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ABSTRACT Human endogenous retroviruses (HERVs) comprise about 8.3% of the
human genome and are capable of producing RNA molecules that can be sensed by
pattern recognition receptors, leading to the activation of innate immune response
pathways. The HERV-K (HML-2) subgroup is the youngest HERV clade with the highest
degree of coding competence. Its expression is associated with inflammation-related
diseases. However, the precise HML-2 loci, stimuli, and signaling pathways involved in
these associations are not well understood or defined. To elucidate HML-2 expression
on a locus-specific level, we used the retroelement sequencing tools TEcount and
Telescope to analyze publicly available transcriptome sequencing (RNA-seq) and chro-
matin immunoprecipitation (ChIP) sequencing data sets of macrophages treated with
a wide range of agonists. We found that macrophage polarization significantly corre-
lates with modulation of the expression of specific HML-2 proviral loci. Further analysis
demonstrated that the provirus HERV-K102, located in an intergenic region of locus
1q22, constituted the majority of the HML-2 derived transcripts following pro-inflam-
matory (M1) polarization and was upregulated explicitly in response to interferon
gamma (IFN-g ) signaling. We found that signal transducer and activator of transcrip-
tion 1 and interferon regulatory factor 1 interact with a solo long terminal repeat
(LTR) located upstream of HERV-K102, termed LTR12F, following IFN-g signaling. Using
reporter constructs, we demonstrated that LTR12F is critical for HERV-K102 upregula-
tion by IFN-g . In THP1-derived macrophages, knockdown of HML-2 or knockout of
MAVS, an adaptor of RNA-sensing pathways, significantly downregulated genes con-
taining interferon-stimulated response elements (ISREs) in their promoters, suggesting
an intermediate role of HERV-K102 in the switch from IFN-g signaling to the activation
of type I interferon expression and, therefore, in a positive feedback loop to enhance
pro-inflammatory signaling.

IMPORTANCE The human endogenous retrovirus group K subgroup, HML-2, is known
to be elevated in a long list of inflammation-associated diseases. However, a clear
mechanism for HML-2 upregulation in response to inflammation has not been defined.
In this study, we identify a provirus of the HML-2 subgroup, HERV-K102, which is sig-
nificantly upregulated and constitutes the majority of the HML-2 derived transcripts in
response to pro-inflammatory activation of macrophages. Moreover, we identify the
mechanism of HERV-K102 upregulation and demonstrate that HML-2 expression
enhances interferon-stimulated response element activation. We also demonstrate that
this provirus is elevated in vivo and correlates with interferon gamma signaling activity
in cutaneous leishmaniasis patients. This study provides key insights into the HML-2
subgroup and suggests that it may participate in enhancing pro-inflammatory signal-
ing in macrophages and probably other immune cells.
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Human endogenous retroviruses (HERVs) are the remnants of ancient retroviral
insertions in the germ cells of our evolutionary ancestors and comprise approxi-

mately 8.3% of the human genome. Among the HERV groups, the HERV-K family sub-
group HML-2 contains the most recently integrated proviral loci and the highest
degree of coding competence, and it is generally believed to be the most biologically
active (1, 2). Although HML-2 expression has not been directly linked to the manifesta-
tion of a specific disease, there is a long history of association between high HML-2
expression and the presence of various pathological disease states—typically, those
related to chronic inflammation (3 to 7).

Mechanistically, HERV RNA can be sensed by pattern recognition receptors (PRRs) in a
manner similar to exogenous viral RNA, termed “viral mimicry,” leading to pro-inflamma-
tory pathway activation (8). Although various PRRs can recognize viral RNA, the retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRs) are of interest due to their localization.
Unlike the nucleic acid sensing Toll-like receptors (TLRs), which are restricted to survey-
ing endosomal compartments, RLRs are free-floating and respond to viral RNA located in
the cytosol (9). The RLR family consists of three members: RIG-I, melanoma differentia-
tion-associated gene 5 (MDA5), and a truncated receptor, the laboratory of genetics and
physiology 2 (LGP2). While all three RLRs can bind to viral RNA, only RIG-I and MDA5 con-
tain the tandem caspase recruitment domain (2CARD) which is necessary for down-
stream signaling through mitochondrial antiviral-signaling protein (MAVS), an adapter
protein for RLR signal transduction (9). Activation of MAVS by RIG-I or MDA5 eventually
leads to activation and translocation of the transcription factors IRF3, IRF7, and NF-kB
(9). As a result, the RIG-I/MDA5/MAVS pathway promotes an antiviral state through the
induction of genes which contain interferon-stimulated response elements (ISREs) and
NF-kB binding sites and consequently contributes to the inflammatory state through
type I interferon (IFN-I) and other inflammatory cytokine upregulation (9–11).

We previously demonstrated that HML-2 is one of the most strongly induced HERV
groups in monocyte-derived macrophages (MDMs) in response to ionizing irradiation
and that its transcripts interact directly with MDA5 (12). Knockdown of HML-2 signifi-
cantly decreased the pro-inflammatory response to ionizing irradiation, including IFN-I
expression and secretion, suggesting that HML-2 upregulation in macrophages can
augment their pro-inflammatory response (12). While the phenomenon of HERV upreg-
ulation and their sensing by PRRs is typically documented under abnormal genomic
conditions, such as following tumorigenesis, radiation exposure, or treatment with
DNA methyltransferase inhibitors (DNMTis), it is possible that specific HML-2 loci are
upregulated and sensed in response to clinically relevant antigens and cytokines (13–
15). However, the precise HML-2 loci that can be upregulated, the stimuli that can
induce HML-2 upregulation, and the signaling pathways involved are not well under-
stood or defined.

In this study, we investigate the dynamics and potential role of HML-2 expression
during macrophage polarization and activation. Macrophages were chosen as a model
to investigate HML-2 expression dynamics due to their ability to respond to a wide
array of agonists and their importance in regulating inflammation during the wound
healing process (16–18). We show that pro-inflammatory (M1) polarization significantly
correlates with upregulation of the HML-2 provirus located at locus 1q22. This provirus,
also known as HERV-K102, is intergenic and previously reported to be elevated in sys-
temic lupus erythematosus (SLE) patients (19). Additional analysis revealed that HERV-
K102 upregulation occurred explicitly in response to interferon signaling and relied on
an upstream solo long terminal repeat (LTR) that recruits interferon regulatory factor 1
(IRF1) and potentially signal transducer and activator of transcription 1 (STAT1).
Induction of HERV-K102 expression by IFN signaling was demonstrated in other cell
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types, suggesting that this mechanism of HML-2 upregulation may be a universal phe-
nomenon. Using THP1-derived macrophages (TDMs) as a model for MDMs, we show
that knockdown of HML-2 or knockout of MAVS leads to significant reduction in the
expression of genes that contain ISRE elements and a reporter construct under the
control of five tandem ISRE elements. These findings provide a mechanism for HML-2
upregulation in response to inflammation and suggest that this HERV-K subgroup, in
particular HERVK-102, may participate in a positive feedback loop to enhance pro-
inflammatory signaling.

