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ABSTRACT Human endogenous retroviruses (HERVs) and mammalian apparent
long terminal repeat (LTR) retrotransposons (MaLRs) are retroviral sequences that in-
tegrated into germ line cells millions of years ago. Transcripts of these LTR retro-
transposons are present in several tissues, and their expression is modulated in
pathological conditions, although their function remains often far from being under-
stood. Here, we focused on the HERV/MaLR expression and modulation in a scenario
of immune system activation. We used a public data set of human peripheral blood
mononuclear cells (PBMCs) RNA-Seq from 15 healthy participants to a clinical trial
before and after exposure to lipopolysaccharide (LPS), for which we established an
RNA-Seq workflow for the identification of expressed and modulated cellular genes
and LTR retrotransposon elements.

IMPORTANCE We described the HERV and MaLR transcriptome in PBMCs, finding
that about 8.4% of the LTR retrotransposon loci were expressed and identifying the
betaretrovirus-like HERVs as those with the highest percentage of expressed loci. We
found 4,607 HERV and MalLR loci that were modulated as a result of in vivo stimula-
tion with LPS. The HERV-H group showed the highest number of differentially ex-
pressed most intact proviruses. We characterized the HERV and MaLR loci as differ-
entially expressed, checking their genomic context of insertion and observing a
general colocalization with genes that are involved and modulated in the immune

response, as a consequence of LPS stimulation. The analyses of HERV and MaLR ex- Citation Pisano MP, Tabone O, Bodinier M,
Grandi N, Textoris J, Mallet F, Tramontano E.

pression and modulation show that these LTR retrotransposons are expressed in PB- ) i

o . . . 2020. RNA-Seq transcriptome analysis reveals
MCs and regulated in inflammatory settings. The similar regulation of HERVs/MaLRs long terminal repeat retrotransposon
and genes after LPS stimulation suggests possible interactions of LTR retrotrans- modulation in human peripheral blood

mononuclear cells after in vivo

posons and the immune host response. lipopolysaccharide injection. J Virol

KEYWORDS HERV, MaLR, PBMCs, LPS, immunity, RNA-Seq, human 94:200587-20. https://doi.org/10.1128/1VI
00587-20.
Editor Viviana Simon, Icahn School of
large proportion of the human genome consists of repeated elements, including Medicine at Mount Sinai

Copyright © 2020 American Society for

human endogenous retroviruses (HERVs) and mammalian apparent long terminal AL :
Microbiology. All Rights Reserved.

repeat (LTR) retrotransposons (MaLRs) (1). These elements are remnants of ancestral Address correspondence to Enzo Tramontano,

and independent infections within the germ line cells that took place millions of years tramon@unicait,

ago (2). At the time of integration, the HERV genome was composed of four retroviral Received 1 April 2020

genes (gag, pro, pol, and env) flanked by two LTRs. The genomic structure of MaLRs, Accepted 7.July 2020

being more ancient retroviral elements, is similar but characterized by the absence of ggzcgpte" pengseiteostedieninel bR
the env gene (3, 4). Over time, most of these elements have accumulated abundant Published 15 September 2020

mutations, often compromising their coding capability. A great number of HERV

October 2020 Volume 94 Issue 19 e00587-20 Journal of Virology jviasm.org 1


https://orcid.org/0000-0002-4849-0980
https://doi.org/10.1128/JVI.00587-20
https://doi.org/10.1128/JVI.00587-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:tramon@unica.it
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00587-20&domain=pdf&date_stamp=2020-7-15
https://jvi.asm.org

Pisano et al.

