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ABSTRACT
Background  Ovarian cancer represents the most lethal 
gynecological cancer with poor response to checkpoint 
inhibitors. Human endogenous retroviruses (HERVs) are 
aberrantly expressed by tumor cells and may represent a 
source of shared T-cell epitopes for cancer immunotherapy 
regardless of the tumor mutational burden.
Methods  A transcriptomic analysis based on RNA 
sequencing was developed to quantify the expression 
of HERV-K sequences containing the selected epitopes. 
The presence of HERV-K/HML-2 Gag antigen was then 
assessed by immunohistochemistry (IHC) on tumor 
microarrays from ovarian cancer samples and normal 
ovarian tissues. A specific immunopeptidomics approach 
was developed to detect epitopes on human leukocyte 
antigens (HLA) molecules. Epitope-specific CD8+ T cells 
were quantified by multimer staining. HERV-specific T cells 
were obtained after in vitro stimulation of T cells from HLA-
A2-positive healthy donors or patients with ovarian cancer, 
and in vitro target cell killing was evaluated using real-
time analysis. In vivo antitumor efficacy of HERV-specific T 
cells was assessed in an avian embryo model.
Results  Epitope-containing HERV transcripts were 
significantly higher in ovarian cancers compared with 
normal tissues. The presence of the HERV-K/HML-2 Gag 
antigen was confirmed by IHC in 20/40 (50%) ovarian 
cancers while no Gag expression was found in normal 
ovarian tissue samples. Immunopeptidomics analysis 
revealed the presence of epitopes on HLA molecules on 
the surface of ovarian tumor cell lines but not on normal 
primary cells from critical tissues. Low percentages 
of HERV-specific T cells were detected among tumor-
infiltrating lymphocytes from ovarian cancers. Furthermore, 
in vitro stimulation of patient T cells induced functional 
epitope-specific T cells, confirming the immunogenicity 
of these epitopes in patients with ovarian cancer. In vitro, 
HERV-specific T cells specifically killed ovarian cancer cells 
in an HLA class I-restricted manner while sparing normal 
HLA-A2-positive primary cells derived from critical tissues. 
Epitope-specific CD8+ T cells exhibited a strong antitumoral 
activity in vivo, inducing a highly significant decrease in 
tumor volume in comparison with control groups.

Conclusion  These results provide the preclinical rationale 
for developing T-cell-based approaches against HERV-K-
derived epitopes in ovarian cancer.

INTRODUCTION
Ovarian cancer represents the most lethal 
gynecological cancer. The majority of 
patients are diagnosed at an advanced stage 
and relapse after first-line chemotherapy is 
common, leading to poor patient outcome.1 2 
Reported results of programmed cell death 
1 (PD-1) or programmed cell death ligand 
1 (PD-L1) blocking antibodies have been 
disappointing with an objective response rate 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Human endogenous retroviruses (HERV) expression 
has been described in different tumors including 
ovarian cancer. The characterization of HERV-derived 
tumor epitopes and of the corresponding T-cell re-
sponses remained to be performed to develop T-
cell-based immunotherapies in ovarian cancer.

WHAT THIS STUDY ADDS
	⇒ HERV-K antigens are expressed and give rise to 
epitopes presented on human leukocyte antigen 
molecules in ovarian cancer but not in normal cells. 
These HERV-K-derived epitopes induce high-avidity 
cytotoxic CD8+ T cells that recognize and kill ovarian 
cancer cells in vitro and in vivo while sparing normal 
cells. This study also shows that functional HERV-
specific T cells can be obtained from patients with 
ovarian cancer after specific stimulation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This new type of shared tumor epitopes can be used 
to develop vaccines, adoptive T-cell therapies or T-
cell recruiting bispecific antibodies to treat a large 
population of patients with ovarian cancer.
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under 10%.3 Furthermore, combinations of anti-PD-L1 
antibodies with chemotherapy have also shown negative 
results.4 New approaches are thus warranted to induce 
efficient antitumor immune responses in patients with 
ovarian cancer.

The efficacy of tumor-specific T cells relies on the 
recognition of tumor epitopes presented on human 
leukocyte antigen (HLA) molecules on the surface of 
cancer cells.5 In this context, neoepitopes derived from 
non-synonymous somatic mutations have been shown to 
induce high-avidity tumor-specific T cells.6 However, the 
development of personalized cancer vaccines or adoptive 
T-cell therapies targeting this type of epitopes remains 
challenging, especially in tumors characterized by a low 
mutational burden, such as ovarian cancer.7 Thus, there 
is still an unmet need to identify new tumor epitopes, 
ideally shared across patients, in ovarian cancer.

Human endogenous retroviruses (HERVs) represent 
8% of the human genome. These DNA sequences are the 
legacy of multiple ancient germline infections by exog-
enous retroviruses.8–10 HERVs are mainly localized in 
heterochromatin and repressed by epigenetic silencing 
in normal cells, even if a transcriptional background 
has been described in normal tissues.11 Aberrant expres-
sion of HERVs has been reported in different tumors, 
including breast,12 ovarian,13 prostate14 and kidney 
cancers,15 melanoma,16 glioblastoma,17 as well as hemato-
logical malignancies.18 Some HERVs, especially the most 
recently integrated ones (such as HERV-K family), have 
retained partially conserved open reading frame (ORF) 
encoding Gag, Pol or Env proteins. We have previously 
demonstrated that HERVs represent a source of shared 
tumor epitopes capable of inducing T-cell clones with 
high functional avidity. We have further characterized 
CD8+ T cell clones specific to HLA-A2-restricted 9-mer 
epitopes derived from HERV-K and shown their anti-
tumor activity in triple-negative breast cancer and acute 
myeloid leukemia.19 20 Combining a new transcriptomic 
quantification method with immunohistochemistry 
(IHC) and targeted immunopeptidomics, we report here 
that HERV-K-derived epitopes are specifically expressed 
in ovarian cancer cells compared with normal cells. We 
also demonstrate that HERV-specific T cells selectively 
kill ovarian cancer cells, both in vitro and in vivo, while 
sparing normal cells, providing the preclinical rationale 
for developing T cell-based approaches against these new 
targets in ovarian cancer.

Material and methods

In silico analyses
Datasets: RNA sequencing (RNA-seq) reads from The 
Cancer Genome Atlas (TCGA) were obtained from 
the Genomic Data Commons (GDC) portal. They were 
downloaded in the bam format (already aligned) and 
generated fastq (raw reads) using the PicardTools soft-
ware’s SamToFastq (V.2.26.10) command. RNA-seq reads 
from Genotype-Tissue Expression (GTEx) V.8 (https://​

gtexportal.org/home/) were obtained using the Terra 
portal as indicated on their website, and generated fastq 
data similarly to TCGA sequences. Tumor mutational 
burdens (TMBs) from TCGA ovarian samples were 
retrieved from Wang et al.21

Tissue selection: From TCGA, we selected all available 
ovarian tumor samples (n=421) and selected peritumoral 
healthy samples from the seven critical tissues with at least 
10 samples: Lung (n=110), kidney (n=129), liver (n=49), 
bladder (n=19), stomach (n=36), head and neck (n=44) 
and colon/rectum (n=51). From GTEx, we selected all 
the available samples of the same type of tissue obtained 
from TCGA allowing batch correction, and we added 
other critical normal tissues that were not available in 
TCGA.

