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Abstract

Objective—Increased type I interferon (IFN-I) and a broad signature of IFN-I-induced gene 

transcripts are observed in patients with SLE and other systemic autoimmune diseases. To identify 

disease-relevant triggers of the IFN-I pathway we investigated whether endogenous virus-like 

genomic repeat elements, normally silent, might be expressed in patients with systemic 

autoimmune disease, activate an innate immune response and induce IFN-I.

Methods—Expression of IFN-I and long interspersed nuclear element-1 (LINE-1; L1) was 

studied in kidney tissue from lupus patients and minor salivary gland (MSG) tissue from patients 

with primary Sjogren’s syndrome (SS) by PCR, western blot and immunohistochemistry. 

Induction of IFN-I by L1 was investigated by transfection of plasmacytoid dendritic cells (pDCs) 

or monocytes with an L1-encoding plasmid or L1 RNA. Involvement of innate immune pathways 

and altered L1 methylation were assessed.

Results—L1 mRNA transcripts were increased in lupus nephritis kidneys and in MSG from SS 

patients and correlated with IFN-I expression and L1 DNA demethylation. L1 open reading frame 

1/p40 protein and IFNβ were expressed in MSG ductal epithelial cells and in lupus kidneys, and 
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IFNα was detected in infiltrating pDCs. Transfection of pDCs or monocytes with L1-encoding 

DNA or RNA induced IFN-I. Inhibition of TLR7/8 reduced L1 induction of IFNα in pDCs and an 

inhibitor of IKKε/TBK1 abrogated induction of IFN-I by L1 RNA in monocytes.

Conclusion—L1 genomic repeat elements represent endogenous nucleic acid triggers of the 

IFN-I pathway in SLE and SS and may contribute to initiation or amplification of autoimmune 

disease.

Systemic autoimmune diseases, with systemic lupus erythematosus (SLE) the prototype, are 

characterized by protean immunologic alterations, heterogeneous clinical manifestations, 

and tissue and organ damage. Recent studies have documented numerous common and 

several rare genetic variants that are associated with SLE, but the endogenous and 

exogenous triggers that initiate and perpetuate disease have not yet been defined (1). The 

presence of elevated serum type I interferon (IFN-I) activity (2) and a broad signature of 

IFN-I-induced gene (IFIG) transcripts and proteins in blood and tissue of patients with lupus 

(3–6) and other systemic autoimmune diseases, including primary Sjogren’s syndrome (SS) 

(7–14), systemic sclerosis (15), and dermatomyositis (16) are consistent with a viral trigger, 

but available data have not identified an exogenous virus as an etiologic agent in any of these 

diseases.

Although extensive in vitro data document the capacity of nucleic acid-containing immune 

complexes to access endosomal Toll-like receptors (TLR) and induce IFNα production by 

peripheral blood cells, particularly plasmacytoid dendritic cells (pDCs), the genetic and 

environmental factors that might initiate IFN-I production prior to development of 

autoantibodies require further investigation. Some first degree relatives of lupus patients 

show elevated IFN-I activity even in the absence of measureable autoantibodies (17). 

Moreover, data from individuals with polymorphisms or single gene mutations in 

components of the TLR-independent nucleic acid-sensing pathway suggest alternative 

mechanisms of induction of IFN-I that do not require stimulatory immune complexes. In that 

regard, mutations in genes associated with Aicardi-Goutieres syndrome, such as TREX1, 

encoding a DNase, or variants in IFIH1, encoding MDA5, an RNA sensor, have been 

documented in lupus patients and indicate that endogenous cytoplasmic nucleic acids can 

drive IFN-I production and innate immune system activation (18,19).

Virus-like repetitive elements comprise a high portion of the human genome (roughly 48%). 

