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Abstract

Ionizing radiation-induced tissue damage recruits monocytes into the exposed area where

they are differentiated to macrophages. These implement phagocytic removal of dying cells

and elicit an acute inflammatory response, but can also facilitate tumorigenesis due to pro-

duction of anti-inflammatory cytokines. Using primary human monocyte-derived macro-

phages (MDMs) and the THP1 monocytic cell line, we demonstrate that gamma radiation

triggers monocyte differentiation toward the macrophage phenotype with increased expres-

sion of type I interferons (IFN-I) and both pro- and anti-inflammatory macrophage activation

markers. We found that these changes correlate with significantly upregulated expression of

622 retroelements from various groups, particularly of several clades of human endogenous

retroviruses (HERVs). Elevated transcription was detected in both sense and antisense

directions in the HERV subgroups tested, including the most genetically homogeneous

clade HML-2. The level of antisense transcription was three- to five-fold higher than of the

sense strand levels. Using a proximity ligation assay and immunoprecipitation followed by

RNA quantification, we identified an increased amount of the dsRNA receptors MDA-5 and

TLR3 bound to an equivalent number of copies of sense and antisense chains of HERVK

HML-2 RNA. This binding triggered MAVS-associated signaling pathways resulting in

increased expression of IFN-I and inflammation related genes that enhanced the cumulative

inflammatory effect of radiation-induced senescence. HML-2 knockdown was accompanied

with reduced expression and secretion of IFNα, pro-inflammatory (IL-1β, IL-6, CCL2, CCL3,

CCL8, and CCL20) and anti-inflammatory (IL10) modulators in irradiated monocytes and

MDMs. Taken together, our data indicate that radiation stress-induced HERV expression
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enhances the IFN-I and cytokine response and results in increased levels of pro-inflamma-

tory modulators along with expression of anti-inflammatory factors associated with the mac-

rophage tumorigenic phenotype.

Author summary

Ionizing radiation is a powerful stressogenic factor that induces massive cell damage. The

signals released from radiation-damaged tissues recruit the monocytes, which are differ-

entiated into macrophages that remove dying cells via phagocytosis and facilitate inflam-

mation but can also contribute to tumorigenesis through anti-inflammatory and

regenerative activities. The mechanism of this dual response of macrophages to irradiation

is not fully understood. Using primary human macrophages and a monocytic cell line, we

demonstrated that gamma radiation doses activate expression of various human endoge-

nous retroviruses (HERVs). At the molecular level, we have shown that increased num-

bers of sense and antisense transcripts of tested HERV subgroups bind to double-

stranded RNA receptors inducing the expression of type I interferons, multiple pro-

inflammatory and some anti-inflammatory factors. At the phenotypic level, polarized

macrophages exhibit a potent inflammatory response along with potentially tumorigenic

characteristics. Our data suggest that endogenous retroviruses represent an important

contributor of the macrophage-mediated inflammation in response to radiation-induced

stress but may also indirectly influence tumorigenesis via biased macrophage polarization.

Introduction

Ionizing radiation (IR) induces cell damage via production of reactive oxygen species (ROS)

and induction of DNA breaks. The altered microenvironment leads to changes in the expres-

sion of inflammatory cytokines, chemokines, and fibrotic cytokines, in cell–cell interactions,

influx of inflammatory cells, and in induction of the reparative and restorative processes [1].

Among the immune cells recruited by the signals released from radiation-damaged tissues, the

monocytes play a critical role: they are differentiated into macrophages that remove dying cells

via phagocytosis and contribute to induction of the tolerance or stimulation of adaptive antitu-

mor immunity [2–4]. Once differentiated, macrophages can be polarized either into 1) two

functional phenotypes characterized by pro- or anti-inflammatory activity, resulting in con-

trasting effects on tumor development [5,6], or 2) a complex or intermediate phenotype with

both pro- and anti-inflammatory features [4,7]. Macrophages, particularly the anti-inflamma-

tory ones [8], exhibit increased resistance to IR compared to most other immune cells [4,9,10].

The IR-activated monocyte-derived macrophages (MDMs), along with promotion of acute

inflammation, also contribute to cancer cell invasion, proliferation and cancer cell-induced

angiogenesis, hence facilitating the development of secondary, radiation-induced cancer

[7,9,11–13].

The expression of inflammation-related genes is controlled at multiple levels, including

transcription, mRNA processing, translation, phosphorylation, and degradation [14]. Various

non-coding RNAs (ncRNAs) and cytoplasmic non-methylated DNA are considered key regu-

lators of inflammation-related gene expression [14–16]. Gene expression changes during mac-

rophage polarization are accompanied by altered long ncRNA and mRNA expression profiles

[17]. Intracellular RNA-recognizing toll-like receptors (TLRs), located in the lumen of
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endosomes, are stimulated by single-stranded (TLR7 and 8) or double-stranded (TLR3) RNA,

and induce signaling pathways resulting in activation of innate immunity [18–20]. We previ-

ously demonstrated activation of the TLR3 signaling pathway in human macrophages by the

binding of the HIV-1 TAR ncRNA to TLR3 [21]. Unlike TLRs, the soluble cytosolic RNA sen-

sors RIG-I and MDA-5 are activated by oligomerization through both RNA- and polyubiqui-

tin-dependent mechanisms [22]. Upon activation, they recruit mitochondrial antiviral-

signaling (MAVS) protein and downstream signaling molecules, leading to the activation of

the transcription factors IRF3/7 and NF-κB [23]. Both groups of RNA receptors upregulate a

set of genes for inflammatory mediators and type I interferons (IFN-I)–IFNα and IFNβ
[15,24–26]. While IFN-I are best known for antiviral immune activation through the induction

of interferon-stimulated genes (ISG), they are also involved in initiation of senescence via acti-

vation of the p53 pathway [27,28], immunosuppression and anti-inflammatory effects through

the production of IL-10 and programmed death-ligand 1 (PD-L1) [29–34].

Human Endogenous Retroviruses (HERVs) constitute about 8.3% of the human genome

and are considered a potential intracellular source of viral RNA and ssDNA in both normal

and pathogenic states [16,18]. Although the formation of infectious particles has not been

shown for HERVs and many have inactivating mutations, they are associated with the patho-

genesis of multiple types of malignancies, autoimmune and neurodegenerative diseases,

including lupus erythematosus, osteoarthritis, ALS, multiple sclerosis, schizophrenia and

HIV-associated neurocognitive disorders [35,36]. Multiple reports indicate that HERVs are

implicated in both the pathogenic and normal innate immune functions and viral RNA plays

an essential role in these responses [18,37–42].

In this study, we investigate the polarization and cytokine response of monocytes and

MDMs to therapeutically relevant doses of gamma radiation (γIR) and the role of endogenous

retroviruses in these changes. We show that different HERV clades display elevated transcrip-

tion that in turn facilitates IFN-I and cytokine expression via cytoplasmic RNA receptors

MDA-5 and TLR3 and activation of downstream MAVS-mediated pathway. This suggests that

HERV expression promotes transition of the irradiated macrophages towards an altered secre-

tory phenotype, which is characterized by increased levels of pro-inflammatory factors, such as

IL-6, IL-1β, TNFα, CCL2, CCL3, CCL8, and CCL20, while at the same time the elevated secre-

tion of anti-inflammatory IL-10, which may facilitate tumorigenic activity of these cells.

Results

Gamma radiation triggers expression of pro- and anti-inflammatory genes

in monocytes and monocyte-derived macrophages

To elucidate the impact of γIR on macrophage polarization, we analyzed expression of pro-

and anti-inflammatory markers in viable primary human MDMs, derived from peripheral

blood mononuclear cells by treatment with macrophage colony-stimulating factor (M-CSF).

First, the gene expression was quantitated at 48 h post-exposure to a single 5 Gy γIR dose by

RT-quantitative PCR (RT-qPCR). Since γIR can alter expression of many genes, we tested the

stability of expression of three housekeeping genes commonly used as reference in RT-qPCR,

in radiation-exposed and unexposed MDMs as described earlier [43]. Based on an analysis of

at least six biological replicates, we selected β-actin as the most stably expressed reference gene

(S1A Fig). The M-CSF-treated macrophages exhibit an anti-inflammatory phenotype [44,45].

Interestingly, exposure to γIR led to further increase of expression of many anti-inflammatory

markers, such as surface receptors CD11b, CD204, and chemokine CCL22 (Fig 1A). Despite a

high heterogeneity of macrophage populations, pointed out in many previous studies [46–48],

a trend for elevated expression of distinct markers of inflammation, such as CCL2, CD80,
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CD86 and NOS2 was detected (Fig 1B). Analysis of cytokine expression showed a similar

result: while only anti-inflammatory IL-10 was significantly increased, the anti-inflammatory

cytokine TGFβ and pro-inflammatory IL-6, IL-15 and TNF-α demonstrated an upward trend

(Fig 1C). Multiplex immunoassay for soluble macrophage markers revealed significantly

increased levels of chemokines CXCL10 and CCL2 after IR (Fig 1D). Association with macro-

phage inflammatory responses has been demonstrated for both chemokines [49,50]. A similar

upward trend was observed for cytokine secretion in culture media, with IL-6 exhibiting a

Fig 1. Gamma radiation enhances expression of activation markers in primary human MDMs and THP1 monocytes. (A-C) Expression of macrophage anti-

inflammatory markers (A), pro-inflammatory markers (B), and major cytokines (C) in primary human MDMs, 48h post-irradiation. MDMs were differentiated from

PBMCs, isolated from 6 donors, by treatment with M-CSF and exposed to 5Gy γIR; box plots of RT-qPCR measured expression of n = 6 is shown. � p<0.05, paired

Wilcoxon test. (D and E) Protein concentrations of soluble macrophage activation markers CXCL10, CCL2 and sCD163 (D) and cytokines IL-6, TNF-α, and IL-10 (E)

in culture medium of primary MDMs, 48h post-irradiation. Error bars indicate ±SD of three independent biological replicates; � p<0.05, �� p<0.01, panel D and

below–paired t test. (F and G) Expression of macrophage pro-inflammatory (F) and anti-inflammatory (G) markers in human monocytic cells THP1 48h after

exposure to γIR. Error bars indicate ±SD of four independent biological replicates. (H) Expression of cytokines in THP1 cells, 48h after γIR. Cells were exposed to

indicated γIR doses; RT-qPCR analysis was performed with primers specific for indicated cytokines. Error bars indicate ±SD of 4 independent biological replicates. (I)

Quantitation of proinflammatory (IL-1β, IL-6, TNF-α, CCL2) and anti-inflammatory (IL-10) cytokines in culture media of γIR-exposed THP1 cells using Luminex

multiplex immunoassay, 48h after γIR, PMA (20 nM) or poly(I:C) (2 μg/ml) treatment. Error bars indicate ±SD of three independent biological replicates; �� p<0.01 vs

0 Gy. For panels F to I: � p<0.05, �� p<0.01, NS non-significant.

https://doi.org/10.1371/journal.ppat.1009305.g001
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tenfold increase upon irradiation (Fig 1E). Despite the observed diversity in expression of par-

ticular macrophage markers among MDM samples, exposure to γIR resulted in a visible trend

of upregulated expression of both pro- and anti-inflammatory factors.

To analyze the effect of γIR on monocytes and MDMs in a more homogeneous cell popula-

tion, we examined the expression of the same genes after γIR in the well-studied human mono-

cytic cell line, THP1. These cells acquire macrophage biochemical and morphological

characteristics after treatment with PMA, and are considered a pertinent model of macrophage

differentiation [51–53]. The effect of radiation was examined on four housekeeping genes with

β-actin again present at highest amount with non-significant deviation upon irradiation (S1B

Fig). Expression analysis of the macrophage activation markers in irradiated THP1 ‘mono-

cytes’, i.e. in the non PMA-treated cells, revealed significantly increased transcription of

inflammation-related chemokines CCL5 and CXCL10, surface receptors CD80 and CD86, and

intracellular marker of inflammation NOS2 (Fig 1F). Transcription of all the tested anti-

inflammatory markers, except CD204 which was undetectable in THP1, was also increased

(Fig 1G), as was observed in primary MDMs. Evaluation of the surface markers by flow cytom-

etry showed increase of inflammation-related CD80 and CD86, proportional to their RNA

level, along with another common marker of macrophage inflammatory response, HLA-DR

[4,54] (S1C–S1E Fig). Macrophage anti-inflammatory marker CD206 [55] also showed an

upward trend accordantly with its mRNA level. (S1F Fig).

Analysis of cytokine gene expression in irradiated THP1 cells revealed a pattern of

increased pro- and anti-inflammatory markers, like that detected in primary MDMs (Fig 1H).

While the low γIR dose 0.5 Gy did not remarkably affect transcription of the tested genes,

exposure to 5 and 10 Gy doses led to significantly elevated expression of IL-1β, IL-6, TNF-α
and IL-10, that was the most responsive to IR, displaying 20-100-fold increased transcription.

Immunoassay of secreted factors revealed five- to tenfold increase of pro-inflammatory IL-1β,

IL-6, TNF-α and CCL2, and two-to-threefold increase of IL-10 in supernatants from irradiated

cells (Fig 1I).

Treatment of THP1 cells with PMA led to a dramatic increase of all the tested markers

except IL-6 (Fig 1H and 1I), indicating that PMA triggers differentiation of THP1 ‘monocytes’

into ‘macrophages’ alongside with their activation to mostly pro-inflammatory secretory phe-

notype, identically to GM-CSF-induced differentiation of primary monocytes [56]. While

PMA-induced differentiation of THP1 toward macrophages is regulated by a complex mecha-

nism associated with expression of several cell cycle regulators [53], our data suggest that PMA

and radiation employ different routes to macrophage activation. On the other hand, the treat-

ment with poly(I:C), a synthetic dsRNA analogue commonly used for activation of dsRNA-

induced IFN-I expression [20] led to increased levels of all tested cytokines, as was observed in

the irradiated cells (Fig 1I). This suggests that the cytokine profile of irradiated cells may be

related, at least in part, to accumulation of dsRNA and subsequent IFN-I activation.