insertions are now present as solitary LTRs, generated by recombination occurrences (2,
4), as clearly observable when comparing human LTR retrotransposons integrations
with their orthologs in other primates (5, 6). The potential involvement of these
elements in human biology has been investigated in several studies (7) which have
shown the presence of few preserved retroviral open reading frames expressed in
human tissues (8-10), including Syncytin-1, a functional HERV-W envelope protein that
is involved in the trophoblastic cells fusion during placenta development (11, 12).
Another important function of HERV and MaLR insertions is linked to species’ evolu-
tionary development. For example, data suggest that the high density of HERV inte-
grations had a role in promoting and maintaining the diversity of multigenic regions,
as in the case of human major histocompatibility complex (13-15). Furthermore, the
promoters, enhancers, and polyadenylation signals within the LTR sequence allow the
proviral and solitary LTRs to play a role in the expression of certain host genes (16).
More specifically, the integration of newly provided LTR regulatory signals in proximity
of the ends of a host gene can result in the modulation of its expression (16), while the
presence of viral promoters or polyadenylation signals near the gene or within its
introns can lead to altered RNA splicing (16-19). In this respect, the HERV and MaLR
contribution in shaping and influencing the human innate immunity is a topic of
particular interest (20). Indeed, in some cases, LTR retrotransposon derived antigens
could be recognized as pathogen-associated molecular patterns by pattern recognition
receptors (PRRs), such as transmembrane Toll-like receptor proteins (21, 22). In these
cases, the activation of PRRs evokes complex cellular signaling pathways altering gene
expression to transduce proinflammatory signals (20). Even though, on the one hand,
it has been hypothesized that these interactions with PRRs contribute positively in
shaping the evolution of the immune response (21, 23), on the other hand, the same
mechanisms have been investigated for their possible contribution to the development
of autoimmunity and inflammatory diseases (9, 24-26), such as multiple sclerosis (27,
28). Accordingly, the activation of the immune response through treatments with LPS
or tumor necrosis factor alpha (TNF-a) can lead to an increase in HERV and MalLR
expression (29, 30). For instance, a recent microarray-based study revealed the in vitro
modulation of HERV/MaLR expression in peripheral blood mononuclear cells (PBMCs)
after high- and low-dose LPS and gamma interferon (IFN-+y) stimulation (29). A similar
approach demonstrated HERV/MaLR in vivo modulation in samples of blood in various
contexts of injuries, also introducing a possible role of HERVs/MaLRs close to immunity-
related genes in the regulation of their expression (31). In any case, many questions
regarding the actual role of HERV and MaLR expression in immunity are still unan-
swered, and, in this respect, the characterization of individual LTR retrotransposons’
genomic localization and coding capacity could help us to understand their potential
effects (32). To identify possible interactions between LTR retrotransposons and the
immune host response, we describe here the HERV and MalLR transcriptome in PBMC
samples from patients stimulated in vivo with LPS. Indeed, this experimental design
mimicked a Gram-negative induced inflammation. We focused our attention on the
identification of HERV/MaLR loci that are expressed and modulated after stimulation
with LPS. In addition, we checked for similar regulation of HERV/MalLR and gene
expression.

RESULTS

Description of the LTR retrotransposon transcriptome in PBMCs. To detect the
HERV/MaLR transcriptome in PBMCs, we defined an RNA-Seq pipeline to be used on a
public RNA-Seq data set (GEO GSE87290) that included the PBMC transcriptome of 15
healthy volunteers before and 2 h after in vivo stimulation with 1 ng/kg LPS. The results
showed that we were able to discriminate a total of 424,515 loci included in the
hervgdb4 database, comprising 197,341 HERV loci and 227,174 MaLR loci (33). Of note,
since the hervgdb4 database has been created as part of the design of Affymetrix
HERV-V3 array probes (33), the HERV and MalLR loci are included in the database as
881,603 hervgdb4 fragments (single genes or functional portion of LTRs) belonging to

October 2020 Volume 94 Issue 19 e00587-20

Journal of Virology

jviasm.org 2


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87290
https://jvi.asm.org

LTR Retrotransposon Modulation after LPS Injection

Mapping to the genome hg38 _ Quality P ! RNA-seq public dataset \i
(HISAT2) control i (GEO:GSE87290) |
3 15 not stimulated samples %’ 15 stimulated samples
........ \/ E——— %
I N .
! BAMfiles | 42 1ng/kg LPS
% ' X
Counting reads mapped within . _____ i hervgdb4 i
LTR-retrotransposon and gene : J
annotations I \
(htseq-count) S i gencode.v27 |
i' hervgdb4 fragment and \i
i gene filtering ,i
v
Differential Expression rlog normalization
TPM values
b
hervgdb4 database
881,603 hervgdb4
e 424,515
* Proto s
(well-annotated) 2 hervgdb4 loci
¢ Dfam HERVs
e Dfam MalLR
Expressed elements hervgdb4 fragments hervgdb4 loci HERV proviruses
HERV 31751 18633 676
MalLR 28762 17053 NA
tot 60513 35686 676

FIG 1 Experimental design of differential expression analysis. (@) RNA-Seq workflow for the identification of
modulated HERVs and MalRs. The input files used are given in blue boxes. (b) Scheme showing the composition
of the hervgdb4 database. The amounts of expressed hervgdb4 fragments and loci were obtained by filtering the
raw counts and are summarized in the table at the bottom of the figure. The coordinates of the expressed ReTe
most-intact proviruses were obtained by using the findOverlaps function from package Iranges and the coordinates
of the expressed hervgdb4 fragments.

424,515 loci (Fig. 1) (33). Moreover, according to the annotation accuracy of the
fragments and to their source, the loci were part of two different subsets: (i) the highly
informative HERV_prototypes and (ii) the roughly annotated HERV_Dfam and MalLR_
Dfam, both collected from the Dfam database (Fig. 1) (34). Our analysis showed that
18,633 HERV hervgdb4 loci and 17,053 MalLR hervgdb4 loci were expressed in both
stimulated and unstimulated PBMC samples, for a total of 35,686 loci accounting for
~8.4% of the LTR retrotransposons in the human genome (Fig. 1). The majority of the
expressed LTR retrotransposons were part of the roughly annotated HERV_Dfam and
MaLR_Dfam subset, for which no information about the groups was available. Among
the expressed loci included in the well-annotated HERV_prototypes, 2,084 were mem-
bers of the class | gamma/epsilon-like, 527 of the class Il beta-like, and 310 of the class
Il spuma-like (Fig. 2a). When considering only the absolute number of expressed loci,
just ahead form the HERV-H group, the PRIMA41 group was the one most represented.
Instead, when considering the percentage of expressed HERV_prototype loci among
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FIG 2 LTR retrotransposon transcriptome in PBMCs. (a and b) Basal expression of the hervgdb4 loci (a) and of the mostly intact HERV loci
reported in Vargiu et al. (4) (b) in PBMCs. All of the expressed elements are arranged by retroviral classes and groups.

