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Various sensors that detect double-stranded RNA, presumably of viral origin, exist in eukaryotic cells and induce
IFN-responses. Ongoing IFN-responses have also been documented in a variety of human autoimmune diseases
including relapsing-remitting multiple sclerosis (RRMS) but their origins remain obscure. We find increased IFN-
responses in leukocytes in relapsing-remitting multiple sclerosis at distinct stages of disease. Moreover, en-
dogenous RNAs isolated from blood cells of these same patients recapitulate this IFN-response if transfected into

naive cells. These endogenous RNAs are double-stranded RNAs, contain Alu and Line elements and are tran-
scribed from leukocyte transcriptional enhancers. Thus, transcribed endogenous retrotransposon elements can
co-opt pattern recognition sensors to induce IFN-responses in RRMS.

1. Introduction

Multicellular organisms contain an array of pattern recognition
systems that serve as a first line of defense against both bacterial and
viral infections [1-6]. Examples include the toll-like receptors (TLR), C-
type lectin receptors (CLR), NOD-like receptors (NLR), and DExD/H-
box helicases such as RIG-I and MDA5. While RIG-I and MDAS5 are
expressed by most cell lineages, TLR3 exhibits a more restricted ex-
pression pattern. Differences in dsRNA recognition also exist among
these sensors, with RIG-I recognizing short (< 400 nucleotides) 5' tri-
phosphate uncapped dsRNA or ssRNA and MDAS5 recognizing dsRNA
that is over 2000 nucleotides. Both TLR3 and the DExD/H-box heli-
cases, RIG-I and MDA5, induce IFNs that may vary depending upon cell
type in response to stimulation by viral double-stranded RNA (dsRNA).
IFN classes include type 1 IFNs, IFN-a and IFN-, type 2 IFN, IFN-y, and
type 3 IFN, IFN-A (also named IL-29, IL28A and IL28B, respectively)
[7-12]. Type 1 and type 2 IFNs exhibit potent antiviral effects by in-
ducing similar but not entirely overlapping sets of genes with antiviral
properties. IFN-y is also a critical macrophage-activating factor and

plays a key role in cell-mediated immunity. The type 1 interferons
(IFN), e.g. IFN-a, IFN-f, also play important roles in innate immune
responses. IFNs, via class-specific IFN cell surface receptors activate
transcription factors termed IFN regulatory factors (IRFs) that bind to
conserved DNA enhancer elements termed IFN-stimulated response
elements (ISREs) resulting in induction of 100s of IFN-responsive genes
[13].

Through a variety of mechanisms, including induction of these IFN-
responsive genes, IFNs induce antiviral responses, which may culminate
in death of virus-infected cells and neighboring cells to control viral
infection. Pathogen-associated molecular patterns, such as dsRNA, and
cellular damage-associated molecular patterns can also prime the NLR
sensor molecule NLRP3 to oligomerize into inflammasomes. This
priming often occurs in association with activation of other innate
sensor molecules, such as TLR3. Inflammasomes activate the caspase-1
cascade, which leads to production of pro-inflammatory cytokines, in-
cluding IL-1p and IL-18, and cell death.

IFN-responses have been documented in the absence of an obvious
source of bacterial or viral infection. Such responses have been
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observed in the setting of human autoimmune disease, most notably
systemic lupus erythematosus [14], and to a lesser extent relapsing
remitting multiple sclerosis (RRMS), rheumatoid arthritis (RA), Sjo-
gren's disease (Sj) and others, as well as certain cancers [15-24]. In
these human conditions, sources of stimuli leading to induction of IFNs
are not entirely clear. The extent to which these same pattern re-
cognition sensors described above can be co-opted by the host in the
absence of pathogen infection to induce a kind of sterile IFN-response is
incompletely understood. Various eukaryotic RNAs form stem-loop
structures, in which the stem is a dsRNA structure and the loop is single
stranded RNA, as part of their natural biology. These RNAs do not
routinely activate innate cellular dsRNA sensing pathways and induce
IFNs. However, mis-processing of these RNAs may produce an im-
balance in their dsRNA character or their cellular location leading to
activation of innate dsRNA sensors [25-28].

Additional sources of dsRNA structures that exist in mammalian
cells are RNAs produced by the retrotransposon class of genetic ele-
ments [26,29-31]. Two sub-classes of these elements are the long-in-
terspersed element (LINE, up to ~6000 bp in length) and the short-
interspersed element (SINE, ~300 bp in length) and have sequence
similarity to retroviruses. Alu elements are SINE elements unique to
primates. About 1,000,000 LINE elements and 1,000,000 Alu elements
exist in human genomes. As part of their normal life cycle, LINE and Alu
elements can be transcribed into RNAs, converted to DNA by en-
dogenous reverse transcriptase and reintegrated into unique sites in the
genome. Insertion of these retrotransposons into critical sites in the
genome, such as protein-coding exons or 3’ untranslated regions can be
deleterious to the host and, in fact, has been linked to human disease.
Other sources of LINE and Alu RNAs that may exist within cells include
those transcribed as part of exons, introns, 3' untranslated regions of
protein coding genes and those transcribed as part of enhancer RNAs
(eRNAs). Considering the general view that 70-80% of the human
genome is transcribed by some cell during some stage of development,
it seems likely that LINE and Alu RNAs may make a significant con-
tribution to the total amount of RNA present in a given eukaryotic cell.
Importantly, both Alu and LINE RNAs bind to dsRNA pattern recogni-
tion sensors indicating they possess a dsRNA structure [20,26,32].
Thus, alterations in transcription or degradation of Alu and LINE RNAs,
either as unique elements as part of their normal life cycle or as part of
another RNA species, e.g. pre-mRNA, mRNA, eRNA, may alter activa-
tion of dsRNA sensors and corresponding cellular phenotypes.