Reference annotation: We used the University of Cali-
fornia San Francisco (UCSF) hg38 as reference genome 
and Gencode V.33 for gene annotations. For HERV anno-
tation, we extracted the retro.hg38.v1 version from the 
Telescope database.22 The two annotations were then 
merged. To avoid duplicates, we ran gffcompare23 to 
identify overlaps between regions. We then computed 
the Jaccard similarity between regions that overlapped; 
regions with a similarity above 0.5 were considered 
duplicates, and to maintain a consistent nomenclature 
of HERVs, only the ones originating from the Telescope 
annotation were kept. We then only considered protein-
coding genes and HERV transcripts.

Transcript quantification: Similarly to SalmonTE24 and 
REdiscoverTE25 pipelines, Salmon26 (V.1.10.0) was used 
on the unaligned reads to quantify how many reads were 
associated with each locus.23 The reference index was 
built with the index option set at 15, and the reference 
sequences were generated using the gffread (V.0.12.8) 
(22) package. Mapping and quantification were then 
performed by calling salmon count with –validateMap-
pings –l A options.

Expression normalization: The pseudo counts obtained 
for all samples were loaded into R (4.1.2) using the txim-
port function, from the tximport library.27 Before any 
normalization, we computed for each sample the sum of 
counts of all HERV loci with a potential ORF containing 
the epitope of interest (FLQ, RLI and YAM). These 
epitope-containing HERV transcript counts were added 
to the whole dataset, as with any transcript. The counts 
were then normalized using the median of ratio function 
from DESeq2 library and transformed into log scale with 
the vst function.28

Data exploration and analyses: All analyses were 
done using R (V.4.1.2) and RStudio server (2023.12.1-
402). Differential expression analyses between ovarian 
tumor tissues and all selected peritumoral tissues were 
performed with DESeq2 (Wald test). P values were 
corrected for multiple testing using the Benjamini-
Hochberg method. Batch corrections between TCGA 
and GTEx were run using the Combat function29 from 
the sva package, with TCGA as reference Batch and were 
done tissue per tissue as previously described in a study by 
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Wang et al.30 Visualizations were done with ggplot231 and 
ggbiplot library.

Peptide sequences matching Uniprot: The whole 
reviewed Human Uniprot database (Swiss-Prot) was 
downloaded from ​uniprot.​org (release 2024_01). Exact 
sequence pattern matching was performed between each 
peptide sequence and Uniprot db, and no match was 
found with any known human protein except with HERV-
K-derived proteins.

Immunohistochemistry
The OV1004a ovary tissue microarray (TMA) from Tissue-
Array was selected for IHC analysis. This TMA contains a 
total of 40 ovarian tumor samples, each of them in dupli-
cate (online supplemental table 2). Five normal ovarian 
tissues were also analyzed (from OV1004a FDA3331a, 
TissueArray; #T8234701-5, BioChain). When available, 
tumor samples from patients whose TILs were analyzed 
were also subjected to IHC staining for HERV-K/HML-2 
Gag expression. IHC was performed on an automated 
immunostainer (Ventana Benchmark Ultra, Roche, 
France) using the ultraView Universal DAB Detection Kit. 
Slides were deparaffinized at 72°C using Ventana EZ Prep 
reagent (Roche, Cat. 950–102) and hydrated, followed 
by an antigen retrieval method using Ventana Tris-EDTA 
buffer pH 7.8 (Roche, Cat. 950–224) for 32 min at 95°C. 
Sections were incubated with the HERV-K/HML-2 Gag 
monoclonal antibody (diluted at 1:200, Austral Biologi-
cals, Cat. HERM-1841–5) for 32 min and then with the 
ultraView Universal HRP Multimer. As a negative control, 
the microarray was processed similarly but incubated with 
the ultraView Universal HRP Multimer only. Staining was 
revealed with 3,3′-diaminobenzidine as a chromogenic 
substrate for 8 min. Then, the sections were counter-
stained with Gill’s Hematoxylin (Roche, Cat. 760–2021) 
for 8 min and counterstained with Bluing reagent (Roche, 
Cat. 760–2037) for 4 min.

For staining quantification, TMAs were scanned with 
panoramic scan II (3D Histech, HU) at 20×. Images 
were generated using Caseviewer software (3Dhistotech 
2.4.0.119028) for coloration and IHC. Captured images 
were processed using HALO AI software (Indica Labs, 
V.3.6.4134) and adapted algorithms for quantification 
(Multiplex IHC V.3.4.9). Each spot was annotated by an 
anatomopathologist to outline the tumor and eliminate 
artifact zones. The Mininet neural network was used to 
train the software to discriminate stroma and tumor struc-
tures. The nuclear and cytoplasmic stains were quantified 
with an algorithm taking into account the percentage of 
positive cells per spot and cell staining intensity (three 
intensities used: low, moderate, high). Staining was also 
evaluated by two operators and scored manually (scores: 
0, 1, 2 or 3) according to staining intensities. The final 
quantification considers both HALO AI software quantifi-
cation and scores obtained by both operators. A score of 
3 was classified as high, scores of 2 or 1 as moderate and a 
score of 0 as negative.

Immunofluorescence
For immunofluorescence (IF) staining, the OV1004a 
ovary TMA previously used for IHC staining was also 
selected. Slides were incubated 2 hours in 60°C and then 
placed in Bond RX automated immunostainer (Leica 
Biosystems). Multiplexed IF was performed using the 
OPAL 6-Plex detection kit (NEL821001KT, AKOYA biosci-
ences) which uses tyramide signal amplification (TSA)-
conjugated fluorophores. Slides were dewaxed at 72°C 
with Bond Dewax Solution (Leica Biosystems, AR9222) 
and antigen retrieval was performed using Bond Epitope 
Retrieval Solution 1 (ph6, Leica, AR9961) for 20 min at 
95°C.

Sequential IF was performed according to the steps 
below. A 20-min stripping at 95°C corresponding to 
the antigen retrieval was performed before antibody 
staining. The following antibodies were used: Anti-FoxP3 
(RTU, PA0263, Leica) followed by Anti-Mouse IgG1 
HRP (1/250) (Jackson ImmunoResearch, 115-035-205); 
OPAL 520 Anti-CD20 (1/600, M0755, Dako); secondary 
antibody OPAL HRP Rabbit (Leica, ARR1001KT); OPAL 
480 Anti-CD3 (1/100, A0452, Dako); secondary antibody 
OPAL HRP Rabbit (Leica, ARR1001KT); OPAL 690 Anti-
CD8 (1/50, M7103, Dako) with secondary antibody Anti 
Mouse IgG1 HRP (1/250) (Jackson ImmunoResearch, 
115-035-205) OPAL 620 (1/200) Anti-CD68 (1/100, 
M0876, Dako); secondary antibody Anti Mouse IgG total 
HRP (1/250) (Invitrogen, G21040); OPAL 570 Anti-CK 
(1/100, M3515, Dako) secondary antibody OPAL HRP 
Rabbit (Leica, ARR1001KT); TSA DIG (1/100) + OPAL 
780 The slides were counterstained with DAPI and then 
mounted using Prolong Gold Antifade Reagent (Invit-
rogen, Ref# P36930).

Stained formalin-fixed paraffin-embedded (FFPE) 
slides were scanned on a Vectra Polaris Imaging System 
(Akoya Biosciences, Marlborough, Massachusetts, USA; 
RRID:SCR_023774) at ×20 magnification. Slides were 
then visualized with Phenochart (V.1.0.12, AKOYA Biosci-
ences; RRID:SCR_019156) for multispectral imaging and 
were annotated and quantified using Halo AI software 
(Indica Labs, V.4.0), Phenochart and adapted algorithms 
for quantification (HighPlex FL).