Those sequences originated from retroviruses that integrated into our genome more than 25 

million years ago (20). We hypothesized that these virus-like genomic elements might 

represent an endogenous source of ligands for nucleic acid sensors, induce IFN-I and 

promote a host microenvironment supportive of immune dysfunction, autoimmunity, and 

inflammation, similar to the immunopathology characteristic of some chronic virus 

infections (21,22). Long interspersed nuclear element-1, LINE-1 or L1, is an autonomous 

family of retroelements that remains active in mammalian genomes. It comprises ~ 17% of 

genome content, representing about a half-million copies. L1 contains two open reading 

frames (ORF): ORF1 encoding a 40 kDa RNA binding protein (ORF1/p40) that co-localizes 

with L1 RNA in cytoplasmic ribonucleoprotein (RNP) particles, and ORF2, encoding a 

reverse transcriptase and endonuclease (~150 kDa). The majority of L1 inserts are 5’-
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truncated or mutated and unable to transpose. However a limited number of L1s in the 

human genome are full-length and capable of generating an RNA transcript with the 

potential to be translated into proteins. In some cases, an L1 DNA copy is inserted at a new 

genome location. In view of its potential for genome disruption, L1 expression is stringently 

regulated, particularly through methylation of CpG motifs in its 5’ regulatory region (23). L1 

is predominantly expressed during specific stages of germ cell maturation (24), however 

recent data document its expression in somatic cells, including endothelial cells of human 

male gonads, in normal human brain, and in synovial tissue from patients with rheumatoid 

arthritis (24–27). We hypothesized that inappropriate L1 expression might trigger an innate 

immune response characterized by production of IFN-I that could promote immune 

dysfunction. Altered regulation of genome methylation, inadequate expression of viral 

restriction elements or genetic variants in regulators of nucleic acid integrity or metabolism 

might represent potential mechanisms leading to L1 transcript expression.

To test our hypothesis, we studied mRNA and protein expression of L1 and IFN-I in affected 

tissues from patients with SLE, SS, or sicca syndrome in the setting of an IFN-I-associated 

autoimmune disease. Our data demonstrate increased L1 in kidney tissue from patients with 

class IV lupus nephritis and salivary gland tissue from patients with SS or other autoimmune 

disorders that have been associated with elevated IFN-I and implicate L1 RNA-mediated 

activation of pattern recognition innate immune pathways in the induction of IFN-I. Our data 

support relative hypomethylation of the L1 promoter region as one potential mechanism that 

might account for impaired regulation of L1 in these diseases.

Patients and Methods

Patients

Salivary gland biopsies—MSG biopsies were obtained from 31 patients with SS (mean 

age±SD: 53±14.1), 12 patients presenting with sicca features and an IFN-I-associated 

autoimmune disease, AD, and 5 non-autoimmune sicca controls, SC (mean age±SD: 

48±12.1). SS patients were diagnosed according to the revised American-European 

Consensus Group Criteria (28). Patients and controls had undergone biopsy of labial MSGs 

between May 2002 and May 2013 at the Department of Pathophysiology of the School of 

Medicine, University of Athens, Athens, Greece, as part of the routine diagnostic evaluation 

for SS. All patients and controls were females between the ages of 15 and 72 at the time of 

biopsy and provided informed consent. Sicca patients characterized as IFN-I-associated 

autoimmune patients (AD) included 3 patients with SLE, 4 with Hashimoto thyroiditis, 3 

with primary biliary cirrhosis, 1 with morphea and 1 with a positive titer of antinuclear 

antibodies.

Kidney biopsies—Kidney biopsies from 24 patients with lupus nephritis were obtained 

from the Department of Pathology at New York Presbyterian Hospital, New York, NY and 

were classified according to the International Society of Nephrology ISN/RPS 2003 

classification criteria (6 class III, 14 class IV, 4 class V) (29). All but two patients were 

females between the ages of 11 and 55 at the time of biopsy, fulfilled the American College 

of Rheumatology classification criteria for SLE (30) and provided informed consent. In 
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addition, control renal tissue was obtained commercially from Ambion and from 2 patients 

who presented with proteinuria/hematuria and whose renal biopsies showed no pathology 

(male individuals ages 8 and 12 respectively). The study was approved by the Institutional 

Review Board of Hospital for Special Surgery.

Methods

See Supplemental Methods for detailed description

Cell and tissue preparation and gene expression analysis—RNA was extracted 

from kidney and MSG tissue and L1, IFN-I and IFIG expression determined by real time-

PCR using a Bio-Rad iCycler system with iTaq SYBR Green supermix (Bio-Rad). Primers 

used for PCR detection are listed in Supplemental Table 1. Data are expressed as relative 

expression compared to a housekeeping gene control.

