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High Prevalence and Disease Correlation of Autoantibodies
Against p40 Encoded by Long Interspersed Nuclear
Elements in Systemic Lupus Erythematosus
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Objective. Long interspersed nuclear element 1 (LINE-1) encodes 2 proteins, the RNA binding protein p40 and
endonuclease and reverse transcriptase (open-reading frame 2p [ORF2p]), which are both required for LINE-1 to
retrotranspose. In cells expressing LINE-1, these proteins assemble with LINE-1 RNA and additional RNA binding
proteins, some of which are well-known autoantigens in patients with systemic lupus erythematosus (SLE). This study
was undertaken to investigate whether SLE patients also produce autoantibodies against LINE-1 p40.

Methods. Highly purified p40 protein was used to quantitate IgG autoantibodies in serum from 172 SLE patients
and from disease controls and age-matched healthy subjects by immunoblotting and enzyme-linked immunosorbent
assay (ELISA). Preparations of p40 that also contained associated proteins were analyzed by immunoblotting with
patient sera.

Results. Antibodies reactive with p40 were detected in the majority of patients and many healthy controls.
Their levels were higher in patients with SLE, but not those with systemic sclerosis, compared to healthy subjects
(P = 0.01). Anti-p40 reactivity was higher in patients during a flare than in patients with disease in remission
(P = 0.03); correlated with the SLE Disease Activity Index score (P = 0.0002), type | interferon score (P = 0.006), de-
crease in complement C3 level (P = 0.0001), the presence of anti-DNA antibodies (P < 0.0001) and anti-C1q antibod-
ies (P = 0.004), and current or past history of nephritis (P = 0.02 and P = 0.003, respectively); and correlated inversely
with age (r = —-0.49, P < 0.0001). SLE patient sera also reacted with p40-associated proteins.

Conclusion. Autoantibodies reacting with LINE-1 p40 characterize a population of SLE patients with severe and
active disease. These autoantibodies may represent an early immune response against LINE-1 p40 that does not
yet by itself imply clinically significant autoimmunity, but may represent an early, and still reversible, step toward SLE

pathogenesis.
INTRODUCTION

Long interspersed nuclear element 1 (LINE-1; also known as
L1) constitutes 17% of the human genome (1-4). While most of the
~500,000 LINE-1 copies are mutated and truncated, some ~180
are seemingly intact and a handful of them remain “hot” today
(5), i.e., they continue to retrotranspose by a copy-and-paste
mechanism, occasionally disrupting genes or regulatory regions
by novel insertions (6). To counteract this threat, an elaborate set
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of defense mechanisms has evolved against retroelements and
retroviruses (7-12), and it has been proposed that many human
diseases, including cancer and immune-mediated diseases, are
connected with LINE-1 biology (13,14).

Indeed, loss-of-function mutations in several genes for these
defense mechanisms cause a severe developmental disease
known as Aicardi-Goutieres syndrome (15,16), which is charac-
terized by constitutively high production of type | interferons (IFNs),
neurologic deficits due to IFN toxicity, and autoimmunity with all
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the hallmarks of systemic lupus erythematosus (SLE). In patients
with Aicardi-Goutieres syndrome with mutations in the cytosolic
DNase TREXT gene (17,18), type | IFNs are produced in response
to aberrantly present intracellular DNA (which TREX1 normally
degrades). Further, in patients with Aicardi-Goutieres syndrome
with mutations in RNASEH2 (17), which degrades DNA-RNA
heteroduplexes, or SAMHD1 (19,20), which removes deoxynu-
cleotides required for reverse transcription, the IFN-driving aber-
rant DNA apparently results from reverse transcription of cellular
RNAs. The cellular enzyme most likely responsible for this reverse
transcription is the second open-reading frame (ORF2p) of LINE-
1, which encodes a highly efficient reverse transcriptase (21,22)
that can use many cellular RNA templates, including its own mes-
senger RNA (MRNA) (3,4) or Alu transcripts, to generate DNA
species that may trigger IFN production.

There are additional reasons to suspect that LINE-1 could
potentially be involved in SLE development, perpetuation, and/or
disease flares: 1) the first ORF of LINE-1 encodes a 40-kd RNA
binding protein (p40), which is physically associated with Ro, La,
small nuclear RNP 70, and other well-known SLE autoantigens
(23-26) together with RNA in heterogenous macromolecular
assemblies (possibly stress granules); and 2) while LINE-1 loci
are largely silent in healthy subjects, LINE-1 transcripts and p40
protein have been detected in patients with SLE and Sjoégren’s
syndrome (27-29). Furthermore, LINE-1 transcription can be
induced by many conditions known to precipitate SLE flares, such
as reduced genomic methylation (29), low DNA methyltransferase
(DNMT) expression (30), DNMT1 polymorphisms, demethylating
drugs (e.g., hydralazine and procainamide [31]), and ultraviolet
light (32). LINE-1 loci are also transcriptionally active in patients
with Aicardi-Goutieres syndrome (33), suggesting that LINE-1
ORF2p is indeed the reverse transcriptase responsible for the
aberrant DNA (34) that drives type | IFN production and the dis-
ease in patients with Aicardi-Goutieres syndrome (35). Inhibitors
of the reverse transcriptase can reduce the IFN gene signature in
patients with Aicardi-Goutieres syndrome (36).

In this study, we demonstrate that a majority of SLE
patients have IgG autoantibodies against LINE-1 p40 protein
and that the reactivity against this autoantigen correlates with
disease activity and serologic measures of disease. We also
show that patients have autoantibodies against some p40-
associated proteins.

