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Integrative Precision Medicine Approach to Dissect Patient Heterogeneity in Systemic
Lupus Erythematosus
Zachary Cutts
Abstract

Autoimmune diseases arise from dysregulation of the immune system, leading to its
attack on the body's own tissues and organs. The clinical heterogeneity of these diseases arises
from several sources, such as genetic predisposition, environmental triggers, and aberrant
immune responses. One emerging area of interest is the role of transposable elements (TEs) in
autoimmune disease pathogenesis because these self-nucleic acids can be mistakenly detected as
foreign, which can trigger a chronic immune reaction.

There is growing appreciation for the role of TEs in systemic lupus erythematosus (SLE)
and studies have found differentially expressed TEs in SLE patients, which suggests a link
between TE activity and disease mechanisms. Our work investigated TE expression in four
immune cell types from SLE patients, revealing cell-specific and SLE subphenotype-specific
differentially expressed TEs, with additional cell-type-specific TE associations in different
ancestry groups. TE expression was also associated with host gene expression involved in
antiviral and immune responses, supporting the hypothesis that TEs could activate the innate
immune system and contribute to chronic inflammation and autoimmunity.

This study underscores the importance of TEs in SLE heterogeneity and highlights the
need for further exploration of TE expression in normal immune cells and functional studies to
understand their role in SLE pathogenesis. Future work to study whether antiretroviral drugs
could reduce expression of TEs and mitigate SLE symptoms is warranted, given the potential

involvement of TEs in autoimmune disease pathogenesis.
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Chapter 1: Introduction

1.1 Contributions to Autoimmune Disease

Autoimmune diseases occur when the immune system fails to distinguish self and non-self, and
they are often characterized by abnormal T and B cell reactivity' . Autoimmune diseases affect
3-5% of the population, with autoimmune thyroid disease and type I diabetes being the most
common among nearly 100 autoimmune diseases'. The manifestations are very heterogenous,
and can involve any organ system, be systemic or specific to an organ, and occur more
commonly in women?.

The core of autoimmune pathogenesis is the failure of immune tolerance, the process that
normally prevents immune cells from attacking the body's own tissues. In autoimmune diseases,
this breakdown leads to an inappropriate immune response against self-antigens. The exact
mechanism can vary, involving both central tolerance (thymic deletion of highly self-reactive T
cells) and peripheral tolerance (regulation of self-reactive cells that escape central tolerance). The
breakdown of these mechanisms can be triggered by genetic defects or environmental factors,
leading to the persistent activation of autoreactive T cells and the production of autoantibodies.
Autoantibodies

Common manifestations are the presence of autoantibodies, which may appear years
before any sign of disease’. Autoantibodies are used for diagnosis and classification of
autoimmune diseases; however, the link between the autoantibody and pathology is sometimes
unclear. For example, in cutaneous fibrosis autoantibodies to nuclear antigens DNA
topoisomerase centromere proteins are associated with diffuse skin involvement and limited skin

disease, respectively.



Autoantibodies can also influence disease through antigen binding sites or immune
complex formation. Through binding sites autoantibodies can alter cell function by binding with
cell surface receptors. For example, in Graves’ disease autoantibodies to the thyrotropin receptor
activate the receptor, whereas in Myasthenia gravis autoantibodies to the acetylcholine receptor
deactivate the receptor’. Immune complexes are formed through the binding of an autoantibody
to its antigen, typically thought to occur in blood, then deposit in tissue causing inflammation
and tissue damage?.

The exact cause of autoimmunity is not well understood, but is thought to arise from an interplay
of genetic, environmental, and immunological factors*. Rarely, autoimmunity can result from
single-gene mutations, but commonly results from complex multiple gene interactions of
immune cells®. These triggers are thought to include infections, drugs, or other environmental
factors like sunlight or chemicals.

Genetic Factors

More than 200 genetic loci have been found via GWAS to be associated with
autoimmune disorders. Although there are some examples of monogenic autoimmune diseases,
most autoimmune diseases are thought to occur due to multiple genetic factors!. For example,
autoimmune polyendocrinopathy syndrome type 1 (APS1) is a rare aggressive autoimmune
disease caused by a mutation in the A/RE gene. This gene affects self-antigen presentation during
negative selection against self-reactive T cells in thymus'®. Additionally, in
immunodysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX) a defect in
the Foxp3 gene results in loss of peripheral tolerance do to mutations in CD4+CD25+ Tregs'.

Many studies have found associations with the major histocompatibility complex (MHC).

MHC encodes genes involved in antigen presentation essential for self non-self discrimination.



Additionally, human leucocyte antigens (HLAs) are gene products of MHC, linked to
autoimmune disease such as type 1 diabetes, SLE, rheumatoid arthritis and psoriasis'.

Interestingly many loci have been identified across many different autoimmune diseases
suggesting a genetic commonality among autoimmune diseases'. For instance coeliac disease
and rheumatoid arthritis as well as coeliac disease and type 1 diabetes share more than 50% of
their loci °. Additionally, there are also overlap in genes, such as PTPN22, which is found in
type 1 diabetes, rheumatoid arthritis, systemic lupus erythematosus, Graves’ disease, and Crohns’
disease. IRF5-TNPO3 found in rheumatoid arthritis, systemic lupus erythematosus, primary
biliary cholangitis, ulcerative colitis, Sjogren’s syndrome. PTPN22 inhibits T-cell activation, and
enhances signaling to promote type I interferon production. While /RF5-TNPO3 is involved in
failure to delete autoreactive native T cells and development of macrophage polarization'.
Interestingly, those with autoimmune disease are more likely to develop additional autoimmune
diseases, for example psoriasis patients have increased risk for developing additional
autoimmune diseases, which also suggests a genetic commonality among autoimmune diseases®.
Environmental Factors

In addition to genetic predisposition, it's thought that environmental factors contribute
significantly to the onset of autoimmune diseases. Infections, particularly those caused by viruses
have been implicated in the exacerbation and initiation of autoimmune responses. For example
elevated type I interferon and IFN-I induced gene transcripts and proteins in blood and tissue of
patients with systemic autoimmune diseases including primary Sjogren’s syndrome, systemic
sclerosis, dermatomyositis and SLE point to a viral trigger for these diseases, however one has

not been identified’.



Viruses in autoimmune disease

Specific viruses have been linked to autoimmune diseases, for example Epstein-Barr
virus (EBV), B19V, retroviruses (RVs) and cytomegalovirus (CMV) have been linked to SLE,
although the evidence for EBV is the strongest*. Elevated EBV viral loads have been found in
peripheral B cells and in PBMCs of SLE patients and acute B19V infections can mimic SLE
symptoms such as facial rash, photosensitivity for a short time*.

Pathogens can exert strong pressure on human evolution, for example Yersinia pestis,
which caused the Black Death and caused up to 200 million deaths, selected variants that
enhanced immunity at the cost of increased susceptibility to autoimmune diseases such as
Crohn’s®. Additionally, a variant that increases risk to Crohn’s disease protects against HIV
progression and correlates with Human Leukocyte Antigen- C expression’. There seems to be a
balance between the immune system needs to minimize the sensing of endogenous nucleic acids
which could cause autoimmunity but also keep antiviral defense strong which relies upon nucleic
acid sensing’. Put another way, the same pathways that protect against viral infection are thought
to cause systemic autoimmunity when signaling is excessive’.

Many hypotheses exist for how viral infections can lead to autoimmune diseases such as
molecular mimicry, persistent infection, and innate immune activation. Molecular mimicry refers
to the phenomenon where bacterial or viral antigens share structural similarities with self-
antigens. This can mislead the immune system into attacking the body's own tissues. Molecular
mimicry has long been studied for induction of autoimmune disease by viruses. For examples
one of the first experiments demonstrated cross reactivity was observed in myelin proteins when
a portion of hepatitis B virus polymerase was injected in rabbits!’.

Persistent viral infection can also lead to chronic inflammation and T and B cell

proliferation, leading to autoantibody production®. Finally, innate immunity activation, where



viral DNA/RNA bind to different pattern recognition receptors which can initiate pathways
leading to a type I IFN response?.

