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Cell-Specific Transposable Element and Gene Expression
Analysis Across Systemic Lupus Erythematosus
Phenotypes

Zachary Cutts,1 Sarah Patterson,1 Lenka Maliskova,1 Kimberly E. Taylor,1 Chun Jimmie Ye,1 Maria Dall’Era,1

Jinoos Yazdany,1 Lindsey A. Criswell,2 Gabriela K. Fragiadakis,1 Charles Langelier,1 John A. Capra,1

Marina Sirota,1* and Cristina M. Lanata2*

Objective. There is an established yet unexplained link between interferon (IFN) and systemic lupus erythematosus
(SLE). The expression of sequences derived from transposable elements (TEs) may contribute to SLE phenotypes, spe-
cifically production of type I IFNs and generation of autoantibodies.

Methods. We profiled cell-sorted RNA-sequencing data (CD4+ T cells, CD14+ monocytes, CD19+ B cells, and nat-
ural killer cells) from peripheral blood mononuclear cells of 120 patients with SLE and quantified TE expression identi-
fying 27,135 TEs. We tested for differential TE expression across 10 SLE phenotypes, including autoantibody
production and disease activity.

Results. We found 731 differentially expressed (DE) TEs across all SLE phenotypes that were mostly cell specific
and phenotype specific. DE TEs were enriched for specific families and open reading frames of viral genes encoded
in TE sequences. Increased expression of DE TEs was associated with genes involved in antiviral activity, such as
LY6E, ISG15, and TRIM22, and pathways such as IFN signaling.

Conclusion. These findings suggest that expression of TEs contributes to activation of SLE-related mechanisms in
a cell-specific manner, which can impact disease diagnostics and therapeutics.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a heterogeneous

chronic autoimmune disease characterized by antibodies against

nucleic acids and associated proteins.1,2 The clinical manifesta-

tions vary among different racial and ethnic groups, and the risk

of developing severe manifestations is increased in Black, Asian

and Pacific Islander, and Hispanic patients.3 Transcriptomic stud-

ies have shown that SLE is also molecularly heterogeneous and

that different cell types have specific gene expression profiles.4

Transposable element (TE)–derived sequences make up

approximately 50% of the human genome. TEs are mobile

genetic elements capable of changing their location within

genomes. The vast majority of TE sequences in the human

genome are inactive and can no longer transpose, but they still

contain sequences with the potential to encode proteins and

functional gene regulatory elements. A small number of specific

classes of TEs are intact and active in humans, and there is some

evidence of differences across human populations.5 As a result,

TEs have roles both in human health and diseases such as can-

cer and autoimmunity.6–8 Recent work has suggested that two

subsets of TEs, human endogenous retroviruses (HERVs) and

long interspersed nuclear elements (LINEs), may play a patho-

genic role in SLE.9,10 One of many hypotheses for a mechanism

by which TEs could trigger an immune response is their expres-

sion either as nucleic acids or proteins that resemble molecular

patterns of exogenous viruses.11,12 With the accumulation of

TEs, an interferon (IFN) response could be triggered, which could

result in a positive feedback loop that upregulates IFN-stimulated

genes.12
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In previous work, over 100 locus-specific HERVs were
shown to be differentially expressed (DE) in patients with SLE
and correlate with lupus clinical parameters, such as the presence
of double-stranded DNA (dsDNA), anti-RNP, and anti-Smith (anti-
SM) antibodies.13 Previous studies have also identified elevated
expression of HERVs in SLE, implicating HERV-E clone 4-1 in
peripheral blood mononuclear cells (PBMCs) and HRES1/p28
in B cells.14,15 In addition, more recent work has characterized
TEs in blood from patients with SLE compared with matched con-
trols and found up-regulation of TEs in SLE.8,13,16 These studies
also investigated whether TEs contribute to the IFN signature
observed in patients with SLE, with one study finding a positive
correlation between HERV expression and the IFN signature,
whereas the other did not.8,13

Although many studies have explored TE expression among
patients with SLE and healthy patients, none have defined locus-
specific TE expression in immune cell types relevant to SLE or
characterized the relationship between TE expression and differ-
ent lupus manifestations in a diverse patient cohort. In addition,
prior work has not examined the cell-specific association of DE
TEs in SLE with gene expression and gene set enrichment analy-
sis. The goal of this study was to characterize the role of TEs in the
clinical heterogeneity of SLE across multiple cell types. Here, we
report on TE expression in 4 distinct cell types and 10 SLE sub-
phenotypes, conduct family and viral gene enrichment analysis,
and correlate cell-specific TE expression with SLE heterogeneity
as well as cell-specific transcriptomics in a diverse cohort of
patients with lupus with extensive phenotypic data.