Extensive mis-processing of RNAs, including rRNAs, Y RNAs, U
snRNAs, and exon loss and intron retention of mRNAs, is found in
leukocytes isolated from RRMS patients [33]. Therefore, the purpose of
studies performed here was to identify RRMS patients with elevated
leukocyte IFN-responses, determine if RNA isolated from these RRMS
leukocytes could recapitulate these IFN-responses when transfected into
naive cells and determine the identity of these RNAs. We identified
RRMS patients with increased leukocyte IFN-responses compared to
healthy controls and other disease controls. Transfection of RNA iso-
lated from these blood samples recapitulated the IFN-response. RNA
isolated from patient blood samples that induced an IFN-response was
not ribosomal RNA (rRNA), messenger RNA (mRNA), nor microRNA
(miRNA); it was dsRNA. The major dsRNA fraction isolated from pa-
tient blood samples was the Alu class of retrotransposon mobile ele-
ments and genomic loci of these transcribed Alu elements were loca-
lized in the genome near leukocyte transcriptional enhancers defined by
presence of histone H3K27-acetylation marks. In vitro transcribed Alu
elements recapitulate this IFN-response. We conclude that stimulation
of IFN-responses in RRMS patients results from increased levels of Alu
dsRNAs and perhaps LINE dsRNAs.
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Table 1
Demographic characteristics of the different patient populations.
# AGE GENDER ETHNICITY  STEROIDS DMT”
(% F) (%, C/AA/As/H)" % (current) % (current)

MS-E 65 38 10 69 69/31/0/0 46 88
MS-N 65 34 8 69 80/20/0/0 0 0
MS-C 45 32 =*6 67 71/29/0/0 0 0
NMO 5 41 = 8 69 77/23/0/0 22 55
™ 5 36 £ 9 67 79/21/0/0 0 0
PD 5 55 + 12 5/0/0/0 0 0
HC 55 36 =11 73 73/27/0/0 0 0

Blood samples in PAXgene tubes were obtained from the following U.S sites:
TN, MA, MD, NY, SC, AZ, TX, CA, samples from sites in MS, MD, NY, AZ, and CA
were obtained through the Accelerated Cure Project, TN site: Vanderbilt
University Medical Center. European sites: Denmark, Netherlands. Diagnosis of
MS was made using the standard McDonald's criteria. MS-E: RRMS with es-
tablished disease of 2-5 years duration, MS-N: RRMS at the time of initial di-
agnosis, treatment naive, MS-C: patients 3-6 months after initial clinically
isolated syndrome, CIS, who received a diagnosis of RRMS at a later date, NMO:
neuromyelitis optica of 3-5 years duration, TM: transverse myelitis of 1-5 years
duration, PD: Parkinson's disease.
Differences in age, gender and ethnicity among the different patient groups
compared to HC group were not statistically different, unpaired t-test with
Welch's correction or Fisher's exact test except for the difference in age in the
PD group.

@ C, Caucasian; AA, African American; As, Asian; H, Hispanic.

> DMT (disease modifying therapy): copaxone, tysabri, IVIG, cellcept,
methotrexate, imuran.

2. Materials and methods
2.1. Patient populations and blood sample collection and processing

Whole blood samples (~ 2.5 ml) were collected in PAXGENE tubes
to immediately stabilize endogenous RNA from the following patient
groups: 1) patients at the indicated times after their first clinical event
suggestive of presence of RRMS commonly referred to as a clinically
isolated event or CIS (MS-C) who later went on to receive a diagnosis of
RRMS, 2) patients at the time of RRMS diagnosis prior to onset of
therapies (MS-N); 3) patients with established MS (MS-E) at the time of
a clinical relapse and 3-12 months after the relapse as indicated in the
figure legends (MS-relapse), 4) patients with MS-E who were relapse-
free for greater than 6 months, 5) patients with neuromyelitis optica
(NMO), transverse myelitis (TM), and Parkinson's disease (PD); and 6)
age-and gender-matched healthy control subjects (HC), see Tables 1
and 2 for additional details. RRMS patients included in this study were
not on an IFN-f therapy at the time of blood collection. Blood samples
were obtained from the Accelerated Cure Project (Waltham, MA) or the
Vanderbilt Multiple Sclerosis Clinic (Nashville, TN) [34,35]. All blood
samples were obtained with written informed consent and relevant
institutional review board approval. Total RNA was isolated from
PAXGENE tubes using supplied procedures (Qiagen), including DNase
digestion yielding < 1% DNA contamination in these RNA samples.
Integrity of RNA samples was determined by agarose gel electrophor-
esis and quantitative analysis of 18S and 28S RNAs.

2.2. Cell cultures

Hela and THP-1 transformed cell lines were obtained from
American Type Tissue Collection (ATCC). RAW-Lucia™ cells were from
Invivogen. Cells were cultured in RPMI-1640 media supplemented with
10% fetal bovine serum, 2 mM t-glutamine, 100 units/ml penicillin, and
100 pg/ml streptomycin in 5% CO; in air at 37 °C.
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Tru-Seq Stranded Total RNA kit. The Vanderbilt Technologies Center
for Advanced Genomics (VANTAGE) performed whole genome RNA
sequencing. An Illumina NovaSeq500 instrument was used to produce
100-bp paired-end reads. Quality control steps were used to evaluate
raw data, alignment, and expression quantification. RNA-seq data were
trimmed to remove all bases below quality, and adapter sequences were
removed using trimmomatic [40]. Trimmed reads were aligned to Hg19
reference genome using RSEM [41], and counts aligned to genomic
locations were used for analysis. The EdgeR package for R was used to
analyze count files [42]. Data from individual samples were normalized
within EdgeR and analyzed using the generalized linear model (GLM).
A search for intra-host virus sequences was performed using Vir-
usFinder, a software tool to search for virus sequences in next genera-
tion sequence data. Definition of repeat elements in the human genome
was from ‘repeatmasker’ [43]. Differentially expressed repeat elements
measured using Cufflinks/Cuffdiff were determined and expressed as
read counts. A cutoff of a mean of 10 read counts in the MS-C or HC
cohort or both was employed to define a repeat element as being ex-
pressed. Results from the GRCh37/hg19 builds are presented to permit
a more direct comparison with previously described transcriptional
enhancer (TE, SE) locations, which are also derived from the GRCh37/
hg19 build.