Immunohistochemistry and western blot analysis—Expression of L1 ORF-1/p40 

protein, IFNα and IFNβ and BDCA-2 were examined in serial sections of MSG and renal 

tissues. Incubation with mouse anti-IFNα (Chemicon), anti-IFNβ (GeneTex) or anti-

BDCA-2 (Pierce) monoclonal antibody, rabbit anti-ORF1/p40 antibody or concentration-

matched isotype control antibodies was performed overnight. Tissue sections were 

subsequently incubated for 60 min with a biotinylated F(ab’)2 fragment of anti-mouse or 

anti-rabbit immunoglobulin, followed by horseradish peroxidase (HRP)-conjugated 

streptavidin and were developed with DAB chromogen to the manufacturer’s specifications 

(DakoCytomation). The specificity of staining was confirmed using matched isotype control 

antibodies. Western blot analysis was performed using the anti-ORF1/p40 antibody and anti-

GAPDH to document the relative level of expression of ORF1/p40 in MSG tissue from SS 

patients and SC.

Assessment of L1 promoter methylation at CpG sites—DNA was isolated from SS 

and SC MSG tissue and methylation analysis of the L1 promoter (GenBank accession 

number U09116) was performed by bisulfite-PCR Pyrosequencing. DNA (1 µg) was 

bisulfite modified using EZ DNA Methylation kit™, according to the manufacturer’s 

instructions (Zymo Research). The degree of methylation was expressed as percentage 

methylation based on the allele quantification of artificial “C/T” SNPs.

Cell cultures—Healthy donor PBMCs, salivary epithelial and kidney cell lines as well as 

non-neoplastic salivary epithelial cells were cultured with recombinant human IFN-Is and/or 

TLR ligands. Induction of L1 and IFN-I-related transcripts was assessed by real-time PCR.

Isolation and stimulation of human pDCs and monocytes—PDCs were isolated 

from human peripheral blood by MACS-based negative selection (Miltenyi Biotech) and 

EasySep human pDC enrichment kit (STEMCELL™ Technologies). Human CD14+ 

monocytes were isolated by negative selection with EasySep human monocyte enrichment 

kit (STEMCELL™ Technologies). Purity of isolated cells was assessed by flow cytometry. 

Cells were transfected with plasmid DNA encoding a full-length L1 retroelement or the 

empty vector (pDONR™221, Invitrogen). Alternatively, cells were transfected with in vitro-
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transcribed RNA molecules. PDCs and monocytes stimulated with empty vehicles served as 

the negative control. For some experiments pDCs or monocytes were pre-cultured with 

inhibitors of TLR7/8, TLR9 or TBK1/IKKε prior to transfection with a plasmid containing 

an L1 element cloned from human chromosome X (AC002980), in vitro-transcribed L1, U1 

or Y3 RNA or control plasmid or RNA. Induction of IFN-I-related genes was assessed by 

real-time PCR, and IFN-I protein activity in culture supernatants was quantified using the 

WISH reporter cell assay (2).

Statistics—Two-group comparisons of continuous data were assessed using t-tests or the 

Mann-Whitney test when data were not normally distributed. Correlation between gene 

expression data and methylation levels was determined using non-parametric Spearman’s 

test. For in vitro experiments, data are expressed as means±s.e.m., and mean values of 

relative expression between unstimulated and stimulated cells were compared using paired 

two-tailed student t-tests. Differences were considered statistically significant for p<0.05.

Results

Expression of L1 retroelement in affected tissues from systemic autoimmune disease 
patients

We hypothesized that abnormal expression of L1 retroelements might trigger an innate 

immune response similar to that induced by exogenous viruses and contribute to activation 

of the IFN-I pathway in patients with a systemic autoimmune disease. To test this hypothesis 

we studied expression of L1 transcripts and protein in affected tissues from patients with two 

related autoimmune diseases, SLE and SS. Kidney tissue from 24 patients with lupus 

nephritis and MSG tissue from 31 patients with primary SS (not complicated by lymphoma), 

12 patients with an IFN-I-associated autoimmune disease (AD), 5 patients with non-

autoimmune conditions (SC), and pooled RNA from healthy individuals were analyzed. We 

found elevated L1 transcripts in renal biopsies from patients with diffuse proliferative lupus 

glomerulonephritis (class IV) compared to renal tissue from non-autoimmune subjects, with 

class III and V (membranous) lupus nephritis kidneys showing a similar trend (Fig. 1A). 