MATERIALS AND METHODS

SLE patients. A first cohort of patients with SLE (n = 10)
was recruited through the University of Washington Division of
Rheumatology Biorepository to participate in research studies
at the University of Washington Medical Center. The study was
approved by regional ethics boards (STUDY00006196), and writ-
ten informed consent was obtained from all participants. A sec-
ond cohort of SLE patients with disease in remission (n = 83),

SLE patients experiencing a flare (n = 79), disease controls (with
systemic sclerosis; n = 20), and healthy individuals (n = 78) was
recruited in the Department of Medicine, Skéne University Hospital
(Lund, Sweden). The study was approved by the Lund University
local ethics board (LU0O6014520 and LU 378-02). Written informed
consent was obtained from all participants in accordance with the
Declaration of Helsinki. The Swedish patient cohorts have been
described in great detail previously (37-39).

Purification of LINE-1 ORF1p p40 protein. ORF1p was
expressed in Escherichia coli LOBSTR pLysS pRare2 (DE3) (40)
from plasmid pMT538, containing full-length synthetic human
ORF1p (ORFeusHS) with an N-terminal HIS6-TEV sequence in a
pPETM11 backbone such that cleavage leaves only an N-glycine
scar. Protein was purified using nickel-nitrilotriacetic acid affinity,
cleaved from the column overnight using excess TEV protease
and RNAse A, and then further purified by size exclusion in a buffer
containing 50 mM HEPES pH 7.8, 500 mM NaCl, 10 mM MgCl,,
and 0.5 mM tris(2-carboxyethyl)phosphine. Peak fractions corre-
sponding to monomeric ORF1p were pooled and concentrated at
~8 mg/ml. The purity of this preparation is illustrated in Figure 1A.

Separate p40 preparations were generated to include
p40-associated proteins (26). Anti-FLAG affinity capture of
C-terminal, FLAG-tagged ORF1p was conducted as previously
described (41,42). Briefly, HEK 293T , cells expressing either
doxycycline-inducible, intact LINE-1 (ORF1::FLAG; pLD288);
ORF1p alone (AORF2; pLD603); or, as a control, empty vector
(PCEP-puro), were all subjected to anti-FLAG affinity capture. At
the point of elution, ORF1p-containing macromolecules were
released either by native elution in 3x FLAG peptide (1 mg/
ml) or by the application of lithium dodecyl sulfate—contain-
ing NUPAGE sample buffer. For each sample type: 50 mg cell
powder per experiment, extracted at 25% (weight/volume)
in 20 mM HEPES, pH7.4, 1% (volume/volume) Triton X-100,
500 mM NaCl, supplemented with protease inhibitors. Centrif-
ugally clarified extracts were combined with 50 pl of anti-FLAG
magnetic medium.

Immunoblotting. One microgram of p40 protein per
sodium dodecy! sulfate (SDS) gel was resolved by electrophoresis
and transferred onto PVDF membranes, which were cut into 12-15
strips, and immunoblotted with patient or healthy control serum,
each diluted 1:100, and developed by horseradish peroxidase—
conjugated anti-human IgG and enhanced chemiluminescence.
Anti-LINE-1 ORF1p antibody, clone 4H1, was from MilliporeSigma.

Enzyme-linked immunosorbent assays (ELISAs).
Purified p40 protein was adsorbed onto 96-well polystyrene
plates at 330 ng/well in 0.1M carbonate (pH 9.6) buffer over-
night, washed in phosphate buffered saline (PBS)-Tween,
and blocked in 1% bovine serum albumin in PBS for 2
hours. Patient or healthy control serum was added at 0.5%
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Figure 1. Systemic lupus erythematosus (SLE) sera recognize long interspersed nuclear element 1 (LINE-1) open-reading frame 1 p40
protein. A, Coomassie brilliant blue staining of the purified p40 preparation. The asterisk denotes p40 and the double asterisks indicate a
minor amount of cleaved p40. B, Immunoblot showing levels of anti-p40 antibodies in sera from 3 healthy controls (HCs; lanes 1-3) and 10
patients with SLE (lanes 4-13). C, Enzyme-linked immunosorbent assay (ELISA) for anti-p40 antibodies in the samples from SLE patient A (SLE
pat. A; lane 13 in B), SLE patient B (lane 12 in B), and the 3 healthy controls combined. Bars show the mean + SD (n = 9 wells per group). D,
ELISA for anti-p40 antibodies with the indicated dilutions of sera from 4 SLE patients and 1 healthy control, including the same patients (SLE
patients A and B) as in B. E, ELISA for anti-p40 antibodies in SLE patient samples without additions to the assay (-), with a 10-fold excess of
soluble p40, and with an equal amount of soluble DNA. F, ELISA for anti-p40 antibodies in SLE patient samples without additions to the assay
and with DNase. G, ELISA for anti-double-stranded DNA (anti-dsDNA) antibodies in SLE patient samples without additions to the assay and
with DNase. In E-G, lines represent individual patients. H, Immunoblot showing anti-p40 reactivity with a neutrophil lysate from SLE patient
serum, 300 ng of p40, and a mixture of neutrophil lysate and p40. I, Immunoblot showing anti-p40 reactivity in SLE serum without additional
treatment and in the presence of 1 ug soluble DNA. abs = absorbance; NS = not significant.

in blocking buffer for overnight incubation at 4°C, washed
extensively, and then incubated with a 1:20,000 dilution of
horseradish peroxidase—-conjugated anti-human 1gG. The
reaction was then washed and developed with tetramethylb-
enzidine, the color reaction was terminated with 2N sulfuric

acid, and absorbance was measured at 450 nm using a plate
reader.

