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Abstract

Objective—To determine if patients with systemic lupus erythematosus (SLE), a disease
characterised by elevated type | interferons reminiscent of anti-viral immunity, have expression
of human endogenous retrovirus K (HERV-K) proviruses capable of producing envelope (Env)
protein, as well as associated autoantibodies against the Env protein.

Methods—ELISAs were conducted with recombinant Env protein and sera from SLE patients
with active (n=60) or inactive (n=49) disease, healthy controls (n=47), other rheumatic disorders
(n=59), as well as plasma from paediatric lupus patients with active (n=30) or inactive (n=30)
disease, and 17 healthy children. Antibody reactivity was evaluated for correlations with clinical
and laboratory parameters of the patients. Expression of HERV-K transcripts were profiled in SLE
leukocytes by RNA-Seq.

Results—Both adult and paediatric SLE patients had autoantibodies against HERV-K Env with
higher titers than healthy controls or patients with Sjogren’s syndrome, small- or large-vessel
vasculitis, or psoriatic arthritis. Transcripts from only two HERV-K loci capable of producing Env,
HERV-K102 and -K108, were detected among the 10 expressed loci in SLE patients.

Conclusion—Our data reveal that HERV-K proviruses are expressed in SLE and that the HERV-
K-encoded Env protein elicits an immune response in patients, particularly during active disease.
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Introduction

More than 30 years ago, several groups reported that sera from patients with SLE (1 2),
Sjogren’s syndrome (3), or other autoimmune disorders (4, 5), contained antibodies reactive
with human immunodeficiency virus (HIV) proteins, such as p24gag, even if the patients
did not have a history of HIV. These findings ignited a search for a causative infectious
retrovirus, which was not successful (6). It was later discovered that the anti-HIV antibodies
likely represented antibodies against proteins encoded by human endogenous retroviruses
(HERVS), sequences of which constitute as much as 8% of our genome. Although the
overall homology between HIV and HERVs is limited, there are conserved motifs and
structural features that they share.

Early studies on HERV expression patterns that relied on polymerase chain reaction (PCR)
amplification and biochemical assays of retroviral reverse transcriptase activity were positive
in samples from the lung (7), immune cells (8), and skin (9) of lupus patients, but the

exact nature of the expressed HERVS remained unclear. The advent of high-throughput RNA
sequencing (RNA-Seq) in combination with bioinformatics tools like ERVmap (10) and
Telescope (11), enabled a much deeper analysis of the repertoire of expressed HERVS in
SLE and other conditions. These studies have revealed that numerous HERV sequences are
indeed expressed at altered levels in SLE (10, 11). However, it is important to recognise

that none of these expressed loci can produce fully infectious retroviruses and that over

99% of them are unable to produce retroviral proteins. In contrast, several different fully
infectious retroviruses are active in mouse models of lupus-like disease (12-14), which also
have autoantibodies reactive with retroviral envelope proteins (15, 16). Lupus-prone mouse
strains generally express many more endogenous retroviruses than other strains. This is

at least in part due to impaired epigenetic control of retroviral loci in these mice (17). A
recent paper (18) reported that the lupus-related gene sgp3encodes a Kruppel-associated
box zinc-finger protein that binds to the retroviral long terminal repeat (LTR) to silence their
expression. Homozygous deletion of Sgp3 resulted in elevated production of retrovirus and
manifest lupus nephritis in susceptible mice (18). They also found that increased HERV
expression in human SLE correlated inversely with three Sgp3-related proteins, suggesting
that dysregulated HERV expression may contribute to the pathogenesis of SLE.

Here, we expand on this previous work by showing that both adult and paediatric SLE
patients have 1gG autoantibodies that recognise the envelope (Env) protein of HERV-K, the
youngest subgroup of HERVs, while several other rheumatological conditions do not. By
RNA sequencing we find that SLE patient leukocytes express ten HERV-K proviruses of
which only two still have an intact open reading frame for the retroviral Env protein.
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Materials and methods

Adult SLE patients.

A cohort of SLE patients with active disease (n=60) and with disease in remission (n=49),
and age- and gender-matched healthy individuals (n=28), were from the Department of
Rheumatology, Skane University Hospital, Lund, Sweden. The study was approved by Lund
University local ethics board (LU06014520, and LU 378-02). Informed written consent was
obtained from all participants according to the Declaration of Helsinki. This patient cohort
has been described in detail previously (19-21).