Macrophage inflammatory response is related to radiation-induced

senescence

Radiation related DNA damage and oxidative stress cause a cell cycle arrest and induce senes-

cence in the exposed cells. Senescence-associated secretory phenotype (SASP) factors reduce

proliferative potential, enhance resistance to apoptosis and alter the immune response of both

irradiated and unexposed cells [57,58]. Despite its complexity, most of the SASP-released fac-

tors have pro-inflammatory activity [59]. Among them, IL-6 is considered a hallmark of SASP,

particularly in the myeloid lineages [59–62]. Since IL-6 expression was dramatically increased

in irradiated primary MDMs and THP1 cells (Fig 1C, 1E, 1H and 1I), we assessed the
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expression of two senescence markers: CDKN1A (p21Waf1, Cip1), a hallmark of senescence-

associated cell cycle arrest [63,64], and GLB1 (β-D-galactosidase, β-Gal) which accumulates in

cells after activation of the senescence program [65,66]. Indeed, in irradiated THP1 and pri-

mary MDMs, both genes exhibited elevated transcription (Fig 2A). The p21 protein levels in

THP1 cells increased after γIR, but were unaffected by the treatment with either PMA or poly

(I:C) (Fig 2B).

To assess the effect of γIR on SASP, we then tested irradiated cells for other macrophage-

and microglia-specific SASP markers, specifically CCL3 (MIP-1α), CCL8 (MCP-2), CCL20

(MIP-3 α), and CXCL1 (GRO α) [60]. All tested genes were upregulated in the irradiated

THP1 cells (Fig 2C). The basal expression level of CCL8 and CXCL1 chemokines was higher

in the M-CSF-induced primary MDMs and was significantly increased after γIR in THP1. The

macrophage inflammatory proteins CCL3 (MIP-1α) and CCL20 (MIP-3α) were also upregu-

lated after radiation exposure, even though basal expression was lower than in THP1 cells.

Immunoassay of 5-Gy irradiated THP1 cells also revealed statistically significant increase of all

four tested chemokines (Fig 2D).

Suspension of THP1 monocytes exposed to a 5-Gy γIR dose transformed within 48–72 h to

a morphologically heterogeneous cell population seemingly identical to that of the PMA-

Fig 2. Secretory profile and macrophage phenotype of γIR-exposed monocytes and MDMs are related in part to radiation-induced senescence. (A) Expression of

intracellular senescence markers (CDKN1A and GLB1) in THP1 cells (blue columns) and primary MDMs (red columns) 48h after irradiation. Error bars: ±SD of three

independent biological replicates. (B) Western blot analysis of senescence marker p21Waf1 (CDKN1A) protein in THP1 lysates, 48 h after irradiation or treatment with

PMA or poly(I:C). Forty μg of total protein were loaded. (C) Expression of indicated macrophage SASP markers in human monocytic cells THP1 (blue columns) and

primary MDMs (red columns) 48h after irradiation. Error bars indicate ±SD of three independent biological replicates. In all panels: � p<0.05, �� p<0.01, NS non-

significant. (D) Quantitation of indicated macrophage SASP markers in culture media of irradiated THP1 cells (n = 6) using Luminex multiplex immunoassay, 48h after

γIR. Error bars indicate ±SD; � p<0.05, paired Wilcoxon test. (E) Microscope images of untreated, irradiated, and PMA-treated THP1 monocytes, 48h incubation. Cells

were fixed with paraformaldehyde, labeled for F actin with phalloidin-rhodamine conjugate and for nuclear DNA with DAPI (upper panels) or vital images were

obtained (lower panels). Scale bars: 75 μm. (F) Proportion of CD11b-positive THP1 cells in irradiated or control cells detected by flow cytometry of viable (DAPI-) cells,

72h after γIR (graphs represent median fluorescence intensity data of 4 independent experiments). (G) Quantitation (flow cytometry) of CD11b-positive populations in

cells exposed to increasing doses of γIR, or treated with PMA or poly(I:C), 72h post-exposure (only viable, DAPI- cells were analyzed; box plot of n = 4 is shown. ��

p<0.01.

https://doi.org/10.1371/journal.ppat.1009305.g002
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treated cells: a mixture of adherent and floating cells with increased average size (Fig 2E),

larger cytoplasm (S2A Fig), formation of filopodia and increased cytoplasmic granulation

(S2B and S2C Fig). The irradiated cells had almost twofold higher count of cytoplasmic gran-

ules than non-irradiated and 0.5-Gy-treated cells (S2D Fig). In addition to stress granule for-

mation due to DNA damage and oxidative stress [67], these characteristics are also indicative

of differentiation to a macrophage phenotype [68]. In fact, increased presentation of the adhe-

sion-associated marker CD11b [69–71] in the population of irradiated THP1 cells (Fig 2F)

and correlation of this value with γIR dose (Fig 2G) support this suggestion. The fraction of

cells expressing another adherence marker, integrin β1 (CD29) [69], also increased in THP1

cell population proportionally with γIR dose (S3 Fig). Together, these data suggest that radia-

tion-induced oxidative stress, driving at least part of the exposed cells to senescence stage, can

also be responsible for the differentiation of THP1 monocytes toward a macrophage-like phe-

notype. However, similar cytokine secretion in γIR-exposed and non-irradiated THP1 ‘mono-

cytes’ treated with the dsRNA IFN-I inducer poly(I:C) allows us to hypothesize that some

cellular RNA sources, in particular dsRNA and related RNA signaling-associated genes might

also be responsible for radiation stress-induced alteration of the macrophage phenotype.

Gamma radiation induces expression of type I interferons and

inflammation-related genes in monocytes and MDMs via activation of

dsRNA receptors

Earlier reports indicated that interferon-regulatory factors (IRFs) and a group of STAT tran-

scription activators are involved in macrophage polarization, particularly in response to radia-

tion exposure [72,73]. One possible mechanism is that the DNA strand breaks caused by IR

lead to the release of ssDNA fragments into the cytoplasm, where they activate the STING/

TBK1 pathway, which triggers expression of interferons and other IRF-regulated genes [74–

76]. Expression of IFN-I genes and secretion of IFNα and IFNβ, which bind the interferon α
and β receptor (IFNAR), induce a signaling pathway resulting in STAT1 activity and induction

of multiple interferon-stimulated genes (ISGs) [77]. Meanwhile, the role of IFN-I as well as the

potential role of RNA in triggering a macrophage response to radiation-induced stress is still

largely unknown [73]. We therefore analyzed the effect of γIR on the IFN-I response and

expression of inflammation-related genes and involvement of cytoplasmic RNA receptors.

Despite the high heterogeneity of MDM populations, transcription levels of IFNα were sig-

nificantly increased 48 h post-exposure to a 5 Gy IR dose (Fig 3A) and the median transcrip-

tion level for IFNβ displayed an upward trend in response to a 5-Gy γIR exposure, though this

was not statistically significant (Fig 3B). Surprisingly, the dsRNA poly(I:C) induced an INFβ,

but not an IFNα response in macrophages. However, when poly(I:C) was transfected into the

cells using lipophilic transfection reagents, a dramatic increase of both IFNα and IFNβ tran-

scription was observed even 24 h post-transfection (Figs 3C and S4A). The delayed IFN-I

response to γIR suggests induction of an internal activator of IFN-I expression, that must accu-

mulate before it exerts a measurable impact.

We then analyzed IFN-I-stimulated STAT1 activation and consequent ISG expression.

Phosphorylation of Y701 and S727 residues is critical for STAT1 activity [78,79]. Increased

phosphorylation was only observed for S727, which is critical for the transcription activation

function of this protein [79] (Fig 3D). Accordingly, profiling of ISG expression in THP1 cells

displayed increased transcription of multiple genes, including significantly elevated macro-

phage inflammation markers CD80, CD86, NOS2, IL-6, and IL-15 along with anti-inflamma-

tory IL-10 (Figs 3E and S4B). The same analysis of primary MDMs also revealed elevated

expression of IL-6, IL-10, and IL-15 after irradiation (S4C Fig).
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Fig 3. Gamma radiation induces expression of type I interferons and inflammation-related genes in THP1 monocytes and MDMs. (A and B) Box plots showing

expression, measured by RT-qPCR, of IFNα (A) and IFNβ (B) in MDMs, 48h after irradiation (n = 15). M-CSF-differentiated MDMs from PBMCs isolated from 5

donors were exposed to indicated doses of γIR. Error bars: ±SD, � p<0.05, NS non-significant, paired Wilcoxon test. (C) Expression of IFNα and IFNβ in THP1 cells, 48h

post-irradiation, measured by RT-qPCR. Cells were exposed to indicated doses of γIR or treated with PMA or poly(I:C) with or without indicated transfection reagents.

Error bars: ±SD of four independent biological replicates; � p<0.05, �� p<0.01. (D) Immunoblotting of phosphorylated STAT1 at Ser727 and Tyr701 (40 μg of total

protein) in THP1 cells, 48h post-irradiation. (E) Volcano plot showing ISG expression in irradiated vs. control THP1 cells, measured by PCR array of total cellular RNA

samples, 48h post-irradiation. Red dots indicate significant (above blue line) or insignificant (below blue line) increase in gene expression in irradiated cells (p<0.05, fold

change>2.0). (F and G) Activation of NF-κB-dependent transcription (F) and IFNAR signaling (G) by culture media from irradiated (5 Gy) or non-irradiated THP1 in

the reporter THP1-Dual cells (pink columns) expressing SEAP gene driven by an IFN-β minimal promoter activated by NF-κB and secreted Lucia luciferase gene under

the control of an IFNAR signaling-activated ISG54 minimal promoter, and THP1-Dual KO-IFNAR2 cells (blue columns), generated from THP1-Dual cells by stable

knockout of the IFNAR2 receptor. Similarly, the culture supernatant from Poly(I:C)-transfected THP1 was used as a positive control. After 18 h of incubation and

staining with SEAP-sensitive QUANTI-Luc dye, the absorbance (600 nm) (F) or luminescence (G) of each sample were measured and normalized to fresh RPMI media

controls. Error bars indicate ±SD of a minimum of 3 independent biological replicates; p<0.01. (H) Immunoblotting to assess STAT1 Ser727 and Tyr701

phosphorylation (20 μg of total protein) in THP1 cells incubated for 24h with filtered culture media from irradiated or non-irradiated THP1, with or without interferon-

α/β receptor inhibitor IFNAR-IN-1. (I) Expression ratio of IFNα and indicated cytokines (5 Gy-to-0 Gy ratio of RNA count) in THP1 cells transfected with indicated

siRNA (24 h before irradiation), with or without exposure to 5 Gy γIR for 48 hours. RNA was quantified by RT-qPCR. Error bars: ±SD of at least four independent

biological replicates; � p<0.05. (J) Immunoblot of ssRNA sensor RIG-I and dsRNA sensors MDA-5 and TLR3 (40 μg of total protein) in THP1 cells, 48h post-irradiation.

(K) Western blot of downstream markers of the activation of RIG-I/MDA-5 (MAVS, phospho-IKKε, and phospho-IRF3) and TLR3 (phospho-IKKε, and phospho-IRF3)

pathways. THP1 lysates (40 μg total protein), harvested 48h post-exposure.

https://doi.org/10.1371/journal.ppat.1009305.g003
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To test involvement of the IFN-I pathway in the observed cytokine elevation upon irradia-

tion, we treated reporter THP1-Dual cells, expressing secreted embryonic alkaline phosphatase

gene driven by a recombinant promoter activated by NF-κB and the Lucia luciferase gene acti-

vated by signaling from an interferon-α/β receptor (IFNAR). Another engineered cell line,

THP1-Dual KO-IFNAR2, generated from THP1-Dual cells by stable knockout of the IFNAR

subunit 2, was used as a negative control to test IFN-I stimulated response. Treatment of

reporter cells with the culture media from regular THP1 cells irradiated with a 5-Gy dose led

to a significant increase of NF-κB-activated expression in both reporter cell lines (Fig 3F red

frame), suggesting that elevated expression of inflammation-related genes was activated by the

signaling pathways beyond IFN-I-induced IFNAR signaling. Interestingly, treatment of both

reporter cell lines with the culture media from the poly(I:C)-transfected cells also increased

NF-κB-stimulated expression independently of the signaling from interferon receptor. How-

ever, analysis of IFNAR signaling-dependent luciferase expression showed at least threefold

increase of luciferase activity only in IFNAR-positive cells, whereas the knockout cell line did

not respond to the treatment with culture media from either irradiated or poly(I:C)-trans-

fected THP1 (Fig 3G). Indeed, treatment of THP1 with the media harvested from irradiated or

non-irradiated cells, that contained either interferon-α/β receptor inhibitor (IFNAR-IN-1) or

only DMSO diluent, resulted in markedly reduced phosphorylation of both S727 and Y701 in

the presence of the inhibitor (Fig 3H). Together, these data indicate that elevated expression of

inflammation-related genes in human monocytes and macrophages is mediated by various sig-

naling pathways, although the IFN-I signaling also takes part in this response and likely

enhances expression of some of these genes.

To check whether IFN-I signaling is involved in the increased expression of particular cyto-

kines after irradiation, we measured their mRNA ratios in 5 Gy γ-irradiated vs. non-irradiated

THP1 cells transfected with siRNAs that targeted either type I interferons (IFNA and IFNB genes)

or the dsRNA receptor MDA-5 (IFIH1 gene). As expected, transfection of the cells with both siR-

NA-IFNA2,4 (siRNA mix silencing IFNα2, 4, 7, 10, and 17) and siRNA-IFIH1 resulted in

decreased IFNα expression, whereas transfection with siRNA-IFNB did not alter IFNα mRNA

levels (Fig 3I blue frame). Among the four tested cytokines, IL-6 displayed significantly reduced

expression when the cells were transfected with siRNA-IFIH1 (Fig 3I red frame), suggesting that

expression of this cytokine was dependent on dsRNA signaling through the MDA-5 receptor.

Our data suggest that γIR activates RNA signaling-mediated molecular mechanisms.

Indeed, we found that cytoplasmic dsRNA receptors exhibit increased expression in irradiated

THP1. Only long-dsRNA sensors, MDA-5 and TLR3, were increased after γIR, whereas RIG-I,

the sensor for 5’ triphosphate-ssRNA and short dsRNA duplexes, remained unaffected (Fig

3J). Expectedly, treatment with poly(I:C) led to similar results. Analysis of cytoplasmic ssRNA

sensors revealed no effect on full-length TLR7 and TLR8 in irradiated cells, while the function-

ally-competent cleaved form of TLR7 [80] was increased after γIR, and especially PMA treat-

ment, suggesting induction of ssRNA signaling at least in the endosomal compartment (S4D

Fig).