In competition ELISAs, 3 pg of soluble p40 or 3 pg of salmon
sperm DNA was added to the wells at the same time as patient
serum. DNase treatment (to prevent DNA from potentially associating
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Figure 2. Correlation of levels of autoantibodies against LINE-1 p40 with SLE disease activity. A, Quantitation of autoantibodies reactive with
LINE-1 p40 in serum from healthy control subjects (n = 78), patients with systemic sclerosis (SSc; n = 20), patients with SLE in remission (n = 83),
and patients with SLE during a flare (n = 79). The broken line indicates the 90th percentile in healthy controls. B, Correlation between anti-p40
autoantibody levels and SLE Disease Activity Index (SLEDAI) score in the 79 SLE patients experiencing a flare. C, SLEDAI score in the SLE patients
with anti-p40 reactivity below the 90th percentile in healthy controls (p40 low) and those with anti-p40 reactivity above the 90th percentile in healthy
controls (p40 high). D, Levels of complement C3 in SLE patients categorized as in C. E, Anti-p40 reactivity in SLE patients with normal complement
levels as defined by the SLEDAI and those with low complement levels as defined by the SLEDAI. F, Anti-p40 reactivity in SLE patients without
anti-dsDNA antibodies and those with anti-dsDNA antibodies. Symbols represent individual subjects; horizontal lines show the median. P values
were determined by Mann-Whitney U test in A and C—F and by Spearman’s correlation test in B. See Figure 1 for other definitions.

with p40) was carried out by adding 1 pg/ml of DNase in buffer Type | IFN assay. Type | IFN activity was measured as pre-
with Mg?" and Ca®* to wells with either adsorbed p40 or DNA at the viously described (43-45). Briefly, endothelial WISH cells were
same time patient serum was added. cultured with patient serum and analyzed for the induction of 6
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IFN-regulated genes and 3 housekeeping genes using a Quan-
tiGene Plex 2.0 assay according to the recommendations of the
manufacturer (Panomics).

Statistical analysis. For unpaired sample sets with non-
Gaussian distribution, Mann-Whitney U test and Spearman’s cor-
relation test were used, as applicable. For paired sample sets,
Wilcoxon matched pairs signed rank test was used. In some anal-
yses, logistic regression analysis was used for dichotomized var-
iables. As a cutoff for positivity, the 90th percentile in the healthy
controls was used. GraphPad Prism and IBM SPSS software
were used for statistical analyses. P values less than 0.05 were
considered significant.

RESULTS

Autoantibodies against LINE-1 p40. To determine if SLE
patients have autoantibodies of the IgG class against LINE-1 pro-
teins, 1 pg purified p40 was resolved on SDS gels, transferred
onto PVDF membranes, which were cut into 15-20 vertical strips,
and immunoblotted with 1:100 diluted sera from SLE patients or
healthy subjects. As shown in Figure 1B, all 10 SLE patients had
antibodies against p40, some strong, some weaker, while healthy
subjects showed a very faint band. The intensity of the p40 band
was strongest in the 2 SLE patients with the highest SLE Disease
Activity Index (SLEDAI) scores (46).

Quantitation of anti-p40 autoantibodies. To better
quantitate the anti-p40 reactivity, and to be able to screen a larger

number of SLE patients, healthy controls, and other disease con-
trols, we developed an ELISA using the highly purified p40 pro-
tein. Reactivity in these assays correlated closely with the intensity
of the bands on the p40 immunoblots with sera from the same
patients (Figure 1C). As shown in Figure 2A, autoantibodies reac-
tive with p40 were detected in the majority of patients and healthy
controls, but their levels were considerably higher in patients with
SLE, but not those with systemic sclerosis, than in healthy subjects
(P =0.01). Reactivity was also higher in SLE patients experiencing
aflare (n = 79) compared to those whose disease was in remission
(n = 83) (P = 0.03). Using the sera at a higher dilution (1:1,000)
resulted in similar data, but with significant loss of resolution for the
lower and medium values, while gaining a somewhat better reso-
lution for the highest values. Strongly reactive sera still gave a pos-
itive signal at dilutions down to 1:8,100 or 1:24,300 (Figure 1D).

Specificity of anti-p40 autoantibodies. Because p40
can bind nucleic acids, we wanted to exclude the possibility that
patient autoantibodies may react with double-stranded DNA
(dsDNA) in complex with p40. ELISAs performed in the presence
of a 10-fold excess of soluble p40 resulted in a marked decrease
in IgG binding to the plate-bound p40, while an equal amount of
soluble DNA had no effect (Figure 1E). Similarly, when DNase was
included in the ELISA, no change in p40 reactivity was observed
(Figure 1F), while binding of autoantibodies to a DNA-coated plate
was greatly reduced (Figure 1G). Furthermore, patient sera stil
recognized p40 when it was mixed with total cell lysates of blood
neutrophils (Figure 1H), and the addition of DNA had no effect
on anti-p40 reactivity in immunoblot analysis (Figure 1l). These
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Figure 3. Correlation between anti-p40 autoantibody levels and systemic lupus erythematosus (SLE) organ manifestations. A, Reactivity
with p40 in SLE patients without established kidney involvement and those with established kidney involvement. B, Reactivity with p40 in SLE
patients without arthritis and those with arthritis. C, Reactivity with p40 in SLE patients without a history of oral ulcers and those with a history
of oral ulcers. Symbols represent individual patients; horizontal lines show the median. P values were determined by Mann-Whitney U test. See
Results for a discussion of the impact of Bonferroni correction on the P values.
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experiments demonstrate that SLE patient autoantibodies directly
recognize LINE-1 p40 protein.