Biological samples
Blood from healthy donors was obtained from the “Etab-
lissement Français du Sang” (Lyon, France). For the 
TIL cohort, fresh high-grade serous ovarian carcinomas 
(n=13) were provided by the tissue bank of the Centre 
Léon Bérard (CLB) (BB-0033–00050, CRB - CLB, Lyon, 
France; French agreement number: AC-2013–1871). 
For the patient peripheral blood mononuclear cell 
(PBMC) cohort, frozen PBMCs from patients with high-
grade serous ovarian carcinoma (n=7) were provided by 
Institut Universitaire du Cancer de Toulouse on approval 
by the Institutional Review Board and written informed 
consent under the DEcipher Cancer ImmunogEnicity 
(DECIdE) protocol (NCT03958240) and from the CLB 
(n=5, BB-0033–00050, CRB - CLB, Lyon, France; French 
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agreement number: AC-2013–1871) after approval from 
the institutional review board and ethics committee 
(L-06–36 and L-11–26) and patient written informed 
consent. All samples were collected in accordance with 
the Declaration of Helsinki. All patients had histologically 
documented tumors, were≥18 years old at inclusion and 
were followed with a standard-of-care procedure. Exclu-
sion criteria were: seropositivity for hepatitis B, hepatitis 
C, HIV or hantavirus; any condition incompatible with a 
blood sampling procedure; pregnancy or breastfeeding; 
and suspected or documented active autoimmune disease 
or use of immunosuppressive drugs.

Cell lines and primary cell cultures
T2 (Cat. ACC 598) cells were purchased from DSMZ 
(Germany), OVCAR3 (Cat. HTB-161), OV90 (Cat. CRL-
3585) and SKOV3 (Cat. HTB-77) cells were purchased 
from The American Type Culture Collection (ATCC) and 
were cultured according to the manufacturer’s instruc-
tions with 1% penicillin/streptomycin (PS, Gibco Cat. 
15140122) added to the culture medium. To generate 
HLA-A2+SKOV3, cells were transduced with a lentiviral 
vector encoding HLA-A2 (RD Biotech) containing a 
puromycin resistance gene (RD Biotech). Transduced 
cells were selected and maintained with 3 µg/mL of 
puromycin. HLA-A2+ normal primary cells HCM (Cat. 
C-12810, batch#463Z016.2, female donor DN000249), 
HBEpC (Cat. C-12640, batch#469Z016, female donor 
DN000331) and NHEK (Cat. C-12003, batch#467Z005.1, 
female donor DN000068) were purchased from Promo-
cell GmbH (Germany), nHKPT cells (Cat. 3253021, 
batch#RPCT022823, male donor) from Tebubio (France) 
and HA cells (Cat. 1800-SC, batch#35382) from ScienCell 
(USA). All human normal primary cells were cultured 
following the supplier’s recommendations. All cell lines 
were cultured at 37°C in humidified atmosphere with 5% 
CO2. OVCAR5 tumor cell line was available at Complete 
Omics for mass spectrometry (MS)-immunopeptidomics 
analysis.

Epitope detection by mass spectrometry
Epitope validation by MS was performed by Complete 
Omics (Maryland, USA) according to the method previ-
ously described in a study by Douglass et al32 with additional 
modifications. Briefly, for sample preparation, at least 
20 million cells were lysed and peptide-HLA complexes 
were isolated using in-house packed Valid-NEO neoan-
tigen enrichment column preloaded with anti-human 
pan-HLA antibodies modified with conjugated chem-
ical moieties that are designed to increase the binding 
efficacy between the column matrix and HLA-epitope 
complex molecules. The MaxRec technology was applied 
to increase the sensitivity of the detection by preventing 
sample loss. Several versions of MaxRec peptides were 
developed to compare their protection efficacy, together 
with chemically modified MaxRec peptides. After elution, 
dissociation, filtration and cleanup, epitope peptides 
were lyophilized before further analysis.

Detection parameters for each epitope were exam-
ined and curated through a Valid-NEO method builder 
bioinformatics pipeline developed by Complete Omics. 
Precursor or fragmented ions with excessive noise due to 
environment or coelution with impurities were excluded 
from the detection. To boost detectability, a series of 
recursive optimizations for the significant ions were 
conducted.

HERV-K/HML-2 Gag protein detection by western blot
Ovarian cancer cells were lysed in cold radioimmu-
noprecipitation assay (RIPA) buffer (R0278, Merck) 
supplemented with a protease inhibitor cocktail 
(#11697498001, Merck) and phosphatase inhibitor cock-
tail (#04906837001, Roche) for 30 min on ice. Cell lysates 
were cleared by centrifugation (13,000 g, 15 min, 4°C), 
and protein concentration was determined by a bicin-
choninic acid (BCA) protein assay (#23227, Thermo 
Fisher). Proteins (20 µg) were resolved on sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto polyvinylidene fluoride (PVDF) 
membranes by electroblotting. Non-specific binding sites 
were blocked using Tris-buffered saline containing 0.1% 
Tween-20 and 5% (w/v) dry milk. Mouse monoclonal 
IgG1 anti-HERV-K Gag (clone 4D4/F7, #HERM1841-5, 
AMSBIO Europe BV, Netherlands), and mouse mono-
clonal IgG1 anti-actin (clone C4, #MAB1501, Millipore) 
were incubated overnight at 4°C. After incubation with an 
anti-mouse secondary antibody (Peroxidase AffiniPure 
Donkey Anti-Mouse IgG (H+L) #Ref 715-035-151, Jackson 
Immunoresearch) conjugated to horseradish peroxidase, 
blots were revealed using the electrochemiluminescence 
(ECL) reagents (#170–5060, Bio-Rad) and acquired on a 
Chemidoc (Bio-Rad) imaging system.

Fresh tumor dilaceration and expansion of tumor-infiltrating 
lymphocytes (TILs)
Tumor tissues were dissected into fragments of approxi-
mately 1 mm3 and digested with collagenase IV (Sigma, 
Cat. C2674) and DNase I (Sigma, Cat. D4513) during 
mechanical dilaceration, for 45 min in Roswell Park 
Memorial Institute (RPMI) containing 20% Fetal Bovine 
Serum (FBS, Eurobio, France, Cat. CVFSVF00-01, batch 
S80412-4602). The tumor lysate was centrifuged at 
1500 rpm for 5 min, counted and resuspended in 5% 
human serum enriched RPMI (Gibco Cat. 52400041). 
Cells were counted and plated in a flat bottom 96-well 
plate with anti-CD3 anti-CD28 Dynabeads (Dynabeads 
Human T-Expander CD3/CD28 Cat. 11 141D, Gibco, 
France) and interleukin (IL)-2 (Proleukin, Vidal Cat. at 
100 IU/mL) in a beads to cells ratio of 1:4, to expand 
tumor-infiltrating lymphocytes (TILs). Dextramer 
(Immudex ApS, Denmark) staining was performed on 
TILs expanded for 14 days after tumor dilaceration at 
room temperature prior to viability and surface marker 
staining. A dextramer complexed to a non-natural irrel-
evant peptide (ALIAPVHAV, HLA-A2 neg. control Cat. 
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WB02666 Immudex ApS, Denmark, European Union) 
was used as a negative control.