This balance between self and non-self-recognition can be difficult for viruses, because
nucleic acid sensors must discriminate between self and non-self nucleic acids'!. Pattern
recognition receptors such as toll like receptors (TLRs), RIG-I like receptors (RLRs), and cyclic
GMP-AMP synthase (cGAS) are the receptors responsible for this discrimination *!'!. Pattern
recognition receptors can be either in the cytosol or transmembrane region. In the transmembrane
region TLRs detect pathogen-associated molecular patterns (PAMPs), in the cytosol RIG-I-like
receptors, NOD-like receptors, C-type lectin receptors, and DNA sensors recognize intracellular
PAMPs'2. Once activated pro-inflammatory molecules (cytokines, chemokines, type I
interferons) are produced which create an antimicrobial environment and promote development
of adaptive immunity such as clonal expansion of T cells and antibody production of B cells'?.
Interestingly TLR-7 and TLR-9 expression in B cells have also been associated with production
of anti-dsDNA and anti-RNP autoantibodies, typical of SLE*.

Another hypothesis called epitope spreading is thought to occur when following the
initial immune response, the immune response broadens to target additional self-antigens not
initially involved in the disease. For example in autoimmune diseases, its thought that the body
responds first to an infection but a secondary response is initiated to endogenous epitopes'®!3.
Virus-epitope specific T cells become activated once a virus is recognized, however surrounding
self-antigens can be released and mistakenly the T cell response to self can be initiated!?. For
example, in a mouse model for multiple sclerosis it was shown that a chronic viral infection led

to a T-cell response to myelin epitopes!’.



1.2 Transposable Elements

HERVSs belong to a larger class of elements called transposable elements (TEs). TEs are
mobile DNA segments that can replicate independently within host genomes. TEs comprise a
over 40% of human genomes'*. TEs are classified based on their mechanism of transposition.
Class I - retrotransposons which replicate through an RNA intermediate that is reverse-
transcribed and integrated into the genome and Class II - DNA transposons which replicate
through a cut-and paste approach where the element is physically excised from one place and
inserted into another!>. These two classes are further subdivided into subclasses, then
superfamilies and families based on replication method and phylogenetics respectively!'®!7.

Class I retrotransposons can be categorized into subclasses based on how they replicate
and integrate, long terminal repeat (LTR)/human endogenous retroviral elements and non-LTR
elements. HERV structure is similar to exogenous retroviruses, composed of two long terminal
repeats (LTRs) that flank the gag, pro-pol, and env internal viral genes'?. Gag codes structural
components of matrix, capsid, and nucleocapsid, pol codes for integrase, reverse transcriptase,
and RNAse, pro codes for protease, env codes for envelope and transmembrane subunits'®,

In addition to the protein-coding genes, HERVs contain a primer-binding site (PBS),
which binds cellular tRNA and primes the synthesis of (-) strand DNA. The PBS sequence has
been used for classification, and tRNA type for different HERV groups’ PBS. For example,
HERV-K for lysine tRNA, HERV-W for typtophan'?. Additionally, HERVs are broadly divided
into three classes based on similarity to exogenous viruses, class I
gammaretrovirus/epsilonretrovirus-like, class II betaretrovirus-like, and class II1
spumaretrovirus-like.

While most HERVs are inactive through transcription and reverse transcription some still

produce ssSRNA, dsRNA, and cytosolic DNA that interact with TLR3, TLR7/8, and TLR9’.



Environmental factors such as hormones, infections, and ultraviolet light can also reactivate
HERYV transcription®.

HERV products can act as pathogen-associated molecular patterns (PAMPs), which
trigger cellular defenses!2. HERVs have also been found to downregulate host immunity, for
example by protecting against immune activation with respect to immune tolerance of the fetus!'2.
HERYV sequences can also serve as regulatory elements. For example, HERV-E can act as an
enhancer in parotid glands as its inserted upstream of amylase gene'?. HERV non-coding RNAs
also provide cis-regulatory elements that modulate expression of host genes such as in human
embryonic stem cells, pluripotency on nuclear long ncRNAs!. HERVs also have a role in the
interferon network, research has shown that HERV insertions dispersed IFN-inducible enhancers
in mammalian genomes'?.

HERVs are thought to trigger autoimmunity through molecular mimicry or superantigens
where the body reacts to viral antigens. HERV proteins have strong cross-reactivity to self-
antigens, for example HTLV-1-related endogenous sequence (HRES-1), can drive formation of
autoantibodies due to the similarity of UlsnRNP*. Viral nucleic acids can directly stimulate
TLRs which trigger inflammatory cascades, and by activating IFN-gamma-related and other
immune-related genes®.

Both nucleic acids and antibodies to HERV proteins may contribute to autoinflammation
and act simultaneously®. Researchers have found increased levels of HERV nucleic acids which
may be involved in an IFN I response’. Antibodies against ERV envelope glycoproteins have
been found in Sjogren’s syndrome, SLE, and juvenile SLE.

Antiviral status mediated by the innate and adaptive systems usually work to counteract

exogenous viruses, and when activated eliminate these exogenous threats and shut down.



However, HERV molecules could continuously trigger immune sensors, and once IFN is
produced, a positive-feedback loop could be initiated where IFN-stimulated genes are which then
upregulate HERV expression.

There have been many studies that have found associations between HERVs and
autoimmune diseases such as T1D, MS, and SLE. In T1D it was found that there was inhibition
of insulin secretion by HERV-W env, found in 70% of sera of peripheral blood mononuclear cells
of T1D patients?’. Researchers have also found elevated levels of antibodies against HERV-K6
env protein in T1D patients'®.

In multiple sclerosis (MS) patients have also shown increased expression of HERV's
compared to controls. Studies have found HERV-W, KERV-K, and HERV-H in blood, brain and
CSF increased in MS patients?'. Additional studies suggest HERV-W env contributes to axonal
injury and loss of myelin and axon integrity?2. These findings led researchers to develop an
antibody to neutralize the HERV-W env protein (GNbAC1), and a clinical trial in relapsing-
remitting MS that showed mixed results**?*. HERVs have also been found in RA, multiple
studies have found upregulation of HERV-K gag mRNA expression in RA patients?3-26,

Multiple studies have also found a link between SLE and endogenous viral elements such as
auto-antibodies against HERVs such as HRES-1, which may have cross reactivity with self
antigens®’. Another study found expression of HERV-E clone 4-1 correlated with autoantibodies
characteristic of SLE, anti-U1 RNP and anti-Sm?®, HERV-E clone 4-1 has been widely studied in
relation to SLE and there have been many findings implicating it in SLE such as serum
antibodies to HERV clone 4-1, as well as increased mRNA of HERV-E clone 4-1 gag region in

SLE patients®*-*°. Additionally HERV-E clone 4-1 was found upregulated in SLE CD4+ T cells,



and correlated with SLE disease activity and negatively correlated to HERV-E LTR

methylation?!.

1.3 Quantification of Transposable Elements

Recent bioinformatic tools and experimental techniques have started to address
difficulties in quantification of TEs, such as TE complexity, polymorphisms in insertions and
mappability*2. Many tools have been developed based on sequencing reads and vary based on the
mapping approach used (uni vs multimapping), resolution (family vs locus-specific), accounting
for TE polymorphisms, and chimeric transcripts*2. Upon initial integration into the genome, only
one copy exists of the TE exists and it is fully intact. However, as the TE transposes the
sequences spread throughout the genome and over time diverge due to random mutations and
alterations becoming inactivated due to these mutations®?. This also causes TEs to be highly
repetitive and short read sequences can align to multiple positions, these reads are termed
multimappers. Interestingly, over time older TEs can become more unique, as opposed to
younger TEs which are more similar to each other, and thus more difficult to quantify at a single
locus™.