2.9. Statistical analysis

Unless otherwise indicated, data are expressed as the mean * SD of
three or more independent experiments. Significance of two population
comparisons was determined using unpaired t tests with Welch's cor-
rection for non-equal variances. Fisher's exact test was used for the
analysis of contingency tables as described in the results section and
figure legends. Spearman's correlation analysis was used to calculate
correlation coefficients, r, and statistical significance was determined
by Gaussian approximation. Unless otherwise indicated (for example,
after correction for false discovery rates (FDR)), a P < 0.05 was con-
sidered significant. Q values were determined using the Benjamini and
Hochberg formula to correct for multiple comparisons, Q < 0.05 was
considered significant.

3. Results
3.1. IFN-responses in RRMS

We previously obtained blood samples from RRMS patients, healthy
controls (HC), and disease controls, neuromyelitis optica (NMO),
transverse myelitis (TM), isolated RNA, and performed whole genome
RNA-sequencing (RNA-seq) with the goal of identifying protein-coding
genes differentially expressed at the earliest stages of RRMS [44]. We
compared the following cohorts of RRMS patients: MS-C (patients who
had a previous clinical event suggestive of de-myelination, clinically
isolated syndrome, CIS, and who received a diagnosis of RRMS at a later
date), MS-N (patients at the time of RRMS diagnosis but treatment
naive), and MS-E (patients with RRMS of a duration of 2-5 years
without evidence of a clinical relapse in the last 6 months) (Table 1).
We identified a subset of genes over-expressed in the MS-C and MS-N
cohorts and to a lesser extent in the MS-E cohorts (Fig. 1 A,B). Several of
these genes were known to also be induced by IFNs [13]. Therefore, we
measured expression levels of three known IFN-response genes, DDX58,
EIF2AK2, and IFIT3, in additional blood samples from these same co-
horts and additional disease cohorts, NMO and TM, as well as MS-E
patients with established disease but during the relapse phase of disease
(Table 2). We found increased expression of each gene, DDX58,
EIF2AK2, and IFIT3, in the MS-C, MS-N, and MS-relapse cohorts but not
MS-E, NMO, and TM cohorts (Fig. 2 A-C). Expression levels of DDX58,
EIF2AK2 and IFIT3 were highly correlated across the MS-C patient co-
hort further supporting the notion that expression of these genes was
regulated by a common stimulus (Fig. 2 D,E).
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3.2. IFN-responses in RRMS mediated by endogenous RNA

Intracellular sensors that induce expression of IFNs, RIG-I, MDA5
and TLR3, all recognize dsRNA. We infected HeLa cells with the re-
ovirus T3D strain, a dsRNA virus, or the Chikungunya (Chikv) 2A
strain, a single-stranded RNA (ssRNA) virus, harvested cells and mea-
sured induction of genes induced at MS-C and MS-N phases of disease.
We found that infection of HeLa cells with the reovirus T3D strain, but
not the Chickv 2 A strain, also induced this same set of genes (Fig. 3A).
We isolated RNA from uninfected, reovirus T3D infected, or Chickv 2 A
infected HeLa cells and transfected these individual RNAs (200 ng/
culture) into naive HelLa cells. Transfection of RNA from reovirus T3D
infected, but not Chickv 2 A infected or uninfected cells, resulted in a
marked increase genes induced at the MS-C and MS-N phases of disease
(Fig. 3B). Thus, transfection of RNA from reovirus T3D infected HeLa
cells into naive cells also stimulated expression of IFN-response genes.

To further characterize regulation of the set of genes induced at the
MS-C, MS-N, and MS-relapse phases of disease, we stimulated HeLa
cells with poly I/C, a dsRNA TLR3 agonist, IFN-a, IL-1f, IL-18 or IFN-y
or combinations thereof. Poly I/C and IFN-a induced expression of the
known IFN-response genes, IFIT3, DDX58, PLSCR1, EIF2AK2, B2M, and
CEPBS5L (Fig. 3C). Under these conditions, IL-1f3 or IL-18 or combina-
tions of IL-13 and IL-18 did not induce these IFN-response genes.
However, IL-1f induced increased expression of a subset of other genes
in this panel, MICAL2, FGD4, RNF13, LPAR6 and SERTAD3. IL-13 and
IL-18 are products of inflammasome activation. Treatment with IFN-y
also induced increased expression of IFIT3, DDX58, PLSCR1, EIF2AK2,
and B2M in HelLa cells. As a control experiment, we isolated RNA from
poly I/C-, IFN-a-- or IFN-y-treated HeLa cells and transfected these RNAs
into naive HeLa cells. Transfection of these RNAs into naive HeLa cells
did not result in increased expression of these IFN-response genes
(Fig. 3D). We take this to indicate that the increased expression of IFN-
response genes observed above (Fig. 3B) after transfection of RNAs
from infected cells is not simply the result of increased abundance of
these mRNAs in the transfected RNA. In the THP-1 monocyte-like cell
line, both IFIT3 and DDX58 were also induced by IFN-a, but not by IL-
18, IL-1P or TNF-a (Supplementary Data File 2).