All samples were analyzed on a LSR-Fortessa (BD 
Biosciences, France) with calibrated settings to compare 
samples throughout the entire study. Data were analyzed 
using FlowJo Software (Tree Star V.10.4, New Jersey, USA).

In vitro priming assays and generation of epitope-specific CD8+ T 
cells
PBMCs were obtained by Ficoll density gradient centrifu-
gation (Eurobio, France, Cat. CMSMSL01-01). For healthy 
donor PBMCs, monocytes were isolated and cultured 
for 6 days in RPMI medium in the presence of GM-CSF 
(PeproTech, Cat.300–03) 200 ng/mL and IL-4 (Pepro-
Tech, Cat. 200–04) 50 ng/mL for the differentiation of 
monocyte-derived dendritic cells (MoDCs). MoDCs were 
matured with tumor necrosis factor alpha (TNF-a, Pepro-
Tech Cat. 300–01A 20 ng/mL) and Polyinosinic:polycyt-
idylic acid (PolyIC, Invivogen Cat. tlrl-PIC-5 40 µg/mL) 
16 hours before pulsing with the peptide of interest and 
cultured with autologous T cells in a MoDC:T ratio of 
1:10. Cells were co-cultured for 14 days in AimV medium 
enriched with IL-7 (Miltenyi Cat.130-095-363) and IL-15 
(PeproTech Cat.200–1 s), changing media periodically 
and restimulating a second time with peptide-pulsed 
MoDCs after 7 days. For patients, PBMCs (from blood 
EDTA-tubes) were washed twice in phosphate buffered 
saline (PBS) and resuspended in complete Xvivo-15 
medium (Lonza, Cat.02-060Q) supplemented with 1% 
Penicillin/Streptomycin (P/S) and a cocktail of cytokines 
comprizing granulocyte-macrophage colony-stimulating 
factor (GM-CSF, 100 ng/mL, PeproTech, Cat.300–03), 
IL-4 (100 ng/mL PeproTech, Cat. 200–04) and IL-7 
(100 ng/mL, Miltenyi, Cat.130-095-363). One day after, 
PBMCs were stimulated according to the protocol 
described by Roudko et al.33 Briefly, cells were stimulated 
with peptides at a final concentration of 10 µM, in the 
presence of lipopolysaccharide from E.Coli (LPS, 100 ng/
mL, Invivogen, Cat. tlrl-3pelps), R848 (3.5 µg/mL, Invi-
vogen, ​Cat.​tlrl-​r848-​5) and IL-1β (10 ng/mL, Biotechne, 
Cat. 201-LB). Cultures were maintained at 37°C in a 
humidified 5% CO₂ atmosphere. The next day and every 
2–3 days, the medium was refreshed with complete RPMI 
1640 medium supplemented with 10% human serum 
(sAb, Biowest, Cat.S4190-100), 1% L-glutamine, 1% PS, 
IL-2 (10 IU/mL, Proleukin, Vidal Cat. at 100 IU/mL) 
and IL-7 (10 ng/mL, Miltenyi Cat.130-095-363). On days 
10–12, cells were harvested and analyzed for peptide-
specific T-cell responses by flow cytometry or enzyme-
linked immunospot assay (ELISpot) before sorting.

Tetramers were produced by conjugating biotinylated 
HLA-A*02:01 peptide-specific monomers (P2R Facility, 
Nantes) with phycoerithrin (PE)-streptavidin (BioLegend, 
USA, Cat. 405204) or allophycocyanin (APC)-streptavidin 
(BioLegend, Cat.405207) and used to evaluate the pres-
ence of specific cells by fluorescence-activated cell sorting 
(FACS) analysis together with a viability dye (Zombie 
NIR Fixable Viability Kit, Cat.423106, BioLegend) and 

cell surface markers, including anti-human CD3 (BV421, 
1/40, Cat.306718, BioLegend) and anti-human CD8 
(APC, 1/100, Cat.344722, BioLegend).

After expansion, antigen-specific T cells were isolated 
from the in vitro cell culture by magnetic monomer 
sorting. Positive and negative fractions were cultured sepa-
rately and expanded on feeders composed of 35 Gy-irra-
diated allogeneic PBMCs and B-lymphoblastoid cell lines 
(kindly provided by Dr Henri Vie CRCI2NA-Equipe12 
INSERM UMR 1307/CNRS UMR6075). Feeder cells were 
plated in a 96-well round bottom plate at a concentra-
tion of 0.10×106 cells per well in RPMI 5% human serum 
with leukocyte phytohemagglutinin (PHA-L, 1.5 µg/mL, 
Merck KgAa), Germany, Cat.30852801), IL-2 150 IU/mL 
and IL-7 (10 ng/mL). Cells were cultured for 14 days, and 
medium was replaced when needed with IL-2-enriched 
and IL-7-enriched fresh RPMI 5% human serum. This 
process was repeated if needed to obtain a specific popu-
lation (>80%).

T cell functional avidity and IFNγ ELISpot
To analyze antigen-specific responses, 5×104 peptide-
stimulated patient PBMCs were co-cultured with 3×10⁴ 
T2 cells pre-pulsed with 10⁻⁵ M of HERV cognate peptide 
or an irrelevant control peptide. The co-culture was 
performed in interferon-gamma (IFN-γ) ELISpot plates 
to assess T-cell responses at the individual well level (IFN-γ 
ELISpot, Diaclone, France, Cat.856-051-020). A well 
was considered positive when more than 50 spots were 
detected and when the spot count was at least twice that 
observed in the corresponding well stimulated with the 
irrelevant peptide.

Functional avidity of sorted specific CD8+ T-cells was 
assessed using IFN-γ ELISpot assay (IFN-γ ELISpot, 
Diaclone, France, Cat.856-051-020). Epitope-specific 
CD8+ T cells were restimulated with T2 cells pulsed with 
decreasing concentrations of the cognate peptide (from 
10−6 to 10−13 M) or with an irrelevant peptide (10−6 M) 
used as a negative control in a T cell:T2 cell ratio of 1:10 
in RPMI medium (Gibco, France, European Union) 
supplemented with 8% human serum. After 18 hours, 
supernatants were removed and ELISpot was performed. 
The minimal peptide concentration required to achieve 
a significant cytokine response was determined (>30 
spots and twofold change in comparison to the negative 
control). The peptide concentration required to achieve 
a half-maximal cytokine response (EC50) was determined 
using GraphPad Prism (V.6.0 for Windows was used for 
the 50% EC (EC50) determinations, R>0.98).

FACS analysis of target cell death
Cytotoxic activity of patient-derived specific CD8+ T cells 
was evaluated after co-culture at a 5:1 Effector (E):Target 
(T) ratio with T2 target cells labeled with carboxyfluores-
cein succinimidyl ester CFSE (1/1000, C34554, Thermo 
Fisher Scientific) and pulsed with either the cognate 
HERV peptide or an irrelevant peptide at a concen-
tration of 10−6 M. After 24 hours, the percentage of 
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CFSE+target cell death was analyzed by multiparametric 
flow cytometry using a viability dye (Zombie NIR Fixable 
Viability Kit, Cat.423106, BioLegend).