Quantification of TEs is also made difficult because of the overlap of gene transcripts and
TEs, where fragments of TEs are integrated in mRNA. Over one-third of human protein-coding
transcripts contain an exon derived from a TE, and three-quarter of human IncRNAs are derived
from TE sequences***. Since TEs are especially abundant in intergenic and intronic regions,
pervasive transcription and pre-mRNAs can make up significant portions of RNA species that
contain TEs. For example it has been shown that most L1-derived RNAs are not from L1 units

alone, but from co-transcription or pervasive transcription®37,



Conventional approaches used to measure TE-derived transcripts such as RT-qPCR have
historically been used but have several limitations. These include the significant difficulty in
designing primers specific for one TE family given the sequence similarity and repetitive nature
of TEs. Other methods such as north blotting and reporter gene knock-in have been used to
measure the size distribution of TE transcripts and autonomous transcription respectively>3°.
Some studies have used microarrays but this wasn’t widely adopted due to the same difficulties
as gPCR, namely in probe design?®+!,

One solution to this problem is only using unimappers, however this greatly
underestimates the signal with TE families that integrated into our genomes more recently, and
reflects mappability rather than expression levels®¢4>43_ Another strategy used to address this
problem is mapping against consensus sequences, which results in aggregated counts by family,
for example using Repbase**. Finally many tools first map against the reference genome using
standard tools such as Bowtie2 that allow for multimapped reads*’. Then multimappers are
reassigned, one popular strategy is statistical reassignment of these multimapped reads. Tools
such as TEtranscripts, SQuUIRE, and Telescope us an expectation-maximization algorithm to

reassign reads*®*8, Here I leverage advances in tools for the quantification of TEs to study their

association with heterogeneity in autoimmune manifestations.
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Chapter 2: Cell-Specific Transposable Element Gene
Expression Analysis Identifies Associations with
Systemic Lupus Erythematosus Phenotypes

2.1 Introduction

Systemic lupus erythematosus (SLE) is a heterogeneous chronic autoimmune disease
characterized by antibodies against nucleic acids and associated proteins*->°. SLE mainly affects
women, especially child-bearing age, with a relapsing-remitting course*. Key characteristics of
SLE include impaired clearance of nucleic acids, enhanced type I Interferon (IFN) response,
abnormal B cell tolerance, and production of autoantibodies*. Diagnosis is difficult as any 4 of
11 criteria are diagnostic of SLE, as such some consider SLE to be an umbrella term of related
disorders, and the heterogeneity in clinical manifestations key to understanding the disease!!.
SLE is heterogenous disease from mild cutaneous to kidney/cardiac failure®.

Clinical manifestations are very heterogeneous and the prevalence varies among different
racial and ethnic groups, and the risk of developing severe manifestations is increased in African
Americans, Asian/Pacific Islanders, and Hispanic patients’!. Manifestations can include any
organ from the central nervous system to the cardiovascular system, although mucocutaneous
and musculoskeletal systems are usually the earliest signs of disease*. Patients that self-report as
Asian experience disproportionate burden of SLE compared to White patients, including greater
incidence and prevalence of SLE, higher disease activity, worse organ damage, and heightened
mortality>’.

Transcriptomic studies have been undertaken to characterize the heterogeneity in SLE
and have found expression of interferon (IFN)-regulated genes to be associated with disease®>>3.
About 100 SLE susceptibility loci have been identified from GWAS studies, with most explained

by common variants, and IRF5 along with IRF7 and IRF8 interferon regulators are also some of

11



the best SLE-associated loci**>. Genetic studies have shown that the heterogeneity in SLE may
be due in part to the presence of pathogenic disease associated variants in non-coding
regions!8-36-57,

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®. As a result, TEs
have roles both in human health and diseases such as cancer and autoimmunity*’->>-%°, Recent
work has suggested that two subsets of TEs, human endogenous retroviruses (HERVs) and long
interspersed nuclear elements (LINEs), may play a pathogenic role in SLE*®!. One hypothesis
for how TEs could contribute to autoimmunity is that expression of TEs activates an immune
response when TEs produce nucleic acids or proteins that resemble PAMPs of ancient exogenous
viruses®>63,

In previous work, over 100 locus-specific HERVs were shown to be differentially
expressed in SLE patients and correlate with lupus clinical parameters such as presence of
dsDNA, anti-RNP, and anti-SM antibodies®. In addition, HERV-E clone 4-1 mRNA expression
correlated with SLEDAI score in CD4+ T cells®®. Previous studies have identified elevated
expression of HERVs in SLE, implicating HERV-E clone 4-1 in PBMCs and HRES1/p28 in B
cells3!%, Tn addition, more recent work has characterized TEs in blood from SLE patients

compared to matched controls, and found upregulation of TEs in SLE%467 These studies also

investigated whether TEs contribute to the IFN signature observed in SLE patients, with one
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study finding a positive correlation between HERV expression and the IFN signature, while the
other did not®*%4, Another study used two independent whole blood cohorts and identified 481
locus specific HERVs differentially expressed in SLE with low overlap of these elements across
datasets®’.

Long interspersed nuclear elements (LINEs) are TEs that can replicate autonomously due
to their endonuclease and reverse transcriptase®®. Accounting for ~20% of the human genome,
contains two open reading frames for RNA binding protein, RT, and endonuclease, and can bind
TLR7 in endosomes or retinoic acid-inducible gene (RIG-I) and melanoma differentiation-
association protein 5 (MDAJS), which result in IFN gene transcription®®. It’s been found that
LINE-1 hypomethylation has been observed in CD4+ T cells, CD8+ T cells, and B cells in SLE
patients®®. An additional study found reduced methylation levels in neutrophils in SLE patients of
LINE-1 elements, and may upregulate genes involved in the cell death”. Another study found
hypomethylation of LINE-1, increased LINE-1 mRNA transcripts in lupus nephritis kidneys that
correlated with IFN-I expression’.

Although many studies have explored TE expression between SLE patients and controls,
none have defined locus specific TE expression in immune cell types relevant to SLE or
characterized the relationship between TE expression and different lupus manifestations in a
diverse patient cohort. In addition, prior work has not examined the cell specific association of
differentially expressed (DE) TEs in SLE with gene expression and gene set enrichment analysis.
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

subphenotypes, carry out family and viral gene enrichment analysis and correlate cell-specific
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TE expression with SLE heterogeneity as well as cell-specific transcriptomics in a diverse cohort

of lupus patients with extensive phenotypic data.

2.2 Results
The study consists of 120 SLE participants from the California Lupus Epidemiology

Study (CLUES) (Figure 2.1). The majority of participants were female, with an age distribution
between 20 and 82 (Table 2.1). In order to capture cell type specific elements across major
immune populations, we leveraged cell-sorted RNA-seq data (CD4+ T cells, CD14+ monocytes,
B cells, and NK cells) from PBMCs of patients that were previously published by Andreoletti et
al>®. After standard quality control measures, we quantified expression of 27,135 HERVs and
LINEs (TEs) in 4 cell-types using Telescope*’. We found that both TE and gene expression is cell
specific in lupus patients as observed by the clear clustering in principal component analyses
(PCA) of both TE expression (Figure 2.1B) and gene expression (Figure 2.1C).

Association Between TEs and SLE Phenotypes is Cell Type Specific.

We carried out a comprehensive genome wide analysis of TEs in CD4+ T cells,
monocytes, B cells, and NK cells in relation to 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 disease, severe disease 2 vs severe disease 1, disease activity
characterized by the SLEDALI score, IFN score, proteinuria and photosensitivity). Differential
expression analysis of SLE subphenotypes identified significant (adj p-value < 0.05) TEs in each
cell type and SLE subphenotype (Table 2.2). In CD4+ T cells there were between 3 and 38
differentially expressed elements, in monocytes cells there were between 3 and 34 differentially
expressed elements, in B cells there were between 2 and 57 differentially expressed elements,

and in NK cells there were between 2 and 37 differentially expressed elements (Table 2.2).
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These include two differentially expressed TEs (HML2 8p23.1b and ERVLB4 8p23.10) in
CD4+ T cells at a previously identified susceptibility locus of SLE (8p23)(21).

We then explored whether these differentially expressed TEs were cell or SLE
subphenotype specific. No locus specific TEs were shared across all SLE subphenotypes across
all cell types (CD4+ T cells, monocytes, B cells, and NK cells). Very few overlaps were observed
across 2-3 cell types. For example, between CD4+ T cells, monocytes, and B cells
L1FLnl 21q22.3a was differentially expressed.