Relative expression of full-length L1 transcripts was also higher in MSG from primary SS 

patients and those with other autoimmune disorders compared to MSG tissue from non-

autoimmune and healthy controls (Fig. 1B). Serial sections of renal and MSG tissues stained 

with an antibody to ORF1/p40 showed p40 protein in renal tubular cells from SLE kidneys 

and in MSG ductal epithelial cells and some infiltrating mononuclear cells from SS patients 

and to a much lesser extent in SC (Fig. 2A, F, K). Ductal epithelial cells also showed striking 

staining with antibodies specific for IFNβ (Fig. 2D, N) while scattered infiltrating 

mononuclear cells, many staining with anti-BDCA2 antibody, reflecting pDCs, were stained 

by the anti-IFNα antibody (Fig. 2B, C, I, M). Expression of ORF1/p40 was confirmed by 

western blot analysis of protein extracts from MSG tissues, with SS tissues showing 

increased expression compared to non-autoimmune sicca controls (SC) (Fig. 2P, Q). These 

results demonstrate that L1 retroelements are transcribed, and at least one of the L1 proteins 

- ORF1/p40 - is expressed in organs targeted by the immune system in SLE and SS. 

Moreover, the data demonstrate presence of IFNβ and IFNα in tubular epithelial cells and 
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infiltrating pDCs, respectively, suggesting the possibility that L1 transcript expression might 

drive IFN-I expression through either TLR-independent or -dependent pathways.

L1 promoter methylation levels in SS salivary gland tissues

Since methylation of the CpG-rich promoter of L1 retroelements represents one of the major 

mechanisms of L1 transcriptional regulation, we investigated whether increased L1 

expression in MSG tissues might be associated with reduced L1 methylation. L1 

methylation was determined in DNA isolated from MSG tissues of 13 SS patients and 4 SC 

of comparable age included in our initial cohort. A negative correlation of L1 expression 

with % L1 methylation was documented for the majority of L1 promoter CpG sites tested, 

suggesting that augmented demethylation processes, or alternatively impaired remethylation, 

might account for the observed L1 overexpression in SS MSG tissues (Table 1). 

Supplemental Figure S1 reveals a trend toward reduced % L1 methylation levels in MSG 

tissues derived from SS patients compared to the MSG control samples tested (mean±SD: 

49.9 ± 5.3 vs 54.9 ± 3.0, p=0.12). These data support a role for altered L1 methylation as a 

potential mechanism of the observed L1 mRNA transcript expression.

Association of L1 mRNA expression with IFN-I in vivo in SLE and SS

As SLE and SS are characterized by increased production of IFN-I, we explored whether L1 

expression might be related to IFN-I synthesis in individual patients. As noted, lupus kidney 

tissue and SS MSG showed expression of IFN-I protein in a similar distribution as ORF1/

p40: in renal tubular cells, MSG ductal epithelial cells, and infiltrating mononuclear cells 

(Fig. 2). A striking correlation of L1 mRNA expression with IFNα2 was detected in MSG 

tissue from SS and AD patients (r=0.90, p<0.0001; r=0.91, p<0.0001, respectively) (Fig. 3A 

and E). Similarly, coordinate expression of L1 and IFNα2 was detected in kidney tissue 

(r=0.46, p=0.03) from SLE patients (Fig. 3C). Correlation of L1 with IFNβ transcripts was 

also observed in SS MSG tissues and to a lesser extent in lupus kidney tissues (Fig. 3B and 

D). Collectively, these results point to a potential functional relationship between L1 

transcript expression and IFN-I production in SLE and SS tissues.

Type I IFN and non-specific stimuli do not induce L1 retroelement expression in vitro

Observing strong correlation between L1 and IFN-I expression in affected tissues, we 

wanted to exclude the possibility of direct induction of L1 retroelements by IFN-I or innate 

immune stimuli such as TLR ligands. We stimulated PBMC from healthy individuals with 

various doses of human recombinant IFNα for 6 hours and analyzed expression of IFIGs 