MATERIALS AND METHODS

Cohort description and data generation. All patients in
this study were from the California Lupus Epidemiology Study
(CLUES). CLUES was approved by the Institutional Review Board
of the University of California, San Francisco. All patients signed a
written informed consent to participate in CLUES. Study proce-
dures are described previously.17 Clinical data collected at sam-
pling and self-reported race (which patients chose from a fixed
set of categories) was used for downstream analysis. Raw data
of this study are openly available in GEO: GSE164457. All other
data are available from the corresponding author upon reason-
able request.

Subphenotype definitions. Disease activity was mea-
sured with the standardized SLE disease activity (SLEDAI)
score.18 A high SLEDAI score was defined as a score ≥8,
whereas low was defined as <8. Besides the total SLEDAI score,
we also performed analyses with specific items of the SLEDAI
score, such as proteinuria and the presence of dsDNA antibody.
From our own previous work, three stable clusters named mild
disease, severe disease 1, and severe disease 2 were revealed
from unsupervised clustering of the 11 American College of

Rheumatology Classification Criteria characterized by significant
differences in SLE manifestations.17 We also performed subphe-
notype associations with a history of the presence of anti-SM anti-
body, anti-RNP antibody, and anti-dsDNA. Photosensitivity was
defined as a rash or feeling sick after going out in the sun. Serol-
ogies were performed in Clinical Laboratory Improvement
Amendments–certified laboratory tests and reported as abnormal
or normal.

RNA-sequencing data generation. PBMCs were iso-
lated from 120 participants with SLE. Using the EasySep protocol
from STEMCELL Technologies, these cells were sorted into
CD14+ monocytes, B cells, CD4+ T cells, and natural killer
(NK) cells, for a total of 480 samples. These samples were
sequenced on a HiSeq4000 PE150, gene expression data was
generated using Salmon version 0.8.2 with adapter-trimmed
reads, and quality control (QC) was performed as previously
described.2

Genotyping. Genotyping for genomic DNA from peripheral
blood was performed using the Affymetrix Axiom Genome-Wide
LAT 1 Array. Samples with Dish QC ≥ 0.82 were retained. Using
SNPolisher, single nucleotide polymorphism (SNP) genotypes
were filtered for high-quality cluster differentiation and 95% call
rate within batches. PLINK was used for additional QC. SNPs
having an overall call rate <95% or discordant calls in duplicate
samples were dropped. Samples were dropped for unexpected
duplicates in identity by descent analysis or mismatched sex
between genetics and self-report; for first-degree relatives, one
sample was retained. All samples had at least 95% genotyping
and no evidence of excess heterozygosity (maximum <2.5 SD).
We tested for Hardy-Weinberg Equilibrium (HWE) and cross-
batch association for batch effects using a subset of subjects that
were of European ancestry and negative for dsDNA antibodies
and renal disease to minimize genetic heterogeneity. SNPs were
dropped if HWE P < 1 × 10−5 or any cross-batch association
P < 5 × 10−5. Genetic principal components (PCs) were gener-
ated using EIGENSTRAT and used for patient stratification.

TE QC and expression quantification. TE expression
quantification was performed using adapter-trimmed reads from
RNA-sequencing (RNA-seq) data that were aligned with bowtie2
to hg38, allowing for 100 alignments per read, using the very sen-
sitive local setting (-k 100 –very-sensitivie-local –score-min
L,0,1.6). The resulting sorted bams with ambiguous reads were
used as input into Telescope with default settings and the refer-
ence retro.hg38.v1 annotation from https://github.com/
mlbendall/telescope_annotation_db/tree/master/builds to reas-
sign reads. Because TEs are highly repetitive sequences and
RNA-seq reads can align ambiguously at multiple locations in
the genome (multimappers), we used Telescope, which applies
an expectation-maximization algorithm to reassign multimapped
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reads to a specific location.7 Locus-specific TE read counts gen-
erated by Telescope were used for downstream analysis.