the total members of the same group, the most recently integrated group HERV-
K(HML-2) showed the highest transcriptional activity, with more than 30% of expressed
loci. The HML-10, HML-8, and HML-9 groups were also very active, with a proportion of
25.8, 26.4, and 25% expressed loci, respectively. In general, the class Il beta-like groups
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FIG 3 PCA of samples. PCA was performed on rlog-normalized hervgdb4 fragment expression data. It is possible to see the division between

nonstimulated and stimulated samples according to the PC1.

showed the greatest percentage of overall activation. The proportions of expressed
proviruses compared to solitary LTRs within the |, II, and Il classes were 55, 61, and 64%,
respectively (data not shown).

In order to better define the HERV transcriptome in PBMCs and to assess the link
between transcriptional activity and HERV integrity, we decided to analyze the most
intact proviruses as identified, classified, and characterized by Vargiu et al. (4). These
sequences have been collected after analysis of the human genome assembly GRCh
37/hg19 with the software RetroTector (ReTe), which searched for the presence of
conserved retroviral motif hits and reconstructed from these the coordinates of 3,173
HERVs satisfying distance constraints (4, 35). Using these data sets, we identified 723
expressed ReTe proviruses, finding also in this case a large proportion of expressed
beta-like elements. HML-4 (6 of 12 ReTe proviruses) and HERV-K(HML-2) (43 of 92 ReTe
proviruses) were the most active groups (Fig. 2b). The group with the highest number
of expressed ReTe proviruses was the class | gamma-like HERV-H with 241 active loci,
representing 23% of the whole group.

Distinct transcriptional patterns induced by LPS stimulation. Next, aiming to
assess the variability across the 30 PBMC samples and to detect specific signatures
induced by LPS stimulation, we analyzed the expression data of hervgdb4 fragments
using unsupervised principal component analysis (PCA) (Fig. 3). The first principal
component (PC1) explained the 49% of the variance across samples, and the clustering
was specifically related to the LPS response, showing differences in HERV/MaLR expres-
sion between LPS-stimulated and unstimulated samples. Of note, the LPS-stimulated
samples 7, 9, 14, and 15 clustered together with the unstimulated ones. These data
suggested that the LPS response is the principal determinant defining the HERV/MaLR
expression intersample variability, showing patterns of hervgdb4 fragments’ activation
specific for each of the two conditions. We further investigated the transcriptional
signatures of the samples by performing hierarchical clustering on the 1,000 hervgdb4
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fragments with the highest mean of read counts across samples (Fig. 4a). The results
showed clear differences in the expression of hervgdb4 fragments across samples in
relation to LPS stimulation. However, both PCA and hierarchical clustering analyses
showed that the LTR retrotransposon expression profile of samples 7,9, 14, and 15 after
LPS stimulation was similar to the profiles of the LPS-unstimulated samples. Such
behavior was confirmed by hierarchical clustering performed on the 1,000 human
genes with the highest mean of reads count among samples, in which the same four
samples showed again the typical profiles of the LPS-unstimulated ones (data not
shown). This result suggests the presence of transcriptional differences among samples
depending on interindividual variability to immune response, which in turn affected
both LTR retrotransposon and cellular gene expression. Hence, we tried to obtain more
information on the interpersonal reaction to LPS by investigating the pattern of
expression of a subset of 44 genes that had been previously reported to be a specific
signature of induced cytokine response (36). As shown in the heatmap of sample-to-
sample Euclidean distances, while in the absence of stimulation no evident differences
between samples were found for these 44 genes, after LPS injection, two clusters that
reflected the traits of the inflammatory response were observed, clearly dividing high
responders from low responders (Fig. 4b). Of note, since these 44 genes were shown to
be able of deconvoluting complex responses to immune stimulation, we expected that
the variability between low and high responders would be well defined. Subsequently,
we analyzed the Euclidean sample-to-sample distances as defined by the expression
of all the hervgdb4 fragments (Fig. 4b). Interestingly, as shown for the 44 immunity
genes, also for hervgdb4 fragments no sample clustering was observed in the LPS-
unstimulated sample, whereas in LPS-stimulated samples two clusters were formed,
roughly corresponding to the previously identified low and high responders to immune
stimulation. However, the three low-responder samples clustering with the high-
responder ones did not coincide with the four LPS-stimulated samples that showed a
pattern of hervgdb4 fragment expression similar to the LPS-unstimulated samples in
Fig. 4a, suggesting that factors other than the severity of inflammatory response may
contribute to (rather than interfere with) the interindividual variability for hervgdb4
fragment expression.