Additional adult patients with SLE (n=3) for fresh blood samples were recruited through
the University of Washington, Division of Rheumatology Biorepository to participate in
research studies at the University of Washington Medical Center, Seattle, WA. Serum
samples from patients with primary Sjogren’s syndrome (SjS), anti-neutrophil cytoplasmic
antibody (ANCA)-associated vasculitis (AAV), large-vessel vasculitis (LVV), psoriatic
arthritis (PsA), and additional healthy controls (n=19) were also obtained from this
Biorepository. Our study was approved by the University of Washington Medical Center
ethics board (STUDY00006196), and informed written consent was obtained from all
participants.

pSLE patients and healthy children

A cohort of paediatric lupus (pSLE) patients (n=30) were recruited at Seattle Children’s
Hospital, from each of whom plasma samples were collected once during active disease
and once when the disease was inactive (SLEDAI <4). In 13 cases the first sample was
taken at the time of diagnosis. The clinical characteristics of this cohort have been reported
before (Ukadike et al., submitted). Exclusion criteria included severe anaemia and inability
to consent. An additional exclusion criterion for healthy children (n=17) was any history
of immune-mediated disorder. The study was approved by the Seattle Children’s Research
Hospital Human Subjects Committee (PIROSTUDY14045). Informed written consent was
obtained from the parents or guardians of all participants according to the Declaration of
Helsinki.

Recombinant Env

ELISAs

The amino acid sequence of Env from the seemingly intact HERV-K provirus at Xg21.33
was used to design a prokaryotic expression plasmid (Twist Biosciences) for amino acid
residues 114-465, corresponding to the sequence shared between type 1 and type 2 HERV-K
proviruses from the end of the leader sequence to the protease cleavage site (22). The
42-kDa recombinant protein was expressed in £. coliand purified by Ni2*-agarose affinity
chromatography by Olympic Protein Technologies (Seattle, WA). This protein is 99%
identical with K102 and K108, which also are 99% identical to each other. Its purity is
illustrated in Figure 1A.

50 ng/well of purified Env protein was adsorbed onto 96-well polystyrene plates in 0.1
M bicarbonate (pH 9.6) buffer overnight, washed in phosphate-buffered saline with 0.05%
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Tween, and blocked in 2% bovine serum albumin (BSA) in phosphate-buffered saline for

2 h. Control wells lacked Env protein, but were blocked the same way. Serum or plasma
was added at 0.5% in blocking buffer (with BSA) for 2 h at 4°C, washed extensively, and
then incubated with 1:2,000 dilution of horse radish peroxidase-conjugated anti-human 1gG.
The reaction was then washed, and developed with 3,3",5,5’-tetra-methylbenzidine (TMB,
BioLegend), with the color reaction terminated with 2N sulfuric acid, and the absorbance
measured at 450 nm using a plate reader. A dilution series of serum from a selected
rheumatoid arthritis patient with high anti-Env reactivity was included on every plate to
ensure consistency between plates. The reactivity of this standard (at the same dilution as
test samples) was designated as 100 U/ml and all other samples normalised accordingly.

Immune cell isolation

Polymorphonuclear (PMN) and peripheral blood mononuclear cells (PBMC) were isolated
from freshly drawn venous blood by gradient centrifugation on PolymorphPrep according to
the manufacturer’s instructions. Cells were washed and suspended in Hanks’ buffered salt
solution at 107/ml.

RNA isolation and RNA-Seq

Extraction of RNA from patient (n=3) or healthy control (n=3) leukocytes (lymphocytes and
neutrophils) was accomplished by using a hybrid protocol of Trizol Reagent (Invitrogen cat#
15596026) and RNeasy Micro Kit (Qiagen cat. no. 74004). Briefly, the cells were pelleted,
then lysed and homogenised with Trizol Reagent. Chloroform was added to layer out the
DNA and proteins from the RNA to which p-mercaptoethanol was added for additional
RNase inhibition. The RNA was precipitated with 70% ethanol, passed through a RNeasy
MinElute spin column, and treated with DNase | on the column. The spin column was
subsequently washed extensively with the Kit-supplied proprietary wash buffers, followed by
additional conditioning with 70% ethanol before eluting the RNA with RNase-free water.

For RNA-Seq, sample RNA purity was verified by measuring their concentrations

and A260/A280 using BioTek Take3 microplate reader. RNA integrity was verified by
performing non-denaturing gel electrophoresis on 1% agarose gel, confirming the presence
of the 28S and 18S rRNAs, before sending to BGI Genomics for RNA sequencing. They
subjected the samples to further quality control testing using Agilent 2100 Bioanalyzer
instrument to verify RNA integrity, RNA quality and other measures before performing
the RNA sequencing using their DNBseq NGS platform. Over 40 million clean reads were
obtained from each sample.