We observe very few overlaps of TEs across all SLE subphenotypes and cell types
(Figure 2.2). In CD4+ T cells we identify 1 TE (ERVLB4 8p23.10) that was common across 5
subphenotypes including (photosensitivity, anti-dsDNA antibody at time of blood draw, disease
activity characterized by the SLEDALI score, history of anti-RNP antibody, and cluster severe
disease 1 vs mild disease). In the monocyte analysis, we found 2 overlapping TEs
(L1FLnl 5qg35.1e and L1FLnl_Ypl1.2na) common across 6 SLE subphenotypes
(photosensitivity, anti-dsDNA antibody at the time of blood draw, disease activity characterized
by the SLEDALI score, history of anti-RNP antibody, clinical cluster severe disease 1 vs mild
disease and Interferon signature). In B cells we identify 1 TE (HML2 8p23.1a) that is
differentially expressed across 8 subphenotypes (photosensitivity, anti-dsdna antibody at the
time of blood draw, disease activity characterized by the SLEDALI 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 1 TE common (LTR25 9ql3a) across 4 SLE
subphenotypes (anti-dsdna antibody at the time of blood draw, history of anti-RNP antibody, IFN

signature and anti-SM antibody).
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Comparing patients based on genetic similarity revealed two strong clusters (Figure 2.8),
which significantly correlated with self-reported race (12 0.938, p-value 2.2e-16). Given the
differences in SLE burden between individuals with Asian and European ancestry, we explored
differential TE expression within these groups’!. Similar to our previous analysis, we identified
many differentially expressed locus specific TEs by SLE subphenotype and cell type when
stratifying by genetic ancestry groups and removing admixed individuals (Table 2.3).

We observe a larger number of differentially expressed TEs in lupus subphenotypes,
especially anti-dsDNA in this stratified analysis when compared to the analysis with all patients
(Table 2.3 and Table 2.4). As in the overall analyses, few locus-specific TEs were differentially
expressed across cell types or subphenotypes in the stratified analyses (Figure 2.4).

In the Asian enriched subgroup we saw the largest number of overlaps across cell types.
There were 10 TEs in common across CD4+ T cells and monocytes, 5 TEs common between
monocytes, B cells, and NK cells, 20 TEs common between CD4+ T cells, monocytes, and NK
cells and 5 TEs common between monocytes, B cells, and NK cells. The European enriched
subgroup had fewer TEs shared across phenotypes and cell types in comparison to the Asian
enriched subgroup.

In the European enriched subgroup of patients in CD4+ T cells we found 1 TE
(MER101_21g21.3a) common across 4 different subphenotypes (anti-dsDNA antibody,
photosensitivity, disease activity characterized by the SLEDAI score, and Anti-RNP antibody). In
monocytes we identified 1 TE (HERVL Xpl11.4) common across three SLE subphenotypes
(photosensitivity, anti-dsDNA antibody and IFN). In B cells we found two TE’s
(ERVLB4 2ql11.1b, HARLEQUIN_ Yql1.223) that are shared across 5 SLE subphenotypes

(photosensitivity, anti-dsDNA antibody, disease activity characterized by the SLEDALI score,
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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 antibody,
anti-RNP antibody, and anti-dsDNA).

In the Asian ancestry subgroup of patients a in CD4+ T cells there were 3 common
differentially expressed TEs (ERVL 17ql11.1, LTR23 3q26.31, and MER41 17q23.3a) across 4
SLE subphenotypes (anti-dsDNA antibody, anti-RNP antibody, IFN, anti-SM antibody). In
monocytes cells there were 2 TEs (L1FLnl _6q14.3u, MER101 6p21.1) across 6 subphenotypes
(anti-dsDNA antibody, anti-RNP antibody, severe disease 2 vs severe disease 1, Anti-SM
antibody, photosensitivity, and IFN). In B cells there were 4 differentially expressed TEs
(ERV316A3 4q28.3cl, ERVLE 4q32.3a, MER4B 15g21.1c, MER4B X(q22.3a) across 4 SLE
subphenotypes (photosensitivity, anti-dsDNA antibody, severe disease 2 vs severe disease 1, and
severe disease 1 vs Mild Disease). Lastly, in NK cells there were 4 common differentially
expressed TEs (ERVLB4 Xq21.31j, HUERSP2 Xq27.3a, L1FLnl 11p14.3k, 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
differentially expressed TEs across diverse SLE subphenotypes within each unique cell type.
Most families 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.

Previous studies have associated HERV families, like HERV-K, with SLE®’.
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To test for family-level effects, we analyzed differentially expressed TEs at the family
level across subphenotypes of SLE, focusing on each cell type. We discovered significant
enrichment of different families among the differentially expressed TEs associated with SLE
sub-phenotypes in each cell type (Figure 2.5A). In CD4+ T cells, we observed enrichment of
HERVH (adj p-value 1.35E-29), while in monocytes, we detected enrichment for MER61(adj p-
value 0.01). In B cells, we found HML2 (adj p-value 1.47E-04) and HERVH (adj p-value 1.07E-
30) to be enriched, and in NK cells ERVLB4 (adj p-value 1.53E-06) was enriched. We also
discovered consistent depletion for L1FLnl sequences across all four cell types.

In the analysis stratified by genetic similarity, notable distinctions emerged. In the Asian
enriched group, TEs manifested unique patterns of enrichment across different cell types.
Specifically, MER101 was consistently enriched across all cell types. NK cells in this subgroup
were characterized by the enrichment of PRIMAX, LTR23, MER34B, HERVH, MER4, MER4B,
ERVLB4, ERVLE, and MER41. Meanwhile, B cells displayed enrichment of HML1 and
HERVH, MER4, MER4B, ERVLE; and monocytes cells showed enrichment of LTR57, LTR25,
MER34B, MER61, MER4, MER4B, and MER41. Enrichment in CD4+ T cells was observed for
LTR23, LTR57, LTR25, HERVH, HML2, ERVLB4, and MER41; while L1FLnI demonstrated
consistent depletion across all cell types.

In comparison, in the enriched European group, HERVH and LTR57 were enriched in
CD4+ T cells, whereas monocytes cells displayed enrichment of MER4. MER4B, HERVH,
ERVLB4, ERVLE enrichment was characteristic of B cells. As seen in the Asian enriched group,
L1FLnl showed depletion across all cell types as well.

Previous work has hypothesized that HERV's with preserved open reading frames could

produce proteins which could activate or depress the inflammatory cascade’®. Therefore we used
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gEVE: a genome-based endogenous viral element database to find open reading frames of viral
proteins derived from HERVs in the differentially expressed TEs we observed across SLE
subphenotypes. We found enrichment of open reading frames of viral proteins derived from TEs
in the cell specific differentially expressed TEs across all SLE subphenotypes (Table 2.5).
Interferon Pathway Associated with Expression of Differentially Expressed TEs

To better understand possible effects of differential TE expression in SLE, we asked
whether the expression of host genes correlated with the expression of TEs associated with SLE
subphenotypes in our cohort. The expression levels of many genes associated with expression of
DE TEs in the combined analysis (Table 2.6, Figure 2.6). The associations of differentially up
and down regulated genes were largely cell-type-specific (Figure 2.6E and Figure 2.6F). In the
CD4+ T cells there is a strong upregulation of genes associated with the differentially expressed
TEs. Some of the strongest up regulated genes in CD4+ T cells were involved in type I interferon
signaling and other antiviral innate immune pathways such as LY6E, IFI6, ISG15, and ISG20. In
the monocyte analysis, most of the genes also appear upregulated as seen in the volcano plots,
and the top upregulated genes are also involved in antiviral activity such as ISG15, IFI6, IFI35,
BST2, and TRIM22. In CD19 cells there are also many up-regulated genes as seen in the volcano
plot. Some of the top upregulated genes are ISG15, IFIT3, IRF7, and BST2 which play roles in
response to viruses. In NK cells there are many up and down regulated genes as seen in 6D,
some of the top upregulated genes are NXF1, which is involved in transport of unspliced
retroviral genomic RNA and CAPZA1 which was downregulated, and is also observed to be
downregulated in virus infected cells’>74,
Gene set enrichment analysis revealed that SLE associated TEs correlated with

differential expression of similar pathways, such as interferon and cytokine signaling, across cell
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types. Pathways expressed in all cell types except NK cells include Interferon alpha/beta
signaling, Interferon Signaling, Cytokine Signaling in Immune system, and antiviral mechanism
by IFN-stimulated genes (Figure 2.7). There are also some cell type specific signals that were
identified. For example, differentially enriched pathways with TE expression include SLC-
mediated transmembrane transport in monocytes cells; influenza infection, viral mRNA
translation, antigen presentation: folding assembly and peptide loading of class I MHC in CD4
cells; GPCR ligand binding, host interactions with influenza factors, and NS1 mediated effects

on host pathways, in B cells.