IFIT1 or IFIT3 and L1 transcripts. IFNα induced IFIT1 in a dose-related fashion while L1 

transcripts were not detected (Fig. S2A). To mimic potential responses of salivary gland and 

kidney tissue, we used a human embryonic kidney cell line (HEK 293F) and a salivary gland 

epithelial cell line (HSG) as responder cells. Similar to what was observed with PBMC, 

stimulation of HEK 293F and HSG cells with various doses of IFNα did not lead to 

increased expression of L1 mRNA (Fig. S2B and C). Thus, L1 transcription was not induced 

directly by IFNα. We also ruled out several relevant immune activation pathways as likely 

contributors to induction of L1 in patients with SLE or SS. Neither the TLR9 agonist CpG 

DNA (dose range 1–10µg/ml) nor TLR7 agonist CL097 (dose range 1–10µg/ml) increased 

transcription of L1 in PBMC (Fig. S2D and E). Additionally, stimulation of non-neoplastic 
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salivary epithelial cells derived from SS patients with IFNα or IFNβ did not increase L1 

transcription after 6 or 24h (Fig. S2F).

L1 can induce IFN-I production in vitro through TLR-dependent and TLR-independent 
pathways

Since IFN-I did not stimulate L1 expression, we investigated whether the strong correlation 

observed between L1 and IFN-I in SLE and SS tissues could be based on the induction of 

IFN-I by L1 DNA or RNA. We cloned a full-length L1 retrotransposon together with its 

natural promoter region from the X chromosome of an SLE patient into a plasmid and then 

transfected pDC, known to be active producers of IFNα, with either empty or L1-carrying 

plasmids. L1 transcription from the plasmid (Fig. 4A), as well as modestly increased IFNα2 

mRNA (Fig. 4B), were detected in cells transfected with L1-encoding plasmid compared to 

those receiving an empty vector.

We next generated 5’UTR fragments of L1 mRNA, as 1) we would expect those to be 

present only in the context of transcription of full-length L1 retroelements and 2) they 

potentially possess immune stimulatory activity due to their capacity to form secondary 

structures. We also obtained RNA derived from two classic targets of autoimmunity in SLE 

and related syndromes, human Y3 RNA (associated with the Ro RNP antigen) and U1 RNA 

(associated with the Sm/RNP antigen), RNAs with distinct secondary structures. 

Transfection of human pDC with either L1 or U1 RNA, but not hY3 or an unrelated RNA 

control, caused robust induction of IFNα mRNA, and IFN-I protein activity (2) was also 

confirmed in supernatants from the same cultures (Fig. 4C and D). Elevated IFNa2 in the 

presence of L1 RNA was also observed after electroporating freshly isolated human CD14+ 

cells with either an L1-containing plasmid or L1 RNA (Fig. 4E). These findings show that 

L1 and U1 RNA can initiate effectively IFN-I production in human pDCs and monocytes, 

suggesting their potential role in promoting IFN-related autoimmune diseases.

In order to gain insight into the mechanism of IFN-I induction by L1 RNA we used specific 

inhibitors of two RNA detection pathways: IRS 661, which inhibits endosomal TLR7 and 

TLR8, and Bx795, an inhibitor of TBK1/IKKε, kinases that are activated downstream of 

cytoplasmic nucleic acid sensors (including RIG-I and MDA5). Incubation of pDC with the 

TLR inhibitor or monocytes with the TBK1/IKKε inhibitor significantly reduced IFN-I 

induction by L1 RNA (Fig. 5A–C), pointing to the capacity of L1 RNA to signal through 

both TLR-dependent and TLR-independent pathways.

Discussion

We hypothesized that transcriptionally active L1 elements might provide an innate immune 

trigger similar to that induced by exogenous viruses and contribute to activation of the IFN-I 

pathway in patients with systemic autoimmune diseases. To pursue this possibility, we 

studied affected tissues from patients with two related autoimmune diseases, SLE and SS, 

both characterized by an IFN-I signature. We found that L1 mRNA and L1 ORF1/p40 

protein were expressed in renal and MSG tissues from patients with lupus nephritis or 

primary SS. Similarly, L1 transcripts were detected in MSG tissue from patients with 

autoimmune diseases that are associated with increased IFN-I. As methylation of CpG sites 
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in the L1 promoter was negatively correlated with L1 expression in MSG tissues, alterations 

in mechanisms that either demethylate or restore methylation might contribute to the 

observed L1 overexpression. Moreover, L1 transcript expression strongly correlated with 

both IFNβ and IFNα expression in the same tissues. While we cannot definitively attribute 