Differential LTR retrotransposon expression in PBMCs. Once we determined that
the variability across samples mostly fitted with LPS stimulation, we evaluated the
hervgdb4 fragments for differential expression between the two conditions. After
applying a statistical filter (false discovery rate [FDR] = 0.01 and absolute log,-fold
change values of =1), we identified a total of 6,452 (11% of the total expressed)
differentially expressed hervgdb4 fragments (see Table S1 in the supplemental mate-
rial). We represented all the expressed hervgdb4 fragments in a volcano plot, where
they are indicated as points that spread according to the log,-fold change on the x axes
and to the adjusted P value on the y axes (Fig. 5). It is worth noting that the great
majority of hervgdb4 fragments were upregulated, showing a general trend of LTR
retrotransposon upregulation in PBMCs after LPS stimulation. In fact, among the 6,452
hervgdb4 fragments, 5,383 (83%) were upregulated, while 1,069 (17%) were downregu-
lated after stimulation (Table 1). The mentioned differentially expressed 6,452 hervgdb4
fragments belonged to 4,607 hervgdb4 loci, including 3,688 loci (80%) upregulated and
919 loci (20%) downregulated. We then focused on the mostly intact ReTe HERV
proviruses, observing that 115 of them were differentially expressed (17% of the ReTe
HERV expressed proviruses): 86 were upregulated, while 29 were downregulated. Of the
55 HERV differentially overexpressed groups, 6 included only upregulated proviruses,
13 included both up- and downregulated proviruses and 5 only-downregulated pro-
viruses (Fig. 6). Importantly, we found 23 groups that were constitutively expressed in
PBMCs but were not differentially expressed by the stimulation.

Concordant modulation of LTR retrotransposons and colocalized immunity-
related genes. To gain more insights into the LTR retrotransposon modulation, we
focused on the 15 hervgdb4 fragments with the highest differential expression accord-
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For 15 hervgbd4 fragments with the lowest adjusted P values, the names are indicated.

ing to their adjusted P value (Table 2 and Fig. 5). Importantly, all these 15 highly
modulated hervgdb4 fragments were upregulated after LPS stimulation. We used
transcript-per-million (TPM) normalization to quantify the expression levels of the
fragments before and after the LPS stimulation (Table 2) and, subsequently, we
investigated their context of insertion. Interestingly, we found that, among the 15 most
highly modulated LTR retrotransposons, 10 were neighbor integrations (within a 10-kb
window of distance) of human coding genes. In particular, 6 of them were inside, 3
were downstream, and 1 was upstream of the colocalized gene. We therefore analyzed
the modulation of these human genes, observing that all of them were upregulated as
a consequence of LPS stimulation, as summarized in Fig. 7. The fragment with the
lowest adjusted P value (6.99E-36) was 081524901ERVH5LU3I, at coordinates chr8:
103002077-103002365. This fragment is the U3 region of a 5’'LTR belonging to a HERVH
provirus (chr8:103002064-103004587), and its expression levels were increased from an
average TPM value of 2.4 to an average TPM value of 124.5 after LPS stimulation. It is
worth noting that, even if this LTR sequence is not colocalized with coding genes, it is
integrated into a promoter-flanking region that is affected by copy number variation

FIG 4 Legend (Continued)

signatures induced by LPS. (b) Hierarchical clustering of the Euclidean sample-to-sample distance before (NS samples) and after LPS injection (ST samples).
We searched for difference related to the pattern of expression of the 44 genes that captured the diversity of complex innate immune responses (36) (44
immune genes) and of the hervgdb4 fragments. The distance values are blue scaled, as represented in the color key and histogram legends. The state of
inflammatory response of each sample are indicated in light blue (low responders) and deep blue (high responders). High and low responders showed

different responses to inflammation.
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TABLE 1 LTR retrotransposon modulation?

No. expressed No. modulated
Category Non-DE DE (%)® Upmodulated Downmodulated
hervgdb4 fragments 53,799 6,714 (12) 5,460 1,254
hervgdb4 loci 32,890 2,796 (8) 1,720 1,076
HERV proviruses 614 62 (10) 46 16

aDifferent proportions of up- and downregulated hervgdb4 fragments, hervgdb4 loci, and ReTe proviruses in
PBMCs after in vivo LPS stimulation. DE, differentially expressed.
bProportion of expressed elements that are modulated.