The signaling pathways induced by binding of RNA to RIG-I/MDA-5 and TLR3 have dif-

ferent initial steps but share the same protein kinases IKKε and IKKβ, that in turn activate

TBK1, IRF-3 and NF-κB [81]. A specific marker of RIG-I/MDA-5 signaling, the mitochondrial

antiviral-signaling (MAVS) protein [82], was found increased in the cytoplasm of irradiated

and PMA-treated THP1 (Fig 3K). However, only exposure to a 5-Gy dose dramatically

increased MAVS cleavage (52kDa band), shown to be induced by dsRNA during viral infec-

tion [83]. The phosphorylated forms of IKKε and IRF-3, markers of both RIG-I/MDA-5 and

TLR3 pathways, were also increased dose-dependently upon IR. IRF-3 that activates IFN-I

transcription via phosphorylation-dependent dimerization [84] displayed increased number
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of dimers in THP1 after γIR and poly(I:C) treatment. Together, our data indicate that activa-

tion of dsRNA-triggered pathways in irradiated monocytes/macrophages results in the expres-

sion of IFN-I as well as multiple inflammation-related genes in both the irradiated and

bystander cells.

Gamma radiation activates transcription of HERV clades in primary

MDMs and in the THP1 monocytic cell line

To identify the source of RNA that activates IFN-I response and cytokine expression in γIR-

exposed THP1 cells and primary MDMs, we assessed transcription of transposable retroele-

ments and endogenous retroviruses via RNA-seq analysis. These were chosen because they are

abundant in the genome and activation of nearby genes can result in their transcription in

both directions, depending on their orientation in the loci [41,85]. Moreover, expression of

different HERV groups has been shown associated with various types of cancer, neurodegener-

ative and autoimmune diseases [40,42,86–88]. Using the TEToolkit suite developed by the

Hammell group (see Materials and Methods), we identified 955 distinct differentially

expressed retroelements and ERVs, 875 and 645 of which were differentially expressed upon

γIR in THP1 cells and MDMs, respectively (S5A Fig and Panels A and B in S1 Table). A total

of 626 retroelements were expressed differentially in both irradiated THP1 and MDMs (Fig

4A and Panel C in S1 Table). Almost all the common retrotransposable sequences in mono-

cytes and MDMs were concordantly upregulated upon γIR. To validate the RNA-seq analysis,

we performed RT-qPCR on six of the most upregulated HERV clades detected by RNA-seq

analysis (red circles in Fig 4A). All these subfamilies include multiple heterogeneous proviral

sequences. Thus, to determine genome regions suitable for PCR quantitation, we clustered

sequences within each selected subfamily using the ClustralW and Jalview multiple sequences

alignment tools and then designed primers for the least variable region within each cluster. All

the tested clades displayed significantly increased transcription levels in irradiated THP1

‘monocytes’ (Fig 4B). Interestingly, the highest ratio of transcription activation upon irradia-

tion was detected for the env gene of HERVK HML-2 subfamily, probably because that region

was relatively conservative among the proviral sequences within this evolutionary youngest

and genetically homogenous HERV subgroup [89].

To test whether the potentially disease-associated HERV genomes [40,42,86–88] are upre-

gulated by radiation, we performed RT-qPCR with a panel of primers recognizing 43 HERV

sequences. We identified 32 proviruses or ¾ of all tested HERVs, which were upregulated

upon irradiation (S5B Fig). Radiation led to a significant increase of HML-2 env RNA. The

background transcription level of this gene was also high. However, this RT-qPCR result

could, in part, depend on the lower sequence variability of HML-2.

RNA-seq analysis identified 194 differentially expressed HERVK sequences, 74 of which

were found upregulated in irradiated THP1 cells and 54 in the MDMs (Panels D and E in S1

Table). To evaluate the impact of γIR on particular HERVK subgroups, we quantified the tran-

scription of six randomly selected HERVK proviral sequences localized in chromosomes 8 and

9 by RT-qPCR in THP1 cells and MDMs. Of the six, only HERVK3-int dup113 was shown to

be upregulated significantly by RNA-seq. However, expression of all tested proviruses dis-

played increased transcription in irradiated THP1 (Fig 4C), while the data were more variable

in MDMs, probably due to a lower heterogeneity of the cell line versus the MDMs collected

from different individuals. Together, these data suggest that IR activates transcription of a

larger number of HERV loci than was identified by RNA-seq.

The relative homogeneity of the HERVK HML-2 subfamily allows for a more reliable quan-

titative assessment of its expression. We probed HML-2 env and its 5’LTR to assess the
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transcription level of the coding and noncoding sequences, including solo-LTRs in irradiated

THP1. To evaluate the effect of different γIR doses and macrophage differentiation stimuli on

HERVK transcription, we exposed the cells to various doses of γIR or treated with PMA. Even

though the relative count of 5’LTR RNA was predictably 30-50x higher than env, exposure of

cells to increasing doses of γIR gradually enhanced the level of both RNAs three- to tenfold

during 48 h after IR exposure (S5C and S5D Fig). PMA treatment also activated HERVK tran-

scription within the first 24 h, but RNA levels did not increase further with time and did not

exceed the impact of the 5 Gy γIR dose. To compare γIR-activated HERV expression in ‘mono-

cytes’ versus the subpopulation of THP1 cells differentiated into ‘macrophages’ after γIR expo-

sure, we analyzed HML-2 env transcription in irradiated cells that were sorted by the presence

of the adhesion marker CD11b, typically upregulated in mature macrophages [69–71]. Fig 4D

Fig 4. Gamma radiation activates HERV transcription in primary human MDMs and THP1 cells. (A) Top: Venn diagram of differentially expressed retroelements

and HERVs identified between irradiated vs. control THP1 cells or MDMs. Bottom: expression fold changes detected for the common set (626 features) shown on the

upper Venn diagram. (B) Expression of six HERV clades, identified upregulated by RNA-Seq in both irradiated THP1 cells and MDMs (panel A, red circles), measured

by RT-qPCR at 48h post-exposure to 5 Gy γIR dose. Primers were designed for the alignments within the clusters identified across gag, pol or env genes of the sequences

within the clades. Error bars: ±SD of three independent biological replicates. (C) Expression, measured by RT-qPCR, of randomly selected differentially expressed

HERVK in THP1 cells (grey columns) and primary MDMs (red columns), 48h post-irradiation. Error bars: ±SD of three independent biological replicates. (D)

Transcription of HERVK HML-2 env in response to 5 Gy γIR dose, measured by RT-qPCR at 48h post-exposure in CD11b-positive and negative THP1 cells, separated by

sorting flow cytometry. Only viable, DAPI-negative cells were analyzed; box plot of n = 3 is shown. Error bars: ±SD of three independent biological replicates. (E) Ratio of

HERV RNA bound to anti-dsRNA antibodies to total RNA input: HML-2 (left) and HERV9NC Cl.1 pol (right) from 5 Gy γIR exposed and unexposed THP1 cells. RT-

qPCR of RNA-IP (RIP) complexes with rJ2 and 9D5 antibodies, 48h post-irradiation. Error bars: ±SD of five (HML-2) or four (HERV9NC) independent biological

replicates; in panels B-E,� p<0.05, �� p<0.01. (F) Relative count of HERVK HML-2 antisense RNA identified with antisense strand-specific reverse transcription primers

targeting regions in the env, pol and gag genes, and quantitated by qPCR. Error bars: ±SD of at least 6 independent biological replicates. (G) Relative count of the sense

and antisense transcripts of HERVK HML-2 measured by RT-qPCR using env-specific primers, 48h after irradiation of MDMs. MDMs were differentiated with M-CSF

from PBMCs isolated from 5 donors. Box plot of n = 15 is shown. In panels F and G, � p<0.05, NS non-significant, paired Wilcoxon test.

https://doi.org/10.1371/journal.ppat.1009305.g004
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shows that the basic transcription level, as well as the level of radiation-activated transcription

was higher in THP1 exhibiting macrophage phenotype. Analysis of transcription dynamics

over the 8-day period showed that after the peak at 48 h post-IR, the env RNA levels did not

change remarkably in the cells exposed to high doses. However, in 0.5 Gy-exposed cells, env
expression gradually decreased to the initial level (S5E Fig). Together, these data suggest that

while the differentiation of monocytes towards macrophages itself activates retroviral

transcription, γIR appears to be a stronger inducer of HERV activation and has a prolonged

effect.

Gamma radiation induces double-stranded HERV RNA accumulation

Previous work has shown that dsRNA of various HERVs accumulates in cancer cells treated

with DNA methyltransferase inhibitors [40]. To test whether irradiation also results in dsRNA

formation, we precipitated dsRNA using two anti-dsRNA monoclonal antibodies from the

total RNA extracted from radiation-exposed and non-exposed THP1, as described earlier [90].

Subsequent RNA quantitation with HML-2 env and HERV9NC pol primers revealed increased

levels of dsRNA molecules of both HERV subfamilies in irradiated cells (Fig 4E). To identify

the potential mechanism responsible for elevated retroviral dsRNA in irradiated cells, we

examined HERVK antisense transcription. Utilizing a strand-specific RT-qPCR method [91],

we found that all HERVK proviruses that displayed increased levels of the positive RNA strand

transcription also had elevated count of antisense RNA in irradiated THP1 (S5F Fig). Quanti-

fication of the transcripts with primers specific for antisense sequences localized in HML-2

env, pol and gag regions showed a similar basic level of all measured transcripts in non-irradi-

ated THP1 (Fig 4F). In contrast, exposure to a single 5 Gy dose significantly increased anti-

sense transcription of all these sequences, with shorter (anti-env) transcripts detected at the

highest level. Comparison of sense and antisense transcription of env with PCR primers recog-

nizing the same area in both directions (nt. 7989–8152) displayed a two- to fourfold higher

level of basic antisense transcription in non-irradiated THP1 (S5G Fig). Moreover, antisense

transcription was remarkably increased after 5 Gy γIR within the first 24 h, whereas elevation

of sense transcription was delayed.

Similarly, analysis of HML-2 env sense and antisense RNA in primary MDMs showed two-

fold elevated transcription in the sense direction after 5 Gy γIR dose (Fig 4G). Interestingly,

the median level of antisense env RNA in non-irradiated MDMs was fivefold higher than of

the sense RNA, probably due to an activating effect of M-CSF on host-cell promoters outside

the provirus, which might drive HERV antisense transcription [85]. Exposure to IR did not

significantly change the already high antisense RNA levels. Meanwhile, activation of env tran-

scription in the sense direction could ultimately lead to an overall increase of dsRNA in irradi-

ated MDMs.

HERV expression enhances IFN-I and inflammation-related cytokine

response and alters macrophage secretory profile

To test whether HERV RNA is involved in activation of the IFN-I response and biased secre-

tory profile of irradiated cells, we developed lentivirus constructs expressing shRNA that tar-

geted less variable regions of HML-2 env. To assess the off-target effects of shRNA, we

estimated the number of complementary regions with and without mismatches in human

mRNA sequences based on the hg38 human genome assembly using GGGenome [92]. Results

show that both shRNAs were specific against env RNA of multiple HML-2 loci (Panels A and

B in S2 Table). Heterogeneity of HERV elements in human cells limits the efficiency of RNA

silencing. Quantitation of HML-2 RNA showed that both tested shRNAs exerted
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approximately 50 to 60% knockdown of env RNA (S6A Fig). In THP1 cells, using a mixture of

two env-targeting shRNAs (shRNA-Env) remarkably reduced radiation-activated HML-2

transcription (Fig 5A, pink box). Surprisingly, several additional HERV clades that have been

found upregulated after irradiation, such as HERV9NC, HERVK3, and HERV4 also displayed

reduced RNA count in shRNA-expressing cells with and without exposure to γIR (Fig 5A).

Moreover, the HERVK proviral sequences from chromosomes 8 and 9, tested earlier for their

level of transcription after irradiation, also showed a partial knockdown in the shRNA-express-

ing cells, whereas their transcription was dramatically increased in irradiated cells expressing

control shRNA (S6B Fig). The mechanism of this indirect effect of HML-2 env-targeting

shRNA on the transcripts of other HERV subfamilies is not entirely clear, but it can be related

to negative feedback events discussed below.

We then asked whether the HML-2 env-targeting shRNAs affect accumulation of the viral

dsRNA in THP1 cells upon irradiation. Precipitation of dsRNA followed by RT-qPCR to

quantitate HML-2 env RNA showed marked decrease of this particular dsRNA abundance in

both γIR exposed and unexposed cells expressing shRNA-Env (S6C Fig).

Analysis of the effect of HERV RNA silencing on the expression profile of the markers of

macrophage inflammatory and anti-inflammatory phenotypes revealed dramatically decreased

levels of IFNα and approximately 40% decrease of IFNβ transcription in irradiated cells

expressing shRNA-Env (Fig 5B). Accordantly, the shRNA expression led to significantly

reduced transcription of multiple inflammation-related secretory factors, including senescence

related IL-6, CCL8, and CCL20 in the irradiated cells. We note that IFN-I activity reduced by

HERV knockdown did not alter RNA level of the chemokines CXCL1 and CXCL10: expres-

sion of the first one has been shown to be dependent on TLR4 activation [93], whereas the sec-

ond chemokine is known as IFNγ-induced protein (IP-10) [94,95]. Interestingly, among three

tested anti-inflammatory genes, TGF-β, IL-10, and ApoE, expression of ApoE, and especially

IL-10, was also decreased in the shRNA-Env-positive cells.

Since a few of the inflammatory factors we found suppressed in the irradiated cells upon

shRNA-Env expression are the markers of SASP, we checked whether shRNA can alter the

senescence response to IR. Immunoblotting of THP1 cell lysates showed increased levels of the

P21Waf1 protein after IR, independently of HERV-K knockdown (Fig 5C). This suggests that

radiation-induced expression of some SASP-related factors, such as CCL8 and CCL20, can be

enhanced by HERV, possibly via IFN-I activation.

To assess involvement of IFN-I in this response, we analyzed the STAT1 phosphorylation

status after HERV-K-knockdown. Both Y701 and S727 were hypophosphorylated in the

shRNA-Env-expressing cells (Fig 5D), indicating that HERV expression is involved in activa-

tion of IFN-I pathway. Indeed, evaluation of ISG transcription by PCR array in irradiated

THP1 cells after partial HERV knockdown demonstrated significant inhibition of multiple

IFN-induced genes, including macrophage inflammation activation markers, such as CD80,

CD86, CCL2, and IL-15 (Figs 5E and S6D). Immunoassay of the secreted factors confirmed

that while the proinflammatory cytokines IL-1β, IL-6, TNF-α, including chemokines CCL2

and CXCL10, were dramatically decreased in culture media of irradiated THP1 that expressed

env-targeting shRNA (Fig 5F and 5G), the anti-inflammatory marker CD163 was also

reduced. Analysis of SASP markers in culture media revealed the same trend for all tested pro-

teins: env partial knockdown significantly reduced secretion of inflammation-related chemo-

kines from both unexposed and γIR-exposed cells (Fig 5H).