Differential TE expression analysis. TE differential
expression analysis was run with DESeq2 (version 1.38.3) using
counts from Telescope with outliers dropped per cell type, adjust-
ing for age, sequencing lane, sex, genetic ancestry PCs 1–10,
and medication at the time of blood draw. For data analyses, we
grouped immunosuppressive medications into the following cate-
gories: biologic treatments (belimumab, abatacept, and rituxi-
mab), low-dose prednisone (<10 mg), moderate or high-dose
prednisone (>10 mg), antimalarials, calcineurin inhibitors, metho-
trexate and leflunomide, azathioprine, mycophenolate mofetil,
and cyclophosphamide. Medications were used as factors in
DESeq2 as covariates. Outcomes studied included disease activ-
ity (SLEDAI score), IFN signature high/low based on gene signa-
ture developed by Kennedy et al,19 photosensitivity (previous
work has found UV light induces HERV expression),20 proteinuria,
autoantibody production (dsDNA, RNP, and SM), and disease
severity (as defined by clinical clusters previously described in
the same participants with SLE).17 For stratified analyses, patients
were stratified according to genetic similarity (PC1 >0.025 for
Asian ancestry, <−0.025 for European ancestry), and admixed
individuals were not considered for downstream stratified analy-
sis. All P values from the subphenotype analysis were false dis-
covery rate corrected using Benjamini-Hochberg. DE TEs
(adjusted P value [padj] <0.05) for all SLE subphenotypes per cell
type were used for downstream analysis. PC analyses (PCAs) of
TE expression were computed with the factoextra package (ver-
sion 1.0.7). Cell type PCAs were made using the variance stabiliz-
ing transformation with the DESeq2 function vst(), and variance
stabilizing transformed data was visualized with plotPCA from
the DESeq2 package.

Characterization of DE TEs. TE family definitions were
defined using https://github.com/mlbendall/telescope_annotation_
db/tree/master/builds. Locus-specific DE TEs across all SLE sub-
phenotypes per cell type were used to calculate family enrich-
ment. Counts per family were generated by dropping the locus
from the telescope transcript name and summing the number of
DE TEs according to families.tsv. LINEs were grouped into
L1FLnI, L1ORF2, and L1FLI. Log odds ratio and the hypergeo-
metric test for enrichment/depletion were calculated, and an
expression threshold of four was used for filtering.

Enrichment of open reading frames (ORFs) of viral proteins
derived from TE sequences was calculated using the Genome-
based Endogenous Viral Element Database (gEVE). Bedtools
was used to find the intersection between Hsap38.geve.v1.bed
regions and Telescope annotation regions. The DE elements from
the SLE subphenotype analysis that overlapped full regions of the
gEVE annotation were used to calculate enrichment of ORFs of
viral genes encoded in TE sequences.

TE and gene expression integration. Association of dif-
ferential TE expression with gene expression was calculated
using the sum of counts of DE TEs for all SLE subphenotypes
per cell type. Raw counts from Telescope were normalized with
DESeq2, and the counts of DE TEs for each cell type were
summed to get counts of DE TEs per patient for each cell type.
DESeq2 (version.1.38.3) was used with the continuous variable
of summed differential counts of TEs, adjusted for age, sequenc-
ing lane, sex, genetic PCs, and medication at the time of blood
draw. Gene set enrichment analysis was run with significant
genes (padj < 0.05) using WebGestaltR (version 0.4.5) and the
reactome database. Volcano plots were generated using
Enhanced Volcano package (version 1.16.0).