RESULTS
Macrophage polarization triggers HML-2 upregulation in primary monocyte-

derived macrophages and THP1-derived macrophages. Depending on external sig-
nals, macrophages can be polarized toward either pro-inflammatory (M1) or anti-inflam-
matory (M2) phenotypes. This plasticity and ability to respond to a wide array of agonists
makes them an optimal cell type for assessing changes in the retroelement expression
landscape in response to pro- versus anti-inflammatory pathway activation. Therefore,
we first sought to assess the expression dynamics of all retroelements in response to
macrophage polarization. Using the retroelement analysis programs TEcount (20, 21)
and Telescope (22), we were able to reanalyze a publicly available RNA-sequencing data
set, GSE162698 (23). These software tools use a statistical model to determine the most
likely origin of multi-mapped reads, allowing them to accurately measure retroelement
expression. In the analyzed data set, primary MDMs were polarized into an M1 pheno-
type with LPS 1 IFN-g and an M2 phenotype with either IL-10 or IL-4 treatment. In
response to M1 polarization, over 150 retroelement groups and subgroups were signifi-
cantly modulated (Fig. 1A, Fig. S1A in the supplemental material) 18 h after treatment.
However, fewer than 10 retroelement groups and subgroups were significantly modu-
lated in response to M2 polarization (Fig. 1B and C, Fig. S1A). Notably, among the signifi-
cantly upregulated retroelement clades following M1 polarization, HERVK-int, which cor-
responds to HERV-K (HML-2) (24), was the most highly expressed HERV at the basal state
(Fig. S1B). This urged us to continue investigating the HML-2 subgroup at a locus-specific
level using the retroelement analysis software Telescope (22).

Although several HML-2 loci are known to be induced following tumorigenesis or
chronic inflammatory diseases (25–28), little is known about specific HML-2 loci induc-
tion in response to typical inflammatory stimuli in the normal state. Therefore, we
repeated our analysis of the data set GSE162698 using Telescope to determine which
HML-2 loci displayed a .2-fold increase in expression upon M1 polarization. First, we
found that the HML-2 subgroup was upregulated only in response to pro-inflammatory
polarization, whereas treatment with M2 polarizing agents did not change the expres-
sion of this clade (Fig. 1D). Among the 92 HML-2 proviral loci, only 13 displayed detect-
able expression. Five loci showed either a high basal expression (3q12.3) or a signifi-
cant change correlated with the polarization treatment (1q22, 1q23.3, 1q32.2, and
8p22) (Fig. 1E, Table S1). At the basal state, HML-2 expression was dominated by 1q22
and 3q12.3, which constituted 23.75% and 37.3% of the total HML-2-derived tran-
scripts, respectively (Fig. 1F). However, upon M1 polarization, there was significant up-
regulation of 1q22 and 1q23.3, whereas 3q12.3 expression remained stable (Fig. 1E).
This results in 1q22 constituting over 50% of the overall HML-2-derived transcripts
(Fig. 1G). In response to M2 polarization, 1q32.2 was significantly upregulated follow-
ing interleukin (IL)-10 treatment and 8p22 was significantly upregulated following IL-4
treatment (Fig. 1E, Table S1). Of these 5 loci, 3 (1q23.3, 1q32.2, and 8p22) reside within
protein-encoding genes. 1q23.3 resides within the intron of CD48 gene, 1q32.2 resides
within the intron of CR1, and 8p22 spans the 59 untranslated region (UTR), the first
exon, and the first intron of fibrinogen-like protein 1 (FGL1). The expression patterns of
1q23.3 and 1q32.2 correspond to the expression of the genes they reside within (Fig.
S1C). The gene corresponding to 8p22, FGL1, was undetectable in MDMs (Table S2).
Previously, FGL1 was found to be expressed in hepatocellular carcinoma and lung can-
cer tissues (29); thus, in our analysis, its expression could be related to cancer-
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FIG 1 Pro-inflammatory (M1) polarization of macrophages correlates with retroelement expression. (A to C) Volcano plots showing fold
change in retroelement expression measured by TEcount at the subgroup level: M1 polarized, lipopolysaccharide (LPS) 1 interferon gamma
(IFN-g ) (A); M2 polarized, interleukin (IL)-10 (B) and IL-4 (C); versus neutral (M0) monocyte-derived macrophages (MDMs) following 24 h of
polarization. Red dots indicate retroelements significantly changed in expression. (D) Expression on RNA level of the HML-2 subgroup (copies
per million [CPM]) in M0, M1, M2 (IL-10), and M2 (IL-4) MDMs. (E) Locus-specific expression of the HML-2 subgroup measured by Telescope

(Continued on next page)
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associated changes that are not present in primary macrophages. The other two provi-
ruses, 1q22 and 3q12.3, are in intergenic loci, and previous literature suggests that
transcription likely starts within their own 59 LTR (30).

Primary macrophages are highly heterogeneous (31–33). To determine if the same
trends are consistent in THP1 cells, a monocytic cell line commonly used as a model of a
more homogeneous macrophage population, we analyzed another gene expression
data set, GSE159112 (34), in which THP1 cells were differentiated to a macrophage phe-
notype by treatment with phorbol 12-myristate 13-acetate (PMA) (35–37). This data set
is similar to the previous one, except that a combination of IL-4 and IL-13 was used for
M2 polarization of THP1-derived macrophages (34). Consistent with the primary MDMs,
1q22 and 3q12.3 constitute the majority of the HML-2 derived transcripts, with 1q22
expression significantly upregulated during M1 polarization and 3q12.3 remaining rela-
tively stable (Fig. S1D). However, a notable difference between the primary MDMs and
TDMs is the relatively high expression of 8p22 in TDMs compared to that in MDMs,
which is likely due to the fact that these cells are cancerous and represent an acute
monocytic leukemia cell line with higher expression of FGL1 compared to MDMs (Fig.
S1E, Table S2).

The HML-2 provirus at 1q22 is upregulated in response to interferon, but not
TLR signaling. In-vitro M1 polarization involves challenging macrophages with a combi-
nation of lipopolysaccharide (LPS) and IFN-g . Importantly, LPS and IFN-g activate sepa-
rate signaling pathways and lead to the activation of different transcription factors (38,
39). Therefore, we sought to determine which of these signaling pathways is directly
responsible for the upregulation of 1q22, the most highly upregulated HML-2 provirus
following M1 polarization. To determine the impact of TLR signaling on the HML-2 sub-
group, we analyzed the RNA-sequencing data set GSE147310 (40). This data set contains
transcriptomic data from primary MDMs treated with agonists of Toll-like receptors 1/2
(Pam3csk4), 4 (LPS), 7 (R837), or 7/8 (R848) obtained 18 h post-treatment. When monitor-
ing the overall HML-2 expression using TEcount analysis, we observed a significant up-
regulation following LPS treatment but not in response to the other agonists (Fig. 2A). In
terms of which HML-2 loci were sensitive to the activation of different TLRs, only 1q23.3
was significantly upregulated, and this effect was found in response to each TLR agonist
(Fig. 2B, Table S3). Similar to what was shown previously, the expression pattern of
1q23.3 corresponds to the expression of the gene it resides within, CD48 (Fig. S2). While
1q22 was not significantly upregulated by LPS treatment, LPS treatment did result in an
upward trend in expression, whereas the other agonists resulted in a downward trend
(Fig. 2B).