Gene expression in primary MDMs infected with lentivirus expressing shRNA-Env recapit-

ulated the trend observed in THP1 cells: decreased HML-2 env RNA level correlated with sup-

pressed expression of IFNα and IL-10 (Fig 5I). At the protein level, partial HERV knockdown

resulted in a twofold decrease of inflammation-related chemokines (Fig 5J). Taken together,
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the data suggest that the HERV RNA levels, likely dsRNA, are important for activation of

IFN-I, especially IFNα, and multiple markers of innate immune response whose expression

might depend on the viral RNA-induced signaling.

Fig 5. HERVK HML-2 env knockdown decreases IFN-I expression and alters the secretory profile of THP1 monocytes and primary MDMs. (A) Transcription of

HERVK HML-2 and five other HERV clades, identified upregulated by RNA-Seq in both irradiated THP1 cells and MDMs (Fig 4A), measured by RT-qPCR in THP1 cells

expressing control (grey) or shRNA-Env (red), 48h post-irradiation. Error bars: ±SD of three independent biological replicates. (B) Expression, measured by RT-qPCR, of

macrophage activation markers in human monocytic THP1 cells, expressing shRNA-Env (red) or control shRNA (grey), 48h post-irradiation. Error bars: ±SD of three

independent biological replicates. In panels A and B, � p<0.05, �� p<0.01; A and B, genes, whose expression changed significantly in response to shRNA-Env are indicated

by red symbols. (C) Immunoblot against intracellular senescence marker p21Waf1 (CDKN1A) in lysates (40 μg total protein) of THP1 cells, expressing either shRNA-Env

or control shRNA, 48h after irradiation. (D) Phosphorylation of STAT1 Ser727 and Tyr701 (40 μg total protein) in THP1 cells, expressing control shRNA or shRNA-Env,

48h post-irradiation. (E) Volcano plot depicting ISG expression in THP1 cells expressing shRNA-Env or control shRNA, 48h post-IR: measured by PCR array of total

cellular RNA samples. Green dots represent significant (above blue line) or non-significant decrease in expression of indicated genes in shRNA-Env vs. control shRNA

expressing cells (p<0.05, fold change>2.0). (F and G) Soluble macrophage activation markers (F) and key cytokines (G) in culture medium of THP1 cells, 48h post-

irradiation, determined by multiplex immunoassay (Luminex). Error bars: ±SD of three independent biological replicates. � p<0.05, �� p<0.01, NS non-significant. (H)

Macrophage SASP markers in culture media of irradiated THP1 cells (n = 6), expressing shRNA-Env (yellow) or control shRNA (blue), using multiplex immunoassay

(Luminex), 48h after γIR. Error bars indicate ±SD; p value of all differences is<0.05, unpaired Mann-Whitney test. (I) Transcription levels, measured by RT-qPCR, of

HERVK HML-2 env, IFN-I (IFNα, IFNβ), inflammation (IL-1β, TNF-α) and anti-inflammatory (TGF-β, IL-10) markers in irradiated primary human MDMs, expressing

control or shRNA-Env, 48h post-irradiation. M-CSF-differentiated MDMs from n = 6 donors. � p<0.05, NS non-significant, paired Wilcoxon test. (J) Soluble macrophage

activation markers in culture medium of primary human MDMs, 48h post-irradiation assessed by multiplex immunoassay. Error bars: ±SD of three independent

biological replicates; �� p<0.01, two-tailed paired t test.

https://doi.org/10.1371/journal.ppat.1009305.g005

PLOS PATHOGENS Macrophage response to gamma radiation is HERV mediated

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009305 February 8, 2021 14 / 42

https://doi.org/10.1371/journal.ppat.1009305.g005
https://doi.org/10.1371/journal.ppat.1009305


HERV RNA induces type I interferon and cytokine expression via MDA-5

and TLR3 receptors

Several independent research groups have demonstrated HERV involvement in the innate

immune response, mediated by cytoplasmic RNA sensors, such as RIG-I/MDA-5 and nucleic

acid-binding TLRs [37,40,96–99]. Based on our data that expression of IFNα and multiple

cytokines correlated with HERV transcription level and in particular dsRNA in monocytes/

macrophages, we hypothesized that viral transcripts directly bind to cytoplasmic RNA sensors

and activate downstream signaling pathways.

To quantitatively assess retroviral RNA binding to dsRNA receptors MDA-5 and TLR3, we

employed an RNP-immunoprecipitation (RIP) method [100,101]. Western blot analysis of

MDA5 and TLR3 in immune complexes pulled down from THP1 lysates, confirmed the

increased level of both dsRNA receptors in the cells after exposure to γIR (Fig 6A and 6B).

Treatment of the cells with PMA and especially poly(I:C) also raised levels of these receptors in

the cytoplasm. The immune complexes isolated from irradiated cells were enriched in HML-2

env RNA (Fig 6C and 6D). Similar levels of sense and antisense RNA in the same RIP com-

plexes suggest binding of dsRNA duplexes. Consistent with the data in Fig 3J, relatively low

levels of viral RNA were detected in TLR3 and MDA-5 immune complexes from PMA-treated

cells, whereas poly(I:C) resulted in more viral RNA bound to dsRNA receptors, probably due

to the feedback mechanism discussed below.

Fig 6. HERVK env RNA is associated with cytoplasmic dsRNA receptors MDA-5 and TLR3 in irradiated monocytes THP1. (A and B) Immunoblot of MDA-5 (A)

and TLR3 (B) with mouse monoclonal antibodies in immunocomplexes after IP of these proteins with rabbit polyclonal antibodies from THP1 lysates, exposed to

indicated doses of γIR or treated with PMA or poly(I:C); 48 h post-irradiation. β-Actin in cell lysates, utilized for IP, was used as a reference. (C and D) Relative

abundance of sense and antisense HERVK HML-2 env RNA in immunocomplexes after RNP-immunoprecipitation (RIP) of MDA-5 (C) and TLR3 (D) from THP1

lysates, shown on panels A and B. The fold change RNA count (ΔΔCt) was calculated in relation to β-actin reference RNA, detected in the lysates used for RIP. Error bars:

±SD of three independent replicates; � p<0.05, �� p<0.01, NS non-significant. (E) PLA assay visualizing association of HML-2 env RNA with MDA-5 receptor in THP1 in

irradiated or control cells; 48h post-IR. Nuclei–DAPI staining, MDA-5/RNA complexes–Texas Red. Scale bars: 30 μm.

https://doi.org/10.1371/journal.ppat.1009305.g006
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To validate Co-IP data and visualize HML-2 env RNA association with MDA-5, we utilized

a proximity ligation assay, previously developed to analyze RNA-protein interactions (RNA-

PLA) [102]. Use of a DNA oligonucleotide that hybridizes with both env RNA and another oli-

gonucleotide coupled to anti-MDA-5 monoclonal antibody, allowed visualization of MDA-5

with viral RNA. Multiple, high intensity spots were detected in the cytoplasm of irradiated

cells compared to non-irradiated ones (Fig 6E). These data suggest that HERV RNA, which is

increased in the cytoplasm of monocytes and macrophages after therapeutically-relevant doses

of γIR, binds to dsRNA receptors and triggers downstream events resulting in IFN-α and

inflammation-related cytokine expression, contributing to the biased macrophage polarization

and secretory profile.

Discussion

In the present study, we investigated how human monocytes and MDMs respond to radiation-

induced stress, and revealed involvement of endogenous retroviruses in activation of signaling

pathways that result in altered expression of inflammation-related genes and macrophage

secretory factors (summarized in Table 1). While the exact mechanism of radiation-induced

macrophage differentiation and polarization is not completely elucidated, secondary factors,

such as released damage-associated molecular patterns (DAMPs), are considered to play a

major role [12,103,104]. In our experiments, exposure of the monocytic THP1 cultures to γIR

doses led to death and cellular damage, which could, consequently, induce differentiation of

nearby cells to a macrophage phenotype. Meanwhile, the data that radiation-mediated ROS

production can be critical for macrophage differentiation [105,106], suggest that the direct

radiation effect on ROS and nitric oxide production could also contribute to the differentiation

of irradiated monocytes into macrophages.

Macrophages are highly resistant to radiation [9,10] and are able to survive for days after

exposure to doses reaching 10 Gy and massive DNA damage [4]. Our data showed that at least

a fraction of the macrophage population reached cell cycle arrest and displayed expression of

DNA damage-related senescence markers, such as p21Waf1 and GLB1. This correlated with a

raised expression of SASP markers, most of which are inflammatory response factors [59].

These findings can explain conspicuous activation of inflammatory response after γIR in both

THP1 and MDMs. However, simultaneous increase of expression of the anti-inflammatory

genes after radiation exposure, even in the terminally-differentiated MDMs that were initially

polarized to anti-inflammatory phenotype by treatment with M-CSF, indicates involvement of

additional molecular factors and pathways, related to IR, which in combination might contrib-

ute to development of a tumor-associated phenotype, at least in a fraction of the macrophage

population.

Our data indicate that the complex response of macrophages to radiation is potentially

related to dsRNA-induced signaling that triggers both IRF3-mediated IFN-I expression and

NF-κB-dependent expression of the cytokine genes. Earlier studies have elucidated a critical

role of IFN-I in increased IL-10 production and anti-inflammatory response of the human and

mouse macrophages [30,107–109]. Although the upregulated IFNα response that we detected

in human MDMs upon γIR could be mediated by the STING/TBK1 pathway [74,76], increased

expression of the cytoplasmic dsRNA receptors MDA-5 and TLR3 and the markers of activa-

tion of the downstream pathways suggests that dsRNA is also critical for the cellular response

to radiation. Importantly, both receptors recognize long RNA ligands: TLR3 is shown to bind

90-to-540 kb dsRNAs [110], whereas MDA-5 forms multimolecular complexes with several

kilobase-long duplex RNAs [25]. Another soluble cytosolic RNA sensor, RIG-I, can also bind

dsRNA independently of the presence of 50-triphosphate. However, the optimal length of these
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RNA duplexes is less than 300 nt [25]. Consistently, our findings suggest the presence of long

dsRNA duplexes in the cytoplasm of irradiated macrophages.

Chiappinelli and colleagues found that DNA methyltransferase inhibitors used in cancer

therapy triggered IFN-I response due to increased transcription of hypermethylated endoge-

nous retroviruses, that resulted in accumulation of cytosolic dsRNA and induction of the

dsRNA-sensing pathway [40]. Our RNA-seq and PCR analyses showed that a large number of

HERVs, solo LTR’s, and retrotransposons were activated in THP1 and primary macrophages

after radiation exposure. Many sequences contain deleterious mutations [89,111] and do not

transcribe RNA molecules that are sufficiently long for efficient activation of the MDA-5 and

TLR3 signaling pathways. We showed that at least two radiation-upregulated HERV subfami-

lies, HERVK HML-2 and HERV9NC, formed dsRNA duplexes. The evolutionarily youngest

and most intact group of endogenous retroviruses, HML-2 displayed elevated level of the long

Table 1. Expression and secretion of pro-inflammatory and anti-inflammatory macrophage markers in THP1 monocytes and primary monocyte-derived macro-

phages in response to gamma radiation.

Marker type Marker gene/protein SASP markers Irradiated MDMs Irradiated THP1 shRNA-Env

RNA Protein RNA Protein RNA Protein

IFNα " " #

IFNβ " #

Proinflammatory CD80 " " "

CD86 " " " #

HLA-DR ? "

NOS2

+

" "

CCL2/MCP-1 " " " " # #

CCL3/MIP-1α " " " #

CCL5

+

# " #

CCL8/MCP-2 " ? " # #

CCL20/MIP-3α +

+

" " " # #

CXCL1/GROα " "

CXCL8/IL-8 + " #

CXCL10/IP-10 " " #

IL-1β ? " " # #

IL-6

+

" " " " # #

IL-12 "

IL-15 "

TNF-α " " " " ? #

Anti-Inflammatory CD11b " " "

CD163 " "# " - #

CD204 " -

CD206 " " "

CCL22 " "

IL-10 " "# " " # #

TGF-β " "

ApoE + " #

+ indicated gene/protein is the marker of senescence-associated secretory phenotype.

" and # increased and decreased gene expression or secretion of protein, respectively.

? gene expression changed in different directions in biological replicates of the same experiment.

Genes displayed stable HERV-related upregulation of expression are highlighted.

https://doi.org/10.1371/journal.ppat.1009305.t001

PLOS PATHOGENS Macrophage response to gamma radiation is HERV mediated

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009305 February 8, 2021 17 / 42

https://doi.org/10.1371/journal.ppat.1009305.t001
https://doi.org/10.1371/journal.ppat.1009305


antisense transcripts upon γIR, suggesting that various HERV loci transcribing the few kilobase-

size RNAs in both directions can serve as a source of dsRNA molecules in the irradiated cells.

High levels of antisense HERV transcripts have been earlier reported [41,85]. Antisense HERV

transcripts can be generated if proviral sequences were integrated in the opposite direction

within introns of host genes or via read-through transcription downstream of a transcribed host

gene or repetitive element [85]. Predominance of the shorter env-encoded HML-2 RNAs can be

a result of host promoter-driven transcription of the minus-strands of the proviruses with

deleted gag and pro-pol regions. Alternatively, the minus-strand 3’LTR could drive transcription

of the antisense sequence, as has been shown for other retroviruses [91,112–118].

Association of HML-2 env RNA with the TLR3 receptor suggests that at least some viral

dsRNA becomes localized in the endosomal compartment. We previously showed that the

HIV-1 transactivating response (TAR) element RNA, rich in double stranded stem-loop struc-

tures, is secreted from infected cells in extracellular vesicles called exosomes and activates

TLR3 signaling in uninfected macrophages [21]. Later data showed that longer HIV-1 tran-

scripts were also abundant in exosomes released from HIV-1 infected monocytes [119]. The

fact that long ncRNAs are transported by exosomes and can affect the recipient cells [120] sug-

gests that HERV-encoded dsRNA could not only activate dsRNA receptors in the producing

cells, but could also be incorporated into extracellular vesicles and activate TLR3 in the recipi-

ent cells, including cells in non-irradiated tissues.