IFNα or IFNβ expression to a particular cell type, a striking co-localization of L1 ORF1/p40 

protein and IFNβ was notable in MSG ductal and renal tubular epithelial cells. After 

excluding L1 induction by IFNα or -β as well as several non-specific innate immune stimuli, 

we demonstrated that transfection of pDCs or monocytes with an L1 carrying plasmid or L1 

RNA induced IFN-I production by those cells. Additionally, incubation of pDC with an 

inhibitor of TLR7/8, but not TLR9, and inhibition of RIG-I and MDA5 signaling in 

monocytes significantly reduced IFN-I induced by L1, pointing to L1 RNA as a stimulus for 

IFN-I through both TLR-dependent and TLR-independent mechanisms.

A potential role for virus infection in the pathogenesis of autoimmune disease has long been 

an attractive hypothesis, in part based on clinical manifestations that mimic acute or chronic 

virus infection (31, 32). Although production of IFN-I is a key component of anti-viral host 

defense, with the possible exception of Epstein Barr virus (33) there are scant data to 

directly implicate an exogenous virus in the IFN-I pathway activation observed in many 

lupus patients. Attention has turned to endogenous triggers of immune activation (21, 34), 

and a significant advance relates to the role of self-nucleic acid-containing immune 

complexes as stimuli for endosomal TLRs and IFN-I production (35, 36). Additional support 

for nucleic acids as inducers of IFN-I production comes from investigation of rare clinical 

syndromes, such as Aicardi-Goutieres syndrome, characterized by elevated IFN-I, lupus-

type autoantibodies, skin rash, and neurologic manifestations (18, 37–39). The molecular 

basis of these syndromes is informed by mutations in enzymes that cleave or modify DNA 

or RNA that gains access to the cytoplasm or is otherwise potentially immunostimulatory 

(18, 37–39). Among these, TREX1 mutations have been extensively studied, and it is 

proposed that the nucleic acid targets of the TREX1-encoded DNase are enriched in 

genomic retrotransposon elements (40). Together with our data reported here, the association 

of mutations in TREX1, RNASEH2, SAMHD1, ADAR1 and IFIH1 draw attention to the 

potential pathogenic role of cytoplasmic nucleic acids and genomic viral-like elements in 

human disease (18, 21, 37–40).

Several characteristics of L1 raised our interest in investigating those elements as candidate 

triggers of an innate immune response and autoimmunity (20, 21). First, L1 uses both RNA 

and DNA intermediates for retrotransposition, with each present in forms that could be 

deleterious to the host. Single-stranded DNA, generated in the process of retrotransposition, 

is atypical in eukaryotic cells, and bicistronic forms of full-length L1 mRNA have been 

described. Second, there is differential regulation of L1 expression during meiosis in females 

and males, suggesting mechanisms relevant to the female gender bias in systemic 

autoimmune diseases (41). Third, accumulation of L1 in lymphoid organs of lupus-prone 

mice and in inflamed RA synovium points to a potential direct role of this retroelement in 

the induction of aberrant immune responses (27, 42). Fourth, plasma DNA from lupus 

patients is enriched in repetitive sequences and is characterized by high levels of CpG-

dinucleotides sharing homologies with human retroviruses (43, 44). Additionally, recent data 

demonstrate strong similarities between the gene expression profile of HIV-1-infected CD4+ 
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T cells, including notable representation of L1 and human endogenous retroviral transcripts, 

and the gene expression profile of lupus T cells, further supporting investigation of a role for 

L1 in the immunopathology of systemic autoimmune diseases (45).

Altered epigenetic regulation of gene expression in association with autoimmunity also 

draws attention to a potential role for L1. Methylation is regarded as the predominant 

mechanism suppressing expression of L1 retroelements under physiological conditions, and 

changes in methylation status have been increasingly appreciated in association with 

autoimmune disorders such as SLE (46, 47). The inverse correlation between L1 expression 

and L1 promoter methylation levels in MSG tissues in our study suggests epigenetic 

alterations as significant underlying contributors to the inappropriate overexpression of L1 

endogenous retroelements in systemic autoimmune disorders.