Real-time killing assay
Killing assays were performed using an xCELLigence 
RTCA eSight Cell Analyzer (Agilent, France). OVCAR3 
tumor cell line and normal primary cells were seeded 
in E-plates 16 (Agilent) and cultured overnight before 
adding T cells in an E:T ratio of 2:1 or 5:1. When 
required, synthetic peptides at a final concentration of 
1 nM for 2 hours at 37°C, blocking anti-major histocom-
patibility complex-I (MHC-I) antibody (50 µg per well; 
clone W6/32, Bio X Cell, Cat. BE0079) or isotype control 
(final volume 100 µL) were added. Annexin V fluorescein 
isothiocyanate (FITC, BioLegend, France, Cat. 640945) 
was added to each well (f.d. 1/1000) for cell death anal-
ysis in live imaging.

Impedance variation (cell index) measurement and live 
imaging acquisition were performed in real time, every 
15 min for 48 hours, after the addition of T cells and each 
condition was performed in triplicate. The Normalized 
Cell Index (NCI) was calculated at the time of T cell addi-
tion. Percent of lysis was calculated using RTCA Software 
Pro Immunotherapy Module and normalized against 
unspecific T cell. Annexin V staining was measured on 
images (green object count/image) at different time 
points (0, 6, 24 and 48 hours after the beginning of the 
co-culture) using the RTCA eSight software.

In vivo anti-tumor efficacy
Measurement of the in vivo antitumoral activity of HERV-
specific CD8+ T cells was performed by Oncofactory 
(Lyon, France). Embryonated eggs were obtained from a 
local supplier (EARL Les Bruyeres, France). The sanitary 
status of laying hens was regularly checked by the supplier 
according to French laws. Development of embryos and 
in ovo xenografts was performed as previously described 
in a study by Jarrosson et al.34 Eggs were incubated at 
38.5°C in a humidified incubator until the desired devel-
opmental stage (stage HH14, 2 days post-fertilization). 
Embryos were randomized in each experimental group 
and were harvested at embryonic day 4 (stage HH25, 
4 days post-fertilization).

OVCAR3 cells were labeled with 7 µM CFSE solution 
(Life Technologies, Cat. C34554) and mixed with T cells 
at an E:T of 5:1 before co-engraftment. At stage HH14 
chick embryos were co-engrafted with mixed cells in 
presumptive somitic areas with a glass capillary connected 
to a pneumatic PicoPump (PV820, World Precision 
Instruments) under a fluorescence stereomicroscope. 
Targeted tissue areas for the graft were visualized under 
the stereomicroscope. Co-transplanted embryos were 
harvested after 48 hours (at stage HH25) and the in 
vivo antitumoral effect of CD8+ T cells was evaluated by 
assessing the tumor volume using three-dimensional 
(3D) light-sheet imaging. For this analysis, tissues from 
n=45 chicken embryos were cleared and imaged using 

whole-mount selective plane illumination microscopy 
(SPIM) imaging with volumetric analyses performed as 
previously described in a study by Jarrosson et al.34

One-way analysis of variance post-hoc Dunnett’s test 
or pairwise Wilcoxon rank test was used for multigroup 
comparisons. P values were considered statistically signifi-
cant if p<0.05, with ***p<0.001.

Statistical analyses
All the statistical analyses were performed using R statis-
tical software V.4.4.3 and are presented in supplementary 
statistical data analysis document in the online supple-
mental data file.

RESULTS
HERV-K antigens are selectively expressed in tumor cells 
compared with normal cells
Based on our previous study,19 we selected three HLA-
A2-restricted epitopes derived from cancer-associated 
HERV-K sequences, which were shown to be immuno-
genic and able to induce high-avidity cytotoxic T cells. 
The two 9-mer epitopes FLQFKTWWI (FLQ) and RLIPY-
DWEI (RLI) stem from HERV-K Gag and YAMSNLFSI 
(YAM) from HERV-K Pol. To quantify the expression 
of these epitopes at the transcriptomic level in ovarian 
cancer, we first identified all the HERVs with a predicted 
ORF containing the corresponding epitope sequences. 
The sequences of the FLQ and RLI epitopes were found 
in 33 and 37 HERVs, respectively, while the sequence 
of the YAM epitope was detected in 43 HERVs (online 
supplemental table 1). Importantly, these peptides were 
not found in any known protein sequence in Uniprot 
except for HERV-K-derived proteins. Differential expres-
sion analysis performed between ovarian cancer and crit-
ical peritumoral tissues from TCGA normalized RNA-seq 
data (figure 1A) showed that the majority of the HERV 
loci containing one or several epitope sequences are 
more abundantly expressed in ovarian tumor samples 
than in all peritumoral tissues (figure  1B). Of these, 
HERV-K/HML-2_19q11, HERV-K/HML-3_10q22.1, 
and both HERV-K/HML-2_19q11 and HERV-K/HML-
2_11q12.3b were the most differentially expressed 
transcripts containing FLQ, YAM and RLI peptides, 
respectively (figure 1C). We then computed the sum of 
the raw counts for all the transcripts containing a given 
epitope sequence in each sample to compare its expres-
sion (figure 1A). The sum of epitope-containing HERV 
transcripts was significantly higher (p<0.01) in ovarian 
cancer for all three peptides compared with the seven 
normal tissues considered to be critical tissues, with more 
than one log2-fold change in most tissues (figure 1D). To 
verify that the peritumoral tissues available in TCGA are 
representative of normal critical tissues, we also processed 
normal samples from the GTEx RNA-seq database in 
the same way as for TCGA. The expression of epitope-
containing HERVs in GTEx healthy critical tissues was 
no higher in brain, blood vessels, blood, heart, skin or 
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Figure 1  Transcriptomic analysis of HERV epitope expression. (A) Schematic representation of data processing. Salmon was 
used to map and quantify reads to a merged reference transcript annotation containing both genes and HERV annotations. 
Transcriptomic expression of the epitope was estimated using the sum of all HERV loci with a potential ORF containing its 
sequence (FLQ, RLI, and YAM). Data were normalized and log transformed (vst) using DESeq2. (B) Volcano plot showing 
differentially expressed HML-2/HERV-K loci in ovarian cancer against peritumoral tissues from TCGA. Dark-gray dots represent 
the HML-2/HERV-K loci differentially expressed (log2FC>1 and FDR<0.01, Wald test from DESeq2). Red dots represent 
the HML-2/HERV-K loci that are differentially expressed and contain FLQ, RLI and/or YAM epitopes in a potential ORF. (C) 
Differential expression of epitope-containing HERV loci in ovarian cancer against peritumoral tissues from TCGA. Red and blue 
indicate, respectively, over-expressed or under-expressed HERV loci in ovarian cancer compared with peritumoral tissues; 
color intensity represents the degree of perturbation (log2FC), and the size of dots the statistical significance (FDR). (D) Epitope-
containing HERVs in ovarian cancer (red) and peritumoral tissues from TCGA. Epitope expression levels represent the sum of 
epitope-containing HERVs normalized and log2 transformed (vst) using DESeq2. The number of HERV loci containing each 
epitope is represented on top (HERV loci). The number of samples for the corresponding tissues is indicated in the legend 
(n). Expression levels in ovarian cancer were compared with each tissue for all three peptides. (***log2FC>1 and p value<0.01, 
**log2FC>0.75 and p value<0.01, *log2FC>0.5 and p value<0.01, Wilcoxon test). FC, fold change; FDR, false discovery rate; 
HERVs, human endogenous retroviruses; ORF, open reading frame; RNAseq, RNA-sequencing; TCGA, The Cancer Genome 
Atlas.
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muscle than in the other critical tissues also available in 
TCGA (online supplemental figure 1A). To validate that 
the epitope-containing HERVs were more abundantly 
expressed in ovary tumors than in normal tissues, we 
incorporated GTEx-related samples to the TCGA dataset, 
although, as shown by the uniform manifold approxima-
tion and projection (UMAP) and HERV expression levels 
(online supplemental figure 1B,C), GTEx and TCGA 
datasets could not be compared directly. We therefore ran 
a batch correction on the whole dataset using ComBat29 
for each tissue independently (except for ovarian peri-
tumor samples that are not available in TCGA) (online 
supplemental figure 1D). This approach confirmed that 
the expression levels were significantly higher (p<0.01) in 
ovary tumors than in any normal peritumoral tissue for 
all three peptides (online supplemental figure 1E). Inter-
estingly, the expression of epitope-containing HERVs in 

ovarian cancer was not associated with mutational burden 
(online supplemental figure 2).