To determine whether interferon signaling could upregulate the HML-2 subgroup,
more specifically, 1q22, we analyzed another RNA-sequencing data set, GSE158434
(41). This set contains RNA-seq data from primary MDMs treated with either dimethyl
sulfoxide (DMSO), type I IFNs (IFN-a or IFN-« ), type II IFN (IFN-g ), or type III IFN (IFN-l)
for 18 h. We observed that both IFN-I and IFN-II signaling significantly upregulated
overall HML-2 expression (Fig. 2C, Table S3). Notably, 1q22 was significantly upregu-
lated in response to both IFN-I and IFN-II but was nearly two times more sensitive to
IFN-II signaling than to IFN-I signaling (Fig. 2D).

IFN-I induces gene expression via activation of the transcription factor complex
STAT1/STAT2/IRF9, also called ISGF3, which binds to ISREs, whereas IFN-II induces the
expression of genes that contain a gamma interferon activation site (GAS) in their pro-
moters via activation of STAT1/STAT1 homodimers (42). This distinction is important
for clarifying the phenotypic effect of HML-2 expression, as we suspect that upregula-

FIG 1 Legend (Continued)
analysis of transcriptomic sequencing (RNA-seq) data set in M0, M1, M2 (IL-10) and M2 (IL-4) polarized MDMs. RPKM, reads per kilobase per
million reads mapped. (F and G) Proportion that each HML-2 provirus constitutes in the total amount of HML-2-derived transcripts in M0 (F)
and M1-polarized (G) MDMs, based on analysis shown in panel E. Data are presented as means 6 standard error of the mean (SEM) from
three donors as biological replicates. ****, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05 according to edgeR analysis for panels D and
E. Due to the nature of the analysis, only significantly positive fold changes are highlighted in panel E; all fold changes can be found in
Table S1. CPM was used for overall HML-2 expression in panel D due to differences in HML-2 proviral length on the locus-specific level.
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FIG 2 Expression ratios of various HML-2 proviruses in response to the activation of Toll-like receptor (TLR) and interferon (IFN) signaling
pathways. (A) Overall expression of the HERV-K HML-2 subgroup in MDMs following activation of TLR1/2 with the agonist Pam3CSK4, TLR4
with LPS, TLR7 with R837, and TLR 7/8 with the agonist R848 for 18 h. Analysis of RNA-seq data with TEcount software. (B) Locus-specific
expression of the HML-2 subgroup measured by Telescope RNA-seq analysis tool in MDMs following treatment with TLR agonists. The same
RNA-seq data as shown in panel A are analyzed. (C) Overall expression of the HML-2 subgroup in MDMs following type I IFN (IFN-a or
IFN-« ), type II IFN (IFN-g ), or type III IFN (IFN-l) treatment for 18 h. Analysis of RNA-seq data with TEcount software. (D) Locus-specific

(Continued on next page)
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tion of this HERV-K subgroup activates the RIG-I/MDA5/MAVS pathway to enhance
ISRE-containing gene expression as a secondary effect of IFN-g signaling (9). Therefore,
for downstream experiments and analysis, we were interested in identifying genes
which depend on their ISRE site for gene induction following IFN-g signaling because
these genes may be modulated in response to HML-2 knockdown. The ideal targets for
this analysis would be genes which are known to contain an ISRE site in their promoter
region and are not upregulated abnormally highly or early compared to other ISRE-
containing genes, as this may be due to the contribution of additional transcription
factor binding sites (TFBSs) outside the ISRE element(s).

To select genes that may be modulated in response to differential HML-2 expression,
we examined the induction of genes which contain either ISRE, GAS, or both TFBSs
(ISRE-only, GAS-only, and GAS/ISRE dual, respectively). As expected, the genes controlled
by GAS-containing promoters, including IRF1, strongly associated with IFN-g activity (43),
were most sensitive to IFN-g treatment (Fig. 2E and H, Table S4). This is partly consistent
with the expression trend of 1q22 following IFN-I versus IFN-II treatment, suggesting
that 1q22 may contain IFN-g -associated transcription factor binding sites.

Treatment with IFN-I or IFN-III remarkably upregulated ISRE-containing genes
(Fig. 2F). Among the genes that contained an ISRE site but not a GAS site, we identified
three which were upregulated 4- to 6-fold following IFN-g treatment: IFIT1, ISG15, and
OASL (Fig. 2I). These genes were selected as indirect indicators of ISRE activity (demon-
strated in later experiments). Although other ISRE-only genes, such as ISG20 and IFIT2,
were significantly following IFN-g treatment, their upregulation was drastically higher
than that of the other ISRE-only genes. This led us to exclude them from future analy-
sis. Among the genes containing both GAS and ISRE elements in their promoters, cer-
tain genes displayed higher sensitivity to IFN-I (IFITM1, IFI35), whereas other genes
were mostly upregulated by IFN-g treatment (SOCS1, TAP1) (Fig. 2G).

The HML-2 provirus at 1q22 is upregulated in different cell types and pro-
inflammatory disease states. To determine whether 1q22 upregulation by IFN signal-
ing was a universal phenomenon, we examined HML-2 expression on a locus-specific
level in response to interferon treatment in primary human colon intestinal epithelial
cell organoids (GSE190899), primary human bronchial endothelial cells (GSE185200),
and HeLa cells (GSE150196) (Fig. 3A to C). The raw FASTQ files from the indicated RNA-
sequencing data sets were obtained from recently published papers (44–46) and ana-
lyzed with Telescope, as previously described. In all situations examined, we observed
that IFN-g significantly upregulated expression of 1q22 and that 1q22 constituted the
majority of HML-2-derived transcripts following IFN-g treatment.