Association of anti-p40 autoantibody levels with
higher disease activity. As already suggested by the immu-
noblot in Figure 1B, anti-p40 reactivity correlated with the
SLEDAI score (P = 0.0002) in the patients with an SLE flare (Fig-
ure 2B). Patients with high titers (above the 90th percentile in
healthy controls) had higher SLEDAI scores than those with lev-
els below this cutoff (Figure 2C). Anti-p40 antibody levels were
also associated with complement consumption (P = 0.0001)
(Figures 2D and E) and the presence of anti-dsDNA antibodies

A B

(P < 0.0001) (Figure 2F). Taken together, these data indicate that
higher anti-p40 levels tend to accompany active disease.

Associations of anti-p40 antibody levels with organ
manifestations and with other autoantibodies. Higher
anti-p40 antibody levels also characterized SLE patients with
active lupus nephritis (P = 0.02) (Figure 3A), and a history of
nephritis (P = 0.003) but were inversely correlated with active
arthritis (P = 0.04) (Figure 3B) and a history of oral ulcers
(P < 0.05) (Figure 3C). While these correlations were significant,
applying a Bonferroni correction for multiple correlates rendered
the correlations with both arthritis and oral ulcers nonsignificant.
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Figure 4. Correlation of levels of autoantibodies against LINE-1 p40 with the presence of other autoantibodies. A, Reactivity with p40 in SLE
patients without a history of anti-dsDNA positivity and those with a history of anti-dsDNA positivity. B, Reactivity with p40 in SLE patients without
anti-C1q antibodies and those with anti-C1q antibodies. C, Reactivity with p40 in SLE patients without anticardiolipin antibodies (aCLs) and
those with aCLs. D, Reactivity with p40 in SLE patients without anti-Ro/SSA antibodies and those with anti-Ro/SSA antibodies. E, Reactivity
with p40 in SLE patients without anti-La/SSB antibodies and those with anti-La/SSB antibodies. F, Reactivity with p40 in SLE patients without
anti-RNP antibodies and those with anti-RNP antibodies. Symbols represent individual patients; horizontal lines show the median. P values were
determined by Mann-Whitney U test. See Figure 1 for other definitions.
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Whether significant or not, these inverse correlations were unex-
pected. Since SLE is a heterogenous disease that may include
several molecularly distinct endotypes, it is possible that arthri-
tis and oral ulcers arise by molecular mechanisms that do not
include LINE-1 biology or p40 autoantibodies.

We next investigated whether anti-p40 antibodies are asso-
ciated with other common lupus autoantibodies, including those
against dsDNA, complement C1qg, Sm, RNP, Ro/SSA, La/SSB,
and cardiolipin. Briefly, anti-p40 antibody levels were strongly
associated with anti-dsDNA levels (P = 0.0006) (Figure 4A) and
anti-C1q antibodies (P = 0.004) (Figure 4B), consistent with their
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association with nephritis, as well as anticardiolipin antibodies
(P = 0.05) (Figure 4C). Further, anti-p40 antibodies were corre-
lated with Ro/SSA positivity (P = 0.09) (Figure 4D) and La/SSB
positivity (P = 0.007) (Figure 4E), although the correlation with
Ro/SSA did not reach statistical significance. There was no sig-
nificant association with Sm (not shown) or anti-RNP antibodies
(Figure 4F).

Increased anti-p40 antibody levels in patients with
elevated type | IFN levels. The sera from this cohort of SLE
patients were previously analyzed for type | IFN levels using a
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Figure 5. Correlation of type | interferon (IFN) score and of age with anti-p40 autoantibody levels. A, Induction of type I IFN-inducible genes
by serum from SLE patients with anti-p40 reactivity below the 90th percentile in healthy controls (p40 low) and those with anti-p40 reactivity
above the 90th percentile in healthy controls (p40 high). B, Inverse correlation between anti-p40 reactivity and age in the SLE patients. C,
Inverse correlation between SLE Disease Activity Index (SLEDAI) score and age in the SLE patients. D, Anti-p40 reactivity in healthy controls
and SLE patients grouped by age, where subjects <40 years old were classified as young and subjects >40 years old were classified as old. The
broken line indicates the 90th percentile in healthy controls. In A and D, symbols represent individual subjects; horizontal lines show the median.
P values were determined by Mann-Whitney U test and Spearman’s correlation test. See Figure 1 for other definitions.
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reporter cell, and measuring the induction of type | IFN-regulated
genes (43-45). Patients with levels of anti-p40 antibodies above
the 90th percentile in the healthy subjects also had elevated lev-
els of type | IFNs (P = 0.006) (Figure 5A). There was also a direct
correlation between autoantibody level and type | IFN activity
(r=0.36, P < 0.0001). In logistic regression analysis, patients with
anti-p40 antibodies more often had high levels of type | IFNs (odds
ratio 3.26 [1.25-8.53]; P = 0.02).

Inverse correlation of anti-p40 autoantibody levels
with age. Unexpectedly, our data set also revealed a highly sig-
nificant inverse correlation of anti-p40 reactivity with the age of
the SLE patients (r = -0.49; P < 0.0001) (Figure 5B). This associ-
ation may be, at least in part, explained by the higher SLEDAI in
younger patients (r = —0.22; P = 0.01) (Figure 5C). Nevertheless,
when the entire cohort of SLE patients and healthy controls was
divided into 2 groups based on age with a cut-off at 40 years,
the association of anti-p40 reactivity with SLE became even

more marked in the younger group (P < 0.0001) (Figure 5D)
compared to the total cohort (Figure 2A), while it became sta-
tistically insignificant in the older patient group. There was a
trend toward increased anti-p40 reactivity in the older group of
healthy controls.