RESULTS

The study consists of 120 participants with SLE from the
CLUES (Figure 1A). The majority of participants were women, with
an age distribution between 20 and 82 years (Table 1). To capture
cell type–specific elements across major immune populations, we
leveraged cell-sorted RNA-seq data (CD4+ T cells, CD14+ mono-
cytes, B cells, and NK cells) from PBMCs of patients that were
previously published by Andreoletti et al.2 After standard QCmea-
sures, we quantified expression of 27,135 HERVs and LINEs
(TEs) in four cell types using Telescope.7 We found that both TE
and gene expression is cell specific in patients with lupus as
observed by the clear clustering in PCAs of both TE expression
(Figure 1B) and gene expression (Figure 1C).

Cell-specific association between TEs and SLE
phenotypes. Cell type–specific HERV expression has previously
been shown in immune cells.21 Therefore, we conducted a cell-
specific comprehensive genome-wide analysis of TEs in CD4+ T
cells, monocytes, B cells, and NK cells, examining differential
expression in SLE subphenotypes (history of anti-SM antibody,
history of anti-RNP antibody, anti-dsDNA antibody at blood draw,
severe disease 2 vs mild disease, severe disease 1 vs mild dis-
ease, severe disease 2 vs severe disease 1, disease activity char-
acterized by the SLEDAI score, IFN score, proteinuria, and
photosensitivity). Differential expression analysis of SLE subphe-
notypes identified significant (padj < 0.05) TEs in each cell type
and SLE subphenotype (Supplementary Table 1).

We then explored whether these DE TEs were cell or SLE
subphenotype specific. We observe very few overlaps of DE TEs
across all SLE subphenotypes and cell types (Figure 2). No
locus-specific TEs were shared across all cell types, whereas a
small number of overlaps were observed across two to three cell
types (Figure 2A).

Across subphenotypes, we also observe a small number of
common DE TEs. In CD4+ T cells, we identify one TE
(ERVLB4_8p23.1o) that was common across five subpheno-
types, including photosensitivity, anti-dsDNA antibody at time of
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blood draw, disease activity characterized by the SLEDAI score,
history of anti-RNP antibody, and cluster severe disease 1 versus
mild disease). In the monocyte analysis, we found two overlap-
ping TEs (L1FlnI_5q35.1e and L1FlnI_Yp11.2na) common across
six SLE subphenotypes (photosensitivity, anti-dsDNA antibody at

the time of blood draw, disease activity characterized by the
SLEDAI score, history of anti-RNP antibody, clinical cluster severe
disease 1 vs mild disease, and IFN signature). In B cells, we iden-
tify one TE (HML2_8p23.1a) that is DE across eight subpheno-
types (photosensitivity, anti-dsDNA antibody at the time of blood

Figure 1. Study overview and comparison of TE and gene expression between cell types. (A) One hundred and twenty patients were selected for
cell-sorted bulk RNA-seq analyses from the CLUES cohort. Data were QC’d, and HERVs and LINE were quantified using Telescope. DESeq2 was
used for cell-specific differential expression of locus-specific TEs for SLE subphenotypes. Cell-specific differentially expressed TEs from all SLE
subphenotypes were used to perform family enrichment, open reading frame of viral genes encoded in TE sequences enrichment, and association
with gene expression and pathway analysis. (B) TE expression PCA plot–based visualization colored by cell type. (C) Gene expression PCA plot–
based visualization colored by cell type. CLUES, California Lupus Epidemiology Study; dsDNA, double-stranded DNA; gEVE, Genome-based
Endogenous Viral Element Database; HERV, human endogenous retrovirus; IFN, interferon; LINE, long interspersed nuclear element; PC, principal
component; PCA, PC analysis; QC, quality control; RNA-seq, RNA-sequencing; SLE, systemic lupus erythematosus; SLEDAI, SLE disease activ-
ity; TE, transposable element.
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draw, disease activity characterized by the SLEDAI score, history
of anti-RNP antibody, severe disease 2 vs severe disease
1, severe disease 1 vs mild disease, IFN signature, and anti-SM
antibody). In NK cells, we found one TE (LTR25_9q13a) common
across four SLE subphenotypes (anti-dsDNA antibody at the time
of blood draw, history of anti-RNP antibody, IFN signature, and
anti-SM antibody).