Since the sensitivity of 1q22 to IFN-g appeared to be ubiquitous and the receptors
for IFN-g signaling are nearly ubiquitously expressed (47), we sought to determine
whether 1q22 expression in circulating peripheral blood mononuclear cells (PBMCs)
was associated with chronic inflammation. Local cutaneous leishmaniasis (CL) is a para-
sitic disease characterized by chronic inflammation and elevated IFN-g signaling (19),
making it a prime disease for evaluating the relationship between 1q22 and an inflam-
matory disease state. Therefore, we assessed HML-2 expression on a locus-specific level
in healthy control and CL patients (GSE162760), (19). As expected, among the detect-
ably expressed HML-2 loci, only 1q22 was significantly elevated in circulating PBMCs

FIG 2 Legend (Continued)
expression of the HML-2 subgroup in MDMs following treatment with dimethyl sulfoxide (DMSO) or type I, II, and III interferons measured by
Telescope. The same RNA-seq data as shown in panel C are analyzed. (E to G) Heatmaps of the log2(fold change) in expression for a gamma
interferon activation site (GAS)-only containing genes (E), an interferon-stimulated response element (ISRE)-only containing genes (F), and
GAS/ISRE dual-containing genes (G) following IFN-a, IFN-« , IFN-g , and IFN-l treatment. Figure based on transcriptomic data analysis using
the TEcount pipeline as described in Materials and Methods. (H) Expression of IRF1 gene following IFN-I, IFN-II, and IFN-III treatment:
transcriptomic data analysis using the TEcount pipeline as described in Materials and Methods. (I) Expression of selected genes which
contain an ISRE but not a GAS element following IFN-g treatment: transcriptomic data analysis using the TEcount pipeline. Data are
presented as means 6 SEM from five donors (TLR agonist data set) or three donors (interferon data set) as biological replicates. ****, P ,
0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05 according to edgeR analysis. Due to the nature of the analysis, only significantly positive fold
changes are highlighted in panels B and D; all fold changes can be found in Table S2. CPM was used for overall HML-2 expression in panels
A and C due to differences in HML-2 proviral length on the locus-specific level. RPKM, reads per kilobase per million reads mapped.

HERV-K HML-2 Expression and Macrophage Immune Activation Microbiology Spectrum

March/April 2023 Volume 11 Issue 2 10.1128/spectrum.04438-22 7

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE190899
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185200
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150196
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162760
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04438-22


FIG 3 HERV-K102 as an indicator of interferon gamma signaling and inflammation. (A to C) Locus-specific expression of the HML-2 subgroup
measured using Telescope software tool in the RNA-seq databases from IFN-b-, IFN-g -, or IFN-l-treated colon organoids (A), IFN-g treated
human bronchial endothelial cells (B), and HeLa cells in response to IFN-g treatment (C). Additional details are provided in Materials and
Methods. (D to F) Analysis of transcriptomic data from cutaneous leishmania (CL) patients. (D) Locus-specific expression of the HML-2
subgroup in control and CL patients determined by Telescope software analysis. (E) Individual HERV-K102 expression between control and
CL patients, Telescope software analysis. (F) Pearson’s correlation matrix between HML2_1q22, IRF1, ICAM1, SOCS3, and IRF8 expression in
CL patients. ****, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05 according to edgeR in panels A to D and Pearson’s correlation matrix
in panel E. HERV-K, human endogenous retrovirus group K.
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from CL patients (Fig. 3D). Moreover, on an individual-person basis, 1q22 expression had
a relatively small overlap between the healthy control and CL patient groups (Fig. 3E)
and was significantly correlated with several indicators of IFN-g signaling, including IRF1
and ICAM1 gene expression (Fig. 3F and Fig. S2).

Interferon gamma signaling induces transcription factor binding and epige-
netic modifications upstream of HERV-K102. Since the rest of our analysis is specific
to a single provirus, the HML-2 provirus located at 1q22 is referred to as HERV-K102, a
commonly used alias (28, 48, 49). Due to the higher upregulation of HERV-K102 follow-
ing IFN-g signaling compared to IFN-I signaling, we assumed that an IFN-g -associated
transcription factor binds to the 59 LTR of HERV-K102 or an upstream region. As previ-
ously described, STAT1 homodimers are directly activated following IFN-g signaling
and mediate the upregulation of genes that contain a GAS site. However, several tran-
scription factors also contain a GAS site and may be preferentially upregulated in
response to IFN-g compared to IFN-I (39, 50), including IRF1 and IRF8 (shown in
Fig. 2E), which bind to IRF-binding elements (IRF-Es).

Notably, IRF1 is an IFN-g -associated transcription factor which contains a GAS site,
but not an ISRE site, in its promoter region and is thereby upregulated significantly
higher in response to IFN-g signaling compared to IFN-a or IFN-« signaling (shown in
Fig. 2E and H) (43). Following IFN-g -mediated upregulation, IRF1 is critical for inducing
the expression of various innate immunity genes through binding to IRF-E sites in their
promoters, including IFNb , iNOS, IL-12p35, and many others (43, 51–53).

To assess STAT1 and IRF1 occupancy near HERV-K102, we analyzed a publicly avail-
able chromatin immunoprecipitation (ChIP)-sequencing data set of primary MDMs
treated with IFN-g for 24 h (GSE43036) (54). Following IFN-g treatment, STAT1 and IRF1
peaks are significantly enriched in a region upstream (;1.6 kb) of HERV-K102 (Fig. 4A
and Fig. S3A). No other STAT1 or IRF1 peaks were identified 610 kb from HERV-K102.
The IRF1 peak is enriched 12-fold (P , 0.0001) compared to the untreated cells and the
summit of the peak corresponds to a cluster of three potential IRF-E sites located within
a solo LTR, termed LTR12F (Fig. 4B and Fig. S3A). The potential IRF-E sites contain the
core consensus binding sequence (AANNGAAA) (55) and match several IRF-1 binding
sequence motifs that were enriched in an analysis of IRF-1 bound sequences following
IFN-g treatment (56), highlighted in Fig. S3B. The STAT1 peak is enriched 7.6-fold (P ,

0.0001) and its summit is also located within LTR12F. However, the summit of the STAT1
peak is not located at any known GAS or ISRE sequence motifs. It was previously demon-
strated that IRF-1 and STAT1 interact and can be co-immunoprecipitated, with specula-
tion that IRF1 (and likely other proteins) can facilitate the recruitment of STAT1 to
non-GAS sites (54, 57). Because the distance between the summits of IRF1 and STAT1 is
only 40 bp, this could explain the lack of an apparent GAS or ISRE site near the STAT1
summit. The lower peak density of the STAT1 peak compared to the IRF1 peak (30 versus
350 normalized RPKM [reads per kilobase per million reads mapped] at the summit,
respectively) may also influence our ability to identify the precise STAT1-binding
sequence due to poor resolution. Histone H3 acetylation of lysine 27 (H3K27ac), a his-
tone mark for active enhancers and promoters, was significantly enriched (2.1-fold, P ,

0.0001) in the intermediate region between HERV-K102 and LTR12F (Fig. 4A and Fig.
S3A) (54, 58, 59).