We measured expression levels of additional IFN-response genes,
DDX58, IFIT3, IFI6, IFIT1 and IRF7 and found they were also induced in
HelLa cells by reovirus T3D infection (Supplementary Data File 3A) or
by transfection of RNA isolated from reovirus infected HeLa cells into
naive HeLa cells (Supplementary Data File 3B). Given these results, we
sought to determine whether RNA isolated from blood of RRMS patients
was also capable of inducing a similar IFN-response (Fig. 4A-C). Patient
blood samples were obtained at the time of the first clinic visit after
relapse and at several additional time points after relapse (Table 2). We
also examined RNAs from the MS-C cohort (Table 1), RNA samples from
patients with RRMS who had not experienced a relapse in the last 6
months (MS-E), and patients with neuromyelitis optica (NMO), trans-
verse myelitis (TM), or Parkinson's disease (PD) (Table 1). As above,
individual RNAs (200 ng/culture) were transfected into naive HeLa cell
cultures. We created an expression index to show levels of induction of
IFN-response genes by comparing levels of induction by RNA isolated
from these patient samples to those of RNAs isolated from HC. Trans-
fection of RNAs isolated from the majority of MS-E patients during the
relapse-remission phase of disease induced a robust increase in ex-
pression of IFN-response genes in HeLa cells (Fig. 4A). Transfection of
RNAs isolated from the majority MS-C patients also induced a robust
increase in expression of IFN-response genes in HeLa cells (Fig. 4B) In
contrast, RNA from MS-E patients not undergoing relapse or from pa-
tients with other inflammatory or non-inflammatory neurologic dis-
orders, NMO, TM or PD, did not induce increased expression of IFN-
response genes after transfection into HeLa cells (Fig. 4C). Thus, leu-
kocyte RNA isolated from the majority RRMS patients during the re-
lapse phase of disease and the MS-C phase of disease induced IFN-re-
sponse genes when transfected into naive Hela cells. In contrast
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Fig. 1. Genes with increased expression in early compared to established MS. A, Genes were identified from previous RNA-seq studies [33,44] and expression levels
in whole blood determined by PCR using Tagman low density arrays (TLDA). Results are expressed as the average expression level after normalization to GAPDH
levels with standard deviation (stdev). Cases include MS-C (N = 40), MS-N (N = 40), and MS-E (N = 40). B, Results in (A) expressed as the indicated CASE/CTRL
ratios, log,. Green fill, Q < 0.05, calculated to correct for multiple testing, no fill, Q > 0.05. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

leukocyte RNA isolated from RRMS patients not in relapse or from
patients with NMO, TM, or PD did not induce IFN-response genes when
transfected into naive HeLa cell cultures.

To further explore this notion, we turned to a transformed murine
macrophage (RAW264.7) reporter cell line expressing the luciferase
gene under the control of an IFN-stimulated response element (ISRE).
We transfected different amounts of RNA isolated from MS-C patient
(N = 20) or HC (N = 20) leukocytes and measured luciferase activity
expressed by the reporter cell line. We found a marked increase in lu-
ciferase activity after transfection of RNA isolated from certain MS-C
patient leukocytes (designated as MS-C 1-9) but not from other MS-C
patient leukocytes (designated MS-C 10-20) or from the HC leukocyte
cohort (Fig. 5A). A summary of these results demonstrated that a
minimum of 20 ng RNA from the MS-C 1-9 group yielded a statistically
significant ~ 5-fold increase in ISRE activity compared to the HC group

(Fig. 5B). We used > 5-fold increase in luciferase activity after RNA
transfection as a cut-off to assign an individual patient as positive or
negative for ability to activate the ISRE. We found that transfection of
RNA from 9 of 20 MS-C patient leukocytes resulted in an increase in
luciferase activity of > 5-fold while transfection of RNA from 0 of 20
HC leukocytes resulted in an increase in luciferase activity of > 5-fold
(Fig. 5C). This frequency is similar to what we observed by directly
examining induction of IFN-responsive genes by RNA isolated from the
MS-C cohort (Fig. 4).

3.3. Alu and LINE dsRNAs and IFN-responses

To further characterize this RNA activity, five separate MS-C sample
RNAs (MS-C #2, MS-C #5, MS-C #7, MS-C #8, MS-C#9, from Fig. 5)
with high ISRE inducing activity and five separate HC sample RNAs
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Fig. 2. Increased expression of IFN-response genes, DDX58, EIF2AK2, and IFIT3 in RRMS. A, Expression levels of DDX58 in peripheral leukocytes from the indicated
cohorts of patients: HC: N = 40, MS-C: N = 30, MS-N: N = 30, MS-E, N = 30, NMO: N = 20, TM: N = 20, MS-relapse: N = 24, determined by RT-PCR. Y-axis is
expression level of the indicated gene after normalization to GAPDH. B, As in (A), except levels of EIF2AK2 were determined, C, As in (A), except levels of IFIT3 were
determined. P values were determined relative to the HC cohort using the unpaired t-test with Welch's correction. D & E, Spearman correlation analysis of expression
levels of IFIT3 or DDX58 and EIFAK2 and of IFIT3 and DDX58 in the MS-C cohort, r is the Spearman's correlation coefficient and P values determined by Gaussian

approximation.
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Fig. 3. Genes elevated in MS-C and MS-N cohorts are also induced by activation of dsRNA sensors. A, HeLa cells were infected with the dsRNA virus, reovirus T3D, or
the ssRNA virus, Chikungunya (Chickv2A). Cultures were harvested after 24 h (reovirus) or 4 h (ChickV2A due to the greater cytopathic effects), RNA isolated, and
expression levels of indicated genes determined by PCR. Results are expressed as ratios of gene expression, infected/uninfected cultures, log, after normalization to
GAPDH. B, RNA (200 ng/culture) isolated from uninfected HeLa cells, HeLa cells infected with T3D reovirus, or HeLa cells infected with ChickV2A virus was
transfected into naive HeLa cells using lipofectamine. Cultures were harvested after 24h and expression levels of indicated genes determined by PCR. Results
expressed as in (A) relative to mock-transfected HeLa cultures. C, HeLa cells were treated with the TLR3 agonist, poly I/C, IFN-a, IL-1f IL-18, IFN-y or combinations
thereof. Cultures were harvested after 24h and expression levels of indicated genes determined by PCR. Results expressed as in (A) relative to untreated HeLa
cultures. D, RNA was isolated from HeLa cells after 24 h of treatment with either poly I/C, IFN-a, or IFN-y and transfected into naive HeLa cells. RNA was isolated
from transfected cells and levels of indicated genes determined by PCR. Results are expressed as in (A) relative to untreated HeLa cultures. Green fill, Q < 0.05,
calculated to correct for multiple testing. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

with low ISRE inducing activity were selected. Our rationale for using
this smaller number of samples was that our goal was to characterize
the properties of the ISRE-inducing activity present in these RNA
samples. Individual total RNAs were transfected into ISRE reporter cell
cultures (200 ng/culture) to measure total ISRE inducing activity
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present in the RNA sample. RNA samples (200 ng) were individually
fractionated into rRNA and non-rRNA fractions, polyA (+) and polyA
(-) RNA fractions, > or < 200 bp RNA fractions, or dsRNA and ssRNA
fractions separated by immunoprecipitation using the J2 antibody as
described in the methods section, 2.6 RNA fractionation. Total amounts