according to ENSEMBL annotations (data not shown), possibly suggesting a potential
transcriptional control role. Also, fragment 081524801-HERV0183cL, part of a solo LTR
(chr8:103001306-103001748) within the same region as 081524901ERVH5LU3I, in-
creased its average TPM value from 2.4 to 74.2. Fragments 021629602-MALR1014uL
and 021629601-MALR1014uL were part of the same solo LTR at coordinates chr2:
113131173-113131620. This solo LTR is integrated within the intron of the interleukin-1
receptor antagonist gene (IL-1RA), which codes for a protein known to have an
anti-inflammatory role (37). Both gene and solo-LTR significantly increased their ex-
pression levels after LPS administration, showing high average TPM values in stimu-
lated samples (Table 2). Similarly, fragments 022246101-HERV0758cL and 022246102-
HERV0758cL, part of the same solo LTR at coordinates chr2:113131173-113131620,
showed a pattern of upregulation comparable with their neighbor gene, namely,
TNF-a-induced protein 6 (TNFAIP6). Thus, in this case, the solo LTR is colocalized with
a gene that is involved in immunity, having a known regulatory function (38). Instead,
fragments 081524501PRM4pol and 081524402-HERV0948cl, which are portions of
the internal regions in proviral loci chr8:102984015-102986529 and chr8:102980120-
102991770, respectively, were found to be intergenic integration. The basal expression
levels of both fragments were 0.1 TMP, increasing to 3.6 and 5.5 TPM, respectively, after
stimulation. Next, we found that fragment 062308001-HERV0741cL, a solo LTR in
chr6:159677828-159678891, is integrated within the intron of the superoxide dismutase
2 gene. Of note, fragments 150538602-MALR1003uL and 150538601-MALR1003uL,
both part of a solo LTR in chr15:63906995-63907370, showed an average TPM increase
from 3.7 and 1.0 to 49.7 and 14.9, respectively, after stimulation and are integrated
within the 3’ untranslated region of the death-associated protein kinase 2 (DAPK2)
gene. Fragment 120084901-HERV0406uL, a solo LTR in locus chr12:8537686-8538696, is
integrated inside the C-type lectin domain family 4 member E (CLEC4E) gene and
increased its average TPM values from 1.0 to 87.2. The fragments 120085903MR52env
(chr12:8566648-8568185), representing an intergenic integration, and 040314601-
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TABLE 2 Top 15 most DE hervgdb4 fragments®

i : : Locus Gene . iy ; Avg TPM  Avg TPM
Name Description Orientation coordinates Host gene coordinates Gene function Position padj log2FC Pre-LPS  Post-LPS
081524901 chr8:103002064-
ERVISLUAI LTR (HERV) NA 103004587 NA NA NA NA 8,26E-21 63 23 99,3
021629602- solo LTR chr2:113131173- chr2:113099365  Interleukin 1 )
MALR1014uL (MALR) ) 113131620 ENSG00000136689 ;33134016 receptor antagonist 519 9,23E:27 72 22 156,7
021629601- solo LTR chr2:113131173- chr2:113099365  Interleukin 1 )
MALR1014uL (MALR) - 113131620 ENSG00000136689 113134016 receptor antagonist  Pside 1,10E-28 7.2 14 99,5
081524801- solo LTR chr8:103001306-
HeRoh (HERY) NA S NA NA NA NA 4,83E-28 59 24 74,2
022246101- solo LTR chr2:151381023- chr2:151357583  TNF alpha induced _— o B .
V0SB HER] + o amon ENSG00000123610 /700 ST Downstream  2,33E-17 6,7 0,1 56
022246102~ solo LTR chr2:151381023- SR . chr2:151357583  TNF alpha induced . o 7
INSG : mstrea 2,01E-1 9
HERV0758cL (HERV) N 151381962 ENSGOD000123610  _yen3g10a5 protein 6 Downstream; 201E:1> %32 00 20
081524501 INTERNAL chr8:102984015-
PRM4pol (HERV) NA T0068¢70 NA NA NA NA 1,76E-14 69 01 3,6
081524402- INTERNAL chr8:102980120-
HERV0948cl (HERV) NA 102991770 NA NA NA NA 348E-14 72 0.1 55
062308001~ solo LTR chr6:159677828- chr6:159679064  Superoxide .
HERV0741cL (HERV) * 159678891 ENSG00000112096 | 5q593934 dismutase 2 insice 6.89E-15 42 05 55
150538602 solo LTR chr15:63906995 R —— chr15:63907036  Death-associatec -
IALR1003u (MALR) 390737( S 64040267 otein kinase e
C-type lectin
120084901~ solo LTR chr12:8537686- chr12:8533305- cem )
HERVO406UL (HERV) - 8538690 ENSG00000166523 ¢ o domain family 4 Inside 3,71E-12 36 12,0 82,7
member E
150 solo LTR chr1s ) chr15:63907036 D P o
Y : (MALI I 00000( g Inside 6,56E-12 4 4,(
120085903 INTERNAL chr12:8566648-
MRS 200y (HERV) NA S5eBine NA NA NA NA 1,36E-11 34 52 30,7
Family With
040314601- solo LTR chr4:15677257- chr4:15604539- s
HERVO741ul. (HERV) + 15678021 ENSG00000237765 15681679 Sequence Similarity ~ Upstream 2,83E-11 3,1 4,4 229
200 Member B
190407702- solo LTR chr19:35887015- chr19:35887653  NFKB inhibitor
HERVO0425uL, (HERV) + 35887532 ENSG00000167604 35896259 delta Downstream 2,95E-11 3.2 57 289

9The table provides a description of the 15 most differentially expressed (DE) hervgdb4 fragments, including their expression levels indicated as transcript-per-million
(TPM) values and their context of insertion. Fragments with the same locus are highlighted by the same colors.