Partial knockdown of env from HML-2 resulted in reduced IFNα and cytokine expression

after γIR, indicating that this RNA triggers the dsRNA-induced IFN-I and cytokine response.

Surprisingly, although we used HML-2 env-specific shRNAs, the RNA level of some other

HERVs was also reduced. This can explain the remarkable reduction of interferon and cytokine

expression in response to HML-2 shRNA. However, this phenomenon raises questions about

the mechanism of observed inhibition. The published study of HERV-K expression in ALS

brain tissue revealed functional activity of interferon-stimulated response elements (ISREs) in

the viral promoter: the authors demonstrated synergistic upregulation of HERV-K transcription

by IRF1 and NF-κB isoforms [121]. Recently, a publication by Cañadas and colleagues identi-

fied a novel functional group of ERVs called Stimulated 3 prime antisense retroviral coding

sequences (SPARCs) [42]. These are proviruses that are inversely oriented in 30 untranslated

regions of specific interferon-stimulated genes, silenced by an H3 histone methyltransferase

EZH2, but can be activated in response to IFNγ stimulation, due to the presence of STAT1-

binding sequences in the promoters of the host genes and 50LTR in the ERV minus-strand [42].

This results in the generation of dsRNA that in turn can activate dsRNA sensors and subsequent

IFN induction. Accordantly, these data suggest a positive feedback signal amplification that rep-

resents a potential mechanism of enhancement of pathologic innate immune signaling in irradi-

ated macrophages. Conversely, even if a fraction of HERV transcripts is reduced, it can result in

further reduction of the transcription of ERV elements whose promoter regions contain IRF

and NF-κB binding sites and, therefore, reduced dsRNA signaling and expression of related

genes. While most of the HERV clades we found upregulated in monocytes and MDMs do not

belong to the SPARC group, their LTR sequences are polymorphic and contain multiple tran-

scription factor-binding sites, including IRF1, IRF5 and STAT3 [121,122]. Thus, their activa-

tion, at least in part, can also be dependent on the positive feedback loop, triggered by IFN-I via

IFNAR1 and probably some pro-inflammatory cytokines.

In conclusion, transcription of both the positive and negative strands of various HERV

subfamilies activated by gamma radiation in heterogeneous population of monocytes and

monocyte-derived macrophages leads to formation of long dsRNA molecules that bind to

cytoplasmic receptors MDA-5 and TLR3, which in turn induce signaling pathways resulting in

enhanced expression of type I interferons and a biased expression of macrophage secretory
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markers, cytokines and chemokines, involved in both pro-inflammatory and anti-inflamma-

tory response. Thus, elevated expression of endogenous retroviruses may determine polariza-

tion of the macrophages toward an altered pro-inflammatory phenotype, while maintaining

regenerative or oncogenic activity in the context of radiation therapy.

Materials and methods

Cells

The cells and reagents utilized in this study are listed in Table 2. The acute monocytic leuke-

mia cell line THP1 (from S. Tsuchiya; provided by the NIH AIDS Research & Reference

Table 2. Key resources.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

β-Actin (clone AC-15) Millipore Sigma A5441

GAPDH (clone 0411) Santa Cruz Biotechnology sc-47724

CD11b (clone D12), APC BD Biosciences 340936

CD206 (MMR), (clone 15–2), PE/Cy7 BioLegend 321124

CD86 (clone BU63), APC BioLegend 374208

CD80 (B7-1), (clone 2D10.4), FITC, eBioscience Thermo Fisher Scientific 11-0809-42

IRF-3 (clone D614C) Cell Signaling Technology 1190

IKKε (clone D20G4) Cell Signaling Technology 8348

Integrin β1 (clone 4B7R) Santa Cruz Biotechnology Sc-9970

HLA-DR (clone LN3)–PE-Cyanine5, eBioscience Thermo Fisher Scientific 15-9956-42

MAVS (polyclonal) Cell Signaling Technology 3993

MDA-5 (clone D74E4) Cell Signaling Technology 5321

MDA-5 (goat polyclonal) Abcam Ab4544

IFIH1/MDA-5 (rabbit polyclonal) Proteintech 21775-1-AP

p21 Waf1/Cip1 (clone 12D1) Cell Signaling Technology 2947

Phospho- IRF3 (Ser396) (clone4D4G) Cell Signaling Technology 4947

Phospho- IKKε (Ser172) (clone D1B7) Cell Signaling Technology 8348

Phospho-Stat1 (Tyr701) (clone 58D6) Cell Signaling Technology 9167

Phospho-Stat1 (Ser727) (clone D3B7) Cell Signaling Technology 8826

RIG-1 (clone D33H10) Cell Signaling Technology 4200

Stat1 (clone D1K9Y) Cell Signaling Technology 14994

TBK1/NAK (D1B4) Cell Signaling Technology 3504

Toll-like Receptor 3 (clone 40C1285) Abcam Ab13915

Toll-like Receptor 3 (clone D10F10) Cell Signaling Technology 6961

Toll-like Receptor 8 (polyclonal) Abcam Ab180610

Toll-like Receptor 7 (clone D7) Cell Signaling Technology 5632

Anti dsRNA (clone rJ2) Millipore Sigma MABE 1134

Light Diagnostics Pan-enterovirus reagent (clone 9D5) Millipore Sigma 3361

Cloning vectors, Bacterial and Virus Strains

NEB Stable Competent E.coli New England Biolabs C3040I

pLKO.1 puro (from Bob Weinberg) Addgene 8453

psPAX2 (from Didier Trono) Addgene 12260

pMD2.G (from Didier Trono) Addgene 12259

pCR4-TOPO vector ThermoFisher K457502

Chemicals, commercial siRNA, Dyes, Peptides, and Recombinant Proteins

(Continued)
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Table 2. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

Phorbol-12-myristate-13-acetate (PMA) Millipore Sigma 524400

Polyinosinic acid (Poly (I:C)) Millipore Sigma 528906

DSG (disuccinimidyl glutarate) Thermo Fisher Scientific 20593

IFN alpha- IFNAR-IN-1 hydrochloride MedChemExpress HY-12836A

Poly-L-lysine solution Millipore Sigma P4707

Recombinant Human M-CSF PeproTech 300–25

TRIzol Reagent Thermo Fisher Scientific 15596026

Phosphate-buffered 4% paraformaldehyde FDNeuroTechnologies PF 101

FcR Blocking Reagent Miltenyi Biotec 130-059-901

DRAQ5 Fluorescent Probe Thermo Fisher Scientific 62252

CellBrite Green Cytoplasmic Membrane Dye Biotium 30021

Rhodamine Phalloidin Thermo Fisher Scientific R415

MitoSox Red mitochondrial superoxide indicator Thermo Fisher Scientific M36008

DNase I, RNase-free Thermo Fisher Scientific EN0521

RNase Recombinant Ribonuclease Inhibitor Thermo Fisher Scientific N8080119

Halt Protease Inhibitor Cocktail Thermo Fisher Scientific 78429

Silencer Select Pre-Designed siRNA, Gene Symbols: IFNA4, IFNA17,IFNA10, IFNA7 Thermo Fisher Scientific s230838

Silencer Select Pre-Designed siRNA, Gene Symbol: IFNA2 Thermo Fisher Scientific s7158

Silencer Select Pre-Designed siRNA, Gene Symbol: IFNB1 Thermo Fisher Scientific s7187

Silencer Select Pre-Designed siRNA, Gene Symbol: IFIH1 Thermo Fisher Scientific s34500

Silencer Select Negative Control No. 1 siRNA Thermo Fisher Scientific 4390843

DOTAP Liposomal Transfection Reagent Millipore Sigma 11202375001

Critical Commercial Assays

Duolink In Situ Red Starter Kit Mouse/Rabbit Millipore Sigma DUO92101

Duolink In Situ PLA Probe Anti-Rabbit Plus Millipore Sigma DUO92002

Coelenterazine-utilizing luciferase detection medium InvivoGen rep-glc2

Bio-Plex Pro Human Cytokine Screening Panel Bio-Rad N/A

Bio-Plex Pro Human Chemokine Assays Bio-Rad N/A

RT2 Profiler PCR Array Human Type I Interferon Response Qiagen 330231

Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225

SsoAdvanced Universal SYBR Green Supermix Bio-Rad 172–5272

Deposited Data

Raw sequence data (FASTQ files) of transcriptome profiling and enumerated counts for each gene and

transposable element for each sample are available at the NCBI Gene Expression Omnibus

https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE145577

GSE145577

Experimental Models: Cell Lines, primary cells

THP1 Human monocytes, acute monocytic leukemia ATCC ATCC-TIB-

202

THP1 -dual NF-kB-SEAP IRF_Luc reporter Monocytes InvivoGen thpd-nfis

THP1-dual-ko-IfnaR2 cells InvivoGen thpd-koifnar2

PBMC, Homo sapiens NIH Blood Bank

Oligonucleotides

Name Sequence

shRNAs
shRNA HERV-K

HML-2 env1

CCTGAACATCCAGAATTAT [124]

shRNA HERV-K

HML-2 env1-Control

GAATTCTTAACGACTACCA [124]

(Continued)
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Table 2. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

shRNA HERV-K

HML-2 env1070

CCTCGAGGTCAATTCTACCACAATT BLOCK-iT RNAi Designer (https://

rnaidesigner.thermofisher.com/

rnaiexpress/)shRNA HERV-K

HML-2

env1070-Control

CCTAGGTCAATTCTACCACACGATT

HERV-specific primers
ERVF-R TAAAGAGGGCATGGAGTAATTGA [42]

ERVL-F ATATCCTGCCTGGATGGGGT

ERVL-R GAGCTTCTTAGTCCTCCTGTGT

MLT1B-F TGCCTGTCTCCAAACACAGT

MLT1B-R TACGGGCTGAGCTTGAGTTG

MLT1C49-F TATTGCCGTACTGTGGGCTG

MLT1C49-R TGGAACAGAGCCCTTCCTTG

MLT1C627-F TGTGTCCTCCCCCTTCTCTT

MLT1C627-R GCCTGTGGATGTGCCCTTAT

MER4D-F CCCTAAAGAGGCAGGACACC

MER4D-R TCAAGCAATCGTCAACCAGA

Mer57B1-F CCTCCTGAGCCAGAGTAGGT

Mer57B1-R ACCAGTCTGGCTGTTTCTGT

MTL2B4-F GGAGAAGCTGATGGTGCAGA

MTL2B4-R ACCAACCTTCCCAAGCAAGA

MLTA10-F TCTCACAATCCTGGAGGCTG

MLTA10-R GACCAAGAAGCAAGCCCTCA

MLT1A-F TGGGCTCTTTGGGTGATAGT

MLT1A-R TTGCAGATGGCTACCTTCCT

MLT1J-F GCTGTTGCACACATGCTCTT

MLT1J-R GATGTGGAAGTCTGGGAAGC

THE1D-F CACCCTGCTTCTCCTGCT

THE1D-R AATGCCTGAGACTGGGTGAT

MLT1K-F CAGATGAAGCCCTCTCTCAGA

MLT1K-R CCTTCCTCTCTCCTGGTGTC

PABL_B-F GAAGGCACATAACCCCAACC

PABL_B-R GGGTCCAGCTGTGTTTTCTG

MLT1A0-F ATGAATGGGATTGGTGGGCT

MLT1A0-R TTCTAGAGCCTGGGAAGTCC

MSTA-F TAACTGGGTCATGAGGGTGG

MSTA-R CATTTGCTCGGATTCTGGGG

LTR79-F AACTCTGGGCTTCCGTTTCC

LTR79-R AAAGCATGCCTCTTTCCTGC

MER92B-F GTTAAGCTTCCCTCCTCCCC

MER92B-R AGTGAAAAGGCTCAGACCGA

MLT1I-F TTCCCTCTGCCCTGATCTAA

MLT1I-R GTCAGTGGCTTACAACAACGT

LTR26-F CTCCAAGGAATTGACTCAGCA

LTR26-R TCTACCTCCCTGCTGAGTCT

(Continued)
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Table 2. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

Env-E4-1F CACGGTGGAAAGACCGTAGT [40]

Env-E4-1R CAGTCAGCTTCTGGGTGTGA

Sync-3-F TGCACCTACATTCCCAACAA

Sync-3-R GCGATTGCGAGAGAGGTAAC

Env-V1-F GTCAGCAAAAGGAGGAGCGT

Env-V1-R TGGCTGGGCCTTGATAAGTT

Gag-W5-F TAACTGCAGCCCGAGAGTTT

Gag-W5-R GGCACCAATCTCCATGTTCT

Pol-ERVF-F ATCTCCTCACTGCCGAGAAA

Pol-ERVF-R TCTCGATCTCCTGACCTCGT

Env-W2-F GTTGTCCTGGAGGACTTGGA

Env-W2-R GCCGAGTGAGGGTGGTATTA

HERV-Fc1-F TGCAGAAGACAAGGCAATG

HERV-Fc1-R AGTGTTCCCTTGGACAGGTG

Env-E4-1 CACGGTGGAAAGACCGTAGT

HERV-Kenv-F CTGAGGCAATTGCAGGAGTT [88]

HERV-Kenv-R GCTGTCTCTTCGGAGCTGTT

HERV-Kpol-F TCACATGGAAACAGGCAAAA

HERV-Kpol-R AGGTACATGCGTGACATCCA

HERV-Kgag-F AGCAGGTCAGGTGCCTGTAACATT

HERV-Kgag-R TGGTGCCGTAGGATTAAGTCTCCT

HERV-K_LTR-F AGGGAAAAACCGCCTTAGGG

HERV-K_LTR-R AGCAGACAAACATGTGAACAAAGG

HML-2_1778_for1 CCCCCAGAAAGTCAGTATGGA [127]