Additional cell type–specific associations of TEs
with SLE subphenotypes through ancestry-stratified
analysis. Comparing patients based on genetic similarity
revealed two strong clusters (Supplementary Figure 1), which sig-
nificantly correlated with self-reported race (r2 = 0.938, P = 2.2 ×
10−16). Given the differences in SLE burden between individuals
with Asian and European ancestry, we explored differential TE
expression within these groups.22 Similar to our previous analysis,
we identified many DE locus-specific TEs by SLE subphenotype
and cell type when stratifying by genetic ancestry groups and
removing admixed individuals (Supplementary Tables 2 and 3).

We observe a larger number of DE TEs in lupus subpheno-
types, especially anti-dsDNA in this stratified analysis when com-
pared with the analysis with all patients (Supplementary Tables 2

and 3). As in the overall analyses, few locus-specific TEs were
DE across all cell types or subphenotypes (Supplementary Fig-
ures 2 and 3).

In the European-enriched subgroup CD4+ T cells, we found
one TE (MER101_21q21.3a) common across four different subphe-
notypes (anti-dsDNA antibody, photosensitivity, disease activity
characterized by the SLEDAI score, and anti-RNP antibody). In
monocytes, we identified one TE (HERVL_Xp11.4) common across
three SLE subphenotypes (photosensitivity, anti-dsDNA antibody,
and IFN). In B cells, we found two TEs (ERVLB4_2q11.1b and HAR-
LEQUIN_Yq11.223) common across five SLE subphenotypes (pho-
tosensitivity, anti-dsDNA antibody, disease activity characterized by
the SLEDAI score, anti-RNP antibody, and severe disease 1 vs mild
disease). In NK cells, we found one TE (L1FlnI_8q13.1d) common
across four SLE subphenotypes (photosensitivity, anti-SM anti-
body, anti-RNP antibody, and anti-dsDNA).

In the Asian ancestry subgroup CD4+ T cells, there were
three common DE TEs (ERVL_17q11.1, LTR23_3q26.31, and
MER41_17q23.3a) across four SLE subphenotypes (anti-dsDNA
antibody, anti-RNP antibody, IFN, and anti-SM antibody). In mono-
cytes, there were two TEs (L1FlnI_6q14.3u and MER101_6p21.1)
across six subphenotypes (anti-dsDNA antibody, anti-RNP

Table 1. Cohort characteristics*

Characteristics
Overall
(n = 119)

Asian enriched
(n = 62)

European enriched
(n = 57)

Sex, n (%)
Female 105 (88.2) 56 (90.3) 49 (86.0)
Male 14 (11.8) 6 (9.7) 8 (14.0)

Age, y
Mean (SD) 45.2 (13.7) 42.3 (13.9) 48.3 (12.9)
Median (Min–Max) 45.0 (20.0–83.0) 41.0 (20.0–74.0) 45.0 (27.0–83.0)

Clusters, n (%)
Mild disease 40 (33.6) 10 (16.1) 30 (52.6)
Severe disease 1 60 (50.4) 39 (62.9) 21 (36.8)
Severe disease 2 19 (16.0) 13 (21.0) 6 (10.5)

Anti-RNP antibody, n (%)
Abnormal 39 (32.8) 24 (38.7) 15 (26.3)
Missing 6 (5.0) 1 (1.6) 5 (8.8)
Normal 74 (62.2) 37 (59.7) 37 (64.9)

SLEDAI score, n (%)
High 13 (10.9) 6 (9.7) 7 (12.3)
Low 106 (89.1) 56 (90.3) 50 (87.7)

Anti-SM Ab, n (%)
Abnormal 26 (21.8) 17 (27.4) 9 (15.8)
Missing 2 (1.7) 0 (0) 2 (3.5)
Normal 91 (76.5) 45 (72.6) 46 (80.7)

High dsDNA Ab at blood draw, n (%)
Abnormal 50 (42.0) 31 (50.0) 19 (33.3)
Normal 69 (58.0) 31 (50.0) 38 (66.7)

Proteinuria at blood draw, n (%)
Abnormal 5 (4.2) 3 (4.8) 2 (3.5)
Normal 114 (95.8) 59 (95.2) 55 (96.5)

Photosensitivity, n (%)
0 80 (67.2) 40 (64.5) 40 (70.2)
1 39 (32.8) 22 (35.5) 17 (29.8)