Autoantibodies against p40-associated proteins
in SLE patients. Since LINE-1 p40, together with its cognate
mMRNA, is located in cellular stress granules in complex with sev-
eral other RNA binding proteins, we wanted to see if any of these
associated proteins are also targets of the immune response in
SLE. To this end, epitope-tagged p40 was purified from overex-
pressing cells under conditions that allowed associated proteins
to co-purify with p40. These preparations were immunoblotted
with the sera of SLE patients who had strong reactivity with p40.
As shown in Figure 6, weaker bands at ~23, 27, 34, 60, 100, 145,
and a smear at ~200 kd were discernible in these blots. Although
p40-associated proteins of these sizes have been reported (e.g.,
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Figure 6. Sera from patients with systemic lupus erythematosus (SLE) contain autoantibodies against proteins that co-purify with p40. Top,
Immunoblotting of p40 with sera from patients with SLE with strong reactivity with p40. Bottom, Immunoblotting of the same samples as in the
top panel with anti-p40 monoclonal antibody. Similar results were obtained on 2 additional immunoblots. Lane 1, Anti-FLAG immunoprecipitate
from cells transfected with empty vector (oCEP) and eluted with FLAG peptide. Lane 2, Anti-FLAG immunoprecipitate from cells transfected
with empty vector (pCEP) and eluted with sodium dodecyl sulfate (SDS). Lane 3, Empty. Lane 4, Anti-FLAG immunoprecipitate from cells
transfected with the p40 expression vector LD603 and eluted with FLAG peptide. Lane 5, Anti-FLAG immunoprecipitate from cells transfected
with the p40 expression vector LD603 and eluted with SDS. Lane 6, Empty. Lane 7, Anti-FLAG immunoprecipitate from cells transfected with
the p40 expression vector LD288 and eluted with FLAG peptide. Lane 8, Anti-FLAG immunoprecipitate from cells transfected with the p40

expression vector LD288 and eluted with SDS.
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Ro/SSA at 60 kd), the identities of the proteins recognized by SLE
sera in Figure 6 remain to be established in future studies.

DISCUSSION

Our findings reveal a previously unrecognized autoantigen in
SLE, the LINE-1 ORF1-encoded p40 protein. Unlike most of the
well-characterized autoantigens in this disease, p40 is recognized
by IgG in a majority of SLE patients (depending on how one defines
the threshold for positivity), as well as in many healthy control sub-
jects, albeit mostly with much lower titers. In this respect, anti-p40
autoantibodies resemble anti-dsDNA antibodies, which are also
present in a subset of healthy subjects, yet correlate with active SLE.
Importantly, we excluded the possibility that anti-p40 autoantibodies
represent anti-dsDNA antibodies recognizing p40-bound DNA.

Clearly, anti-p40 antibodies do not by themselves herald
clinically relevant autoimmunity, but more likely represent an
early phase of self-reactivity that may, or may not, progress
toward SLE. In healthy individuals, LINE-1 transcription is typ-
ically undetectable, being largely suppressed by DNA methyl-
ation. However, expression can be induced by environmental
or genetic factors that reduce this methylation, such as certain
drugs, reduced expression of methyltransferases, ultraviolet
light, and perhaps viral infections. LINE-1 expression is also
elevated in malignant cells. Hence, it may be that healthy sub-
jects occasionally express enough p40 to provoke a low level
humoral immune response to it. Although we have not studied
LINE-1 expression in the thymus, we surmise that these ele-
ments may remain transcriptionally silent during T cell selec-
tion in the thymus, as well as during B cell maturation in the
bone marrow. If so, humans may have a weak, or even absent,
central tolerance against LINE-1 p40.

Over the past 25 years, many investigators have suggested
that endogenous retroviruses or retroelements may play a role in
the pathogenesis of SLE (47-50), proposing various mechanisms
for the induction of autoimmunity, such as molecular mimicry,
superantigen properties of retroelement proteins, or the pertur-
bation of the transcription of nearby genes. In comparison, only a
few studies focused on LINE-1 and, to the best of our knowledge,
never tested SLE patients for direct humoral immunity against
LINE-1 proteins. Taken together, our findings that nearly all SLE
patients have autoantibodies against the LINE-1 p40 protein and
that these antibodies are associated with disease activity, specific
disease manifestations, low complement levels, other autoanti-
bodies, and type | IFNs, suggest that LINE-1 biology is coupled in
some way to SLE pathogenesis.

First, it should be noted that LINE-1 may lack any caus-
ative role and perhaps is targeted by the immune response as
an innocent bystander. The physical interaction of p40 with well-
known SLE autoantigens would be compatible with such a role,
at least if one assumes that Ro and La are the intended antigens
for the immune response. However, it is equally plausible that the

reverse is true, namely, that the LINE-1 proteins, by virtue of their
biologic functions, are responsible for the immune attack on cells
that express LINE-1 and that other associated proteins are the
innocent bystanders. The recognition of p40-associated proteins
by SLE autoantibodies (Figure 6) would support this notion. We
speculate that individuals who express more LINE-1, either in
an episodic or a chronic manner, boost their humoral and cellu-
lar immunity against p40 over time and eventually reach levels of
response that may be pathogenic.