Since L1 RNA possesses characteristics of viral RNA and is present in the cytoplasm and as 

RNP particles during its life cycle, we hypothesized that it might be recognized by RNA 

sensors and potentiate an innate immune response. The RNA component of some RNPs acts 

as an endogenous adjuvant and plays a role in the pathogenesis of SLE (35,36,48), and 

autoantibodies targeting RNA-containing particles are strongly associated with expression of 

IFIGs in lupus PBMC (49). Among the pattern recognition receptors that initiate immune 

responses, TLRs recognize nucleic acids – double stranded (ds)RNA (TLR3), ssRNA 

(TLR7/8) and unmethylated CpG-rich DNA (TLR9) – and are localized in endosomal 

compartments. Another class of nucleic acid receptors - the RIG-I-like receptors – are 

located in the cytoplasm and recognize modified ds- and ssRNA and DNA. While 

demethylated L1 DNA fragments of apoptotic cells in vivo or a plasmid in vitro (our 

experiment) might signal through TLR9 or cytoplasmic DNA sensors and are relevant 

candidate stimuli for IFN-I, we emphasize the role of the L1 RNA transcript in IFN-I 

induction. L1 mRNA synthesis precedes formation of reverse-transcribed L1 ssDNA. 

Additionally, while reverse transcription occurs in the nucleus (it requires a primer in the 

form of a 3'-hydroxyl generated by ORF2 nicks in the host genome), L1 mRNA is localized 

to the cytoplasm where it can be recognized by cytosolic RNA sensors or form stable RNA-

protein complexes that could be exposed to the immune system after apoptosis or necrosis. 

In view of these features, we hypothesized that L1 ssRNA stimulates IFN-I production, 

either through TLR7 or cytosolic RNA sensors, or both. While delivery to TLRs of L1 RNA 

in RNP-containing immune complexes is one potential mechanism of induction of IFN-I, we 

highlight recognition of L1 RNA mediated by cytosolic helicases, such as RIG-I and MDA5. 

Staining data from SS MSG and lupus kidney tissue suggest co-localization of L1 p40 

protein and IFNβ, a major target of signaling initiated by cytoplasmic nucleic acids, and we 

observed the strongest induction of IFN-I by in vitro-transcribed L1 RNA. Thus we propose 

that L1 RNA can trigger an innate immune response through RNA-sensing receptors, 

resulting in significant synthesis of IFN-I and the protean immunologic alterations 

attributable to IFN-I.

A potential role for retroviruses or retroviral-like elements as pathogenic agents in 

autoimmune diseases has been a focus of interest over several decades (10, 20, 21, 34, 40, 

43, 44). While limited by the availability of sufficient tissue for full analysis of the cell 

populations expressing L1 transcripts or protein and the precise mechanisms through which 
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L1 transcripts interact with and stimulate nucleic acid sensors, our data support the 

hypothesis that L1, perhaps along with other virus-derived genomic elements, might be a 

common denominator in autoimmune disorders characterized by activation of the IFN-I 

pathway. Investigation of the genetic and environmental factors that alter the usual stringent 

regulation of L1 elements and increase availability of these endogenous immunostimulatory 

factors should suggest new avenues for therapeutic intervention in these diseases. More than 

thirty years ago, Barbara McClintock viewed the activation of endogenous transposons as a 

genomic defense mechanism against potential environmental threats, contributing to genetic 

diversity and the possibility of an effective adaptation (50). In this context, we speculate that 

autoimmune disease is the price we pay for the genomic flexibility that permits adaptation 

and survival of our species.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of L1 mRNA in involved tissues from SLE and SS patients
(A) Total mRNA from kidney tissue was extracted and relative expression of L1 mRNA 

quantified by RT-PCR, using a primer set that amplifies the 5’UTR of human LRE2. Kidney 

biopsy tissue was obtained from either healthy individuals (HD, healthy donors) or lupus 

nephritis patients with different classes (IV, III, V) of renal pathology. (B) Relative 

expression of L1 mRNA was quantified in human MSG from 31 patients with primary SS; 

12 patients with IFN-I-associated autoimmune disease (AD) and sicca symptoms; 5 non-

autoimmune sicca controls (SC); and pooled mRNA from MSG of 24 healthy individuals 