HML-2_1778_for2 TCTCCAGAGGTTCAGTATGGA

HML-2_1778_for3 CCCCCAGAAAATCAGTATGGA

HML-2_1778_for4 TCTCCAGAGGTGCAGTATAGA

HML-2_2396_rev1 TTTCCCAGGCTCTAAGGCAG

HML-2_2396_rev2 TTCCCAGGCCCTGAGGCAA

HML-2_2396_rev3 TTTCCTAGGCTCTAAGGCAG

K-Int-d120-F GATGCTATTGTCAGGCCTGC

K-Int-d120-R GTGGAAAGTGTTGCCTCAGG

K-Int-d121-F TACCGGATATTGCCATGCCT

K-Int-d121-R AGTATGGATCTCAGGCGGTG

K9-Int-d366-F CGCAAAAGGTTCCAACAGGA

K9-Int-d366-R CATACGGCACAATCAGGAGC

K9-Int-d367-F TCCAGCCCAAAATCAACAGC

K9-Int-d367-R GTTGCTCATGACAGTTGGGG

MER9a-d169-F AACAATCTCTGCAGCACTGG

MER9a-d169-R GGCACAGATCGCTCATGTTA

K3-d113-F GCCACAACTCCATTTCAGGG

K3-d113-R AAAATCAACAACTCCCGGG

HERVP71a-Pol-F CATAGTTCGCATAAATGGTCATC

HERVP71a-Pol-R CTGGGGCCTTAATACTACCTTAG

HERVP71a-Gag-F ACCCAGTGAAAAGCCCTGGGAC

HERVP71a-Gag-R CAGTTGGCTTGGCTCCCCTGTAG

PRIMA41-Pol-F CAAAGGTTAAGGAAGTTTCTCAG

(Continued)
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Table 2. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

PRIMA41-Pol-R GAGGTGAGCTTAAGGCTGCAG

HERV9NC-Pol-F AGGAGAAAGCTCCAAAAGCAAGC

HERV9NC-Pol-R GGTGATTGGCCTGCTCCATTTTC

HERV9NC-Env-F TCTCAAGTCCAGGCACTCTGGTC

HERV9NC-Env-R TTCCTTGCTGAGGGCCCTGGTC

HERVK3-Env-F GCTATGTCAACATTTTGTAGGACAG

HERVK3-Env-R GCTATTTTGAGATTCCATTTAGTCAAAGC

HERV4-Pol-F GACTCAACCCCTATAGCACAAG

HERV4-Pol-R TGAGGGCTGTAGCTTTGGCTTC

HERV4-Pol2-F ACATTCAGCATGGAGGCCTCAATC

HERV4-Pol2-R GAGGGCTATGGGCAGTAAGCTG

Primers for reverse transcription (antisense RNA)
K-anti-env6829-R CTGATCTAGAGGTACCGGATCGAAACCTTGCCCCAAGGAAATTC

K-anti-env6433ss-R CTGATCTAGAGGTACCGGATCACATTTGAAGTTCTACAATGAACCCATC

K-anti-env7989-R CTGATCTAGAGGTACCGGATCCTGAGGCAATTGCAGGAGTT

K-anti-Gag-1259-R CTGATCTAGAGGTACCGGATCCCAGAACAAGGAACTTCAGATCTAAAA

K-anti-Gag-2908-R CTGATCTAGAGGTACCGGATCGATAAAAATGGGCAACCATTGTCG

K-anti-Pol-4545-R CTGATCTAGAGGTACCGGATCCTGGACTGGCAATAGCATCCGATA

Primers for anti-sense RNA
K-TAG-R CTGATCTAGAGGTACCGGATC

K-anti-env7023-F GGACTCACTTGTGCACTTGG

K-anti-env6669-F CATCCTGGTGCTCTCCCTAG

K-anti-Gag-1432-F GGCATCAGAAACTGAAATGCTATCTTC

K-anti-Gag-3097-F GTACATAAATCTACTGCTGCACTGC

K-anti-Pol-4742-F TGGCATAAGTAGGAATGCCTAGAG

Primers for cellular genes (human)
hGAPDH-F TGCACCACCAACTGCTTAGC

hGAPDH-R GGCATGGACTGTGGTCATGAG

B-actinF GTGGGGCGCCCCAGGCACCA

B-actinR CTCCTTAATGTCACGCACGATTTC

G6PDH-F ATCGACCACTACCTGGGCAA

G6PDH-R TTCTGCATCACGTCCCGGA

hIL1-beta-F AAGCTGATGGCCCTAAACAG

hIL1-beta-R AGGTGCATCGTGCACATAAG

hIL6-F CCAGCTATGAACTCCTTCTC

hIL6-R GCTTGTTCCTCACATCTCTC’

hTNF-a_F ATGAGCACTGAAAGCATGATCC

hTNF-a_R GAGGGCTGATTAGAGAGAGGTC

hIL10-F TCAAGGCGCATGTGAACTCC

hIL10-R GATGTCAAACTCACTCATGGCT

hTGF-beta1_F CCCAGCATCTGCAAAGCTC

hTGF-beta1_R GTCAATGTACAGCTGCCGCA

hIL18-F TCTTCATTGACCAAGGAAATCGG

hIL18-R TCCGGGGTGCATTATCTCTAC

hCD80-F GGCCCGAGTACAAGAACCG

hCD80-R TCGTATGTGCCCTCGTCAGAT

hCD86-F CTGCTCATCTATACACGGTTACC

(Continued)
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Table 2. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

hCD86-R GGAAACGTCGTACAGTTCTGTG

hIFNa-F GACTCCATCTTGGCTGTGA

hIFNa-R TGATTTCTGCTCTGACAACCT

hIFNb1-F GCTTGGATTCCTACAAAGAAGCA

hIFNb1-R ATAGATGGTCAATGCGGCGTC

hIL8-F TTTTGCCAAGGAGTGCTAAAGA

hIL8-R AACCCTCTGCACCCAGTTTTC

hIL12a-F CCTTGCACTTCTGAAGAGATTGA

hIL12a-R ACAGGGCCATCATAAAAGAGGT

hCCL2-F GAGAGGCTGAGACTAACCCAGA

hCCL2-R ATCACAGCTTCTTTGGGACACT

hCCL2b-F CCCCAGTCACCTGCTGTTAT

hCCL2b-R TGGAATCCTGAACCCACTTC

hCXCL10-F GTGGCATTCAAGGAGTACCTC

hCXCL10-R TGATGGCCTTCGATTCTGGATT

hCCL5-F CCAGCAGTCGTCTTTGTCAC’

hCCL5-R CTCTGGGTTGGCACACACTT

hCD11b-F CAGCCTTTGACCTTATGTCATGG

hCD11b-R CCTGTGCTGTAGTCGCACT

hCD206-F GGGAAAGGTTACCCTGGTGG

hCD206-R GTCAAGGAAGGGTCGGATCG

hCD163-F TTTGTCAACTTGAGTCCCTTCAC

hCD163-R TCCCGCTACACTTGTTTTCAC

hCD204-F CCTGTGCATTGATGAGAGTGC

hCD204-R TGCTCCATACTTCTTTCGTCCT’

hCCL20-F TGCTGTACCAAGAGTTTGCTC

hCCL20-R CGCACACAGACAACTTTTTCTTT

hCCL3-F AGTTCTCTGCATCACTTGCTG

hCCL3-R CGGCTTCGCTTGGTTAGGAA

hCCL8-F TGGAGAGCTACACAAGAATCACC

hCCL8-R TGGTCCAGATGCTTCATGGAA

hCXCL1-F GCGCCCAAACCGAAGTCATA

hCXCL1-R ATGGGGGATGCAGGATTGAG

hGLB1-F TATACTGGCTGGCTAGATCACTG

hGLB1-R GGCAAAATTGGTCCCACCTATAA

hCDKN1A-F CGATGGAACTTCGACTTTGTCA

hCDKN1A-R GCACAAGGGTACAAGACAGTG

huAPOE-F GTTGCTGGTCACATTCCTGG

huAPOE-R GCAGGTAATCCCAAAAGCGAC

Recombinant DNA

pLKO.1-HERVK_LTR-puro

pLKO.1-HERVK_Env1-puro

pLKO.1-HERVK_Env1070-puro

Software and Algorithms

SnapGene www.snapgene.com

GeneAssist Custom siRNA Builder https://www.thermofisher.com/order/

custom-genomic-products/tools/sirna/

(Continued)
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Reagent Program) and the human kidney fibroblasts 293T/17 (ATCC, Manassas, VA) were

maintained at 37˚C and 5% CO2 in RPMI-1640 culture media (THP1) or DMEM (293T/17)

supplemented with 10% FBS, penicillin/streptomycin, and L-Glutamine. The reporter cell lines

THP1-Dual and THP1-Dual KO-IFNAR2, both from InvivoGen, were maintained in RPMI-

1640 culture media with additional 100 μg/ml Normocin according to the manufacturer’s pro-

tocol. Fractions of human blood samples enriched with the white blood cells were obtained

from The NIH Blood Bank. MDMs were prepared from PBMCs of healthy individuals using

adherence to plastic, and differentiated in the presence of M-CSF as described earlier [123].

The cells were allowed to differentiate for 7 days in Dutch modified RPMI-1640 culture

medium (Gibco) supplemented with 10% human serum (Corning), penicillin/streptomycin,

sodium pyruvate and L-Glutamine in the presence of 10 nM M-CSF (PeproTech). Half of the

medium was replaced every third day and after day 8, cells were cultivated for 14–21 days with-

out additional growth factors. Where indicated, PMA was added at a 20 nM final concentra-

tion and poly(I:C) was added at a 2 μg/ml final concentration.

Table 2. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

FlowJo www.flowjo.com

INSPIRE www.amnis.com

CFX Manager Software v3.1 https://www.bio-rad.com/en-us/product/

previous-qpcr-software-releases?ID=

OO2BB34VY&source_wt=cfx-manager-

software_surl

Bio-Plex Manager Software 6.2 https://www.bio-rad.com/en-us/product/

bio-plex-manager-software-standard-

edition?ID=5846e84e-03a7-4599-a8ae-

7ba5dd2c7684

FISH probe design tool http://prober.cshl.edu/

ImageJ https://imagej.nih.gov/

Bcl2fastq2 conversion software 2.20 https://support.illumina.com/downloads/

bcl2fastq-conversion-software-v2-20.html

FastQC http://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Trimmomatic http://www.usadellab.org/cms/?page=

trimmomatic

STAR https://github.com/alexdobin/STAR

Samtools http://samtools.sourceforge.net/

Ensembl ftp://ftp.ensembl.org/pub/release-99/gtf/

homo_sapiens/Homo_sapiens.GRCh38.99.

gtf.gz

TEtranscripts http://labshare.cshl.edu/shares/

mhammelllab/www-data/TEtranscripts/

TE_GTF/GRCh38_rmsk_TE.gtf.gz

TEcount https://pypi.org/project/TEtranscripts/

R https://cran.r-project.org/

IDEAS (Image Data Exploration and Analysis Software) version 6.2 www.amnis.com

OriginPro 2019 www.originlab.com

ClustalW (CLCbio Genomics Workbench, v11) www.qiagen.com

JalView https://www.jalview.org/

Other

Fixation buffer BioLegend 420801

RIPA buffer Thermo Fisher Scientific 89900

https://doi.org/10.1371/journal.ppat.1009305.t002

PLOS PATHOGENS Macrophage response to gamma radiation is HERV mediated

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009305 February 8, 2021 25 / 42

http://www.flowjo.com
http://www.amnis.com
https://www.bio-rad.com/en-us/product/previous-qpcr-software-releases?ID=OO2BB34VY&amp;source_wt=cfx-manager-software_surl
https://www.bio-rad.com/en-us/product/previous-qpcr-software-releases?ID=OO2BB34VY&amp;source_wt=cfx-manager-software_surl
https://www.bio-rad.com/en-us/product/previous-qpcr-software-releases?ID=OO2BB34VY&amp;source_wt=cfx-manager-software_surl
https://www.bio-rad.com/en-us/product/previous-qpcr-software-releases?ID=OO2BB34VY&amp;source_wt=cfx-manager-software_surl
https://www.bio-rad.com/en-us/product/bio-plex-manager-software-standard-edition?ID=5846e84e-03a7-4599-a8ae-7ba5dd2c7684
https://www.bio-rad.com/en-us/product/bio-plex-manager-software-standard-edition?ID=5846e84e-03a7-4599-a8ae-7ba5dd2c7684
https://www.bio-rad.com/en-us/product/bio-plex-manager-software-standard-edition?ID=5846e84e-03a7-4599-a8ae-7ba5dd2c7684
https://www.bio-rad.com/en-us/product/bio-plex-manager-software-standard-edition?ID=5846e84e-03a7-4599-a8ae-7ba5dd2c7684
http://prober.cshl.edu/
https://imagej.nih.gov/
https://support.illumina.com/downloads/bcl2fastq-conversion-software-v2-20.html
https://support.illumina.com/downloads/bcl2fastq-conversion-software-v2-20.html
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
https://github.com/alexdobin/STAR
http://samtools.sourceforge.net/
ftp://ftp.ensembl.org/pub/release-99/gtf/homo_sapiens/Homo_sapiens.GRCh38.99.gtf.gz
ftp://ftp.ensembl.org/pub/release-99/gtf/homo_sapiens/Homo_sapiens.GRCh38.99.gtf.gz
ftp://ftp.ensembl.org/pub/release-99/gtf/homo_sapiens/Homo_sapiens.GRCh38.99.gtf.gz
http://labshare.cshl.edu/shares/mhammelllab/www-data/TEtranscripts/TE_GTF/GRCh38_rmsk_TE.gtf.gz
http://labshare.cshl.edu/shares/mhammelllab/www-data/TEtranscripts/TE_GTF/GRCh38_rmsk_TE.gtf.gz
http://labshare.cshl.edu/shares/mhammelllab/www-data/TEtranscripts/TE_GTF/GRCh38_rmsk_TE.gtf.gz
https://pypi.org/project/TEtranscripts/
https://cran.r-project.org/
http://www.amnis.com
http://www.originlab.com
http://www.qiagen.com
https://www.jalview.org/
https://doi.org/10.1371/journal.ppat.1009305.t002
https://doi.org/10.1371/journal.ppat.1009305


Plasmids, shRNA expressing lentiviral vectors and transduction

The 3rd generation puromycin resistant lentiviral backbone pLKO.1 puro (Addgene) was used

for cloning and expression of HML-2 env shRNA sequences. HML-2 env-targeting shRNAs

and matching control shRNAs were designed for conservative regions in the 5’LTR and env
gene of the HERV-K10 sequence (GenBank No. M14123.1) using the Invitrogen RNAi

Designer tool. Two shRNA sequences with the highest predicted score and shRNA-Env from

[124] were cloned under control of human U6 promoter into the pLKO.1 puro vector using

AgeI and EcoRI restriction enzyme sites following Addgene protocol for pLKO.1 - TRC Clon-

ing Vector. Lentiviruses were produced by cotransfection with MISSION lentiviral packaging

mix (Sigma) into 293T/17 cells using Lipofectamine 3000 (Invitrogen). Lentivirus-containing

culture media was collected from transfected 293T/17 cells at 48- and 72-hours post-transfec-

tion. The samples were centrifuged at 2,500 x g for 10 min and filtered (0.22 μm pore). Viral

titers were normalized to 0.01 pg of p24CA per cell, using a p24 ELISA kit (PerkinElmer). The

virus suspensions were then either stored at −80˚C or used immediately to infect THP1 cells in

combination with 8 μg/ml polybrene by spinoculation at 1,000 x g and 25˚C for 2 h, as

described earlier [125]. Virus-transduced THP1 cells were cultured after selection with puro-

mycin (0.5 μg/ml; Gibco). Lentiviral transduction of primary MDMs was performed in 24-well

plates by overnight incubation of viral suspensions in Dutch-modified RPMI-1640 culture

medium with Polybrene (Sigma) in a final concentration of 8 μg/ml.