Cells that express the LINE-1-encoded proteins may display
features of virally infected cells. In addition to the immunogenic-
ity of p40, these cells may have sufficient amounts of the ORF2
protein, which has reverse transcriptase activity, to generate DNA
copies of available RNA species, such as its own cognate mRNA,
Alu element transcripts, and others. Such DNA copies can pre-
sumably trigger the cyclic GMP-AMP synthase (CGAS)/stimulator
of IFN genes pathway to induce expression of IFNp (35), which
appears to play an important role in driving SLE (51-54). Indeed,
transfection of LINE-1 into cells induces production of IFNB (55).
Also, a recent study (56) showed that blood mononuclear cells
from ~17% of SLE patients have detectable cyclic GMP-AMP, the
second messenger exclusively made by cGAS when it is activated
by aberrant intracellular DNA (18,57). Given the minute quantities
and rapid turnover of this second messenger, these data likely rep-
resent an underestimate. Further, cells that contain active LINE-1
proteins may also up-regulate major histocompatibility complex
expression, and other surface markers induced either directly
by cGAS through IRF3 activation, or indirectly by IFNB signaling
(68), resulting in a chronic, but perhaps episodic, (auto)immune
response against such cells.

An unexpected feature of our data set was the inverse cor-
relation of anti-p40 reactivity with the age of the SLE patients.
This inverse correlation can be partly explained by the presence
of many young patients with high SLEDAI scores. There was also
a trend toward increasing anti-p40 reactivity in healthy controls
with age, similar to how anti-dsDNA antibodies tend to increase
slowly with age. The difference between younger SLE patients
and age-matched controls was more striking than in the total
population. Although this age correlation does not have any
immediately obvious explanation, it may be related to the decline
in general humoral immunity with age (59), the group of young
SLE patients with very active disease, or the typical presentation
of SLE earlier in life and its slow decline in activity over time. As
anti-p40 reactivity was strongly increased in young SLE patients
compared to young control subjects, this correlation is compati-
ble with an early role of p40 immunogenicity in the pathogenesis
of the disease.

ACKNOWLEDGMENTS

We thank Hua Jiang for technical assistance, and we thank
the patients who participated in this study.



98

CARTER ET AL

AUTHOR CONTRIBUTIONS

All'authors were involved in drafting the article or revising it critically

for important intellectual content, and all authors approved the final version
to be published. Dr. T. Mustelin had full access to all of the data in the study
and takes responsibility for the integrity of the data and the accuracy of the
data analysis.

Study conception and design. LaCava, Ukadike, Lood, T. Mustelin.
Acquisition of data. Carter, LaCava, Taylor, Liang, C. Mustelin, Lood,
T. Mustelin.

Analysis and interpretation of data. Carter, LaCava, Taylor, Bengtsson,
Lood, T. Mustelin.

REFERENCES

1.

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J,
et al. Initial sequencing and analysis of the human genome. Nature
2001;409:860-921.

Weiss RA, Stoye JP. Virology: our viral inheritance. Science
2013;340:820-1.

Esnault C, Maestre J, Heidmann T. Human LINE retrotransposons
generate processed pseudogenes [letter]. Nat Genet 2000;24:363-7.
Ostertag EM, Kazazian HH Jr. Biology of mammalian L1 retrotrans-
posons. Annu Rev Genet 2001;35:501-38.

Brouha B, Schustak J, Badge RM, Lutz-Prigge S, Farley AH, Moran
JV, et al. Hot L1s account for the bulk of retrotransposition in the
human population. Proc Natl Acad Sci U S A 2003;100:5280-5.
Kano H, Godoy I, Courtney C, Vetter MR, Gerton GL, Ostertag EM,
et al. L1 retrotransposition occurs mainly in embryogenesis and cre-
ates somatic mosaicism. Genes Dev 2009;23:1303-12.

Duggal NK, Emerman M. Evolutionary conflicts between viruses and
restriction factors shape immunity. Nat Rev Immunol 2012;12:687-
95.

D’Urbano V, De Crignis E, Re MC. Host restriction factors and hu-
man immunodeficiency virus (HIV-1): a dynamic interplay involving all
phases of the viral life cycle. Curr HIV Res 2018;16:184-207.
Goodier JL, Cheung LE, Kazazian HH Jr. MOV10 RNA helicase
is a potent inhibitor of retrotransposition in cells. PLoS Genet
2012;8:€1002941.

. Merindol N, Berthoux L. Restriction factors in HIV-1 disease progres-

sion. Curr HIV Res 2015;13:448-61.

. Pyndiah N, Telenti A, Rausell A. Evolutionary genomics and HIV re-

striction factors. Curr Opin HIV AIDS 2015;10:79-83.

. Ghimire D, Rai M, Gaur R. Novel host restriction factors implicated in

HIV-1 replication. J Gen Virol 2018;99:435-46.

. Volkman HE, Stetson DB. The enemy within: endogenous retroele-

ments and autoimmune disease. Nat Immunol 2014;15:415-22.

. Stetson DB, Ko JS, Heidmann T, Medzhitov R. Trex1 prevents cell-

intrinsic initiation of autoimmunity. Cell 2008;134:587-98.

. Aicardi J, Goutieres F. A progressive familial encephalopathy in infan-

cy with calcifications of the basal ganglia and chronic cerebrospinal
fluid lymphocytosis. Ann Neurol 1984;15:49-54.

. Crow YJ, Manel N. Aicardi-Goutieres syndrome and the type | inter-

feronopathies. Nat Rev Immunol 2015;15:429-40.