*Ab, antibody; dsDNA, double-stranded DNA; Max, maximum; Min, minimum; SLEDAI, systemic lupus erythemato-
sus disease activity; SM, Smith.
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antibody, severe disease 2 vs severe disease 1, anti-SM antibody,
photosensitivity, and IFN). In B cells, there were four DE TEs
(ERV316A3_4q28.3cl, ERVLE_4q32.3a, MER4B_15q21.1c, and
MER4B_Xq22.3a) across four SLE subphenotypes (photosensi-
tivity, anti-dsDNA antibody, severe disease 2 vs severe disease
1, and severe disease 1 vs mild disease). Last, in NK cells, there
were four common DE TEs (ERVLB4_Xq21.31j,
HUERSP2_Xq27.3a, L1FlnI_11p14.3k, and LTR25_16p12.3b)
across four SLE subphenotypes (photosensitivity, anti-dsDNA
antibody, anti-RNP antibody, and severe disease 2 vs severe
disease 1).

Family-level enrichment of TEs and TE-derived viral
gene analysis shed light on across diverse SLE
subphenotypes within each unique cell type. Most fami-
lies of TEs have deposited sequences at thousands of loci
throughout the genome. Given their common origin, these
locus-specific instances of each TE share very similar
sequences and potential functional elements. Thus, expression
of similar sequences from different genomic loci derived from
the same family of TEs might collectively contribute to SLE. In
addition, previous studies have associated specific HERV fami-
lies, like HERV-K, with SLE.16

Figure 2. Identification of common differentially expressed TEs in the combined cohort shows distinct locus-specific TEs differentially expressed
across cell types and SLE subphenotypes. (A) Venn diagram of overlap of DE TEs between cell types. (B) Overlap of DE TEs between lupus sub-
phenotypes. DE, differentially expressed; dsdna, double-stranded DNA; IFN, interferon; SD, severe disease; SLE, systemic lupus erythematosus;
SLEDAI, SLE disease activity; Sm, Smith; TE, transposable element.
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To test for family-level effects, we analyzed DE TEs at the fam-
ily level across subphenotypes of SLE, focusing on each cell type.
We discovered significant enrichment of different families among
the DE TEs associated with SLE subphenotypes in each cell type
(Figure 3A). In CD4+ T cells, we observed enrichment of HERVH
(padj = 1.35 × 10−29), whereas in monocytes, we detected enrich-
ment for MER61 (padj = 0.01). In B cells, we found HML2 (padj =
1.47 × 10−4) and HERVH (padj = 1.07 × 10−30) to be enriched,
and in NK cells, ERVLB4 (padj = 1.53 × 10−6) was enriched. We
also discovered consistent depletion for L1FlnI sequences across
all four cell types. In the analysis stratified by genetic similarity, nota-
ble distinctions emerged (Figure 3B and 3C).

Previous work has hypothesized that HERVs with preserved
ORFs could produce proteins that could activate or depress the
inflammatory cascade.23 Therefore, we used gEVE to find ORFs
of viral proteins derived from TE sequences in the locus-specific
DE TEs we observed across SLE subphenotypes per cell type

(Table 1). We focused our analysis on ORFs collapsed by viral
genes and found enrichment of ORFs of viral proteins derived
from TEs in the cell-specific DE TEs across all SLE subpheno-
types (Supplementary Table 4).

IFN pathway associated with expression of DE TEs.
To better understand the possible effects of differential TE expres-
sion in SLE, we asked whether the expression of host genes cor-
related with the expression of TEs associated with SLE
subphenotypes. In the combined analysis cohort, the expression
levels of many genes associated with the expression of DE TEs
(Figure 4 and Supplementary Table 5). The associations of differ-
entially up- and down-regulated genes were largely cell type spe-
cific (Figure 4E and 4F). In the CD4+ T cells, we found a strong up-
regulation of genes associated with the DE TEs. Some of the
strongest up-regulated genes in CD4+ T cells were involved in
type I IFN signaling and other antiviral innate immune pathways,