Transfections

The Lipofectamine RNAiMAX reagent protocol (Thermo Fisher) was used to transfect cells

with siRNA. Briefly, 0.75 × 106 THP1 cells (50%-confluent) were transfected with the com-

plexes containing 10 nM siRNA and 6 μl Lipofectamine RNAiMAX in 150 μl of Opti-MEM

medium. The cells were incubated with siRNA–lipid complexes for 4 h, after which the mix-

ture was aspirated and replaced with 1 ml of complete culture medium. Poly(I:C) (1 μg) was

transfected into the cells with 6 μl Lipofectamine 3000 (Thermo Fisher) in 150 μl of Opti-

MEM medium, according to the manufacturer protocol. Subsequent steps were the same as

described above. For the transfections with the DOTAP Liposomal Transfection Reagent

(Roche), 1 μg poly(I:C) was mixed with 8 μl of HBS buffer (20 mM HEPES, cell culture grade,

150 mM NaCl, pH 7.4) and 6 μl of DOTAP in 12 μl of HBS buffer. The cells were mixed with

transfection complex in 0.3 ml of Opti-MEM medium, incubated for 4 h at 37˚C and then cul-

tured in the regular media for 48 h.

Gamma irradiation

The irradiation experiments were performed in a 137Cs irradiator (JL Shepherd Associates, San

Fernando, CA, USA) at ambient temperature (22–25˚C) and atmosphere. The dose rate during

all experiments was approximately 34 Gy/h; however, the exact irradiation time was calculated

on the day of each experiment.

Flow cytometry

For the surface staining, THP1 cells were washed with HBSS buffer (Gibco) supplemented

with 2% FBS and blocked with human FcR blocking reagent (Miltenyi Biotec) according to

manufacturer’s instruction. Then, the cells were incubated for 30 min on ice with optimal con-

centration of one of the following anti-human antibodies in HBSS+2% FBS buffer: HLA-DR-

PECy5 (LN3), CD163-PE(eBioGHI/61), CD80-FITC (2D10.4) (Thermo Fisher Scientific),

CD207-PECy7 (15–2) (BioLegend) or CD11b-APC (D12) (BD Biosciences). For MitoSox Red
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live-cell staining, the DPBS-washed THP1 cells were stained with 5μM MitoSox Red (Thermo

Fisher Scientific) in DPBS for 15 min at 37˚C and 5% CO2. To perform staining, the cell pellets

were resuspended in 1 μM DAPI solution in HBSS+2% FBS after triple wash, filtered through

nylon mesh and analyzed using LSRII Flow cytometer (BD Biosciences). Data analysis was per-

formed with the BD FACSDiva or FlowJo software. Doublets (on FSC-H vs FSC-A dot plot),

cell debris (gated out on side vs forward scatter dot plot) and dead (DAPIhigh) cells were

excluded from analysis. Fluorescent-activated cell sorting was performed on FACSAria Fusion

Cell Sorter (100μm nozzle configuration). Post-sort cell purity exceeded 99%. Histogram data

represent percent of positively stained single viable cells over background.

Imaging flow cytometry

For the imaging flow cytometry, washed as described above THP1 cells were incubated with

30 μM DNA-intercalating membrane permeable dye DRAQ5 (Thermo Fisher Scientific) in

DPBS solution for 20 min at room temperature and then analyzed using MARKII Image-

Stream Imaging Cytometer. Data were acquired using INSPIRE Software at 60x magnification.

The IDEAS software version 6.2 was used for data analysis. The number of granules was deter-

mined by utilizing the spot counting feature in IDEAS. Focused, single cells containing DNA

dye were selected for the spot counting.

RNA isolation, reverse transcription and quantitative PCR (RT-qPCR)

analysis

Total RNA was extracted from cells or precipitated immune complexes using Trizol Reagent

(Thermo Fisher Scientific) via the addition of a minimum of nine volumes of the reagent to

the washed cell pellets or IP complexes, resuspended in DPBS or to the adherent cells washed

directly in the wells of tissue culture plates. Total RNA was then isolated according to manu-

facturer protocol, precipitated with isopropanol and 20 μg of glycogen (Roche) and washed

with 75% ethanol. The RNA pellets were air dried, reconstituted in water and then treated

with DNase I RNase-free (Invitrogen), 1U per 1 μg DNA, for 20 minutes at 37˚C in the pres-

ence of 5mM MgCl2 and RNAse Inhibitor. Total RNA was re-purified using Trizol reagent or

RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. After resuspending in

RNase-free water, a 500-to-2,000 ng of total RNA was used to generate cDNA with the High

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific), 10U of RNase Inhibitor

(Applied Biosystems) and either oligo-dT-primer or one of the reverse transcription primers

indicated in Table 2, following the manufacturer protocol. The RT reaction was performed

with and without reverse transcriptase in the reaction mixture to ensure genomic DNA

removal for qPCR analysis. Quantitative real-time PCR was performed with 2 μl of minimum

2-fold diluted RT reaction mixtures, the SsoAdvanced Universal SYBR Green Supermix (Bio-

Rad) and the primers specific for particular genes Table 2). The optimal PCR program was as

follows: 95˚C for 3 min; then 95˚C for 10 sec, 60˚C for 40 sec and ran 41 cycle for both the

tested and reference genes. Real-time PCR reactions were carried out at least in triplicate. Rela-

tive gene expression was determined by the ΔΔCt ratio method using BioRad CFX Manager 3.1

software. The fold gene expression in all experiments was calculated in relation to β-actin as a

reference gene. The PCR efficiencies for the primer sets were estimated to be 100 ± 10% by

titration analysis [126].

Pathway-focused gene expression analysis using PCR array

RNA was isolated from the cells as described above, treated with DNAse I, re-purified using

RNeasy Mini Kit (Qiagen) and subjected to reverse transcription reaction with random
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hexamer primers as described above. Real-time PCR was performed in 96-well plates from

RT2 Profiler PCR Array Human Type I Interferon response kit (Qiagen) with 1 μl of cDNA

equivalent to 50 ng RNA for each reaction and SsoAdvanced Universal SYBR Green Supermix

(Bio-Rad) according to the manufacturer protocol (Qiagen). Relative gene expression against

the β-actin housekeeping gene was determined by the ΔΔCt ratio method and presented on vol-

cano plots.

Total RNA transcriptome profiling by next-generation sequencing

Total RNA was extracted from non-irradiated or 5 Gy irradiated THP1 cells (three biological

replicates of each sample) or primary human MDMs (from four healthy donors) as described

above. After DNase I treatment, RNA was re-purified using RNeasy Plus Mini Kit (Qiagen)

following manufacturer instruction. The total RNA integrity was assessed using automated

capillary electrophoresis with a Fragment Analyzer (Agilent). For all samples with an RQI>

8.0, a total of>75 ng RNA was used as input for library preparation using the TruSeq Stranded

Total RNA Library Preparation Kit (Illumina, San Diego, CA). The sequencing libraries were

quantified by quantitative PCR using a KAPA Library Quantification Kit for NGS (Kapa Bio-

systems) on a Roche Light Cycler 480 Instrument II and the size distribution was assessed with

a Fragment Analyzer. The sequencing libraries were pooled and sequenced on a NextSeq 500

Desktop Sequencer (Illumina) using a NextSeq 500 High Output Kit v2 with paired-end reads

of 75 bp in length. The raw sequencing data were demuxed using bcl2fastq2 conversion soft-

ware 2.20 (Illumina).

Sequence mapping and feature enumeration

Raw sequence reads were quality inspected via FastQC (http://www.bioinformatics.babraham.

ac.uk/projects/fastqc/) then adaptor clipped (TruSeq3-PE-2.fa:2:30:10) and quality trimmed

(HEADCROP:13 SLIDINGWINDOW:4:20 MINLEN:15) using Trimmomatic (http://www.

usadellab.org/cms/?page=trimmomatic). Reference mapping was performed using surviving

read pairs against GRCh38.98 (—sjdbOverhang 74 -winAnchorMultimapNmax 100—outFil-

terMultimapNmax 100—outSAMtype BAM SortedByCoordinate) using STAR (https://github.

com/alexdobin/STAR). After, mapping files were indexed using samtools (http://samtools.

sourceforge.net/) and the number of counts per known annotated gene (ftp://ftp.ensembl.org/

pub/release-99/gtf/homo_sapiens/Homo_sapiens.GRCh38.99.gtf.gz) and annotated transpos-

able element (http://labshare.cshl.edu/shares/mhammelllab/www-data/TEtranscripts/TE_

GTF/GRCh38_rmsk_TE.gtf.gz) were enumerated (—sortByPos—format BAM—stranded

reverse—mode multi) using the TEcount tool (https://pypi.org/project/TEtranscripts/). All

commercial software tools used in this study are indicated in Table 2.

Transcriptome analysis

Enumerated counts for known annotated genes and known annotated transposable elements

were organized across samples in matrix form then imported into R (https://cran.r-project.

org/). In R, counts were corrected using the counts per million procedure (cpm), pedestalled

by 2, Log2 transformed, and then quantile normalized. Quality of the normalized data was

challenged with no outliers detected via Tukey box plot, Pearson correlation heat map, and

covariance-based Principal Component Analysis (PCA) scatterplot. Lowess modelling of the

normalized data by sample type (Coefficient of Variation ~ Mean) was then performed and

the fits over plotted for inspection. The lowest mean expression value across the fits at which

the linear relationship with Coefficient of Variation was grossly lost was defined as the noise

threshold for the data. Annotated genes and elements not having a value greater than this
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threshold for at least one sample were discarded as noise-biased. Surviving genes and/or ele-

ments having a value less than the threshold were floored to equal the threshold and tested for

differences across sample types using the one factor Analysis of Variance (ANOVA) test under

Benjamini Hochberg (BH) False Discovery Rate (FDR) Multiple Comparison Correction

(MCC) condition. Annotated genes and/or elements having a corrected p-value < 0.05 by this

test were further post hoc tested using Tukey’s Honest Significant Difference (TukeyHSD)

method. Genes and/or elements having a p-value < 0.05 by this test for a specific comparison

of sample types that also have a linear fold difference of means > = 1.5X were deemed to be

those having differential expression between the two sample types respectively. Final summari-

zation of sample type relationships using the union set of differentially expressed genes and/or

elements was accomplished via clustered heatmap using the heatmap.2 function.

Multiplex cytokine/chemokine immunoassay

Magnetic beads-based BioPlex Multiplex immunoassays (Bio-Rad) for human chemokine and

cytokine detection were performed with THP1 and MDMs filtered culture supernatants

according to manufacturer instructions. Protein concentrations were determined using serial

dilutions of protein standards. Data were acquired on Bio-Plex 200 (Bio-Rad) instrument and

analyzed by Bio-Plex Manager v.6 Software.

Detection of NF-κB-activation and IFN-I induction using THP1-dual cells

Reporter THP1-Dual and THP1-Dual KO-IFNAR2 cells (InvivoGen) were cultured in 96-well

tissue culture plates (0.1x106 cells per 100 μl per well) in Test-RPMI-1640 medium (without

Normocin) for 24 h. Then the equal volumes of culture supernatants from irradiated or poly(I:

C)transfected THP1 cells (48 h post-exposure/transfection) were added into each well. The

cells were incubated for 18 h, then the culture supernatants were harvested and subjected to

analysis of SEAP (NF-κB-activated expression) and luciferase activity (IFNAR signaling)

according to the manufacturer protocol.

Pull-down assay

Cell pellets were washed with DPBS and then divided to two equal parts, one for IP and post-

IP Western Blots and another for IP and following RNA analysis (RIP). In the samples for RIP

the protein-RNA complexes were double crosslinked: with 2mM disuccinimidyl glutarate

(Thermo Fisher Scientific) in DPBS for 30 min at RT with rotation, and following a wash with

DPBS, crosslinked with 4% buffered paraformaldehyde (FD NeuroTechnologies) for 20 min at

room temperature. After addition of Tris-HCl buffer pH 8.0 to 20mM final concentration and

washing with DPBS, the cell pellets were lysed in cold IP Lysis/Wash buffer from Pierce Classic

magnetic IP/co-IP kit supplemented with 1x Halt Protease Inhibitors and 0.15U/μl RNase

inhibitor (all from Thermo Fisher Scientific). Magnetic beads were pre-blocked with 1mg/mL

salmon testes DNA (Millipore Sigma) and 10mg/mL of BSA in Pierce IP lysis/ wash buffer for

2h at RT. A 500-μg aliquot of total protein was taken for each IP reaction, whereas 1/10 of total

normalized protein extracts was taken for Western Blot control with β-actin antibody and for

input control. Preparation of immune complexes, immunoprecipitation and low-pH elution

was performed according to manufacturer‘s protocol.

For dsRNA IP, total RNA from 5 Gy-irradiated (48h) and control THP1 cells was isolated

using Trizol, treated with DNAse I and re-purified with RNeasy columns (Qiagen). A 100-ng

aliquot (0.1% of total RNA) was used for RT-qPCR reaction as input control. DsRNA was

immunoprecipitated from 100 μg of purified RNA samples by overnight incubation with anti-

dsRNA antibodies rJ2 (1:20) and 9D5 (1:10) (both from Millipore Sigma) at 4˚C in 50 mM
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Tris-HCl buffer, pH 7.5 containing 40U/reaction of RNAse-OUT (Thermo Scientific). Protein

A/G magnetic beads from Pierce Classic Magnetic IP/Co-IP kit (Thermo Scientific) were pre-

blocked with 10 mg/ml of BSA in IP wash/lysis buffer for 2h at room temperature with rota-

tion, washed, and then incubated with 500 μl of RNA/anti-dsRNA antibody mixtures in IP

wash/lysis buffer for 2 h at 4˚C with rotating. Then the beads were magnetically separated,

washed 3 times with cold IP lysis/wash buffer and finally with 500 μl of cold ddH2O and trans-

ferred into Trizol reagent containing 20 μg/ml glycogen. Purified RNA from RIP complexes

was reverse transcribed and analyzed by qPCR. Bound/input RNA ratio for each sample was

calculated.