. Crow YJ, Chase DS, Lowenstein Schmidt J, Szynkiewicz M,

Forte GM, Gornall HL, et al. Characterization of human disease
phenotypes associated with mutations in TREX1, RNASEH2A,
RNASEH2B, RNASEH2C, SAMHD1, ADAR, and IFIH1. Am J Med
Genet A 2015;167A:296-312.

. Ablasser A, Hemmerling |, Schmid-Burgk JL, Behrendt R, Roers A,

Hornung V. TREX1 deficiency triggers cell-autonomous immunity in
a cGAS-dependent manner. J Immunol 2014;192:5993-7.

. Rice GI, Bond J, Asipu A, Brunette RL, Manfield IW, Carr IM,

et al. Mutations involved in Aicardi-Goutiéres syndrome implicate

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36

37.

SAMHD1 as regulator of the innate immune response. Nat Genet
2009;41:829-32.

Zhao K, Du J, Han X, Goodier JL, Li P, Zhou X, et al. Modulation
of LINE-1 and Alu/SVA retrotransposition by Aicardi-Goutieres
syndrome-related SAMHD1. Cell Rep 2013;4:1108-15.

Mathias SL, Scott AF, Kazazian HH Jr, Boeke JD, Gabriel A. Reverse
transcriptase encoded by a human transposable element. Science
1991;254:1808-10.

Clements AP, Singer MF. The human LINE-1 reverse transcriptase:
effect of deletions outside the common reverse transcriptase do-
main. Nucleic Acids Res 1998;26:3528-35.

Goodier JL, Zhang L, Vetter MR, Kazazian HH Jr. LINE-1 ORF1
protein localizes in stress granules with other RNA-binding proteins,
including components of RNA interference RNA-induced silencing
complex. Mol Cell Biol 2007;27:6469-83.

Goodier JL, Cheung LE, Kazazian HH Jr. Mapping the LINE1 ORF1
protein interactome reveals associated inhibitors of human retro-
transposition. Nucleic Acids Res 2013;41:7401-19.

Hung T, Pratt GA, Sundararaman B, Townsend MJ, Chaivorapol C,
Bhangale T, et al. The Ro60 autoantigen binds endogenous retro-
elements and regulates inflammatory gene expression. Science
2015;350:455-9.

Taylor MS, LaCava J, Mita P, Molloy KR, Huang CR, Li D, et al.
Affinity proteomics reveals human host factors implicated in discrete
stages of LINE-1 retrotransposition. Cell 2013;155:1034-48.
Mavragani CP, Nezos A, Sagalovskiy |, Seshan S, Kirou KA, Crow
MK. Defective regulation of L1 endogenous retroelements in prima-
ry Sjégren’s syndrome and systemic lupus erythematosus: role of
methylating enzymes. J Autoimmun 2018;88:75-82.

Mavragani CP, Sagalovskiy I, Guo Q, Nezos A, Kapsogeorgou EK,
Lu P, et al. Expression of long interspersed nuclear element 1 retro-
elements and induction of type | interferon in patients with systemic
autoimmune disease. Arthritis Rheumatol 2016;68:2686-96.

Huang X, Su G, Wang Z, Shangguan S, Cui X, Zhu J, et al. Hypo-
methylation of long interspersed nucleotide element-1 in peripheral
mononuclear cells of juvenile systemic lupus erythematosus patients
in China. Int J Rheum Dis 2014;17:280-90.

Balada E, Ordi-Ros J, Serrano-Acedo S, Martinez-Lostao L,
Rosa-Leyva M, Vilardell-Tarrés M. Transcript levels of DNA meth-
yltransferases DNMT1, DNMT3A and DNMT3B in CD4+ T cells
from patients with systemic lupus erythematosus. Immunology
2008;124:339-47.

Cornacchia E, Golbus J, Maybaum J, Strahler J, Hanash S,
Richardson B. Hydralazine and procainamide inhibit T cell DNA meth-
ylation and induce autoreactivity. J Immunol 1988;140:2197-200.
Lieberman MW, Beach LR, Palmiter RD. Ultraviolet radiation-induced
metallothionein-I gene activation is associated with extensive DNA
demethylation. Cell 1983;35:207-14.

Li P, Du J, Goodier JL, Hou J, Kang J, Kazazian HH Jr, et al. Aicardi-
Goutieres syndrome protein TREX1 suppresses L1 and maintains
genome integrity through exonuclease-independent ORF1p deple-
tion. Nucleic Acids Res 2017;45:4619-31.

Lim YW, Sanz LA, Xu X, Hartono SR, Chédin F. Genome-wide DNA
hypomethylation and RNA:DNA hybrid accumulation in Aicardi-
Goutieres syndrome. Elife 2015;4:e08007.

Keating SE, Baran M, Bowie AG. Cytosolic DNA sensors regulating
type | interferon induction. Trends Immunol 2011;32:574-81.

. Rice GI, Meyzer C, Bouazza N, Hully M, Boddaert N, Semeraro M,

et al. Reverse-transcriptase inhibitors in the Aicardi-Goutieres Syn-
drome [letter]. N Engl J Med 2018;379:2275-7.

Lood C, Eriksson S, Gullstrand B, Jonsen A, Sturfelt G, Truedsson
L, et al. Increased C1qg, C4 and C3 deposition on platelets in pa-
tients with systemic lupus erythematosus —a possible link to venous
thrombosis? Lupus 2012;21:1423-32.



p40 AUTOANTIBODIES IN SLE

99

38.

39.

40.

41,

42.