To more broadly assess the epigenetic landscape of HERV-K102, we analyzed ATAC-seq
(Assay for Transposase-Accessible Chromatin using Sequencing) and ChIP sequencing in
HeLa cells treated with IFN-g for 24 h. These are an extension from the RNA-sequencing data
set of HeLa cells shown in Fig. 4C and Fig. S3A, which demonstrated that HERV-K102 is up-
regulated in this cell type following IFN-g treatment. ATAC-seq is a technique used to assess
chromatin accessibility and can be an indicator of active gene regulation (60–62). Following
IFN-g treatment, chromatin accessibility is significantly increased in the region upstream of
HERV-K102, encompassing LTR12F and the intermediate region (3-fold enrichment, P ,

0.0001) (Fig. 4C). Three histone marks of transcriptional activation were significantly increased
in the region between HERV-K102 and LTR12F, including histone H3 dimethylation of lysine
4 (H3K4me2) (two tandem peaks: 6.9-fold, P , 0.0001; 6.6-fold, P , 0.0001) and histone H3

HERV-K HML-2 Expression and Macrophage Immune Activation Microbiology Spectrum

March/April 2023 Volume 11 Issue 2 10.1128/spectrum.04438-22 9

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43036
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04438-22


dimethylation of lysine 79 (H3K79me2) (3.8-fold, P , 0.001), and H3K27ac (4.1-fold, P ,

0.0001). H3K4me2 marks are often found in actively transcribed or “poised” (regions that are
primed for rapid transcriptional activation) promoter regions (46, 63, 64). H3K79me2 is sug-
gested to be an active gene marker that most commonly occurs on the promoter and tran-
scription start site (TSS) region of transcriptionally active genes and is correlated with both
high transcription and high transcription elongation rates (65–69). Together, these results
suggest that HERV-K102 and the upstream region experience epigenetic modifications which
favor or indicate active gene expression.

LTR12F is critical for HERV-K102 upregulation following interferon signaling.
The transcription factor and epigenetic analysis suggests that the region upstream of

FIG 4 Interferon gamma signaling induces transcription factor binding and epigenetic modifications upstream of HERV-
K102. (A) Visualization of chromatin immunoprecipitation (ChIP)-sequencing results for STAT1 binding, IRF1 binding, and
H3K27ac prior to and following IFN-g treatment for 24 h in primary MDMs. (B) Close-up visualization of LTR12F and
STAT1 or IRF1 binding. Three arrows are depicted for IRF1 binding analysis, with each arrow representing a potential IRF-
binding element (IRF-E) sequence motif within LTR12F. (C) Visualization of ATAC-seq (Assay for Transposase-Accessible
Chromatin using Sequencing) and ChIP-sequencing for H3K4me2, H3K27ac, and H3K79me2 prior to and following IFN-g
treatment for 24 h in HeLa cells. Peak locations, fold-enrichment values, and P values are shown in Fig. S4.

HERV-K HML-2 Expression and Macrophage Immune Activation Microbiology Spectrum

March/April 2023 Volume 11 Issue 2 10.1128/spectrum.04438-22 10

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04438-22


HERV-K102 may be involved in regulating its expression. A general outline of HERV-K102
and the upstream region is depicted in Fig. 5A. To determine whether the upstream
region is critical for HERV-K102 transcriptional upregulation following interferon signaling,
we used a promoter-less luciferase reporter lentiviral construct to examine the promoter
activity of either the full-size chromosome fragment containing LTR12F 1 a 1,606-bp in-
termediate sequence 1 the 59 LTR of HERV-K102 or truncated DNA fragments containing
the distinct sections of this region (Fig. 5B). None of the constructs experienced increased
luciferase activity following treatment with IFN-a, LPS, tumor necrosis factor alpha (TNF-
a), or IL-4. However, the constructs containing LTR12F (constructs A and B) saw a nearly
3-fold increase in luciferase activity following IFN-g treatment (Fig. 5C). Importantly, the
increase in reporter activity following IFN-g treatment was lost when LTR12F was removed
from the construct (constructs C and D). As expected, since LTR12F is a truncated LTR and
does not contain its own transcription start site, the level of luciferase activity in the con-
struct containing LTR12F without the 59 LTR of HERV-K102 (construct A) is very low, de-
spite significant upregulation in activity following IFN-g treatment. When luciferase is
expressed under the control of LTR12F followed by the intermediate sequence and the 59
LTR of HERV-K102 (construct B), which retains its viral transcription start site, luciferase ac-
tivity is 10-fold higher.

FIG 5 LTR12F is critical for HERV-K102 upregulation following interferon signaling. (A) General illustration of LTR12F, a
downstream intermediate sequence, and 1q22 (HERV-K102 provirus). (B) Representative illustration of the luciferase-
expressing constructs used to identify which region spanning the 59 long terminal repeat (LTR) of HERV-K102 to the
upstream solo LTR, LTR12F, was responsible for HERV-K102’s sensitivity to IFN signaling. Lentiviral vectors based on
commercial LVR-1048-pLV plasmid (Cellomics Technology) were generated and used for transduction of THP1 monocytes.
(C) Comparison of the firefly luciferase reporter activity in the THP1 cells, transduced with the constructs indicated in
panel B and differentiated to macrophages using PMA (phorbol 12-myristate 13-acetate) treatment, in response to IFN-a,
IFN-g , LPS, TNF-a, or IL-4 stimulation for 18 h. Data are presented as mean values 6 SEM from three biological replicates.
****, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05 according to two-way analysis of variance (ANOVA).
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HML-2 expression facilitates the MAVS-mediated pathway to enhance IFN-I sig-
naling in response to IFN-c. To determine whether the upregulation of genes that
contain ISRE sequences shown in Fig. 2F and I was associated with HML-2 expression,
we transduced THP-1 cells with either control small hairpin RNA (Ctl-shRNA) or shRNA
targeting the env gene of HML-2 (HML-2-shRNA) (described previously [12, 70]; Table
S6). Approximately 40% to 50% knockdown in relative HML-2 RNA quantity was achieved in
untreated TDMs (Fig. S4). To compare the relative amount of GAS-containing gene induction
versus ISRE-containing gene induction, we assessed the expression of three genes which
contain a GAS element but not an ISRE element and vice versa by reverse transcriptase
quantitative PCR (RT-qPCR). Interestingly, in basal TDMs, all three GAS-containing genes
were non-significantly modulated in the shRNA-expressing cells (Fig. 6A to C). However, all
three tested ISRE-containing genes displayed significant downregulation in response to
HML-2 knockdown (Fig. 6D to F, left two columns). When the cells were treated with IFN-g ,
IFIT1 remained significantly downregulated in expression, whereas differences in the expres-
sion of the other two genes were leveled, possibly due to the general activation associated
with type II interferon and only partial knockdown of HML-2 RNA.