To determine whether this transcriptomic expression 
is associated with protein translation, we performed 
IHC experiments using a HERV-K/HML-2 Gag anti-
body on TMA of ovarian cancer samples (online supple-
mental table 2). Staining intensities were ranked as high, 
moderate or negative. A Gag staining was observed in 20 
of the 40 (50%) tested samples. Six (15%) ovarian tumors 
were ranked as high, 14 (35%) as moderate and 20 (50%) 
were negative (figure 2A). No Gag staining was observed 
in normal ovarian tissue samples (n=5). Of note, no asso-
ciation was found between Gag protein expression and 
immune cell infiltration assessed by immunofluorescence 
(online supplemental figure 3A,B). These results suggest 
that the overexpression of HERV-K RNA observed in 
ovarian cancer is sufficient to induce the translation of 

Figure 2  HML-2 antigens are selectively expressed in ovarian cancers. (A) Immunohistochemistry of HML-2 Gag antigen on 
tissue microarrays of ovarian cancer and healthy ovarian samples (20× at microscope and 22× for images, images processed 
with Halo AI software (Indica Labs, V.3.6.4134)). Representative examples of tumor and normal ovarian tissues and pie chart 
of HML-2 Gag expression level (low/negative, moderate and high) in the 40 tested cancer samples. (B and C) Targeted 
immunopeptidomics analysis (Max Rec_Ver2, Complete Omics Inc.) of FLQ and RLI presented on HLA molecules on the surface 
of the OVCAR3 (B), OVCAR5 (C) ovarian cancer cell lines. Heavy peptides are used as positive control (standard) in left panels. 
Endogenous targets are shown in right panels. Arrows indicate the peak of the specific epitopes and their molecular weight.
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a Gag protein detected by classical IHC in some cancer 
samples.

We then assessed whether the selected epitopes are 
efficiently presented on HLA molecules on the surface 
of tumor cells using a highly sensitive targeted MS-based 
immunopeptidomics analysis of HLA class I-eluted 
peptides from two HLA-A2-positive ovarian cancer cell 
lines from the NCI-60 panel, OVCAR3 and OVCAR5. 
The Valid-NEO method, which uses heavy isotope-
labeled peptides to accurately characterize the presence 
of endogenous peptides by MS,35 was applied and opti-
mized for FLQ and RLI, and allowed the detection of 
both peptides with a high confidence (figure 2B and C). 
A targeted Valid-NEO method for YAM analysis could not 
be optimized from a first series of experiments; therefore, 
the presence of YAM-HLA complexes on OVCAR3 and 
OVCAR5 could not be confirmed. To validate the tumor 
selectivity of these epitopes, peptide-HLA complexes 
were also investigated in five HLA-A2-positive primary 
normal cells from a selection of critical tissues: kidney 
proximal tubules (NhKPT), cardiomyocytes (HCM), 
astrocytes (HA), keratinocytes (NHEK) and bronchial 
epithelial (HBEpC) (online supplemental figure 4A). By 
using the same Valid-NEO method and MS sensitivity, no 
epitope-HLA complex was detected on any of the tested 
primary normal cells (online supplemental figure 4B).

T cells specific to HERV-K epitopes exist in patients with 
ovarian cancer and can be stimulated in vitro
To assess the immunogenicity of these HERV-derived 
epitopes in patients with ovarian cancer, we first investi-
gated the presence of specific T cells among TILs from 
ovarian tumors (online supplemental table 3 and figure 
5). Due to the limited number of cells obtained from 
tumor biopsies, we polyclonally expanded TILs in vitro 
without any addition of peptide before the detection of 
HERV-specific T cells by multimer staining in flow cytom-
etry (online supplemental figure 5A). Multimer-positive 
T cells for at least one HERV epitope were detected at 
low frequencies in 10 of the 13 (77%) samples analyzed 
(online supplemental figure B,C and E), while no 
staining was observed on T cells from healthy HLA-A2-
positive donors used as controls (online supplemental 
figure 5D,E).

To further validate that these epitopes can induce 
specific and functional T cells in patients with ovarian 
cancer, we stimulated in vitro T cells from 12 HLA-A2-
positive patients using a protocol of stimulation opti-
mized for a low number of PBMCs (figure 3A, details in 
the Material and methods section). IFNγ ELISpot assay 
showed that epitope-specific T cells could be induced 
in 6 of the 12 patient samples (FLQ-specific, RLI-
specific and YAM-specific T cells observed in five, three 
and two patient samples, respectively) (figure  3B–D). 
Multimer staining confirmed the presence of epitope-
specific T cells (figure  3E), which could be amplified 
on feeder cells after immunomagnetic sorting for FLQ 
and YAM (online supplemental figure 6 A,B). ELISpot 

assays showed specific IFNγ secretion after restimulation 
of these selected T cells with T2 cells pulsed with the 
cognate peptide but not with an irrelevant peptide used 
as a control. These epitope-specific T cells were character-
ized by a high functional avidity, with an EC50 calculated 
at 3.2×10–10 and 1.5×10–10 M for FLQ and YAM-specific T 
cells, respectively (figure  3F). These HERV-K-specific T 
cells induced a specific killing of the T2 cells pulsed with 
the cognate epitope (figure 3G). Altogether, these results 
showed that stimulation with these HERV epitopes can 
induce specific and functional CD8+ T cells from patients 
with ovarian cancer.