Figure 3. Log odds ratio of significant enrichment/depletion of HERV families in combined and stratified analysis. (A) Family enrichment for the
combined analysis. (B) Family enrichment for the European-enriched cohort. (C) Family enrichment for the Asian-enriched cohort. Family annota-
tion for HERV families used from https://github.com/mlbendall/telescope_annotation_db (significant families denoted by an asterisk). HERV,
human endogenous retrovirus.
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Figure 4. Cell-specific volcano plots of combined analysis differentially expressed gene associations with differential TE expression using
DESeq2. (A) CD4, (B) CD14, (C) CD19, and (D) NK cells. Identification of the common DE genes (padj < 0.05) across the different cell types.
(E) Up-regulated. (F) Down-regulated. DE, differentially expressed; padj, adjusted P-value; TE, transposable element.
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such as LY6E, IFI6, ISG15, and ISG20. In the monocytes, most of
the genes also appear up-regulated (Figure 4B), and the top up-
regulated genes are also involved in antiviral activity, such as
ISG15, IFI6, IFI35, BST2, and TRIM22. In CD19 cells, we also
found many up-regulated genes (Figure 4C), and some of the
top up-regulated genes such as ISG15, IFIT3, IRF7, and BST2
play roles in response to viruses. In NK cells, we found many up-
and down-regulated genes (Figure 4D); one of the top up-
regulated genes we found, NXF1, is involved in transport of
unspliced retroviral genomic RNA,24 whereas one of the top
down-regulated genes we found, CAPZA1, is also observed to
be down-regulated in virus-infected cells.25

Gene set enrichment analysis revealed enrichment of path-
ways expressed in all cell types, except NK cells, including IFN
alpha/beta signaling, IFN signaling, cytokine signaling in the
immune system, and antiviral mechanism by IFN-stimulated
genes (Figure 5). We also found some cell type–specific signals.
For example, enriched pathways include solute carrier–mediated
transmembrane transport in monocytes cells; influenza infection,
viral mRNA translation, antigen presentation folding assembly,
and peptide loading of class I major histocompatibility complex
in CD4 cells; and G protein–coupled receptor ligand binding, host

interactions with influenza factors, and NS1-mediated effects on
host pathways in B cells (Supplementary Tables 6–8).

DISCUSSION

This is the first study to characterize locus and cell-specific
TE expression among a deeply phenotyped SLE cohort. We
found that TE differential expression is highly cell specific, with
very few overlaps between immune cells. We discovered associa-
tions with several disease subphenotypes and host gene expres-
sion. This suggests that TE expression could contribute to the
heterogeneity of SLE across individuals and populations.

We found associations of TE expression with production of
autoantibodies against ribonucleoproteins (RNP and SM), SLE
disease activity, and SLE disease severity after adjusting for
potential confounders. Some of these results have been previ-
ously reported; for example, some TEs, such as HERV-E clone
4-1, have correlated with autoantibody levels (anti-U1 RNP and
anti-SM nuclear antibodies) and higher IFN status in SLE.26,13

These associations are highly cell specific and subphenotype
specific, which suggests that their differential expression could
contribute or be a result of different lupus subphenotypes.

Figure 5. Significant pathways in more than one cell type from gene set enrichment analyses with webgestalt using significant genes in the com-
bined cohort. Heatmap shows NES. NES, normalized enrichment score.
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Given the differences in SLE severity and outcomes between
patients who self-report as Asian orWhite and that TE are encoded
through the germline, we explored TE differential expression pat-
terns in individuals stratified by genetic similarity. The genetic simi-
larity analysis showed a near complete agreement between
genetic similarity–based clustering and self-reported race, as well
as a small number of individuals with significant genetic admixture.
Admix individuals were removed from downstream stratified analy-
ses (Supplementary Figure 1). When the two groups, Asian
enriched and European enriched, were stratified, we found more
DE TEs in almost every SLE subphenotype, despite adjusting for
genetic PCs 1–10. This was surprising given that the sample size
for these groups was reduced from the combined analysis. Further
work is needed to determine if these differences in the stratified
analysis between TE expression and phenotypes are because of
genetic factors or differences in environmental exposures.