(Clontech laboratories, Inc.) (HD).
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Figure 2. Immunohistochemical and western blot detection of L1 in salivary gland tissue and 
kidney tissue
(A–O) Representative examples of immunohistochemical data are demonstrated. MSG 

tissue from a SS patient and a SC patient and renal tissue from a patient with class IV lupus 

nephritis were stained with antibodies specific for ORF1/p40 (L1), BDCA-2 (a specific 

marker for pDCs), IFNα, IFNβ or an IgG control. L1 and IFNβ staining were particularly 

strong in SS salivary ductal epithelial cells and lupus renal tubular epithelial cells (A, K, D, 

N), while positive IFNα stained cells (representative cells indicated by arrow) coincided 

with anti-BDCA-2-stained cells (pDCs) (B, C, L, M). (P, Q) Western blot analysis of protein 

extracts from 5 SS and 3SC MSG samples was performed with rabbit anti-ORF1/p40 and 

mouse anti-GAPDH antibodies. ORF-1/p40 levels were significantly higher in the SS than 

the SC samples. Representative gels from 2 SS patients and 1 SC are shown.
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Figure 3. Coordinate expression of L1 and type I IFN mRNA in affected tissues from patients 
with systemic autoimmune disease
IFNα2 (A, C, E) and IFNβ (B, D) mRNA expression were measured by RT-PCR in MSG 

tissue from patients with SS (A,B), in lupus nephritis renal tissues (C,D), and in MSG tissue 

from patients with IFN-I-associated AD and sicca symptoms (E) and related to expression of 

L1 mRNA. Spearman correlation is shown for L1 with IFNα2 or IFNβ.
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Figure 4. L1 induces IFNα in human plasmacytoid dendritic cells and monocytes
(A) Expression of L1 mRNA in pDC 6 hours post transfection with an L1-containing 

plasmid (pDONR221-L1) or empty vector (pDONR221) as measured by RT-PCR. (B) 

Expression of IFNα2 by pDC 6 hours post-transfection with an L1-containing or control 

plasmid. (C) Human pDC were transfected directly with a purified L1 RNA fragment, with 

U1 or hY3 RNA, or with unrelated control RNA using DOTAP transfection reagent. Relative 

expression of IFNα2 was determined after 6 hours. (D) IFN-I protein activity was assessed 

in supernatants from the experiments shown in (C) using a reporter cell (WISH) assay. 

Relative expression of interferon inducible gene MX1 in WISH cells was measured by RT-

PCR after 4 hours of incubation with 50% supernatants. (E) Expression of IFNα2 mRNA in 

human CD14+ monocytes 6 hours after electroporation of an L1-containing or control 

plasmid or purified L1 RNA.
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Figure 5. Inhibition of TLR7/8 and TBK1/IKKε pathways
(A) Human pDC were pre-treated for 1 hour with either TLR9 inhibitor IRS 894 or TLR7/8 

inhibitor IRS 661 followed by stimulation for 4 hours with either TLR9 ligand CpG or with 

L1 RNA. Relative expression of IFNα2 was measured by RT-PCR, and the percent of the 

level induced by either CpG or L1 RNA is shown. (B) Human CD14+ monocytes were pre-

treated for 30 min with TBK1/IKKε inhibitor Bx795 that blocks signaling downstream of 

the RIG-I-like receptor (RLR) pathway followed by transfection with either positive or 

negative RNA controls (+RNA/−RNA) or L1 RNA. After 4 hours of incubation relative 

expression of interferon inducible gene IFIT3 was measured by RT-PCR. (C) Supernatants 

from the CD14+ cells cultured as shown in (B) were incubated with reporter (WISH) cells to 

assess IFN-I protein activity. The level of interferon inducible gene MX1 in WISH cells after 

4 hours of stimulation with 50% supernatants is shown.
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Table 1

Inverse correlation of L1 mRNA expression with L1 promoter methylation levels in salivary gland tissues from 

SS patients and sicca controls.

CpG
Promoter Site

Spearman's rho

Methylation levels (%) vs. L1 mRNA expression

r p-values

CpG pos #1 −0.674 0.003

CpG pos #2 −0.617 0.008

CpG pos #3 −0.674 0.003

CpG pos #4 −0.621 0.008

CpG pos #5 −0.278 0.41

CpG pos #7 −0.664 0.004

CpG pos #8 −0.496 0.09

CpG pos #9 −0.462 0.112

Mean −0.598 0.011

r: Spearman’s correlation rho coefficients and corresponding p-values at several CpG sites are shown for 17 MSG samples. No amplification was 
detected for CpG positions #6 and #10.
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