HERV0741uL (chr4:15677257-15678021), being inserted upstream the family with se-
quence similarity 200 member B gene (FAM200B), showed a >5-fold increase in
average TPM after LPS stimulation. Finally, the fragment at coordinates chr19:
35887015-35887532, which increased its average TPM values from 5.7 to 28.9, is
integrated downstream of the NF-«kB inhibitor delta gene.

For all these HERVs and MaLRs colocalized with human genes, we hypothesized a
correlation between their expression levels. We hence visualized the TPM values in
scatterplots and measured the Pearson correlation (Fig. 8), which allows to quantify
possible linear correlation between two variables. In all cases, the correlation coeffi-
cients (R) were positive, indicating a positive linear correlation between HERVs/MaLRs
and colocalized immunity-related genes. In particular, we observed a strong correlation
(R>0.7) between all the HERVs/MalLRs and gene pairs, except for that between
HERV0741uL (chr4:15677257-15678021) and the FAM200B gene.

To assess a possible impact of the 10 HERV and MaLR elements on the expression
of colocalized cellular genes, we then reconstructed the transcripts associated with
their genomic positions in the human genome. In particular, we were interested in the
presence of chimeric transcripts, including within their sequences both LTR retrotrans-
poson and gene portions. The results indicated that no chimeric transcript was present,
so that all the 10 HERV and MaLR elements were shown to be transcriptional units
different from those of the genes (data not shown).

DISCUSSION

We used an RNA-Seq approach and the hervgdb4 database (33) to obtain an
overview of the specific LTR retrotransposon transcriptome in PBMCs. This analysis has
allowed us, for the first time, to investigate the comprehensive HERV and MalLR
proviruses and solo-LTR expression in human patients mimicking Gram-negative bac-
terial infection, reveling a total of 35,686 LTR retrotransposon elements expressed in
PBMCs.

Previously, the same database has been used by Mommert et al. (29) to identify
expressed and modulated loci in an ex vivo system of LPS stimulation and endotoxin
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tolerance through microarray analyses (29). In this regard, the percentage of expressed
elements in this in vivo model (6.8% of hervgdb4 fragments and 8.4% of hervgdb4 loci
expressed) was slightly higher than the one measured in in vitro experiments (5.6% of
hervgdb4 fragments). Among all HERV groups, class Il members appeared to be the
most active ones, with HERV-K(HML-2) being the most expressed group in PBMCs. This
group is also one of the most investigated due to recent HERV-K(HML-2) integrations
and the hypothesized implication of some of the active loci in several diseases (39-42).
Groups belonging to class Il were indeed generally less active. In comparison to
Mommert et al. (29), who reported an abundant activation of class | and of all class Il
groups, the LTR retrotransposon expression among classes showed some differences.
These differences can be explained by (i) the technologies and methods that have been
used (in vivo versus ex vivo, microarray versus RNA-Seq) and (ii) the great differences in
the basal transcriptional activity of each individual, which have been already observed
in PBMCs (43). Moreover, the use of the Vargiu et al. database (4) has allowed to analyze
the expression of the most intact HERV proviruses, for which it is possible to hypoth-
esize a higher likelihood of protein production. Of note, the pattern of counts distri-
bution among classes of the most intact HERV proviruses is similar to the one obtained
when considering the hervgdb4 loci, and it is mostly in agreement with the information
on HERV-H, HERV-K(HML-2), HERV-E, and HERV-W transcriptional activity in PBMCs that
have been reported in previous studies (37). However, such studies provided informa-
tion on the overall expression of the above groups but no information on the individual
loci, here reported for the first time. Moreover, the expression of HERV-E has been
previously reported to be characteristic of only a small percentage of the subjects
analyzed, while a large portion of both hervgdb4 loci (the 24% of the group) and most
intact HERVs (the 28% of the group) was observed to be expressed in PBMCs in the
present study.

The analysis of the variability among the 30 samples analyzed showed differences
between nonstimulated and LPS-stimulated samples. Indeed, in both PCA analysis and
hierarchical clustering the nonstimulated and stimulated samples spread in two distinct
clusters. However, a great interpersonal variability in the response of patients to LPS is
also evident. This heterogeneity in the HERVs and MaLRs expression, as a consequence
of LPS stimulus, is in line with the already observed strong interindividual variability of
gene expression in response to microbial agents (36, 44). Importantly, the definition of
such variability should be a necessary foundation for better understanding a possible
implication of HERV and MaLR expression in immunity and diseases.

