Relative Quantity of XIST in the supernatant was 

calculated at 2-δ, where δ = Ct (treated) – Ct (untreated) for supernatants. Excel and 

Prism were used to analyze data and make graphics.  

In situ hybridization assay 

The RNAScope Multiplex Fluorescence V2 kit (ACDbio, cat. # 323132) was used 

to visualize XIST expression in neutrophils, A431 cells, and HEK293 cells according to 

the manufacturer’s protocol. A protease III dilution of 1:15 was used for all samples. 

Cells were visualized on a Zeiss Axioskop 50 microscope.  

RNA flow cytometry 

RNA PrimeFlow (Thermo Fisher) was conducted per the manufacturer’s protocol 

with probe sets for human XIST (cat # 68114) and human RPL13A (cat # 63229). Prior 

to performing PrimeFlow, cells were stained with cell lineage surface markers including 

CD3 AF700 (Invitrogen, cat # 56-0038-42), CD14 PE-eF610 (Invitrogen, cat # 61-0149-

42), CD19 PE-Cy7 (Invitrogen, cat # 25-0199-42), CD16 Pacific Blue (Thermo Fisher, cat 

# 10277154), and LIVE/DEAD Fixable Blue Dead Cell Stain viability dye (Invitrogen, cat 
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# L34962), per the protocol. Samples were analyzed using a FACSAria II Flow Cytometer 

(BD Biosciences) and FCS Express 7 software (De Novo Software). Cells were initially 

gated on all PBMCs or granulocytes based on forward and side scatter. Then, after gating 

on singlets and live cells, a gate was created for all cells positive for the housekeeping 

gene, RPL13A. From all RPL13A+ live cells, gates were created for CD3+, CD19+, CD14+, 

and CD16+ cells, defining all T cells, B cells, monocytes, and neutrophils, respectively. 

XIST expression was analyzed using a histogram for each cell subset, with the cutoff for 

XIST-positivity being set at FI = 900.  

 

Statistics 

One-way Anova with multiple comparisons t test was used for detecting 

differences in XIST levels in cell culture supernatants. For XIST-positive and XIST-

negative cell counts, a blinded counter was used to count the number of cells in each 

category. A χ2 test on a 2x2 contingency table was used to make each comparison and 

Fisher’s exact p value was calculated. All plots were made using GraphPad Prism 8.4.3 

and Adobe Illustrator.  
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Chapter V 

Conclusions 
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A new paradigm for the role of XIST in systemic autoimmunity 

 We have shown that the XIST RNA has a novel, proinflammatory role in 

autoimmune disease pathogenesis as a TLR7-dependent danger signal. This finding 

introduces a novel paradigm regarding the relationship between XIST and systemic 

autoimmune diseases. On one hand, XIST is responsible for inactivating immune genes 

like TLR7, which are known to promote autoimmunity.146,160 In this context, XIST is 

protective. The importance of this function of XIST may be at play in ACA+ SSc, as 

shown in Chapter III. However, during apoptosis or NETosis, XIST becomes 

extracellular (Chapter IV), where it may activate TLR7 as a ligand. Our data on XIST in 

SLE (Chapter II) indicate that this proinflammatory effect is so dominant that XIST 

expression explains ~ 40% of the variability in clinical disease activity as measured by 

the SLEDAI in our cohort and the IFN signature in publicly available data. These 

findings provide a unifying mechanism behind an apparent disjunction in the literature: 

TLR7 has been shown to be causative in SLE, but XIST expression is also elevated in 

SLE patient lymphocytes.16,18,20,126 Our data suggests that XIST and TLR7 synergize to 

promote inflammation in SLE, as opposed to the former only suppressing the latter. 

An updated model of SLE pathogenesis 

 It is widely accepted that SLE can be driven by a buildup of self-RNA and self-

DNA dead cell debris. Our data puts a name to a face – XIST RNA is an important 

component of the RNA debris that drives the interferon signature in SLE. This finding 

may help explain the development of certain autoantibodies, including α-SSB and α-

RA33, which have been shown to bind XIST, as well as α-dsDNA and α-histone.59,189 
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Presumably, XIST:autoantigen complexes may be able to both activate antigen-

presenting cells via TLR7 and enable activation of autoreactive lymphocytes.  

 A source of debate in SLE pathogenesis is the cellular source of the RNA and 

DNA debris. Some SLE triggers, like UV light exposure, induce a significant amount of 

epithelial cell death, while others, like EBV infections, necrotizing lymphadenopathies, 

and somatic hypermutation, induce immune cell death. XIST RNA is ubiquitous, but 

most highly expressed in immune cells, particularly B cells.102 Furthermore, XIST 

expression in B cells was most predictive of SLE disease status in Chapter II. However, 

neutrophils are also an important suspect as a source of this debris because they are 

the most abundant immune cell and deliberately extrude self-RNA and self-DNA during 

NETosis. Our data in Chapter IV suggest that neutrophils are worth investigating further 

as a source of XIST RNA, since XIST is released during NETosis as well as other forms 

of neutrophil death. Furthermore, our data lead us to speculate that XIST may be 

expressed preferentially by LDGs, which are over-represented in SLE patients. 

Therefore, our data and recent published single-cell RNA sequencing data support the 

hypothesis that immune cells may be one of, if not the most, important source of XIST 

RNA.   

Beyond Autoimmunity 

While this project focused entirely on the role of XIST in autoimmune disease 

pathogenesis, these findings have clear relevance to the fields of viral immunology and 

vaccine science. Interferon, which was initially named for its ability to interfere with viral 

replication, is the primary mechanism by which the innate immune system alerts the 

adaptive immune system to a viral infection.190,191 Host cells shut down transcription in 
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response to many viruses, ultimately reducing the amount of self-RNA released into the 

extracellular space.79 However, as a long-lived lncRNA transcript, XIST is less 

susceptible to transcriptional suppression than mRNA, and is thus more likely to be 

released into the extracellular space during the lytic phase. The fact that XIST RNA is 

even more UU-rich than most viral transcriptomes may mean that female cells releasing 

viral RNA plus XIST are more likely to activate the interferon response than male cells 

releasing viral RNA alone. This hypothesis is supported by the literature, as females 

have stronger interferon responses to viral infections than men and better clinical 

outcomes.1,6,192 Finally, B cells are dependent on TLR7 ligation for activation and for 

differentiation into long-lived, antibody-producing plasma cells, meaning that XIST could 

be responsible for bolstering antibody responses. Thus, the hypothesis that XIST RNA 

contributes to sexual dimorphism in viral immune responses by acting as a danger 

signal deserves investigation. This mechanism may also translate to vaccine science, 

which relies on the activation of a robust interferon response in the absence of 

widespread lytic infection. Overall, our data indicate a new role for XIST RNA as a 

source of TLR7 ligands that underlies the sex bias in SLE and may contribute to sex 

differences in the fields of autoimmunity, viral immunology, and vaccine science more 

broadly.   
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