43.

44,

45.

46.

47.

Lood C, Tydén H, Gullstrand B, Jénsen A, Kallberg E, M&rgelin M,
et al. Platelet-derived S100A8/A9 and cardiovascular disease in sys-
temic lupus erythematosus. Arthritis Rheumatol 2016;68:1970-80.
Lood C, Tydén H, Gullstrand B, Nielsen CT, Heegaard NH, Linge P,
et al. Decreased platelet size is associated with platelet activation
and anti-phospholipid syndrome in systemic lupus erythematosus.
Rheumatology (Oxford) 2017;56:408-16.

Andersen KR, Leksa NC, Schwartz TU. Optimized E. coli expression
strain LOBSTR eliminates common contaminants from His-tag puri-
fication. Proteins 2013;81:1857-61.

Taylor MS, Altukhov |, Molloy KR, Mita P, Jiang H, Adney EM, et al.
Dissection of affinity captured LINE-1 macromolecular complexes.
Elife 2018;7:€30094.
Taylor MS, LaCava J, Dai L, Mita P, Burns KH, Rout MP, et al.
Characterization of L1-ribonucleoprotein particles. Methods Mol Biol
2016;1400:311-38.

Bengtsson AA, Sturfelt G, Lood C, Rénnblom L, van Vollenhoven RF,
Axelsson B, et al. Pharmacokinetics, tolerability, and preliminary effi-
cacy of paquinimod (ABR-215757), a new quinoline-3-carboxamide
derivative: studies in lupus-prone mice and a multicenter, randomized,
double-blind, placebo-controlled, repeat-dose, dose-ranging study
in patients with systemic lupus erythematosus. Arthritis Rheum
2012;64:1579-88.

Leffler J, Martin M, Gullstrand B, Tydén H, Lood C, Truedsson L,
et al. Neutrophil extracellular traps that are not degraded in system-
ic lupus erythematosus activate complement exacerbating the dis-
ease. J Immunol 2012;188:3522-31.

Lood C, Tydén H, Gullstrand B, Klint C, Wenglén C, Nielsen CT,
et al. Type | interferon-mediated skewing of the serotonin synthesis
is associated with severe disease in systemic lupus erythematosus.
PL0S One 2015;10:e0125109.

Bombardier C, Gladman DD, Urowitz MB, Caron D, Chang CH,
and the Committee on Prognosis Studies in SLE. Derivation of the
SLEDAI: a disease activity index for lupus patients. Arthritis Rheum
1992;35:630-40.

Krapf FE, Herrmann M, Leitmann W, Kalden JR. Are retrovirus-
es involved in the pathogenesis of SLE? Evidence demonstrated
by molecular analysis of nucleic acids from SLE patients’ plasma.
Rheumatol Int 1989;9:115-21.

48.

49.

50.

51.

52.

58.

54.

55.

56.

57.

58.

59.

Perl A, Nagy G, Koncz A, Gergely P, Fernandez D, Doherty E, et al.
Molecular mimicry and immunomodulation by the HRES-1 endoge-
nous retrovirus in SLE. Autoimmunity 2008;41:287-97.

Tugnet N, Rylance P, Roden D, Trela M, Nelson P. Human Endoge-
nous Retroviruses (HERVs) and autoimmune rheumatic disease: is
there a link? Open Rheumatol J 2013;7:13-21.

Talal N, Flescher E, Dang H. Are endogenous retroviruses involved in
human autoimmune disease? J Autoimmun 1992;5 Suppl A:61-6.

Bennett L, Palucka AK, Arce E, Cantrell V, Borvak J, Banchereau
J, et al. Interferon and granulopoiesis signatures in systemic lupus
erythematosus blood. J Exp Med 2003;197:711-23.

Eloranta ML, Rénnblom L. Cause and consequences of the activat-
ed type | interferon system in SLE. J Mol Med (Berl) 2016;94:1103—
10.

Bezalel S, Guri KM, Elbirt D, Asher |, Sthoeger ZM. Type | interferon
signature in systemic lupus erythematosus [review]. Isr Med Assoc J
2014;16:246-9.

Furie R, Khamashta M, Merrill JT, Werth VP, Kalunian K, Brohawn
P, et al. Anifrolumab, an anti—interferon-a receptor monoclonal anti-
body, in moderate-to-severe systemic lupus erythematosus. Arthritis
Rheumatol 2017;69:376-86.

Kelly M, Lihua S, Zhe Z, Li S, Yoselin P, Michelle P, et al. Transpos-
able element dysregulation in systemic lupus erythematosus and reg-
ulation by histone conformation and Hsp90. Clin Immunol 2018;197:
6-18.

Bonandin L, Scavariello C, Mingazzini V, Luchetti A, Mantovani B.
Obligatory parthenogenesis and TE load: Bacillus stick insects and
the R2 non-LTR retrotransposon. Insect Sci 2017;24:409-17.

Gao D, Li T, Li XD, Chen X, Li QZ, Wight-Carter M, et al. Activation
of cyclic GMP-AMP synthase by self-DNA causes autoimmune dis-
eases. Proc Natl Acad Sci U S A 2015;112:E5699-705.

Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz
P, et al. A diverse range of gene products are effectors of the type |
interferon antiviral response. Nature 2011;472:481-5.

Blanco E, Pérez-Andrés M, Arriba-Méndez S, Contreras-Sanfeliciano
T, Criado |, Pelak O, et al. Age-associated distribution of normal
B-cell and plasma cell subsets in peripheral blood. J Allergy Clin
Immunol 2018;141:2208-19.