Since the ISRE-containing genes may contain other TFBSs which are indirectly activated
following IFN-g treatment, we engaged reporter THP1 cells, THP1-Dual (InvivoGen), which
contain a secreted luciferase gene under the control of ISG54’s promoter region and five
upstream ISRE elements. This allows exclusive monitoring of ISRE element activation.
Additionally, we used a MAVS-knockout (MAVS-KO) version of these reporter cells to
assess the involvement of the MAVS signaling pathway. Both wild-type (WT) and MAVS-
KO reporter cells were transduced with control or HML-2 shRNA, differentiated into TDMs,
and challenged with IFN-g . In agreement with the data from our previous experiment,
shown above, basal ISRE activation is significantly reduced following HML-2 knockdown
(Fig. 6G). Additionally, MAVS-KO reduces ISRE activation to similar levels as HML-2 knock-
down in basal TDMs. In response to IFN-g treatment, ISRE activation is still significantly
reduced in both HML-2 knockdown and MAVS-KO cells. MAVS-KO cells have a significantly
greater reduction in ISRE activation than the HML-2 knockdown cells. However, addition of
HML-2 knockdown did not further decrease ISRE activation in MAVS-KO cells. If MAVS is acti-
vated in response to IFN-g , then type I IFN expression should be induced following MAVS-
mediated IRF3/7 activation and secreted to induce ISRE activation in a paracrine manner
(71). To determine if HML-2 knockdown influences paracrine ISRE activation in response to
IFN-g treatment, we transferred condition medium from control or HML-2 shRNA-expressing
TDMs challenged with IFN-g to the previously described reporter THP1 cells and assessed
ISRE activation. We observed significantly reduced paracrine ISRE activation in response to
IFN-g due to HML-2 knockdown (Fig. 6H).

DISCUSSION

In the present study, we investigated the regulation of HERV-K (HML-2) expression on a
locus-specific level in response to inflammatory signaling and examined a potential role of
this subgroup in macrophage activation. Several studies have indicated that the HML-2
subgroup is elevated in a variety of inflammation-associated diseases (3–7). However, the
precise HML-2 loci which can be induced in response to short-term inflammatory pathway
activation have not been identified. One major historical limitation is the highly repetitive
nature of HERV proviral loci, making it unfeasible to examine the entire HML-2 subgroup’s
expression via RT-qPCR. While a nested PCR followed by sequencing can address this issue,
specialized RNA-sequencing analysis tools have proven to be effective and accurate at
measuring repetitive element expression on a locus-specific level (20, 22, 72). Briefly, soft-
ware packages such as TEcount and Telescope assign ambiguously (multi-)mapped reads
to the most probable source element through a statistical model that accounts for the
number of uniquely mapped reads per element among the list of potential sources for a
single ambiguous read (20, 22). Since the standard RNA-seq pipeline ignores repetitive ele-
ments, we sought to re-examine publicly available RNA-seq data sets using the retroele-
ment software packages TEcount and Telescope.

HERV-K HML-2 Expression and Macrophage Immune Activation Microbiology Spectrum

March/April 2023 Volume 11 Issue 2 10.1128/spectrum.04438-22 12

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04438-22


Notably, we initially identified that the HML-2 subgroup was the most highly
expressed HERV clade that was significantly modulated following M1 polarization in
primary MDMs. On a locus-specific level, our HML-2 expression results were consistent
with a previous study that implemented single-molecule real-time (SMRT) sequencing
and characterized three HML-2 proviral loci (1q22, 1q23.3, and 3q12.3) as constituting

FIG 6 HML-2 knockdown reduces ISRE activation through direct signaling and distantly via a paracrine mechanism.
(A to F) Reverse transcriptase quantitative PCR (RT-qPCR) measured expression (threshold cycle [DDCT] method) of
genes IRF1, SOCS3, and ICAM1 which contain a GAS element (A to C) and an ISRE element-containing genes IFIT1,
ISG15, and OASL (D to F) in response to IFN-g treatment for 18 h in TDMs transduced with control shRNA or HML-2-
shRNA targeting a conserved region of the HML-2 env gene transcript. (G) Measuring direct activation of ISRE
elements in response to IFN-g treatment using luciferase-reporter THP1-Dual or THP1-Dual MAVS-KO (mitochondrial
antiviral-signaling protein-knockout)-derived macrophages transduced with either control-shRNA- or HML-2-shRNA-
expressing vectors; 18 h post-IFN-g treatment. (H) Measuring paracrine activation of ISRE elements in luciferase
reporter THP1-Dual-derived macrophages in response to condition medium from TDMs transduced with control
shRNA- or HML-2-shRNA-expressing vectors and treated with IFN-g for 18 h. Data are presented as means 6 SEM from
three independent measurements in panels A to F and three biological replicates in panels G and H. ****, P , 0.0001;
***, P , 0.001; **, P , 0.01; *, P , 0.05 according to two-way ANOVA.
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over 90% of the HML-2 derived transcripts in circulating human lymphocytes, with
these loci constituting the vast majority of our HML-2 derived transcripts across all our
data sets (73). SMRT sequencing is advantageous due to its ability to sequence rela-
tively long (;700 bp in this case, up to a maximum of 50,000 bp) reads, allowing for
increased sensitivity and accuracy when mapping retroelement reads to the genome
(73, 74). Unique to our analysis, we identified that a specific provirus within an inter-
genic region of locus 1q22, known as HERV-K102, was significantly upregulated and
constituted the majority of HML-2 derived transcripts following the pro-inflammatory
polarization of primary MDMs with LPS and IFN-g .

Previous literature on HERV-K102 indicates that its expression is elevated in systemic
lupus erythematosus patients and correlates with a higher interferon status (19). The SLE
patients also had anti-HERVK-102 Env IgG antibodies and their serum concentration corre-
lated with higher expression of interferon-stimulated genes (ISGs). Although this suggests
that there may be a biological consequence of HERV-K102 elevation, the mechanism re-
sponsible for HERV-K102 upregulation in these patients was not identified. Interestingly,
we found that TLR signaling does not modulate HERV-K102 expression. On the contrary,
IFN signaling with either IFN-I or IFN-II significantly upregulated HERV-K102. In agreement
with previous literature, we did not find an ISRE or GAS element within the 59 LTR of
HERV-K102 (30, 75, 76), but we did reveal that STAT1 and IRF1 bind to a region upstream
of HERV-K102 following IFN-g signaling. The peaks were co-localized and mapped to a
solo LTR, LTR12F, upstream of HERV-K102. Predictably, using a promoter-less luciferase
construct, we found that LTR12F was critical for the increase in promoter activity of HERV-
K102’s 59 LTR following IFN-g signaling. The upregulation of HERV-K102 expression upon
IFN-I treatment, which was detected with RNA-sequencing but not in our reporter lucifer-
ase constructs that measured promoter activity, may have been a secondary effect of IFN-I
signaling which our reporter constructs were not sensitive enough to measure. The hypo-
thetical mechanism of the activation of LTR12F-driven transcription of HERV-K102 by IFN-
g -induced IRF1 is shown in Fig. 7 (steps 1 to 3). Since the promoter of IFN-g contains a
noncanonical ISRE sequence and can be activated by IFN-I signaling (77), it is possible that
HERV-K102 upregulation in response to IFN-I may be reliant on IFN-I induced IFN-g secre-
tion and subsequent autocrine and paracrine IFN-II signaling. However, other possibilities
exist, such as the moderate activation of STAT1/STAT1 homodimers (and subsequently,
IRF1 upregulation) that can occur following IFN-I signaling, albeit at significantly lower lev-
els than those following IFN-II signaling (42).