Fig. 4. Induction of IFN-response genes
by RRMS patient RNA. A, RNA was
isolated from whole blood from MS
patients experiencing a relapse (0
months) and at the indicated times
after relapse. Total RNA (200 ng) from
individual patient or HC samples was
transfected into naive HeLa cell cul-

2 .- tures. After 24h, RNA was isolated
1 from transfected cells and levels of the
indicated IFN-response genes de-
S oo termined by PCR. We expressed results

AR a0 0 R RS y FLR. We exp
O 00000000 as an expression index created by

summing gene expression induced by
individual patient RNAs to the average
induction by 5 individual HC RNAs. B,
As in (A) except RNAs were isolated
from the MS-C cohort. C, As in (A) ex-
cept RNAs were obtained from MS-E,
NMO, TM, or PD patients or HC. Solid
lines identify average HC index = 7.
Statistical significance was determined
by using the Benjamini and Hochberg
formula to correct for multiple com-
parisons, Q < 0.05 was considered
significant. A, MS-relapse versus HC:
Q < 0.0001, B, MS-C versus HC:
Q =0.01, and C, MS-E versus HC:
Q > 0.05, NMO versus HC: Q > 0.05,
TM versus HC: Q > 0.05, and PD
versus HC, Q > 0.05.
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Fig. 5. MS-C RNA-mediated ISRE activation. A, The indicated amounts of RNA isolated from MS-C patient (N = 20) or HC (N = 20) blood samples were transfected
into the RAW-Lucia™ reporter cell line expressing the luciferase gene under the control of an ISRE. After 24 h, luciferase activity determined. Results are expressed as
fold increase in luciferase activity compared to mock-transfected controls in triplicate; MS-C 1-9 induced maximum fold increase of 10-25 (open circles, black line),
MS-C 10-20 induced maximum fold increase of 1-5 (open diamonds, black line), and HC 1-20 (closed circles, magenta line) induced maximum fold increase of 1-5.
B, Averages, standard deviations and unpaired T test with Welch's correction of results in A. C, Results from A are expressed as the number of MS-C samples or HC
samples that induced a > 5-fold increase in luciferase activity above the mock-transfected control. P = 0.001, Fisher's exact test.
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Fig. 6. Characterization of MS-C RNA ISRE-inducing activity. Five MS-C RNAs with high ISRE-inducing activity and five HC RNAs with low ISRE-inducing activity
(200 ng each) were selected (Fig. 5) and individually tested for ISRE-inducing activity. These RNAs were separated into A, (+) rRNA and (-) rRNA fractions, B, polyA
(+) and polyA (-) fractions, C, fractions of < or > 200 nucleotide lengths, and D, J2- (dsRNA-) and J2+ (dsRNA +) fractions as outlined in methods and re-analyzed
for ISRE inducing activity. Total indicates the ISRE inducing activity of the unfractionated sample. Equivalent volumes of each fraction were transfected into the
RAW-Lucia reporter cells. After 24 h, luciferase activity was determined, Y-axis = relative light units. P values were determined using the unpaired T test with
Welch's correction.

of Isolated fractions were transfected into the ISRE reporter cell line. expressed (at ~36,934kb and ~ 36,936 kb, chrl). Other highly ex-
We found that the ISRE-inducing activity isolated from MS-C patient pressed mRNAs, such as GAPDH, were also not detected in the dsRNA
leukocytes segregated with the non-rRNA fraction, the polyA (-) RNA samples. Thus, we determined levels of expression of repeat elements
fraction, the > 200 bp fraction, and the dsRNA fraction (Fig. 6A-D). using the repeatmasker definition list (http://www.repeatmasker.org)
Taken together, these results indicate that the RNA that stimulates the [43]. Roughly, there are about 1,000,000 Alu elements, 1,000,000 LINE
ISRE response found in MS-C leukocytes is a dsRNA but not rRNA, elements, and 2,000,000 other repeat elements in the human genome
mRNA or a small RNA such as a microRNA. [29,30,43]. Using a cutoff of average > 10 read counts from all six

We performed whole-genome RNA-seq to identify RNAs present in RNA-seq analyses, three MS-C and three HC samples, as a lower limit of
the dsRNA fraction. Total RNA from 3 HC to 3 MS-C samples was de- detectable and reproducible RNA expression of Alu, LINE and other

pleted of rRNA, and dsRNA was isolated by immunoprecipitation using repeat elements, we determined that about 400,000 Alu elements,
the J2 antibody. A search for intra-host virus sequences using 67,000 LINE elements and 62,000 other repeat elements were ex-
VirusFinder did not reveal significant differences between MS-C and HC pressed in our samples (Fig. 7B). Also, a greater number of Alu elements
dsRNA samples [45]. As a first step, we used the Integrative Genomics exhibited higher expression levels than the LINE and other repeat ele-
Viewer, IGV, Broad Institute, a high-performance tool to visualize ments with about 10,000 Alu elements expressed at > 500 read counts

genomic data [46]. We compared total polyA (+) RNA to dsRNA from while < 1000 LINE and < 1000 other repeat elements were expressed
MS-C leukocytes obtained from RNA-seq analysis (Fig. 7A). As an il- at > 500 read counts (Fig. 7C). Alu elements are divided into major
lustrative example, we compared read counts in the polyA (+) fraction classes termed AluJ elements originating about 65 million years ago,
to the dsRNA fraction of one MS-C patient leukocyte RNA sample at the AluS elements originating about 30 million years ago, and the younger
CSF3R gene (tracks 1-3). In the polyA (+) faction, exons were highly AluY elements. Multiple sub-classes exist within each class. Of these,