SDS-PAGE and immunoblotting

Whole-cell extracts in RIPA buffer or Pierce IP Lysis/Wash buffer with 1x Halt protease inhibi-

tor cocktail (Thermo Fisher Scientific) and phosphatase inhibitors (for phospho-proteins)

were normalized by the total protein count using the Pierce BCA Protein Assay (Thermo

Fisher Scientific). Normalized cell extracts were resuspended in Laemmli buffer (Bio-Rad)

heated at 70˚C for 10 min (for TLRs) or at 95˚C for 5 min (for all other proteins) and spun

down at 15,000 x g for 1 min. Equal amounts of protein (20–40 μg) were loaded onto 4–20%

Tris-Glycine-SDS gels. Immunocomplexes eluted from magnetic beads in the pull-down assay

were resuspended 4:1 in Lane Marker sample buffer (Thermo Fisher Scientific) containing 50

nM DTT and incubated for 10 min at room temperature before loading onto the gel. Proteins

were transferred onto a PVDF membrane or 0.45-nm nitrocellulose membrane (for IP com-

plexes) at 15 mA and 4˚C overnight. Gels were stained with Coomassie Brilliant Blue (Bio-

Rad). Membranes were blocked with TBS containing 0.1% Tween-20 and 5% dry milk or 5%

BSA and incubated overnight at 4˚C with the appropriate primary antibody. Membranes were

then washed 5 times, incubated with the respective HRP-conjugated secondary antibody (Cell

Signaling), and after washes, with Clarity chemiluminescence (ECL) reagent (Bio-Rad). Images

were obtained in ChemiDoc MP Imaging System and analyzed by ImageLab software (Bio-

Rad).

Proximity ligation assay (PLA)

The proximity-dependent assay was performed according to the Duolink PLA protocol modi-

fied by Zhang and colleagues [102] for RNA-protein binding detection. Oligonucleotide

probes for sense RNA binding were designed as described in [102]. The 5’ terminal part of the

probe complementary to RNA of interest was designed using online FISH probe design tool

(http://prober.cshl.edu/). In the negative control probe, this region comprised M13 DNA

sequence. The RNA–PLA Plus-oligonucleotide probes targeting HML-2 env RNA were pur-

chased from IDT DNA Technologies. The cells for PLA were prepared according to described

method [102] with minor modifications. Briefly, the cells on Poly-L-lysine covered glass cover-

slips were washed three times with DPBS, fixed for 20 min at room temperature with Fixation

buffer (BioLegend), treated with Permeabilization buffer (eBioscience) for 1 h and washed

three times with DPBS. The cells were blocked with blocking buffer (10 mM Tris-acetate, pH

7.5, 10 mM magnesium acetate, 50 mM potassium acetate, 250 mM sodium chloride, 0.25 μg/

μL BSA, and 0.05% Tween 20) in the presence of 20 μg/mL salmon testes DNA (Millipore

Sigma) at 4˚C for 1 h. A 100-nM oligonucleotide probe specific for sense HML-2 env RNA was

added to fresh blocking buffer, heated at 70˚C for 3 min, and incubated with cell samples at

4˚C overnight. After three washes with DPBS, the cells were blocked in DPBS buffer contain-

ing 0.1% Tween 20, 1% BSA and 20 μg/ml salmon sperm DNA for 1 h at room temperature,

followed by washing and 1-h incubation at ~20˚C in Fc receptors blocking buffer (Miltenyi
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Biotec). After placing into 2X SSC buffer supplemented with 0.1% Tween 20 and wash with

DPBS, the cells were incubated with the primary anti-MDA-5 mouse monoclonal antibody

(Cell Signaling) and incubated in the Duolink Antibody Diluent (1:5,000) overnight at 4˚C.

The Duolink in situ PLA anti-rabbit minus probe (Millipore Sigma) was diluted according to

manufacturer’s instructions in the same diluent and applied to the samples after three 5-min

washes in Wash Buffer A from Duolink in situ Red Mouse/Rabbit kit (Millipore Sigma). Sam-

ples were then incubated for 1 h at 37˚C. The following ligation, amplification and wash steps

were performed according to the manufacturer’s protocol (Millipore Sigma). After a final

wash, the samples were mounted onto glass slides with Duolink In Situ Mounting Medium

containing DAPI (Millipore Sigma) and visualized on Axio Imager M2 fluorescent microscope

(Zeiss).

Immunocytochemistry and imaging

For vital plasma membrane staining, the irradiated and control THP1 cells cultured in 24-well

plates were incubated in 1 ml of RPMI-1640 complete culture medium containing 5 μl of Cell-

Brite Green reagent (Biotium) for 30 min at 37˚C and 5% CO2. After triplicate wash with

DPBS, the cells were fixed with Fixation buffer (BioLegend) for 10 min at room temperature,

washed twice with DPBS, placed in DRAQ5 (30 μM)-containing DPBS solution for nuclei

staining for 20 min and then imaged. F-Actin staining with Rhodamine Phalloidin reagent

(Thermo Fisher Scientific) was performed by incubation of the cells, fixed for 10 min at room

temperature in Fixation Buffer (BioLegend) and permeabilized in 0.1% Triton X-100 in DPBS

for 3 min, with 6.6 μM rhodamine phalloidin solution in DPBS for 20 min at room tempera-

ture. After washing, the cells were placed in DAPI containing DPBS and imaged. The images

were captured by Leica AF 6000 fluorescent microscope equipped with Dfc 365 Fx camera.

Quantification and statistical analysis

The details of the statistical analysis of experiments, including used statistical tests and number

of replicates are provided in the figure legends. Statistical measurements and plotting were per-

formed using OriginPro 2019 (OriginLab). All values in this study represent means of at least

three biological replicates ±SD. Two-tailed paired t tests and two-way ANOVA were used to

compare differences between two groups and multiple groups, respectively. For the datasets

with a minimum of five biological replicates and heterogeneity of variance, a Wilcoxon signed

rank test was performed for paired observations and a Mann-Whitney test for unpaired obser-

vations. Real-time PCR data were quantified and analyzed using Bio-Rad CFX Manager 3.1.

Supporting information

S1 Fig. Evaluation of reference housekeeping genes for analysis of expression of macro-

phage activation markers (A and B); Increased expression of macrophage activation mark-

ers in the radiation-exposed THP1 cells (C-F). (A and B) RNA expression of three

housekeeping genes in primary MDMs (A) and four genes in THP1 “monocytes” (B) at 48 h

after exposure to 5 Gy γIR dose was assessed by RT-qPCR. Values are given as cycle threshold

numbers (Cq). The boxes represent the lower and upper quartiles with lines in between repre-

senting medians; whiskers represent the range of data from three technical triplicates from

minimum six biological replicates. The mean values are shown in panels; NS—p>0.05, paired

Wilcoxon test. (C-E) Proportion of THP1 cells presenting inflammation surface markers

CD80+ (C), CD86+ (D), HLA-DR+ (E) and anti-inflammatory marker CD206 (F) in popula-

tions of non-irradiated (0 Gy) and irradiated (5 Gy) cells detected by flow cytometry measure-

ment of median fluorescence intensity (MFI) of viable (DAPI-) cells, 72h after γIR (graphs
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show representatives of 3 independent experiments).

(TIF)

S2 Fig. Radiation-exposed monocytes THP1 obtain macrophage-like morphology. (A)

Vital staining of THP1 cells with CellBrite cytoplasmic membrane dye (green) and nuclei-spe-

cific dye Draq5 (orange) to visualize size of the cytoplasm and nuclei in the control non-irradi-

ated and 5Gy γIR exposed cells. Scale bars: 75 μm. (B) Images of irradiated or control human

monocytes THP1 stained with Draq5 (nuclei), captured by imaging flow cytometry. (C) Quan-

titation of the effect of 5Gy γIR dose on the abundance of cytoplasmic granules in viable THP1

cells by imaging flow cytometry. Representative histograms from three biological samples are

shown. (D) Quantitation of cytoplasmic granules in viable THP1 cells by imaging flow cytom-

etry (Draq5 staining of nuclei). Error bars indicate ±SD of three independent biological repli-

cates; � p<0.05, �� p<0.01, NS non-significant.

(TIF)

S3 Fig. Radiation-exposed THP1 cells display increased expression of macrophage adhe-

sion marker Integrin β1. Integrin β1+ cells in populations of non-irradiated, irradiated, PMA

and poly(I:C)-treated THP1 detected by flow cytometry of viable (DAPI-) cells, 72h after γIR:

left panel shows ratio of integrin β1+ cells in the samples of unexposed and 5Gy dose exposed

cells; the right panel shows quantitation data of integrin β1+ cells in indicated THP1 samples

(flow cytometry data of viable, DAPI-negative cells were analyzed, a representative graph of

three independent measurements).

(TIF)

S4 Fig. Exposure to gamma radiation activates expression of interferon-stimulated genes

and partially affects ssRNA cytoplasmic sensors. (A) Effect of dsRNA on IFNβ expression in

THP1 cells, measured by RT-qPCR at 24 h after treatment. Cells were treated with poly(I:C)

with or without indicated transfection reagents. Analysis of RNA abundance by RT-qPCR

without reverse transcriptase reaction is shown (light-blue columns). Error bars: ±SD of 5

independent biological replicates; � p<0.05, paired Wilcoxon test. (B) Heatmap depicting

expression of interferon-stimulated genes (ISG) shown in Fig 3E in THP1 cells exposed to a 5

Gy γIR dose vs. non-irradiated cells, measured by PCR array of total cellular RNA samples,

48h after γIR exposure: rows: ISG codes; columns: samples. Color codes are shown on the left

panel. (C) Scatter plot showing ISG expression in irradiated vs. control MDMs, measured by

PCR array of total cellular RNA samples, 48h post-irradiation. Red dots indicate twofold

increase in gene expression in irradiated cells vs non-irradiated cells. (D) Western blot of cyto-

plasmic ssRNA sensors TLR7 and TLR8 (40 μg of total protein) in THP1 cells, 48h after expo-

sure to indicated doses of γIR; β actin antibody served as a reference standard.

(TIF)

S5 Fig. Gamma radiation activates HERV transcription in a dose-dependent manner. (A)

Covariance-based clustered heatmap using the unique union set of 955 differentially expressed

retroelements and ERVs identified by analysis of RNA-seq data across non-irradiated and irra-

diated THP1 (s1-s3) and MDMs (d1-d4), 48h after exposure. (B) Expression of different

HERVs, identified activated in association with cancer, neurodegenerative diseases or in

human embryonic cells upon differentiation [40, 42, 86–88], in THP1 cells, 48h post-irradia-

tion. Total RNA was quantified by RT-qPCR with primers specific for 43 HERVs. Error bars:

±SD of three independent biological replicates; elements, significantly responding to γIR are

indicated by red symbols. (C and D) Effect of gamma radiation doses on the transcription of

HERVK HML-2 env (C) and 5’LTR (D) in THP1 cells, 48h after exposure to indicated doses

of γIR, measured by RT-qPCR. The fold gene expression (ΔΔCt) was calculated in relation to
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β actin as a reference gene. Error bars indicate ±SD of three independent biological replicates.

(E) Time course of HML-2 env expression in THP1 cells exposed to indicated doses of γIR and

measured by RT-qPCR at shown time-points. B-spline curves were plotted based on the values

of fold gene expression for each time point calculated as ΔΔCt relative to β-actin. Error bars:

±SD of four independent biological replicates. (F) Relative count of antisense RNA, measured

by RT-qPCR, of differentially expressed HERVK (sense RNA count shown in Fig 4C) in THP1

cells, 48h post-irradiation. Error bars: ±SD of three independent biological replicates. (G)

Gamma radiation activates antisense transcription of HERVK HML-2 earlier than the sense

transcription: relative RNA count, measured by RT-qPCR, of HML-2 sense and antisense env
transcripts, 24 and 48h after irradiation of THP1 cells. In all panels, � p<0.05, �� p<0.01, NS

non significant.

(TIF)

S6 Fig. shRNA-induced HERVK HML-2 env knockdown changes expression of multiple

HERV subgroups and results in reduced expression of interferon-stimulated genes. (A)

Relative count of HERVK HML-2 env RNA in THP1 cells infected with lentivial vector

pLKO.1 puro expressing indicated shRNA, selected with 0.5 μg/ml puromycin. RNA was iso-

lated and relative env RNA abundance was measured by RT-qPCR. The fold change RNA

count (ΔΔCt) was calculated in relation to β actin reference gene. Error bars indicate ±SD of

three independent biological replicates. (B) Transcription, measured by RT-qPCR, of ran-

domly selected differentially expressed HERVK proviruses, identified by transcriptomic analy-

sis, in THP1 cells expressing control (grey) or shRNA-Env (red), 48h post-irradiation. In

panels A and B, error bars: ±SD of three independent biological replicates; � p<0.05, ��

p<0.01, two-tailed paired t test. (C) Ratio of HML-2 RNA bound to anti-dsRNA antibodies to

RNA input. RT-qPCR of RNA IP complexes with rJ2 and 9D5 antibodies, 48h post-irradiation.

Error bars: ±SD of five independent biological replicates; � p<0.05, paired Wilcoxon test. (D)

Heatmap depicting expression of interferon-stimulated genes (ISG) shown on Fig 5E in THP1

cells exposed to 5Gy γIR, 48h post-exposure: cells expressing shRNA-Env vs control shRNA,

measured by PCR array of total cellular RNA samples. Rows: ISG codes; columns: samples.

Color codes are shown on the left panel.

(TIF)

S1 Table. Differentially transcribed retroelements. (A) Differentially transcribed retroele-

ments in THP1 monocytes: 5Gy vs 0Gy; (B) Differentially transcribed retroelements in pri-

mary human MDM: 5Gy vs 0Gy; (C) Differentially transcribed retroelements: Common in

THP1 & MDM: 5Gy vs 0Gy; (D) Differentially transcribed HERVK in THP1 monocytes: 5Gy

vs 0Gy; (E) Differentially transcribed HERVK in primary human MDM: 5Gy vs 0Gy.

(XLSX)

S2 Table. Regions in human genome complementary to HERVK HML-2 env shRNAs with

or without one mismatch. (A) Complementary regions to shRNA-Env1; (B) Complementary

regions to shRNA-Env1070.

(XLSX)
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