We and others have previously shown that HERV RNA interacts with the RIG-I/MDA5/
MAVS pathway to induce ISRE activation and IFN-I expression in response to strong epige-
netic modulators such as ionizing irradiation, UV radiation, and DNMTis (12, 78, 79).
However, whether HML-2 RNA mediates ISRE activation in the basal state or in response
to IFN-g signaling is unknown. Surprisingly, we found that HML-2 knockdown significantly
reduced ISRE activation in both basal and IFN-g challenged TDMs. This effect was repli-
cated in MAVS-KO reporter cells and predictably, the reduction in ISRE activation was
stronger following MAVS-KO than HML-2 knockdown alone. Importantly, HML-2 knock-
down did not have an effect on ISRE activation in MAVS-KO cells, suggesting that HML-2’s
activation of ISREs may be mediated through MAVS signaling, as previously reported in
response to other conditions (14, 78). We also found that HML-2 knockdown reduced the
ability of TDMs to induce ISRE activation following IFN-g in a paracrine manner, consistent
with our previous report on the effect of HML-2 knockdown in response to ionizing irradia-
tion (12). Overall, our phenotypic experiments are in agreement with previous literature
on the effects of HERV upregulation and suggest that HML-2 RNA may be sensed and
responded to by the RIG-I- or MDA5-MAVS pathway to induce ISRE activity and therefore
enhance the type I interferon-related innate immune response (Fig. 7, steps 4 and 5).

Interestingly, a report on HML-2 expression in healthy tissues using the same retro-
element analysis software used in our paper, Telescope, found that HERV-K102 is
expressed in almost every tissue, suggesting that it is not strongly epigenetically
silenced like other HERV loci (30). Since the receptors for IFN-I and IFN-II signaling are
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nearly ubiquitously expressed (47), we suspected that the IFN sensitivity of HERV-K102
may be a universal phenomenon. Indeed, in every cell type examined, HERV-K102 was
significantly upregulated following IFN signaling. Following our findings, we speculated
that upregulated HERV-K102 expression alone could be an indicator for the presence of
elevated IFN-g signaling. We chose to investigate this possibility in cutaneous leishmani-
asis patients using a publicly available RNA-sequencing data set, provided by Farias
Amorim et al. (19), as this disease is characterized by a chronic, systemic IFN-g signature.
Remarkably, HERV-K102 expression in circulating PBMCs was found to be significantly
upregulated in CL patients compared to control individuals and was correlated with IRF1
expression.

Taken together, our findings indicate that HERV-K102 is an IFN-sensitive HML-2
provirus which constitutes the majority of HML-2-derived transcripts following IFN
signaling. Its upregulation following IFN-g signaling under inflammatory conditions
is likely mediated by an upstream solo LTR, LTR12F, which actively recruits IRF1 to its
IRF-E sites following IFN-g signaling. HML-2 expression in macrophages, even in the
basal state, influences ISRE activation and has implications on the paracrine activa-
tion of nearby cells following macrophage activation. This suggests that HERV-K102
may play the role of an intracellular enhancer of IFN-g signaling to increase the sec-
ondary IFN-I response and therefore facilitate pro-inflammatory innate immune
responses. The impact of HML-2 expression on ISRE activation is most likely mediated
through the viral RNA-sensitive MAVS signaling pathway, although the exact molecu-
lar mechanism of this effect requires further experimental verification. Future studies

FIG 7 Hypothetical mechanism of HERV-K102 upregulation and the phenotypic effect. Step 1: IFN-g binds to and activates IFN-gRs, resulting in STAT1
homodimer formation and translocation into the nucleus. Step 2: STAT1 homodimers bind to the GAS site in IRF1 gene to induce rapid and strong
transcription. Following translation, IRF1 translocates into the nucleus. Step 3: IRF1 (and potentially STAT1) bind to LTR12F to induce HERV-K102
upregulation. Step 4: HML-2 transcripts (including HERV-K102) accumulate in the cytoplasm. The RLRs (retinoic acid-inducible gene I-like receptors), RIG-I
and MDA-5 (melanoma differentiation-associated gene 5), can respond to increases in HERV RNA, leading to MAVS signaling and subsequently, IRFs 3/7
activation and translocation into the nucleus. Step 5: IRFs 3/7 induce the expression of IFN-I and various ISRE-containing genes to enhance autocrine and
paracrine pro-inflammatory signaling.
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will be required to more strongly demonstrate a phenotypic dependence on HML-2
upregulation following IFN signaling and to identify the involvement of the particular
RLR sensors of cytoplasmic RNA and the MAVS-mediated pathway in IRF3/7-depend-
ent expression of type I interferons and potentially NF-kB-dependent upregulation
of pro-inflammatory modulators.

MATERIALS ANDMETHODS
Reagents and resources. All reagents, cell lines, and information resources used are listed in

Table S7.
Cells. Human kidney fibroblast 293T cells were used for lentiviral particle generation. They were

maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% bovine serum albumin (BSA), 1% penicillin/streptomycin, and 1% L-glutamine. The monocytic leu-
kemia cell line THP1 was used for all other in-lab experiments. Wild-type THP1 cells were obtained
from the ATCC. The reporter cell variations that measure ISRE activation through a secreted luciferase
gene (THP1-Dual cells) were purchased from InvivoGen. All THP1 cells were maintained at 37°C and
5% CO2 in RPMI 1640 culture medium supplemented with 10% BSA, 1% penicillin/streptomycin, and
1% L-glutamine. For culturing of THP1-Dual cells, normocin at a final concentration of 100 mg/mL was
added to the culture medium. At 48 h before an experiment, the cells were passaged in regular RPMI
1640 medium.

Design of lentiviral constructs and particle generation. To generate HML-2-shRNA lentiviral par-
ticles, HML-2 env-targeting shRNA was designed using the Invitrogen RNAi Designer tool against a conserva-
tive region of the HML-2 subgroup in the env gene. The selected HML-2-shRNA is predicted to interact with
57 loci (Table S6), including the most highly expressed loci, 1q22 and 3q12.3. The control shRNA was also
designed using the RNAi Designer tool. The puromycin resistant lentiviral backbone pLKO.1 puro was used
for cloning and expressing the control and HML-2-shRNA sequences. The plasmids psPAX2 and pMD2.G
were used with the cloned pLKO.1 plasmids to transfect 293T cells with Lipofectamine 3000 and generate
control and HML-2-shRNA-expressing lentiviral particles.