expressed with evidence of some intron retention between exons 3-4, more AluS elements exist in the genome and proportionately more
6-7, and 12-13 [33]. In the dsRNA fraction, we found absence of CSFR expressed AluS elements were identified by our analysis (Fig. 7D, see
exon transcripts, confirming purity of our dsRNA preparations, and also Supplementary Data File 4 for more detail). Of the LINE elements,
high levels of transcripts between exons 3-4. This genomic region was the L1 class had the greatest number of highly expressed LINE elements
also rich in Alu and LINE elements (track 4). This overlay also indicates (Fig. 7E). We also determined locations in the genome of expressed Alu
that the Alu elements were expressed at higher levels than the LINE and LINE elements using the > 10 read count cutoff. Greater than 80%
elements. In contrast, upstream Alu elements were only weakly of expressed Alu and LINE elements were located in introns of protein-
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Fig. 7. Analysis of leukocyte dsRNA content by whole genome RNA-seq. A, Integrative Genomics Viewer (IGV) RNA-seq tracks. The first track (1) shows genomic
coordinates of the CSF3R gene, chr 1 with exons and introns. The second track (2) shows levels of polyA (+) mRNAs in read counts from one MS-C RNA sample [33].
The third track (3) shows dsRNA levels in read counts from one MS-C sample. The fourth track (4) shows positions of Alu, LINE, LTR and other repeat elements
(repeatmasker). Results presented in B-E were calculated from the average of three MS-C and three HC samples B, Pie chart showing number of Alu, LINE and other
repeat elements in the human genome expressed in leukocytes in the dsRNA + fraction with average read count > 10. C-E, Distribution of repeat element RNAs
expressed at > 10, > 50, > 100, > 500 average read counts compared to total number of repeat elements in the human genome. C, Alu, LINE, other repeats, D, J, S,
Y classes of Alu elements, E, L1-L5 classes of LINE elements. F, Fraction of total expressed Alu and LINE RNAs (average read count > 10) transcribed from introns of
protein-coding genes, from intergenic space, or from 3’ UTR of protein coding genes. G, H, ‘Volcano plots’ showing differential expression of Alu (G) and LINE(H)
RNA elements (> 500 read count) between MS-C and HC cohorts, Q < 0.05. I, Genomic locations of highly expressed Alu and LINE elements (> 500 read count) are
near leukocyte transcriptional enhancers. Y-axis shows the proportion of highly expressed Alu and LINE elements with genomic locations within the indicated
genomic distance of a leukocyte enhancer, X-axis. P values, -log;o, shown above the graph were determined using Fisher's exact test.

coding genes, about 10% were located in intergenic genome space and epigenetic markings are heavily transcribed [47-51]. These RNAs are
about 1-2% were located in 3' untranslated regions of protein-coding categorized as 1-directional (1D-eRNA) or 2-directional (2D-eRNA)
genes (Fig. 7F). We also determined if highly expressed Alu and LINE RNAs depending upon if they are transcribed from a single DNA strand
elements (> 500 read counts) were differentially expressed between (1D-eRNA) or in both sense and antisense directions (2D-eRNA), re-

MS-C and HC samples. Of both highly expressed Alu and LINE elements, spectively. The 1D-eRNAs are greater in length (> 1 kb) than 2D-eRNAs
more were expressed at higher levels in the MS-C samples than the HC (< 200 bp). Considering the possibility that highly expressed Alu and

samples (Fig. 7G and H). Thus, we found that expressed Alu and LINE LINE elements may be transcribed from leukocyte enhancer regions, we
elements were abundant in the genome, were mostly found in introns of compared genomic locations of leukocyte highly expressed Alu and
protein-coding genes, exhibited variable levels of expression, and a LINE elements (> 500 read count) to genomic locations of Alu and
number of the highly expressed Alu and LINE elements were expressed LINE elements that were not expressed in leukocytes from our RNA-seq
at higher levels in the MS-C cohort than the HC cohort. analysis to the genomic positions of previously reported leukocyte en-

In addition to genes, enhancer regions in the genome identified by hancer elements defined by epigenetic markings [47]. For this
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comparison, we also extended Alu/LINE genomic lengths by 1-5kb to
determine if this affected the overlaps as the exact relationship between
an enhancer region defined by epigenetic markings and transcription of
1D-eRNAs and 2D-eRNAs is incompletely understood. Performing this
analysis, we found that greater than 80% of highly expressed Alu ele-
ments were within 5kb of a leukocyte enhancer while only ~10% of
Alu elements not expressed (Alu (NE)) in leukocytes were within 5 kb of
a leukocyte enhancer (Fig. 7I) and this difference was highly significant.
We also found that ~40% of highly expressed LINE elements were
within 5kb of a leukocyte enhancer while only ~10% of LINE not
expressed in leukocytes (LINE (NE)) were within 5kb of a leukocyte
enhancer. The association between genomic positions of highly ex-
pressed LINE elements and leukocyte enhancers did not reach the same
level of statistical significance as the association between genomic po-
sitions of highly expressed Alu elements and leukocyte enhancers.
Taken together, these results indicate that transcribed Alu and LINE
elements are located near transcriptional enhancers in the genome.
We used PCR to independently measure total levels of Alu, LINE3,
RNU-1, and RNU-2, and 18S rRNA RNAs in each of five MS-C samples
with high ISRE inducing activity, each of 5 MS-E samples with un-
detectable or low ISRE inducing activity and each of five HC samples
with undetectable ISRE inducing activity. PCR primers used to measure
Alu and LINE3 RNAs amplify multiple classes of Alu and LINE3 ele-
ments making it possible to obtain a general estimate of total levels of
these RNAs in a biological sample. Total levels of the indicated RNAs
were not different among MS-C, MS-E and HC samples (Fig. 8A). We
asked if there was a difference in the dsRNA character of these RNAs
between the three sample sets by isolating dsRNA using J2 antibody
specific for dsRNA > 40 bp in length and determining RNA levels in
bound and unbound fractions from each MS-C sample, each MS-E
sample and each HC sample. We found a marked increase in the levels
of Alu and LINE 3 RNA, but not RNU-1, RNU-2 and 18s rRNA, that were
dsRNA in the MS-C samples compared to either MS-E or HC samples
(Fig. 8B). Transcribed Alu and LINE3 elements were also localized in
the cytoplasm rather than nucleus (Supplementary Data File 5). We
fractionated MS-C RNA by SDS polyacrylamide gel electrophoresis and
eluted RNA fractions and tested them for Alu levels by PCR and ISRE-
inducing activity in the RAW264.7 reporter cells. We detected two clear
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peaks of Alu signal, a weaker signal at about 300 bp and a stronger
signal at ~1-2kb but only one peak of ISRE-inducing activity at
~1-2kb (Fig. 8C). Thus, the ISRE-inducing activity co-migrated with
the larger Alu size fraction, which is consistent with results above de-
monstrating that highly expressed Alu elements are associated with
enhancers and 1d-eRNAs are ~1-2kb in size and potentially contain
multiple Alu and LINE elements. To directly test if Alu RNA activated
the ISRE reporter, we transfected in vitro transcribed Alu RNA into
RAW-Lucia reporter cells and measured luciferase activity 24 h later.
We found that Alu RNA induced ISRE activity in a dose-dependent
manner (Fig. 8D). We conclude from these studies that increased levels
of double-stranded Alu and perhaps LINE RNAs contribute to the ob-
served increase in ISRE-inducing activity in the MS-C RNA samples
compared to the HC RNA samples.