2.3 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 associations with several disease
subphenotypes and host gene expression. This suggests that HERV expression could contribute
to the heterogeneity of SLE across individuals and populations.

We found independent associations of TE expression with production of autoantibodies
against ribonucleoproteins (RNP, SM), SLE disease activity and SLE disease severity, after
adjusting for potential confounders. Some of these results have been previously reported; for
example, some TEs, such as HERV-E clone 4-1 have correlated with autoantibody levels (anti-
U1 RNP, anti-SM nuclear antibodies) and higher interferon status in SLE?%%*, These associations
are highly cell specific, subphenotype specific, which suggests that their differential expression
could contribute or be a result of different lupus subphenotypes.

Given the differences in SLE severity and outcomes between patients who self-report as

Asian or White, and that TE are encoded through the germline, we explored TE differential
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expression patterns in individuals stratified by genetic similarity. The genetic similarity analysis
showed a near complete agreement between genetic similarity based clustering and self-reported
race in this cohort, as well as a small number of individuals with significant genetic admixture.
Admix individuals were removed from downstream stratified analyses. When the two groups,
Asian enriched and European enriched were stratified, we found more differentially expressed
TEs in almost every SLE subphenotype, despite adjusting for genetic principal components 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 due to genetic factors or due to differences in
environmental exposures.

Retroviral p30 gag proteins and serum reactivities to p30 gag antigen have been found in
SLE patients with proliferative glomerulonephritis’>. We investigated if it was possible that the
differentially expressed TEs identified exert their effect as proteins, as most expressed TEs do
not contain full open reading frames for functional viral proteins. We tested if there was
significant enrichment of open reading frames among the identified differentially expressed TEs
and found enrichment of several TE derived viral proteins in a cell specific manner, such as pro,
env, and RT. The role of TE derived viral proteins 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 properties'®. Therefore it is difficult to say whether the
enrichment of viral proteins we observe in the differentially expressed TEs is the cause of an
immune response, or the response acting to downregulate an immune response.

One of the most intriguing findings was the connection between host response gene

expression and the expression of transposable elements (TEs) in relation to the SLE phenotypes.
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It has been hypothesized that TEs could activate the innate immune system, and unlike a viral
infection where the immune response is curtailed, could lead to chronic inflammation and
contribute to autoimmunity®?. For example, the chronic induction of type I IFNs which could put
cells into an antiviral state, shutting down metabolic processes and leading to apoptosis®?.
Supporting this, a study of kidney biopsies from SLE patients with lupus nephritis found LINE
elements can trigger the IFN-I pathway’. We found that differentially expressed 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 differentially expressed TEs and many pathways
indicating response to viral infections, which have long been associated with SLE, such as
influenza infection and life cycle, viral mRNA translation, influenza viral RNA transcription and
replication. In B cells, we identify associations with inflammatory pathways, including NF-
kappaB, which have been associated with both lupus and viral infection’®””. Additional studies
are needed to examine causality between TE expression and immune dysregulation in order to
understand whether TE expression contributes to the development of SLE.

Nonetheless, there exist several limitations within this study. The absence of healthy
control data hampers a cell-specific comparison to a baseline TE expression profile and the total
sample size is limited. While the cohort described here has individuals with Asian and European
ancestry, it would be interesting if these findings hold up in a more diverse population from the
US and beyond. Furthermore, most of the participants in this cohort exhibit low disease activity,
thereby limiting our power to detect DE TEs across different levels of disease activity. Finally,
though we were able to account for important potential confounding factors such as medication

usage, age, and gender, we cannot exclude the possibility of additional unidentified confounders
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on TE expression. As 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 discover 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, further exploration into TE expression within normal immune cells might
be needed. In addition, further functional studies could potentially shed light on whether TE

expression contributes to the pathogenesis of SLE.

2.4 Methods

Cohort Description and Data Generation
All patients in this study were from the California Lupus Epidemiology Study (CLUES), a

cohort of individuals with physician-confirmed SLE. CLUES was approved by the Institutional
Review Board of the University of California, San Francisco. All participants signed a written
informed consent to participate in the study. Study procedures involved an in-person research
clinic visit, which included collection and review of medical records prior to the visit; history
and physical examination conducted by a physician specializing in lupus; a collection of
biospecimens, including peripheral blood for clinical and research purposes; and completion of a
structured interview administered by an experienced research assistant. All SLE diagnoses were
confirmed by study physicians based upon one of the following definitions: (a) meeting >4 of the

11 American College of Rheumatology (ACR) revised criteria for the classification of SLE as
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defined in 1982 and updated in 1997, (b) meeting 3 of the 11 ACR criteria plus a documented
rheumatologist’s diagnosis of SLE, or (c) a confirmed diagnosis of lupus nephritis, defined as
fulfilling the ACR renal classification criterion (>0.5 grams of proteinuria per day or 3+ protein
on urine dipstick analysis) or having evidence of lupus nephritis on kidney biopsy. Based on
sample availability at the time of sequencing, a total of 120 patients were profiled with bulk
RNA-seq from the CLUES cohort. Clinical data collected at sampling and the self-reported race
was used for downstream analyses.
Subphenotype Definitions

Disease activity was measured with the standardized disease activity score SLEDAI’S, A
high SLEDALI score was defined as a score greater than or equal to 8, while low was defined as
less than 8. Besides the total SLEDALI score, we also performed analyses with specific items of
the SLEDAI such as proteinuria and 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 (ACR)
Classification Criteria characterized by significant differences in SLE manifestations”. We also
performed subphenotype associations with history of presence of anti-Smith antibody (anti-Sm),
anti-ribonucleoprotein antibody (anti-RNP) and anti-double stranded DNA antibody (anti
dsDNA). Photosensitivity was defined as a rash or feeling sick after going out in the sun.
Serologies were performed in CLIA certified labs and reported as abnormal or normal.
RNA-Seq Data Generation

Peripheral blood mononuclear cells were isolated from 120 SLE participants. Using the
EasySep protocol from STEM cell technologies, these cells were sorted into CD14+ monocytes,

B cells, CD4+ T cells, and NK cells, for a total of 480 samples. These samples were sequenced
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on a HiSeq4000 PE150 and gene expression data was generated using Salmon v0.8.2 with
adapter-trimmed reads, quality control was performed as previously described?°.
Genotyping

Genotyping for genomic DNA from peripheral blood was performed using the
Affymetrix Axiom Genome-Wide LAT 1 Array. This genotyping array is composed of 817,810
SNP markers across the genome and was specifically designed to provide maximal coverage for
diverse racial/ethnic populations, including West Africans, Europeans and Native Americans®’,
Samples were retained with Dish QC (DQC) >0.82. SNP genotypes were first filtered for high-
quality cluster differentiation and 95% call rate within batches using SNPolisher. Additional
quality control was performed using PLINK. SNPs having an overall call rate less than 95% or
discordant calls in duplicate samples were dropped. Samples were dropped for unexpected
duplicates in identity by descent (IBD) 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 ds-DNA antibodies and renal disease
to minimize genetic heterogeneity. SNPs were dropped if HWE p < 1e-5 or any cross-batch
association p < 5e-5. Genetic PCs were generated using EIGENSTRAT and used for patient
stratification.
Transposable Element QC and Expression Quantification

Transposable element expression quantification was performed using adapter-trimmed
reads from the RNA-Seq data that were aligned with bowtie2 to hg38 allowing for 100

alignments per read, using the very sensitive local setting (-k 100 —very-sensitive-local —score-
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min L,0,1.6). Sorted bams were used as input into Telescope with default settings and the
reference retro.hg38.v1 annotation from
https://github.com/mlbendall/telescope annotation db/tree/master/builds. Locus specific TE read
counts generated by Telescope were used for downstream analysis.
Differential TE Expression Analysis