The analysis of in vivo HERV and MaLR modulation revealed a total of 6,452 hervgdb4
fragments modulated in PBMCs, with a clear trend of upregulation induced by LPS
response (81%). In comparison to Mommert et al. (29), in which 111 differentially
expressed HERVs and MalLRs (44 downregulated and 67 upregulated) have been
identified, a larger number of differentially expressed elements was observed, which
can be explained by the different sensitivity of the methods used. Specifically, only 18
of the modulated hervgdb4 fragments identified by Mommert et al. are included in the
present results, suggesting that the two models are not equal but complementary.
Moreover, another study has identified a list of LTR retrotransposons that were IFN
induced (45), and a proportion of them (about 16%) were observed in this study to be
also LPS induced (data not shown). This highlights the importance of investigating the
LTR retrotransposon modulation in several conditions, but it also suggests that distinc-
tive patterns of LTR retrotransposon induction, if used as a biomarker, may become
indicative to separate physiological from pathological conditions. The LPS stimulus also
provoked a strong activation of the most intact ReTe proviruses. Importantly, not all the
groups responded in the same way to the LPS stimulation.

FIG 8 Legend (Continued)

where the linear regression curve is quantified by Pearson correlation. Correlation coefficients (R) and P
values for such correlations are indicated in each plot. All scatterplots show a positive (R > 0) linear
correlation between the hervgbd4 fragment and gene TPM values.
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Among the 15 most modulated hervgdb4 fragments, 10 were colocalized with
human genes. We used the average expression level of the most differentially ex-
pressed human gene, ILTA (ENSG00000115008), which showed an average TMP of 19.4
after LPS stimulation (data not shown), for comparison to understand a possible
biological meaning of the expression of the fragments we observed to be modulated.
In general, all the fragments are not only modulated, but they are also generally
medium or highly expressed. Among 12 hervgdb4 loci, 10 are LTRs, including 9 solo
LTRs. Such an observation could be integrated in other studies on transcription factor
binding sites (TFBS) provided by HERVs and MaLRs (14), including those for NF-«B, IRFs,
and STATSs, suggesting a possible HERV and MaLR activation in immunity (46, 47). In
addition, 10 hervgdb4 fragments are neighbor integrations of human genes that are
also activated after the inflammatory response. Of particular interest is the identifica-
tion of three solo LTRs localized outside the modulated genes, since the possible
presence of promoters or polyadenylation signals may play a role in the regulation of
the nearby gene. Specifically, the solo LTRs in chr2:151381023-151381962 and chr19:
35887015-35887532 are integrated downstream of the TNF-a-induced protein 6 gene
(TNFAIP6) and NF-«B inhibitor delta (NFKBID), respectively. Interestingly, although the
most differentially expressed genes identified are mainly those coding for proteins that
are positive regulators of immunity, such as IL-1A and IL-1B (data not shown), these
data showed a strong upregulation of LTR retrotransposons colocalized with genes
coding for cellular inhibitors of these proteins. Hence, if on the one hand it has been
suggested that a subset of HERVs hold TFBSs (47) that may increase their activation in
immunity, on the other hand, the gene products of TNFAIP6 and NFKBID are potentially
able to inhibit this phenomenon (48, 49). For this reason, these data underline the
complexity of the relationship between the HERV/MaLR modulation and the immune
response, especially if hypothesizing their active role in the regulation of the colocal-
ized immunity-related genes. The results we obtained on the evaluation of the tran-
scripts in the region of the higher concordant modulation of HERVs/MaLRs and the
neighboring genes suggested that these elements are not included in chimeric tran-
scripts with the genes. However, these data cannot exclude a role of LTR retrotrans-
posons on the regulation of genes related to immunity, since more focused analyses
would be necessary to investigate the phenomenon. Moreover, the positive linear
correlation we observe between HERVs, MaLRs, and immunity-related genes suggest
that the expression of particular HERVs and MalLRs could be used as markers of the
immune activation and of the expression of immunity-related genes.

Indeed, present data may give the basis to clarify the LTR retrotransposons’ involve-
ment in the regulation of immune functions, but further studies are needed to clarify
these mechanisms and may help us to understand how HERVs and MaLRs contribute
to the complexity of immune response.

Conclusions. We used RNA-Seq transcriptome data from 15 healthy participants to
a clinical trial injected with LPS to identify expressed and modulated LTR retrotrans-
poson elements. Such an RNA-Seq-based approach revealed the basal expression of
18,633 HERV hervgdb4 loci, including those of 723 most intact ReTe proviruses and of
17,053 MaLR hervgdb4 loci in PBMCs. To assess the specific signatures induced by LPS,
we investigated the sample-to-sample differences, which showed a specific pattern of
hervgdb4 fragments expression as a consequence of inflammation. We therefore eval-
uated the hervgdb4 fragments modulation, identifying a total of 6,452 differentially
expressed elements, observing a general trend of activation of the LTR retrotrans-
posons after LPS stimulation. Of note, the HERV/MaLR regulation was similar to that of
colocalized cellular genes, suggesting possible interactions between LTR retrotrans-
posons and the immune response. We observed that HERV and MaLR loci are respon-
sive to immune activation and that there is a strong correlation between their expres-
sion and the expression of certain genes that are immunity related. This suggests
possible applications of HERVs and MaLRs as biomarkers in immunity settings, and it
highlights the importance of investigating the role of LTR retrotransposon expression
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in the context of activation of the immune response and autoimmunity. However,
further analyses are required to evaluate whether such modulation is involved in the
regulation of immune response and to better assess the significance of LTR retrotrans-
poson expression in immunity.