4. Discussion

IFN-responses are elevated in RRMS patient leukocytes in early
disease, MS-CIS, prior to diagnosis of RRMS, in a cohort of RRMS pa-
tients at the time of diagnosis of RRMS but prior to onset of therapies
(MS-N), and during the relapse and post-relapse phase in patients with
established disease, MS-relapse. RNA isolated from RRMS patient leu-
kocytes is also capable of inducing IFN-responses in virgin cells.
Further, neuromyelitis optica (NMO), transverse myelitis (TM), and
Parkinson's disease (PD) are also diseases of the nervous system of
unknown etiology but where inflammatory components are suspected.
Leukocyte RNA isolated from these patient samples does not activate an
IFN-response suggesting existence of these RNAs is not a property of all
disorders of the nervous system that possess an inflammatory compo-
nent. These RNAs capable of inducing IFN-responses are not polyA (+)
RNAs, rRNAs, or miRNAs, but are dsRNAs. Our analysis of MS-C and HC
dsRNA compartments reveals the presence of highly expressed repeat
elements, most notably Alu elements. Both highly expressed Alu and
LINE elements are enriched in the MS-C cohort compared to the HC
cohort. Genomic loci containing highly expressed Alu and LINE ele-
ments are localized within or near leukocyte transcriptional enhancers
raising the possibility that these highly expressed Alu and LINE ele-
ments are components of 1D eRNAs. Transfection of In vitro transcribed

Fig. 8. MS-C Alu RNAs induce ISRE-
# enhancer activity. A, Total levels of the
# indicated RNAs were determined by
PCR analysis of independent MS-C, MS-
E and HC RNA samples (N = 5 each).
RNA differences among MS-C, MS-E,
and HC cohorts were not statistically
significant (unpaired t-test with Welch's
correction). B, Total levels of the in-
dicated RNAs bound to the J2 antibody
specific for long dsRNA were de-
termined by PCR analysis of bound
fractions and total fractions. Results are
expressed as fraction of total (N=5
each). P values are for each MS-C: HC
comparison using the unpaired t-test
with Welch's correction, NS = not sig-
nificant. Differences between MS-E and
HC samples were not statistically sig-
nificant. C, MS-C dsRNA was fractio-
nated by SDS polyacrylamide gel elec-
trophoresis. RNA was eluted from
individual fractions and tested for
ISRE-inducing activity by transfection

-6~ AluRNA
-8~ bioactivity

1.0

0.5
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into the RAW-Lucia reporter cell line and Alu RNA quantity was determined by PCR. Relative signals, Y-axis, were calculated by converting the highest bioactivity
signal to 1 and the highest Alu signal to 1 and calculating relative signals in the other fractions. X-axis is size in kb. # indicates if Alu RNA levels were significantly
different from background levels, * indicates if ISRE-inducing activity was significantly different from background levels, P < 0.05 compared to background signal.
D, The indicated amounts of in vitro transcribed Alu RNA (~ 300 bp in length) were transfected into RAW-Lucia reporter cells. After 24 h, luciferase activity was
determined, Y-axis = relative light units. *, P < 0.05 compared to background luciferase signal.
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Alu RNA into target cells activates an IFN-response, thus recapitulating
the response of MS-C RNA. In summary, our results are consistent with
a model where an imbalance of highly expressed Alu- and LINE-dsRNAs
induces IFN-responses at distinct stages of RRMS.

One limitation of our study is that we do not completely address the
correlation between elevated IFN-responses or elevated levels of Alu
dsRNAs in RRMS and disease activity, outcomes or other clinical
parameters. Our findings that RRMS patients during relapse have ele-
vated IFN-responses compared to patients not in relapse suggest that
IFN-responses and elevated levels of Alu dsRNAs correlate with relapse
or recovery from relapse. However, it is not possible to make this
conclusion with absolute certainty without extensive longitudinal
clinical studies coupled with measurements of IFN-responses and Alu
dsRNA levels. A second limitation is that we did not investigate possible
sources of endogenous stimuli that might lead to increased Alu dsRNA
levels and corresponding IFN-responses. Stimuli that can lead to in-
creased levels of Alu RNAs in tissue culture models include cellular
stressors such as heat shock responses, oxidative stress, inhibition of
mRNA transcription or protein translation, and ionizing irradiation, as
well as viral infection [14,24,52]. Thus, identifying sources of en-
dogenous stimuli in RRMS that lead to increased Alu dsRNA levels may
improve our understanding of RRMS pathogenesis.