TE differential expression analysis was run with DESeq2 (v.1.38.3) using counts from
Telescope with outliers dropped per cell type adjusting for age, sequencing lane, sex, genetic
ancestry PCs 1-10, and medication use at the time of blood draw. For data analyses, we grouped
immunosuppressive medications into the following categories: biologic treatments (belimumab,
abatacept, rituximab), low-dose prednisone (<10 mg), moderate or high-dose prednisone (>10
mg), antimalarials, calcineurin inhibitors, methotrexate and leflunomide, azathioprine,
mycophenolate mofetil, and cyclophosphamide. Medications were used as factors in DESeq2 as
covariates. Outcomes studied included disease activity (SLEDALI score), interferon signature
high/low based on gene signature developed by Kennedy et al®!, photosensitivity (previous work
has found UV light induces HERV expression®?), proteinuria, autoantibody production (dsDNA,
RNP, SM), and disease severity (as defined by clinical clusters previously described in the same
SLE participants)1. For stratified analyses, patients were stratified according to genetic similarity
(PC1 >0.025 - Asian ancestry, <-0.025 - European ancestry) and admixed individuals were not
considered for downstream stratified analysis. P-values from DESeq2 with a NA value were
reassigned a value of 1, and all p values from the different cell type and subphenotype analysis
were FDR-corrected using Benjamini-Hochberg. Differentially expressed TEs (padj < 0.05) for
all SLE subphenotypes per cell type were used for downstream analysis. PCAs of TE expression

were computed with the factoextra package (v 1.0.7). Cell type PCAs were made using the
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variance stabilizing transformation with the DESeq2 function vst(), and VST-transformed data
was visualized with plotPCA in the DESeq2 package.
Characterization of Differentially Expressed TEs

TE group and family definitions were taken from Telescope using families.tsv from
https://github.com/mlbendall/telescope annotation db/tree/master/builds. Locus-specific
differentially expressed TE’s across all SLE subphenotypes per cell type were used to calculate
family enrichment. Counts per family were generated by dropping the locus from the telescope
transcript name and summing the number of differentially expressed TEs according to
families.tsv. Line elements were grouped into L1FLnl, L1IORF2, and L1FLI. Log odds ratio and
hypergeometric test for enrichment/depletion were calculated and an expression threshold of 4
was used for filtering.
Enrichment of viral proteins

Bedtools was used to find the intersection between Hsap38.geve.v1.bed regions and
Telescope annotation regions. The differentially expressed elements from the SLE subphenotype
analysis that overlapped full regions of the gEVE annotation were used to calculate enrichment
of viral proteins.
TE and Gene Expression Integration
Association of differential TE expression with gene expression was calculated using the sum of
counts of differentially expressed TEs for all SLE subphenotypes per cell type. Raw counts from
Telescope were normalized with DEQseq2 and the counts of differentially expressed TEs for
each cell type were summed to get counts of differentially expressed TEs per patient for each cell
type. DESeq2 (v.1.38.3) was used with the continuous variable of summed differential counts of

TEs, adjusted for age, sequencing lane, sex, genetic PCs, and medication us at the time of blood
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draw. Gene set enrichment analysis was run with significant genes (padj < 0.05) using
WebGestaltR (v 0.4.5) and the reactome database. Volcano plots were generated using Enhanced
Volcano package (v 1.16.0)
Statistics

R was used to determine statistical significance of differences and a padj value of less
than 0.05 was considered significant.
Study Approval

Participants were recruited from the California Lupus Epidemiology Study (CLUES).
CLUES was approved by the Institutional Review Board of the University of California, San
Francisco. All participants signed a written informed consent to participate in the study.
Data Availability

Raw data of this study are openly available in GEO: GSE164457. All other data are

available from the corresponding author upon reasonable request.
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2.5 Tables

Table 2.1 Cohort Characteristics Demographics of the subset of the CLUES cohort used for

TE and gene expression analysis

Sex

Female
Male

Age
Mean (SD)
Median [Min, Max]

Clusters

Mild Disease
Severe Disease 1
Severe Disease 2

Anti-RNP Antibody
Abnormal

Missing

Normal

SLEDAI Score*
High
Low

Anti-Sm Ab
Abnormal
Missing
Normal

High dsDNA Ab at blood draw

Abnormal
Normal

Proteinuria at blood draw

Abnormal
Normal

Photosensitivity
0
1

Overall (n=119)

105 (88.2%)
14 (11.8%)

452 (13.7)
45.0 [20.0, 83.0]

40 (33.6%)
60 (50.4%)
19 (16.0%)

39 (32.8%)
6 (5.0%)
74 (62.2%)

13 (10.9%)
106 (89.1%)

26 (21.8%)
2 (1.7%)
91 (76.5%)

50 (42.0%)
69 (58.0%)

5(4.2%)
114 (95.8%)

80 (67.2%)
39 (32.8%)

Asian Enriched (N=62)

56 (90.3%)
6 (9.7%)

42.3 (13.9)
41.0 [20.0, 74.0]

10 (16.1%)
39 (62.9%)
13 (21.0%)

24 (38.7%)
1 (1.6%)
37 (59.7%)

6 (9.7%)
56 (90.3%)

17 (27.4%)
0 (0%)
45 (72.6%)

31 (50.0%)
31 (50.0%)

3 (4.8%)
59 (95.2%)

40 (64.5%)
22 (35.5%)

European Enriched (N=57)

49 (86.0%)
8 (14.0%)

48.3 (12.9)
45.0 [27.0, 83.0]

30 (52.6%)
21 (36.8%)
6 (10.5%)

15 (26.3%)
5 (8.8%)
37 (64.9%)

7(12.3%)
50 (87.7%)

9 (15.8%)
2 (3.5%)
46 (80.7%)

19 (33.3%)
38 (66.7%)

2(3.5%)
55 (96.5%)

40 (70.2%)
17 (29.8%)
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Table 2.2 Cell specific differentially expressed TEs across SLE subphenotypes Number of
differentially expressed TEs shown below per subphenotype and cell type (adj pval < 0.05)

adjusting for sex, age, sequencing lane, medications, and genetic PCs 1-10 (up-regulated/down-

regulated)

Autoantibody Production
SM + vs -
RNP + vs -
dsDNA + vs -

Disease Severity
SD2 vs M
SD1 vs M
SD2 vs SD1
SLEDALI Score High vs Low

Clinical Manifestations
IFN High vs Low
Proteinuria + vs -

Photosensitivity + vs -

CD4

16 (7,9)
16 (6,10)
11 (4,7)

32(2,30)
8 (3,5)
38 (3,35)
8 (2,6)

15 (6,9)
3(0,3)
11 (8,3)

CD14

3(0,3)
3(2,1)
11 (5,6)

16 (0,16)

11 (4,7)
34 (4,30)
23 (3,20)

18 (8,10)
13 (1,12)
12 (9,3)

CD19

33(6,27)
18 (11,7)
17 (8.9)

34 (21,13)
20 (11,9)
57 (38,19)
24 (1,23)

7(1,6)
2(1,1)
33(3,30)

NK

14 (6,8)
16 (7,9)
19 (7,12)

16 (3,13)
28(9,19)
37(2,35)

8 (0,8)

22(0,22)
2(L,1)
22 (3,19)

30



Table 2.3 Ancestry stratified by participants defined as European enriched and clustered

by genetic PC1 Number of differentially expressed TEs shown below per subphenotype and cell
type (adj pval < 0.05) adjusting for sex, age, sequencing lane, medications, and genetic PCs 1-10

(up-regulated/down-regulated)

Participants defined as European Enriched by Genetic Ancestry PC1

Autoantibody Production
SM + vs -
RNP + vs -
dsDNA + vs -

Disease Severity
SD2 vs M
SD1 vs M
SD2 vs SD1
SLEDALI Score High vs Low

Clinical Manifestations
IFN High vs Low

Proteinuria + vs -
Photosensitivity + vs -

Table 2.4 Ancestry stratified by participants defined as Asian enriched and clustered by
genetic PC1 Number of differentially expressed TEs shown below per subphenotype and cell

CD4

14 (8,6)
158 (40,118)
107 (26,81)

40 (15,25)
123 (45,78)
55 (20,35)
28 (17,11)

6(4,2)
0 (0,0)
142 (28,114)

CD14

0 (0,0)
47 (12.,35)
24 (9,15)

0 (0,0)

50 (21,29)
0 (0,0)

14 (13,1)

28 (11,17)
0(0,0)
53 (9,44)

CD19

0(0,0)
80 (17,63)
167 (44,123)

22 (16,6)
113 (29,84)
54 (38,16)
23 (11,12)

0 (0,0)
0 (0,0)
142 (54,88)