Analysis of HERV-K transcripts

All transcripts annotated as derived from HERV-K (or any of its synonyms) were segregated
from the total pool of transcripts, and their respective matching genomic loci examined by
extracting their nucleotide sequence, including 5’ and 3’ flanking sequences, and translating
them into amino acid sequence in all three reading frames. All resulting polypeptides over
50-amino acid residues in length were subjected to BLAST searches for homology with
HERV-K proteins.
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Statistical analyses

Results

For non-paired sample sets with non-Gaussian distribution, Mann-Whitney U-test and
Spearman’s correlation test were used, as applicable. For paired sample sets, Wilcoxon
matched-pairs signed rank test was used. GraphPad Prism (version 9) and IBM SPSS were
used for the analyses. All analyses were considered statistically significant at p<0.05.

IgG autoantibodies against Env in SLE patients, but not in other diseases

ELISAs performed with adsorbed recombinant Env protein revealed a broad range reactivity
in the serum of SLE patients with active disease (n=60), a somewhat lower reactivity in
patients in remission (n=49) and only a low to medium reactivity in the serum from healthy
donors (Fig. 1B). The difference between controls and active patients was statistically
significant (p<0.0001), as was the difference between patients in remission and healthy
controls (p<0.0001), while the difference between active disease and remission was not.
Serum from patients with other rheumatological conditions also did not contain anti-Env
reactivity different from healthy controls (Fig. 1B). These included Sjogren’s syndrome,
ANCA-associated vasculitis, large-vessel vasculitis, and psoriatic arthritis.

Anti-Env in paediatric SLE patients

Since children with newly diagnosed paediatric lupus are, on average, closer to the
beginning of their disease, we assessed a cohort of 30 paediatric lupus patients for 1gG
autoantibodies against HERV-K Env. This cohort includes two samples for each patient,

one taken during active disease with an average SLEDAI of 10.6+4.8 (standard deviation),
and another sample during inactive disease with an average SLEDAI of 2.4+1.8. Compared
to healthy children, the active disease samples had a statistically significantly (v=0.0009)
higher reactivity against Env (Fig. 1C), while the inactive disease samples did not (p=0.067)
using the Mann-Whitney test. Assessing whether titres of anti-Env fluctuated within
patients, comparing the two data points for each individual patient reveals that anti-Env
titers declined from active to inactive disease in nearly half the patients, but increased in 7 or
remained stable in 7 (Fig. 1D).

Expression of HERV-K proviruses in SLE leukocytes

The alternative splicing and translation of transcripts from an intact HERV-K provirus is
illustrated in Fig. 2A. The 10 genomic HERV-K proviruses from which transcripts were
detected in the leukocytes from SLE patients (Table 1) are represented schematically in Fig.
2B. Notably, only transcripts from HERV-K102 (1g22) and the tandem duplicated HERV-
K108 (7p22.1) can be translated into Env protein from mRNA spliced as transcript 2 in Fig.
2A, while all the other HERV-K proviruses expressed in SLE leukocytes have numerous stop
codons, insertions, or lack the env region altogether. Hence, only HERV-K102 and K108 can
produce the immunogenic Env that elicits an antibody response.
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Discussion

The presence of autoantibodies that recognise HERV-K Env suggests that this protein

is, or was, expressed in patients and that it is sufficiently immunogenic to elicit an

antibody response. Among the HERV-K transcripts we detect in patient leukocytes only
two proviruses, K102 and K108, contain an intact open reading frame for Env. Hence, these
two proviruses must be the source of the immunogenic Env. They belong to the HML-2
subgroup of HERV-K, are human-specific, and considerably less than a million years old

as indicated by their near identical 5° and 3’ LTRs. In contrast, the vast majority of other
HERVs in our genome are much older and have sustained extensive deletions, insertions,
frame-shift mutations and amino acid substitutions and, as a result, any transcripts from
them can only be translated into short peptides devoid of original functions. The few
non-HERV-K env-derived polypeptides that have been reported (e.g. syncytin) have minimal
homology with HERV-K Env and it is very unlikely that the anti-Env autoantibodies we
detect would cross-react with any of them.

Two previous papers (10, 11) reported that several HERVs were overexpressed in SLE
leukocytes, including the HERV-K proviruses 4g31.3 and 19913.42, which we also see.
However, these papers did not include any HERV-K proviruses able to produce Env, perhaps
due to stricter criteria for statistical significance of differential expression. It is also notable
that none of the approximately 10 other HERV-K/HML-2 proviruses in our genome with an
intact open reading frame for Env were detected in either these previous papers (10, 11).
However, after the completion of the work described herein, Tokuyama and coworkers (35)
published their findings that HERV-K102 is expressed in SLE patients, resulting in a robust
anti-Env autoantibody response, in good agreement with our findings. They reported that
the increased expression of K102 correlated closely with reduced expression of repressive
epigenetic factors like TRIM28 and that the anti-Env autoantibodies correlated positively
with the type | interferon gene signature in the blood of the patients. We did not observe
this correlation. Another difference between our study and theirs is that they did not see a
statistically significant difference in K108 expression between patients and healthy controls.
They also detected transcripts from HERV-K106 and K115, which we did not see. These
differences between our studies may relate to the relatively small numbers of patients in both
studies, the insertional polymorphisms (e.g. K115 exists in <10% of individuals) of these
highly homologous human-specific proviruses, which are the result of repeated re-infections
of the germline by the same exogenous retrovirus. Hence, it is not clear if these subtle
differences between our studies are of any particular relevance.