A second limitation is that we isolated RNA from whole blood to
perform these studies so it is not possible to conclude with absolute
certainty if increased Alu dsRNAs found RRMS are intracellular or
present in serum or both. Stimulation of IFN-responses by Alu dsRNAs
requires transfection into naive recipient cells. Thus, it seems most
likely that in RRMS, intracellular Alu dsRNAs activate intracellular
dsRNA sensors and stimulate increased IFN-responses via a cell intrinsic
process rather than a process where Alu dsRNAs are released from one
cell or present in serum and activate another cell via perhaps a cell
surface receptor. However, further studies will be required to address
this question.

Defects in RNA processing exist in RRMS [33]. These include mis-
processing of rRNAs resulting in increased rRNA length, extensive exon
loss and intron retention in mRNAs, increased poly-adenylation of
rRNAs, as well as certain Y RNAs and U snRNAs. These defects result, at
least in part, from reduced levels of Ro60 and La proteins in RRMS
leukocytes. Ro60 and La are part of a ribonucleoprotein complex that
binds mis-folded RNAs facilitating their degradation by the RNA exo-
some [25,27,53,54]. Ro60 also binds RNA Alu elements and thus, if
these are mis-folded, Ro60 may facilitate their degradation by the RNA
exosome. Increased expression of I[FN-response genes, ‘IFN signature’, is
present in numerous autoimmune diseases, most notably SLE, but also
RRMS, RA, and Sj. In SLE, increased Alu RNA expression, which may
result from failure of the exosome to degrade these dsRNAs, is also
linked to the IFN signature. Reduced levels of Ro60 and La proteins in
RRMS may also contribute to increased levels of dSRNA Alu elements in
RRMS due to failure to degrade Alu RNAs. In fact, loss of Ro60 in cell
lines causes increased Alu RNA expression and activates inflammatory
gene expression, including IFN-a, lending further support to this no-
tion.

Other factors exist that may govern responses of dsRNA sensors to
endogenous dsRNAs such as repetitive Alu and LINE RNA elements. For
example, studies suggest that the normal RNA-rich environment in cells
may actually inhibit activation of the dsRNA sensor, MDAS5, and per-
haps additional dsRNA sensors by Alu and LINE dsRNAs, thus limiting
activation of IFN responses creating a kind of state of innate immune
tolerance [32]. In this regard, simple depletion of total cellular RNAs by
such things as cellular stress may abrogate this inhibition or tolerance
leading to activation of these sensors resulting in increased IFN re-
sponses. In addition, RNA A to I editing catalyzed by double-stranded
RNA-specific adenosine deaminase (ADAR) is a known mechanism that
disrupts the dsRNA character of repetitive Alu and LINE RNA elements
and is thought to prevent aberrant activation of dsRNA sensors by en-
dogenous dsRNAs [55,56]. These additional factors may contribute to
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the observed shifts in balances of Alu and LINE dsRNAs in RRMS and
corresponding induction of IFN responses.

Further comparison between SLE and RRMS seems worthwhile. In
SLE, the IFN-response is thought to be pathogenic and is increased
during clinical flares [19]. In fact, treatment of patients with type 1
IFNs induces lupus-like flares in rare instances [57,58]. In contrast,
therapeutic versions of IFN- are mainstays for treatment of RRMS re-
ducing both relapse rates and long-term disability [59-61]. Clinical
trials with IFN-a have achieved similar positive clinical effects but IFN-
a is not used as the standard of care for RRMS [62]. In contrast, while
type 1 IFNs have positive impacts on RRMS disease pathogenesis, stu-
dies in both animal models of MS as well as human RRMS indicate that
IFN-y has a negative impact on disease pathogenesis and increases
disease relapses [63,64]. The IFN-response and presence of dsRNAs that
induce the IFN-response seem to peak in intensity in the MS-relapse
cohort after relapse or extend significantly beyond the clinical relapse
phase well into clinical remission. Taken together, these data raise the
possibility that the increase in the endogenous level of Alu dsRNAs, and
perhaps other dsRNAs, and the subsequent IFN-response may have a
positive impact on RRMS. A better understanding of the origins and
dynamics of expression of these dsRNA Alu elements may improve
current disease management in RRMS and possibly lead to identifica-
tion of new therapeutic targets for RRMS.

Over 1,000,000 Alu elements exist in the human genome suggesting
their presence contributes to the fitness of the species. Our results show
that substantial portions of Alu and LINE transcripts exist as dsSRNA
structures and this portion is significantly increased at discrete stages of
RRMS. Transcriptional enhancers in the genome are also transcribed
and produce what are termed enhancer RNAs or eRNAs. Our results
show that genomic locations of highly expressed Alu and LINE RNAs are
near leukocyte-specific transcriptional enhancers. The corollary is also
true, Alu elements within the genome also possess tissue-specific en-
richment for the enhancer epigenetic mark, H3K4mel and certain Alu
elements possess enhancer activity in reporter assays suggesting Alu
elements may be critical components of enhancers [65]. Taken together
our results suggest that transcription at enhancers may give rise to
highly expressed Alu and LINE elements as part of an enhancer RNA or
eRNA. However, further analyses of especially these longer highly ex-
pressed Alu and/or LINE structures will be required to determine the
accuracy of these suggestions.

Besides their antiviral effects, IFNs also have broad anti-in-
flammatory properties mediated, in part, by their ability to inhibit in-
flammasome activity [66-68], but also by other mechanisms such as
their ability to inhibit generation of antibody-producing B cells [69]. In
contrast to IFNs, Alu RNAs also activate the inflammasome. Thus, Alu
RNA elements may have both pro- and anti-inflammatory properties.
Whether additional pathways exist that may be activated by dsRNA Alu
and LINE elements is incompletely understood at present but represents
an avenue of potentially important future investigation.
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