HERV-specific CD8+ T cells kill ovarian cancer cells while 
sparing normal cells
Next, we assessed the antitumor activity of HERV-K-specific 
T cells. CD8+ T cells from HLA-A2-positive healthy donors 
were stimulated in vitro using autologous dendritic cells 
pulsed with the cognate peptide and further amplified 
after immunomagnetic sorting. This approach generated 
a population of specific T cells containing a predomi-
nant clone, as described in our previous study19 (online 
supplemental figure 6A-C). As for the T cells derived 
from patients, these HERV-specific T cells were charac-
terized by a high functional avidity, with IFNγ secretion 
still detected at peptide concentrations below 10–10 M, 
in line with an EC50 estimated at 1.6×10–10, 1.5×10–11 and 
1.9×10–10 M for FLQ, RLI and YAM-specific T cells, respec-
tively (online supplemental figure 6D). We then assessed 
the capacity of these HERV-specific CD8+ T cells to recog-
nize and kill the ovarian cancer cell line OVCAR3. Tumor 
cell death was monitored in real time using the xCELLi-
gence RTCA eSight technology. T cell clones induced a 
specific killing of OVCAR3 cells, as shown by the rapid 
decrease in the normalized cell index (NCI) and the 
corresponding increase in the percentage of cell lysis, 
whereas non-specific T cells (multimer-negative fractions) 
did not reduce the NCI. The effect was inhibited by an 
anti-HLA class I antibody, confirming that the observed 
cytotoxicity is HLA class I-dependent (figure  4A and 
online supplemental figure 6E,F). Annexin V staining was 
added to the medium and image analysis was performed 
alongside the impedance analysis to further validate the 
results. Imaging results showed a time-dependent and 
HLA-restricted increase in annexin V staining when 
ovarian cancer cells were co-cultured with HERV epitope-
specific CD8+ T cells but not control T cells (figure 4B 
and C). We then confirmed that these HERV-specific T 
cells can kill other HLA-A2-positive ovarian cancer cell 
lines expressing HERV-K/HML-2 Gag, such as OV90 
or HLA-A2-transduced SKOV3 (online supplemental 
figure 7, figure 4D). Finally, FLQ-specific T cells derived 
from a patient with ovarian cancer (figure  3E–G) were 
co-cultured with the ovarian cancer cell lines OVCAR3 
and HLA-A2-transduced SKOV3. As shown in figure 4E, 
a specific killing of tumor cells was observed, validating 
the antitumor properties of HERV-specific T cells from 
patients.
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Figure 3  Generation of functional epitope-specific CD8+ T cells from PBMCs of patients with ovarian cancer. (A) Schematic 
representation of immunogenicity assay used to evaluate HML-2 antigen-specific T cell responses. Patient (Pt.) PBMCs were 
expanded for 14 days in the presence of HERV epitopes before tetramer staining and IFN-γ ELISpot. (B and C) Representative 
IFN-γ ELISpot images for Pt. 2 (B) or for selected responsive patients (C). Expanded patient PBMCs were co-cultured with 
peptide-pulsed T2 cells before IFN-γ ELISpot. (D) Summary of ELISpot data (n=12). The selected wells with FLQ (circle) RLI 
(square) or YAM (triangle) reactive T cells are depicted in red. FC, fold change; SFC, spot forming cells. (E) Representative 
FACS plots of tetramer staining of PBMCs non-stimulated (Unstim, upper quadrants) or stimulated with the HERV peptides 
(Pep. Stim, bottom quadrants) in the same culture conditions. (F) Functional avidity assay. Top: Representative IFN-γ ELISpot 
of tetramer-positive and tetramer-negative sorted T cells cocultured with T2 cells pulsed with irrelevant or cognate peptide 
(10−9 M). Bottom: Functional avidity of FLQ-specific and YAM-specific CD8+ T cells, calculated as non-linear fit of normalized 
IFN-γ production. EC50 are represented by the interpolation of the dashed lines with the X-axis. 10−9 to 10−13 M range was 
used for the cognate peptide T2 pulsing. Neg, negative; Pos, positive; Tet, tetramer. (G) Quantification of unspecific or FLQ-
specific and YAM-specific T cell-induced cell death of CFSE+T2 cells pulsed with cognate or irrelevant peptide (10−6 M). APC, 
allophycocyanin; CFSE, carboxyfluorescein succinimidyl ester; EC50, half-maximal cytokine response; Flt3, FMS-like tyrosine 
kinase 3; GM-CSF, granulocyte-macrophage colony-stimulating factor; HERVs, human endogenous retroviruses; IL, interleukin; 
LPS, lipopolysaccharide; IFN, interferon; PBMC, peripheral blood mononuclear cell; PE, phycoerythrin.
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We next analyzed the potential cytotoxicity of the specific 
T cell clones toward the panel of HLA-A2 primary normal 
cells derived from normal critical tissues. In agreement with 
the absence of epitope presentation on HLA molecules, 
we observed no significant effect of HERV-specific T cells 
on normal cells, confirming the tumor-selectivity of these 
epitopes (figure 5 and online supplemental figure 8).

In vivo antitumor efficacy of HERV-specific T cells
We then evaluated the in vivo antitumor efficacy of HERV-
specific CD8+ T cells. We used the avian embryo tumor 

model that consists of implanting human cancer cells 
within selected embryonic tissues, leading to the estab-
lishment of 3D tumors within a few days34 36 (figure 6A). 
FLQ-specific CD8+ T cells co-transplanted with the ovarian 
cancer cell line OVCAR3 exhibited a strong antitumoral 
activity, inducing a highly significant decrease in tumor 
volume in comparison with both control groups in which 
tumor cells were transplanted alone or with polyclonal T 
cells (figure 6B and C). Indeed, a mean decrease of 63% 
(p<0.001) in normalized tumor volumes was observed in 

Figure 4  HML-2 epitope-specific CD8+ T cells kill ovarian tumor cells in vitro. (A) Representative plots of tumor cell lysis 
kinetics of OVCAR3 cells in co-culture with FLQ- (left quadrant, E:T ratio 2:1), RLI- (central quadrant, E:T ratio 5:1) and 
YAM- (right left quadrant, E:T ratio 5:1) specific CD8+ T cells, or the corresponding tetramer-negative fractions (unspecific) 
assessed by measuring the cell index with the Xcelligence system. Results are presented as mean±SD of technical triplicates 
of a representative experiment of n=3 for FLQ and YAM, n=2 for RLI and YAM. (B) Representative 10× images of co-cultures 
of FLQ-T cells with OVCAR3 presented in A and C at 0 hour and 24 hours. Annexin V+ dead cells are depicted in green. (C) 
Cell death quantification of annexin V+ OVCAR3 cells (green object/image) at 0, 6, 24 and 48 hours after the addition of FLQ-
specific, RLI-specific and YAM-specific CD8+ T cells or unspecific T cells. Results are expressed as mean±SD of two different 
images. (D and E) Maximal cell lysis of ovarian cancer cell lines (OV90, SKOV3) cocultured with epitope-specific T cells or the 
corresponding tetramer-negative fraction (unspecific) from healthy donors (D) or ovarian cancer patients (E). E:T ratio 5:1. In 
C, D and E, co-cultures with epitope-specific T cells are depicted in red and co-cultures with unspecific T cells are depicted in 
blue. In C, target cells alone are depicted in black, and the addition of the anti-HLA antibody to co-cultures with epitope-specific 
T cells is depicted with a red dotted line. E:T, effector:target; HLA, human leukocyte antigen.
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embryos transplanted with the epitope-specific T cells, 
compared with the control group transplanted with poly-
clonal unspecific T cells (figure  6B and online supple-
mental figure 9A,B). These latter results confirmed that 
HERV-specific T cells recognize and kill ovarian cancer 
cells in vivo in a 3D tumor environment.