Retroviral p30 gag proteins and serum reactivities to p30
gag antigen have been found in patients with SLE with prolifera-
tive glomerulonephritis.27 Additionally, endogenous retrovirus–
derived proteins such as HERV-W envelope protein and HERV-
K dUTPase have been found to release antivirally active cyto-
kines.28 We investigated if it was possible that the DE TEs iden-
tified exert their effect as proteins because most expressed TEs
do not contain full ORFs for functional viral proteins. We tested if
there was significant enrichment of ORFs among the identified
DE TEs and found enrichment of several TE-derived viral pro-
teins in a cell-specific manner, such as protease, envelope
(env), and reverse transcriptase. The role of TE-derived viral pro-
teins in SLE remains to be elucidated; however, previous work
has found env proteins both to trigger innate and adaptive
immunity as well as possessing immunosuppressive proper-
ties.29 Therefore, it is difficult to say whether the enrichment of
ORFs of viral proteins we observe in the DE TEs is the cause of
an immune response or the response acting to down-regulate
an immune response.

One of the most intriguing findings was the connection
between host response gene expression and the expression of
TEs in relation to the SLE phenotypes. It has been hypothesized
that TEs could activate the innate immune system and lead to
chronic inflammation, contributing to autoimmunity.11 Supporting
this hypothesis, a study of kidney biopsies from patients with SLE
with lupus nephritis found LINEs can trigger the IFN-I pathway.30

Interestingly, in both colorectal and ovarian carcinoma cells, treat-
ment with 5-aza-20-deoxycytidine resulted in the accumulation of
HERVs and activation of an IFN response.31,32 An IFN response
to HERVs in different cells and diseases underscores the impor-
tance of understanding how the body responds to TE expression.
We found that DE TEs are associated with genes and pathways
that are involved in an antiviral response, which lends support to
this hypothesis. There are also cell-specific pathways of note; for
instance, in CD4+ T cells, we observe a correlation between DE
TEs and many pathways indicating response to viral infections,

which have long been associated with SLE, such as influenza infec-
tion and life cycle, viral mRNA translation, influenza viral RNA tran-
scription, and replication. In B cells, we identify associations with
inflammatory pathways, including NF-κB, which have been associ-
ated with both lupus and viral infection.33,34 HERVs have dispersed
many IFN-inducible enhances in mammalian genomes, shaping a
transcriptional network underlying the IFN response, and additional
studies are needed to examine the causality between TE expres-
sion and immune dysregulation to understand whether TE expres-
sion contributes to the development of SLE.35

Nonetheless, there exist several limitations within this study.
The absence of healthy control data hampers a cell-specific com-
parison to a baseline TE expression profile. Future studies should
include healthy individuals as well as individuals with other autoim-
mune diseases to better characterize the specificity of the find-
ings. Most of the participants in this cohort exhibit low disease
activity, thereby limiting our power to detect DE TEs across differ-
ent levels of disease activity. Quantifying TE expression is chal-
lenging, given their repetitive nature; many tools and approaches
have been used to measure their expression, each with strengths
and weaknesses.36 We selected Telescope because it quantifies
locus-specific TE expression, is highly sensitive, has low Type I
and Type II error rates, and has superior accuracy in comparison
with other software packages for TE expression analysis.7 We con-
sider all TE sequences in the Telescope annotation, which include
more than just full-length TE transcripts; this is justified because a
TE does not have to be fully intact to influence cell physiology.36

Finally, because this study design is cross-sectional, it is difficult to
ascertain whether TE expression is a consequence rather than
causal in the mechanism of SLE manifestations, and further studies
are needed to understand these results.

This study aimed to investigate the impact of TE expression
on SLE heterogeneity in a cell-specific manner. We discovered a
significant number of locus-specific TEs and TE families whose
expression is associated with specific SLE manifestations and
host gene expression. In summary, our study reveals cell-specific
TE expression patterns linked to disease activity, autoantibody
production, and distinct disease manifestations such as lupus
nephritis. TE expression is associated with expression of host
genes that are relevant to SLE pathogenesis. To gain deeper
insights into the causality of TEs in SLE and across its different
phenotypes, future experimental work is needed in human
immune cells. This future work could provide mechanistic and
functional insights into the role of TEs in SLE as well as confirm
the TEs identified in this study.
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