While epigenetically silenced in healthy individuals, HERV-K proviruses are known to

be transcribed during early embryonic development (23), in malignant cells (24), in HIV-
infected individuals (25-33), and in blood and synovial fluid from RA patients (34). SLE is
now added to this list. Interestingly, the set of transcriptionally active HERV-K proviruses is
different in different cancer lines and distinct from any of them in SLE leukocytes. It also
appears that healthy individuals can develop low to moderate levels of anti-Env antibodies,
suggesting that some expression can occur during normal life without causing autoimmune
disease. The absence of statistically significant correlations with specific symptoms, organ
manifestations, or laboratory measures in SLE (data not shown), also suggests that HERV-
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K expression and anti-Env autoantibodies are more likely a consequence of epigenetic
dysregulation in SLE, rather than causative in its pathogenesis.

Even if HERV-K reactivation may not have a causative role in SLE pathogenesis, it is

still possible that increased transcription of HERV-K loci that have retained the ability

to encode functional proteins, such as a transmembrane, proteolytically processed, and
glycosylated Env protein that can trimerise, traffic to the plasma membrane, assemble
with intracellular N-terminally myristoylated Gag proteins (from the same or a different
locus), and perhaps even bud off as a virus-like particle, gives HERV-K Env a modulating
role in the pathogenesis of SLE (36). We would also argue that antibodies against Env
encoded by HERV-K already represent a form of ‘auto’ immunity since even the youngest
HERV-K loci have resided in our genome subject to Mendelian inheritance for tens of
thousands of years. They have effectively become ‘self’. One would also predict that

such anti-Env autoantibodies can bind surface Env expressed by immune cells and that
such binding events may have functional consequences. Tokuyama et al. propose that
these antibodies can activate neutrophils (35), a notion that we agree with because Env

is expressed in neutrophils. It is also conceivable that anti-Env antibodies may mediate
complement activation, or engage antibody-dependent cellular cytotoxicity, resulting in
the killing of cells exposing Env on their surface. Finally, since fully functional Env has
affinity for heparan sulfate-containing surface proteins, which gave the original exogenous
HERV-K retrovirus its cellular tropism (37), the mere expression of Env could increase
leukocyte adhesion and lead to inflammation. These, and other possible contributions to SLE
pathogenesis (38, 39), will be challenging to prove or disprove until clinical trials can be
conducted with agents that halt critical steps of HERV-K expression or function.
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A. B. Adult SLE and disease controls
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glg 1. Autoantibodies against HERV-K Env in patientswith SLE, but not other rheumatological
1Seases.

A: Coomassie staining of the recombinant Env protein used in the ELISAs.

B: ELISA for IgG anti-Env in healthy controls (HC) and SLE patients with active (SLE-
hi) or inactive (SLE-lo) disease, and in patients with Sjogren’s syndrome (SjS), ANCA-
associated vasculitis (AAV), large-vessel vasculitis (LVV), or psoriatic arthritis (PSA).

C: ELISA for IgG anti-Env in healthy children (pHC) and paediatric SLE patients with
active (SLE-hi) or inactive (SLE-lo) disease.

D: The data points in C for each individual connected with lines.

Statistical significance in indicated by *** for p<0.0001 and all experiments were repeated
at least 3 times.
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Fig. 2. Structure of HERV-K loci transcribed in RA patients.
A: Schematic representation of an intact HERV-K/HML-2 provirus and the 4 transcripts it

can generate through alternative splicing. Note that only transcript 2 can be translated into
Env. The 292-bp sequence missing in type 1 and present in type 2 proviruses is indicated
with dotted red box.

B: the HERV-K proviruses from which transcripts were detected at higher levels in SLE
patients than in healthy donors. Red pins indicate stop codons, including those following
frame-shifts (approximate locations and numbers). Pale grey boxes represent elements that
cannot be translated into full-length protein. A dotted line represents missing sequence.
Disrupting insertions of other retroelements are indicated as purple triangles, LTRs in purple
of pink.

Note that the inserted LTR13 in 19¢q13.43b is in the opposite direction (other DNA strand).
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