NK

6 (1,5)
22 (13,19)
30 (6,24)

4(2,2)
28(9,19)
8(5.3)
3(2,1)

0 (0,0)
0 (0,0)
68 (12,56)

type (adj pval < 0.05) adjusting for sex, age, sequencing lane, medications, and genetic PCs 1-10

(up-regulated/down-regulated)

Participants self-reported as Asian and clustered by Genetic PC1

Autoantibody Production
SM + vs -

RNP + vs -

dsDNA + vs -

Disease Severity

SD2 vs M

SD1 vs M

SD2 vs SD1

SLEDALI Score High vs Low

Clinical Manifestations
IFN High vs Low
Proteinuria + vs -
Photosensitivity + vs -

CD4

102 (26,76)
193 (108,85)
229 (133,96)

40 (12,28)
122 (82,40)
201 (36,165)
42 (28,14)

139 (86,53)
1(1,0)
240 (48,192)

CD14

62 (40,22)
85 (43,42)
113 (75,38)

26 (6,20)
74 (46,28)
115 (27,88)
19 (13.6)

113 (77,36)
1(0,1)
143 (38,105)

CD19

105 (69,36)
123 (81,42)
228 (157,71)

84 (69,15)
147 (61,86)
235 (136,99)
35(27.8)

54 (37,17)
0(0,0)
291 (56,235)

NK

92 (42,50)
203 (128,75)
52 (27,25)

137 (114,23)
270 (45,225)
162 (108,54)

54 (47,7)

319 (203,116)
0 (0,0)
303 (29,274)

31



Table 2.5 Cell specific viral proteins enriched from the differentially expressed TEs
Enrichment was performed using gEVE (a genome-based endogenous viral element database)
looking at a subset of viral genes, gag-structural components of matrix, capsid, and nucleocapsid,
pro - protease, RT- reverse transcriptase, env - envelope-associated glycoprotein, dut- dUTPase

CD4 CD14 CD19 NK
Combined pro, int, RT pro, RT pro, env, RT
European Enriched pro, int, gag, dut, RT pro, int, RT
Asian Enriched pro, RT pro, dut, int, RT pro, int, RT pro, RT

Table 2.6 Cell specific differentially expressed genes with respect to lupus associated TEs
Differential gene expression (adj p-val < 0.05) with respect to the cell specific identified locus-
specific TEs that were differentially expressed across all SLE subphenotypes (Up-
regulated/Down-regulated)

CD4 CD14 CD19 NK
Combined 5405 (2449,2956) 1444 (896, 548) 1569 (680,889) 219 (151,68)
European Enriched 34.(5,29) 223 (115, 108) 70 (9,61) 288 (221,67)
Asian Enriched 18 (9,9) 17 (3,14) 16 (0,16) 24 (5,19)
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2.6 Figures

A CLUES: Racially and ethnically diverse longitudinal cohort of over 400
deeply phenotyped SLE patients
[ 120 patients selected from the CLUES cohort ]
(Cells were sorted: CD4 T-cells, CD14 cells, B-cells, and NK cells
Bulk-RNASeq
[ HERV/LINE quantification with Telescope ]
( Cell type specific single locus differential expression analysis in SLE subphenotypes )
(IFN, Clinical Clusters, RNP, SLEDAI, dsDNA, Protenuria, Photosensitivity)
\DESqu with age, sex and genetic PCs as covariates, combined and stratified analysis by genetic similarilyj
SLE TE family level enrichment and viral Association of SLE TEs with gene expression and
protein enrichment pathways
(Telescope and gEVE) (DESeq2, GSEA)
B2 C g * CD14
O, + CD19
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Figure 2.1 Study Overview and Comparison of Gene and TE expression between cell types

A. 120 patients selected for cell sorted bulk RNA-seq analyses from the CLUES cohort. Data
were QC’ed and TEs 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, TE derived

viral protein enrichment, and association with gene expression and pathway analysis. B. TE
expression is cell specific in lupus - PCA plot based visualization colored by cell type. C. Gene

expression PCA plot based visualization colored by cell type
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Figure 2.2 Combined cohort common differentlally expressed TEs Identification of common
differentially expressed TE’s in the combined cohort patients 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 subphenotypes
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European enriched differentially expressed TEs
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Figure 2.3 European enriched cohort common differentially expressed TEs Identification of
common differentially expressed TE’s in the European enriched cohort patients (ancestry
stratified) shows distinct locus specific TEs differentially expressed A. across cell types and B.
SLE subphenotypes
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Asian enriched differentially expressed TEs
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Figure 2.4 European enriched cohort common differentially expressed TEs Identification of
common differentially expressed TE’s in the Asian enriched cohort patients (ancestry stratified)
shows distinct locus specific TEs differentially expressed A. across cell types and B. SLE

subphenotypes
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Figure 2.5 Heatmap of log odds ratio showing significant enrichment/depletion of HERV
families in combined and stratified analysis 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 annotation for HERV families used from
https://github.com/mlbendall/telescope_annotation db (significant families denoted by *)
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Figure 2.6 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. Identification of the common DE genes (padj <0.05) across the different cell types: E.
up-regulated F. down-regulated
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Figure 2.7 Heatmap of significantly enriched pathways Significant pathways in more than
one cell type from gene set enrichment analyses with webgestalt using significant genes in the

combined cohort. Heatmap shows normalized enrichment score

CD4 CD14 CD19
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Figure 2.8 PCA plot of genotyping data across 119 patients Individuals are colored by
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analysis.
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Chapter 3: Conclusion

Autoimmune diseases represent a significant health burden affecting millions of
individuals worldwide. Understanding the underlying mechanisms driving autoimmunity is
crucial for developing effective treatments and preventive strategies. Genetic and environmental
factors related to immune function and viral infections have long been studied as triggers for
autoimmune diseases. TEs span the divide between self and non-self which are derived from
ancient infections and have emerged as intriguing candidates for triggering, modulating, and
driving immune responses and contributing to disease heterogeneity.

Its thought that SLE could actually represent several different heterogeneous diseases that
fall under a clinical phenotype of systemic autoimmunity, but what drives these SLE
subphenotypes is unknown?®?. Therefore, in our work we investigated whether TEs might
contribute to SLE heterogeneity. The phenotypes we selected fell under categories that spanned
autoantibody production, disease severity, and clinical manifestations. As described previously,
autoantibody production is characteristic of any autoimmune diseases. In SLE patients are often
characterized and diagnosed based on the presence of autoantibodies to protein components of
small nuclear ribonucleoproteins and double stranded DNA#33,

For over fifty years researchers have studied the link between endogenous viral proteins
and reactivity with autoantibodies autoimmune diseases. These HERV proteins are hypothesized
to elicit cross-reactivity through molecular mimicry between HERV's and nuclear antigens to
produce antinuclear autoantibodies?®#, Therefore, we investigated whether there were locus-
specific TEs that could be associated with autoantibody production. For patients with anti-SM,
anti-RNP, and anti-dsDNA antibodies we found differentially expressed TEs across every cell
type investigated. Interestingly, we found some of the highest numbers of differentially

expressed TEs in CD19+ B cells, which produce antibodies. Future work could include close
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examination of the differentially expressed TEs in B cells that associate with autoantibody
production. This could include identifying open reading frames in those TEs and sequence
homology between any HERV protein and nuclear antigens. Additionally, the CLUES cohort is
deeply phenotyped, so the association of autoantibody production and molecular mimicry could
be further explored with additional autoantibodies such as Anti-Ro (components of
ribonucleoprotein complexes).

In addition to autoantibody production, we also investigated subphenotypes related to
disease severity. Some patients with SLE only have mild symptoms, respond well to treatment,
and don’t develop severe organ manifestations like lupus nephritis. However, other patients can
have severe rapidly worsening symptoms that become life-threatening that come and go for
unknown reasons®’. These flares in disease activity not only can cause organ damage to patients,
but also the unknown trigger of these events can make living with this disease difficult for
patients. Researchers have attempted to find genes responsible for the differences in disease
activity, however one study comparing active to inactive disease in CD4+ T cells found zero
differentially expressed genes, and only 3 in CD8+ T cells.