To examine the relative promoter activity of different regions between the 59 LTR of 1q22 and the
upstream region, the DNA fragments with appropriate nucleotide sequences were synthesized by
GeneScript and then cloned into the puromycin-resistant lentiviral backbone LVR-1048-pLV-Promoterless-
Firefly_Luciferase-PGK-puro plasmid vector (Cellomics Technology) using different restriction enzyme
digestion sites. Lentiviral particles were generated by transfecting each cloned plasmid with psPAX2 and
pMD2.G in 293T cells with Lipofectamine 3000.

Lentiviral transduction of THP1 monocytes. To transduce THP1 or THP1-Dual cells with the desired
lentivirus, 2� 106 cells were plated in a single well in a 6-well plate with an equal amount of lentiviral particles.
Polybrene (Sigma) was added at a final concentration of 8mg/mL, and spinoculation at 1,000� g and 25°C for
2 h was performed. After an additional 2 h in the cell incubator at 37°C, the cells were given fresh medium.
Two days later, positively transduced cells were selected with puromycin at a concentration of 2 mg/mL
(Gibco).

Macrophage differentiation and treatment with IFN-c. To obtain THP1-derived macrophages,
THP1 cells were seeded in a 24-well plate (0.85 � 106 cells/well) and treated with PMA at a final concen-
tration of 40 nM for 48 h, followed by 48 h in fresh medium prior to subsequent treatment to allow the
cells to recover to a neutral state (M0). The resulting TDMs were washed with Dulbecco’s phosphate-
buffered saline (DPBS) and given either fresh medium alone or fresh medium containing IFN-g at a final
concentration of 25 ng/mL for 18 h. Depending on the experiment, the TDMs were collected for RNA iso-
lation or the supernatant for downstream experiments.

Measuring direct and paracrine ISRE activation in TDMs. To measure direct ISRE activation, super-
natant was collected from untreated and IFN-g -treated reporter TDMs, as described above. The reporter
cells (THP1-Dual, WT-reporter cells; and THP1-Dual-KO-MAVS, MAVS-knockout cell line) contained a
secreted luciferase gene under the control of five upstream ISREs and the promoter region of ISG54. To
measure relative ISRE activation, 10 mL of culture supernatant was mixed with 40 mL of substrate and lu-
minescence was measured according to the manufacturer’s protocol. To measure paracrine ISRE activa-
tion, culture supernatant from WT-TDMs (transduced to express control shRNA or HML-2-shRNA) was
transferred to reporter THP1 cells in a 96-well plate (1 � 105/mL) at a ratio of 1:5 fresh medium to condi-
tion medium. Following 18 h, 10 mL of culture supernatant was mixed with 40 mL of substrate and lumi-
nescence was measured according to the manufacturer’s protocol.

Measuring relative promoter activity. To measure the relative promoter activity of the 59 LTR of
HERV-K102 and the upstream region, WT-THP1 cells were transduced with each of the constructs shown
in Fig. 4, and positively transduced cells were selected as described previously. Following selection, THP1
cells with each construct were plated in a 96-well plate at a concentration of 1 � 105 and treated with IFN-
a (25 ng/mL), IFN-g (25n/mL), TNF-a (20 ng/mL), LPS (100 ng/mL), or IL-4 (200 ng/mL) for 18 h. To measure
luciferase activity, an equal amount of substrate solution was added to the cell suspensions according to
the Bright-Glo Luciferase Assay System (Promega) protocol.

RNA isolation, cDNA preparation, and RT-qPCR. To isolate RNA, cells were collected and washed
twice with DPBS. RNA was isolated from cells using RNeasy spin columns (Qiagen) followed by on-
column DNase digestion according to the manufacturer’s protocol. Approximately 1,500 ng of RNA
was used for cDNA preparation with the High Capacity cDNA Reverse Transcription kit (Thermo
Fisher Scientific), 10 U of RNase Inhibitor (Applied Biosystems), and oligo(dT) primer. Quantitative
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real-time PCR was performed with the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) using
primers designed for specific genes of interest (primer sequences are provided in Table S7). The opti-
mal PCR program was as follows: 95°C for 3 min, 95°C for 10 sec, and 60°C for 40 sec, running for 41
cycles. Real-time PCRs were carried out at least in triplicate. Relative gene expression was determined
by the threshold cycle (DDCT) ratio method using Bio-Rad CFX Manager 3.1 software. The fold-change
in gene expression in all experiments was calculated relative to GUSB and GAPDH as the reference
genes (80).

RNA-sequencing data acquisition and gene/retroelement expression analysis. Publicly available
raw or pre-processed FASTQ files were downloaded from the NCBI Gene Expression Omnibus reposi-
tory using the ‘prefetch’ command from the NCBI SRA Toolkit as .sra files and converted into FASTQ
files with the ‘fasterq-dump’ command. FASTQ files were adaptor-clipped and quality-trimmed with
Trimmomatic. For paired-end sequencing data sets, only paired reads were kept for downstream anal-
ysis. The standard Tecount pipeline was followed to map reads to the genome using GRCh38.103 and
count the number of mapped reads to normal genes and retroelements (at the family level) (20).
Additionally, the standard Telescope pipeline was followed to map reads to the genome and count
the number of mapped reads to retroelements (at the locus-specific level) (22). Read counts were
imported into R and analyzed with edgeR to normalize the raw data and to determine the CPM, RPKM,
and fold change (when applicable) (81). The normalized and raw gene expression data are shown in
Supplemental File 2.

ChIP and ATAC sequencing data analysis. Publicly available raw or pre-processed FASTQ files were
downloaded from the NCBI Gene Expression Omnibus repository using the ‘prefetch’ command from the
NCBI SRA Toolkit as .sra files and converted into FASTQ files with the ‘fasterq-dump’ command. FASTQ files
were adaptor-clipped and quality-trimmed with Trimmomatic. For paired-end sequencing data sets, only
paired reads were kept for downstream analysis. Reads were mapped to the human reference genome
(GRCh38/hg38) using Bowtie2 with the default parameters. Reads were filtered to remove low-quality
reads and reads that mapped to multiple locations (reads with an alignment quality score of ,10) were
dropped. Bamcoverage was used to create RPKM-normalized bigwig files that were subsequently input
into the IGV tool for visualization of the data. MACS2 was used for peak detection, fold-enrichment, and P
value calculations.

Quantification and statistical analysis. The details of the statistical analysis of experiments, includ-
ing statistical tests used and number of replicates, are provided in the figure legends. Statistical meas-
urements and plotting were performed using GraphPad Prism v9.4.1 software. All values in this study
represent means of at least three biological replicates 6 standard error of the mean. Two-tailed paired t
tests and two-way analysis of variance were used to compare differences between two groups and mul-
tiple groups, respectively. Real-time PCR data were quantified and analyzed using Bio-Rad CFX Manager
v3.1. The option of Gene Study analysis was performed to assess gene expression data.
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