MATERIALS AND METHODS

RNA-Seq data and quality control. We used a publicly available RNA-Seq data set (GEO GSE87290),
including the transcriptome of PBMCs from healthy humans (n = 15) before and after 1 ng/kg LPS
exposure. Specifically, whole blood RNA samples were collected at baseline and at 2h after LPS
stimulation. PBMCs were isolated from whole blood immediately after collection (50).

We checked the quality of the RNA sequences by using FastQC Galaxy version 0.72 (http://www
.bioinformatics.babraham.ac.uk/projects/fastqc). Low-quality reads were trimmed with Trim Galore!
v.04.3.1 (https://github.com/FelixKrueger/TrimGalore). All of the mentioned analyses were performed
using locally installed Galaxy release_17.09 (http://galaxyproject.org/).

Reads mapping and counting. HISAT2 Galaxy version 2.1.0 was used with default parameters to
map reads to genome assembly hg38. We assessed the quality of the alignments by using the stats
function of bamtools Galaxy version 2.0.1 (51). We counted the reads mapping to each hervgdb4
fragment and human gene by using the “union” mode in htseqg-count Galaxy version 0.6.1galaxy3 (52),
the hervgdb4 database (33), and gencode.v27 (53) for, respectively, LTR retrotransposon and gene
annotations. All of the mentioned analyses were done on locally installed Galaxy release_17.09. We
calculated the expression values of the expressed hervgdb4 fragments and genes as transcripts per
million (TPM).

Raw data filtering and transcriptome analysis. We selected all the genes and hervgdb4 fragments
with at least 1 count in at least 10 samples, conventionally considering them as expressed in at least one
experimental condition, and we used the obtained data for the analysis of HERV/MaLR transcriptome in
PBMCs. We used the GenomicRanges v.1.30.3 (54) R (v3.4.4) package to obtain the coordinates of the
most intact HERV proviruses (4) from those of the expressed hervgdb4 fragments.

Hierarchical clustering. The DESeq2 v.1.18.1 R (v3.4.4) package (55) has been used to perform
regularized logarithm transformation (rlog) normalization on human genes and HERV/MaLR raw counts.
From the output of the normalization, we extracted the HERV/MaLR rlog counts, and we assessed the
interpersonal variability through PCA and heatmapping. The PCA was built with the function plotPCA in
DESeq2 v.1.18.1 and visualized using ggplot 3.0.0 in R (v3.4.4). The Heatmap of the 1000 hervgdb4
fragments with the higher average rlog counts across samples was built through the pheatmap 1.0.10
R (v3.4.4) package, considering the correlation distance across samples in column. The “dist” function in
DESeq2 v.1.18.1 was applied to
the transpose of the rlog transformed count matrix to get Euclidean sample-to-sample distances; the
heatmaps were built using the pheatmap 1.0.10 R (v3.4.4) package.

Differential gene and hervgdb4 fragment expression analysis. We performed a differential
expression analysis of the genes and hervgdb4 fragments by using the DESeq2.v.1.18.1 R (version 3.4.4)
package (55) and the filtered raw counts as input. During the analysis, the FDR and adjusted P value were
used for multiple test comparisons according to the Benjamini-Hochberg procedure (56). We used a
threshold (FDR = 0.01 and absolute values of log,-fold change = 1) to identify the modulated elements.
The differentially expressed hervgdb4 fragments were visualized in a volcano plot built by using ggplot
3.0.0 in R (v3.4.4). We sorted the hervgdb4 fragments by adjusted P values to recognize the mostly
differentially expressed. We compared the TPM expression values with the filtered adjusted P values
(=0.01) to determine the relative distributions, as described in Fig. 1. We manually checked for the
presence of neighbor genes on ENSEMBL (57), within a 10-kb window of distance from the nearest-
neighbor gene. For the 10 most modulated elements colocalized with human genes, we reconstructed
the transcripts. The transcripts were reconstructed using Trinity v2.5.1 (58) on a subset of reads mapping
in genome ranges that included the LTR retrotransposons, the human gene, and a flanking region of
500 bp. The transcripts have been mapped to the genome assembly hg38 by gmap-2019.09.12 (59) and
finally visualized in Integrative Genomics Viewer (IGV) (60). The limits of the LTR retrotransposons
analyzed have been manually inspected through the sashimi-plot function of IGV.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 2, XLSX file, 0.7 MB.
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