DISCUSSION
HERVs are considered to be major contributors of innate 
immune priming. Like exogenous viruses, they activate 
antiviral responses triggered by endogenous nucleic 
acids, a process called “viral mimicry”. This influences 
the immune landscape of the tumor microenvironment 

by increasing tumor antigen presentation and T-cell acti-
vation. Furthermore, it has been shown that HERVs can 
trigger an adaptive immune response through B and T 
cell epitopes and thus represent a source of tumor anti-
gens both in solid tumors and hematological malignan-
cies.9 37

HERV expression has previously been reported in 
ovarian cancer. Pioneering works in the field were 
published by Wang-Johanning et al, showing the pres-
ence of HERV-K Env protein in ovarian cancer and 
the possibility of generating T cells with cytotoxicity 
against tumor cells using dendritic cells transfected with 
Env.13 38 Another paper recently published confirmed the 

Figure 5  HERV epitope-specific T cells are not cytotoxic toward healthy primary cells. (A) Viability of normal primary cells 
(HCM, NHEK, NHEK, HA, NHKpT, HBEpC) alone or co-cultured with unspecific T cells (negative tetramer fraction) or FLQ-
specific, RLI-specific and YAM-specific T cells (5:1 effector to target cell ratio) monitored by normalized cell index through 
xCELLigence. OVCAR3 was used as a positive control. Data not interpretable for NHEK co-cultured with RLI-specific T cells 
(non-specific decrease of impedance). Results are mean±SD of technical triplicates. HA, human astrocytes; HBEpC, human 
bronchial epithelial cells; HERVs, human endogenous retroviruses; HCM, human cardiac myocytes; HLA, human leukocyte 
antigen; NCI, Normalized Cell Index; NHEK, normal human epithelial keratinocytes; NHKpT, normal human kidney proximal 
tubule cells.
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expression of HERVs in ovarian cancer and proposed 
a HERV prognostic score associated with survival and 
correlated with T-cell infiltration.39 Consistent with these 
results, we demonstrated here that HERV-K-derived 
epitopes are selectively expressed and presented on HLA 
molecules on the surface of ovarian tumor cells, but not 
of normal cells from critical tissues. We also validated the 
cytotoxicity of high-avidity HERV-specific T cells against 
ovarian cancer cells, both in vitro and in vivo. New studies 
are expected to clarify the immune impact of other 
HERV families in ovarian cancer and potentially define 
additional epitopes of interest.

The transcriptomic quantification of this type of epitopes 
is challenging because the sequence of each epitope 
can be found in independent transcripts from different 
HERV loci. In this work, we used an approach based on 
the sum of all the transcripts containing a potential ORF 
encoding the epitope, as previously described in a study by 
Cuevas et al.40 This method can be considered one of the 

most accurate to quantify HERV expression at the family 
level.41 Consistently, we confirmed that epitope-containing 
HERVs are significantly overexpressed in ovarian cancer 
compared with normal tissues. Importantly, our study high-
lighted the bias existing when directly comparing data-
sets from different sources and databases (batch effect). 
Indeed, HERV counts are systematically higher in GTEx 
than in TCGA for comparable tissues. As a consequence, 
we performed a batch correction using ComBat29 for each 
tissue available in both TCGA and GTEx databases, as previ-
ously reported in a study by Wang et al.30 We used TCGA 
as the reference batch, so that overall expression values 
for each corresponding tissue from GTEx aligned with 
TCGA samples. After pooling the corrected batch samples, 
we added expression values from ovary tumor samples to 
compare with normal tissues. These results confirmed that 
the HERVs containing the RNA sequences coding for the 
three peptides are significantly overexpressed in ovarian 
cancer compared with normal tissues.

Figure 6  HML-2 epitope-specific T cells elicit in vivo antitumor effects. (A) Schematic representation of the in vivo 
experiments. Effector to target (E:T) cell ratio used 5:1; E, embryonic day; HH, Hamburger-Hamilton stage. (B) Quantification of 
OVCAR-3 normalized tumor volumes using 3D light sheet microscopy of fluorescent target cells, after 48 hours co-engraftment 
with FLQ-specific CD8+ T cells (E:T=5:1). Tumor volumes are normalized against body surface area. Results are presented as 
mean±SD of 45 embryos (target cell alone n=13; unspecific T cells n=18; FLQ-specific CD8+ T cells n=14) ***p<0.001, one-way 
ANOVA Dunnett’s test. spec., specific; unspec., unspecific. (C) Representative images and volumes for three representative 
embryos at 48 hours of 3D views (light-sheet imaging) HH25 chick embryos co-engrafted with CFSE-labeled OVCAR3 alone 
(upper panels) and unspecific T cells (central panels) or FLQ-specific CD8+ T cells (lower panels). ANOVA, analysis of variance; 
CFSE, carboxyfluorescein succinimidyl ester; 3D, three-dimensional; V, volume.
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Importantly, we also showed that the overexpression 
of epitope-containing HERVs at the transcriptomic level 
is associated with the presence of HERV-K/HML-2 Gag 
protein in some ovarian cancer samples and with a selec-
tive epitope presentation on ovarian cancer cell lines. 
This supports our hypothesis that messenger RNA expres-
sion of HERVs is too low in normal tissues to achieve 
translation, whereas their overexpression in tumor cells 
is sufficient to generate epitopes efficiently presented to 
the immune system. Because the presence of the epitope 
is ultimately the main factor required for the activity of 
specific T cells, it is important to extend the immunopep-
tidomics analysis to tumor biopsies in the clinic.35

Due to their viral origin, HERV-derived epitopes are 
expected to be immunogenic. As observed in our previous 
work in triple-negative breast cancer,19 multimer-positive 
T cells were also detected in TILs from ovarian cancer 
samples. Similar results have been reported for tumor 
epitopes derived from mutations or cancer germline anti-
gens.42 Unfortunately, the low number of these T cells did 
not allow us to select and expand them to confirm their 
specificity and evaluate their functionality. Furthermore, 
the initial step of polyclonal expansion precluded the 
analysis of their phenotype to assess exhaustion markers. 
Dedicated translational studies should be performed to 
better characterize the T cells spontaneously induced 
by HERV antigens in patients with cancer. Nevertheless, 
the low frequencies of specific T cells in tumors justify 
the therapeutic strategy of boosting this response with a 
vaccine or of inducing an epitope-dependent antitumor 
response using T-cell-based therapies. In this context, we 
showed that HERV-specific T cells can be induced using T 
cells from patients with ovarian cancer. These T cells are 
characterized by a high functional avidity (of the same 
order as that of T cells generated from healthy donors, 
even if no statistical comparison can be performed with 
the available data) and can kill ovarian cancer cells. 
Confirming the tumor selectivity of these targets, we 
provide evidence that HERV-specific T cells kill cancer 
cells in an HLA-restricted manner while sparing normal 
cells. This is in line with the immunopeptidomics data 
showing that HERV epitopes are presented on tumor 
cells but not on normal cells.

Because these epitopes are specific to humans, we 
developed an original in vivo model using avian embryos 
transplanted with ovarian tumor cells to confirm the 
antitumor activity of HERV-specific T cells. This model 
offers the possibility to use a low number of T cells and 
allows for the rapid establishment of the tumor with 
tumor-associated phenotypic features after engraftment 
in the embryonic tissues. The physiological relevance of 
the avian platform was demonstrated by the observation 
of similar responses to treatment when comparing clin-
ical data and the parallel avian tumor replicates.34 36 In 
addition, it addresses the need to reduce animal use in 
the context of preclinical testing, as recently supported 
by regulatory agencies.43 However, the lack of long-term 
tumor establishment and the incomplete reconstitution 

of the tumor stroma are limitations that need to be taken 
into account. Some of them are shared with the clas-
sical subcutaneous xenografts in immunocompromised 
mouse models used for the preclinical testing of adoptive 
transfer therapies (low tumor stroma complexity, poor 
vascularization).

In summary, we showed that HERV-K-derived epitopes 
are selectively presented on tumor cells in ovarian cancer. 
They are immunogenic in patients and induce high-
avidity CD8+ cytotoxic T cells that selectively kill ovarian 
tumor cells in vitro and in vivo. These data provide the 
preclinical rationale for developing T-cell-based therapies 
against these new targets, such as vaccines, adoptive T-cell 
therapies or T-cell-recruiting bispecific antibodies.
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