Researchers have also studied the correlation between HERVs and SLE disease activity
and found increased HERV-E expression that correlated with disease activity®. Therefore we
investigated whether there were locus-specific TEs that correlated with high disease activity®.
We found mostly differentially expressed that were downregulated across all cell types in SLE
patients with high disease activity, which is the opposite of what we would have expected. Upon
further investigation of this signal we found that the SLEDAI cutoff of 8 to be classified a patient
with high disease activity reduced our cohort to only 13 patients, whereas in the low disease

activity cohort we had 113 patients. Hence, the signal we see may not be reflective of disease
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activity, but rather a reflection of the number of patients we have in each cohort. Additionally, the
CLUES cohort are patients who were recruited with stable disease that have responded to
treatment. Therefore, we may not have enough signal to detect the locus specific HERVs
associated with disease activity. Future work studying high disease activity and flares of SLE
should also look at the correlation of HERVs.

In addition to disease activity, we also investigated disease severity .In previous work our
group identified three lupus clinical subtypes defined mild, severe disease 1, and severe disease 2
clusters based on dimensionality reduction and clustering of American college of rheumatology
(ACR) classification criteria”. While we found differentially expressed TEs in every comparison
and cell type it is difficult to interpret. For example, when comparing severe disease 2 to mild
disease in CD14 cells we found zero upregulated TEs, this is unexpected because we would
expect to see a large number when comparing the most severe to least severe severity
subphenotype. However, when comparing severe disease 2 to severe disease 1 in CD19 cells we
found 38 upregulated TEs, which was unexpected as these two subphenotypes have overlapping
ACR criteria which would make them more similar. Further work is needed to understand the
patterns identified among these groups. A first step would be to look at differential expression
among the individual ACR criteria before the clustering to identify which criteria are driving the
differentially expressed TEs.

It is worth noting that multiple iterations of analyses were performed for the differential
TE expression analysis, from only quantifying HERVs, to including different covariates. I
initially only quantified HERV expression and performed differential expression analysis and
found almost zero differentially expressed TEs when comparing SLE subphenotypes. However,

with the strong link between SLE and both HERVs and LINEs we decided to quantify both
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HERVs and LINEs. Then in our differential analysis we found thousands of differentially
expressed elements in some comparisons specific to cell types, for example when comparing
severe disease 2 to mild disease we found 1568 and 4100 differentially expressed TEs in CD19
and NK cells respectively.

Initially we found these results very exciting, but upon further investigation through
comparisons against a null distribution, outlier samples, and including genetic ancestry PCs
eliminated most of these TEs. Also, we found that the severity groups we had previously defined
were characterized by race, with the severe 2 group being made up mostly of non-white, and the
mild group being predominately white. This in part motivated the stratified analysis we
performed.

As stated in the previous chapter, people of African, Hispanic, or Asian ancestry,
compared to those of other racial or ethnic groups have increased prevalence and more serious
manifestations®”. Therefore, the stratified analysis was done to also see if there were locus-
specific TEs that might contribute to heterogeneity in SLE phenotypes. Surprisingly when
stratified into European enriched and Asian enriched groups by genetic ancestry PC1 there were
an increased number of differentially expressed TEs in most subphenotypes and cell types. This
pattern is not easily explained, and TE expression across different ancestry groups should be
explored further in the context of SLE.

Next steps could include looking at TEs shared across cell types and subphenotypes and
examining the overlap and different TEs between each stratified analysis and the combined
cohort. Additionally, Telescope, the tool used for quantification in this analysis is reliant upon the
reference used, which may not be representative for all ancestries. Additional tools for

quantification should be used, especially those that take into account sequence and insertional
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polymorphisms. For example, coupling whole-genome DNA sequencing and de novo assembly
with RNA-seq, or long-read sequencing™.

One of the strongest findings in our analysis was the association of the expression of cell
specific TEs associated with SLE with gene expression involved in viral response. Many
previous papers have looked directly at IFN and HERV or LINE expression to find associations.
But in our analysis, we used an agnostic approach, only using the counts of differentially
expressed TEs, we found many genes and pathways that supported the notion that the immune
system interprets some TEs as viral and responds to the chronic activation of TEs as it would a
viral infection.

As with the differential TE expression, it took many iterations of different analyses to
come to this result. One of our initial attempts to look at the association between TE expression
and gene expression used the counts of all TEs into our gene expression model, however the
genes and pathways observed often had viral genes and pathways downregulated. This result was
quite confusing and completely opposed to all previous work in the field. It was only when we
used TEs that were differentially expressed in SLE phenotypes (i.e. those that were associated
with SLE) that the pathways and genes were upregulated in response to a viral infection. While
our analysis explored how TEs correlate with gene expression, it’s also known that TEs act as
regulators of gene expression, and future work should investigate the regulatory roles of TEs in
SLE.

To investigate the role of TEs in SLE heterogeneity we examined the cell and locus-
specific expression in several subphenotypes of SLE for their role in triggering autoimmune
disease as nucleic acids and protein triggers and their relation to host gene expression. We

quantified TE expression in four immune cell types (CD4+ T cells, monocytes, B cells, and NK
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cells) from SLE patients found cell-specific and SLE subphenotype-specific differentially
expressed TEs, with few overlaps across cell types or subphenotypes. Ancestry-stratified analysis
revealed additional cell-type-specific TE associations in Asian and European ancestry groups.
Enrichment analysis highlighted the role of specific TE families in different cell types,
suggesting that TEs could contribute to the heterogeneity of SLE across individuals and
populations. TE expression is associated with host gene expression involved in antiviral and
immune responses, supporting the hypothesis that TEs could activate the innate immune system
and contribute to chronic inflammation and autoimmunity.

This study underscores the importance of TEs in SLE heterogeneity and highlights the
need for further exploration of TE expression in normal immune cells and functional studies to
understand their role in SLE pathogenesis. Despite these findings, further research is needed to
explore the causality between TE expression and immune dysregulation in SLE, as well as to
investigate TE expression in normal immune cells and conduct functional studies to understand
their role in SLE pathogenesis.

Given the potential involvement of TEs in autoimmune disease pathogenesis, targeting
TE-derived pathways represents a novel therapeutic strategy for modulating immune responses
and restoring immune tolerance. As this work and many others have linked retroviruses to SLE,
which begs the question whether anti-retroviral drugs could help patients with SLE.
Antiretroviral drugs were developed to act on different parts of the viral life-cycle, and each of
these drugs alone or in combination may help to alleviate symptoms or underlying mechanisms
of SLE. Some previous work has already showed that different drugs have effects on TEs such as
LINEs. For example an in vitro study used stavudine, zidovudine, tenofovir disoproxil fumarate,

and lamivudine, all nucleoside RT inhibitors, and found varying levels of LINE
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retrotransposition®®, In a similar study, LINEs were transfected into E. coli and nucleoside RT
inhibitors were found to decrease retrotransposition and reverse transcriptase®. Although
promising, there are some case reports of individuals developing SLE or reactivation of SLE
upon highly active antiretroviral therapy, which was introduced to treat AIDS by using a
combination of antiretroviral drugs®®°, Future work to study whether anti-retroviral drugs could
reduce expression of HERVs and clinical manifestations of SLE is needed.

It remains unknown why almost all SLE patients are women, although the X
chromosome houses many genes involved in immune response and appears to be a driver of
autoimmune disease®”?!. Xist is critical in silencing on of females two X chromosomes, and is
thought to have originated from TEs, have sequence similarity between all its tandem repeat
regions’!%?. Xist is a non-coding RNA with high sequence similarity to HERVSs, that mediates X
chromosome inactivation. Spen is an Xist-binding repressor protein that recruits chromatin
silencing machinery to Xist.

Research has shown that Spen loss activates ERVs in mice, that Spen binds directly to
HERV RNAs, HERV RNA and Xist compete for binding of Spen. Additionally, insertion of a
HERYV sequence into a deficient copy of Xist rescues Spen binding to Xist which allows for local
gene silencing. Future work should evaluate the role of TEs in X chromosome inactivation,
including evaluation of Spen expression in female patients and correlations with HERV
expression. Additionally, investigation into whether HERV's specific autoimmune disease bind
Spen which could inhibit X chromosome inactivation (evaluate HERVs for A-repeat similarity to
Xist). Finally, the Xist expressed in SLE patients should be analyzed for deficiencies or

mutations in the A-repeat region where Spen binds and allows for X chromosome inactivation.
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