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Endometriotic Tissue—derived Exosomes Downregulate NKG2D-
mediated Cytotoxicity and Promote Apoptosis: Mechanisms for
Survival of Ectopic Endometrial Tissue in Endometriosis

Emma Bjork,* "' Pernilla Israelsson,®' Ivan Nagaev,” Olga Nagaeva,” Eva Lundin,’
Ulrika Ottander,i’1 and Lucia Mincheva-Nilsson !

Endometriosis, affecting 10% of women, is defined as implantation, survival, and growth of endometrium-like/endometriotic
tissue outside the uterine cavity, causing inflammation, infertility, pain, and susceptibility to ovarian cancer. Despite extensive
studies, its etiology and pathogenesis are poorly understood and largely unknown. The prevailing view is that the immune system
of endometriosis patients fails to clear ectopically disseminated endometrium from retrograde menstruation. Exosomes are small
extracellular vesicles that exhibit immunomodulatory properties. We studied the role of endometriotic tissue—secreted exosomes
in the pathophysiology of endometriosis. Two exosome-mediated mechanisms known to impair the immune response were
investigated: 1) downregulation of NKG2D-mediated cytotoxicity and 2) FasL- and TRAIL-induced apoptosis of activated
immune cells. We showed that secreted endometriotic exosomes isolated from supernatants of short-term explant cultures carry
the NKG2D ligands MICA/B and ULBP1-3 and the proapoptotic molecules FasL. and TRAIL on their surface, i.e., signature
molecules of exosome-mediated immune suppression. Acting as decoys, these exosomes downregulate the NKG2D receptor,
impair NKG2D-mediated cytotoxicity, and induce apoptosis of activated PBMCs and Jurkat cells through the FasL- and TRAIL
pathway. The secreted endometriotic exosomes create an immunosuppressive gradient at the ectopic site, forming a “protective
shield” around the endometriotic lesions. This gradient guards the endometriotic lesions against clearance by a cytotoxic attack
and creates immunologic privilege by induction of apoptosis in activated immune cells. Taken together, our results provide a plausible,
exosome-based mechanistic explanation for the immune dysfunction and the compromised immune surveillance in endometriosis and

contribute novel insights into the pathogenesis of this enigmatic disease.

ndometriosis is a disease characterized by endometrial-like

tissue growing outside the uterine cavity. This causes

inflammation, severe pelvic pain, dysmenorrhea, infertility,
and an increased risk of ovarian cancer. Endometriosis is a common
gynecological condition, affecting ~10% of women of reproductive
age worldwide (1-3). Ectopic dissemination of endometrial tissue
by retrograde menstruation is the most widely accepted hypothesis
for the development of the disease. The displaced endometrial
glands implant, proliferate, and invade the underlying tissue, form-
ing endometriotic lesions that grow under the hormonal influence of
the menstrual cycle (4, 5). Notably, as many as 90% of fertile
women show evidence of retrograde menstruation, but only ~10%
develop endometriosis (6). First described in 1860 (7), the etiology
and pathogenesis of endometriosis are still largely unknown. Herita-
bility has been proposed to confer susceptibility to the disease (8). It
is suggested that aberrant immune reactions allow the ectopically
disseminated endometrium to escape immune surveillance (9, 10).
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Dysfunctional immune cells and suppressive immune mediators
result in poor detection and insufficient clearance of the endometri-
otic tissue. Compromised NK cell function (11-13) and apoptosis
(14) are factors proposed to influence the pathogenesis in endometri-
osis patients. Higher levels of soluble FasL were found in the serum
and peritoneal fluid of endometriosis patients with later-stage disease
compared with early-stage and healthy controls (15). We have
reported that the inflammation caused by the implantation of endo-
metriotic tissue evokes compensatory expression of immunoregula-
tory cytokines that deviate the immune response toward local
immune suppression and T-regulatory cell priming (16).

It has been reported that eutopic endometrium in healthy subjects
produces exosomes that function in the menstrual cycle and regulate
trophoblast cell adhesion, migration, invasion, and extracellular
matrix remodeling (17-19). Recently, attention has turned to studies
of extracellular vesicles (EVs), including exosomes, in endometri-
osis. However, few reports deal with the role of EVs in the
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pathophysiology of endometriosis, as previously reviewed (20).
Most studies focus on the EV’s nucleic acid cargo, showing that
they carry IncRNA and miRNAs with immunoregulatory effects
(21-23). Huang et al. (24) found that endometriotic tissue exosomes
decreased the phagocytotic capacity of macrophages and promoted
their polarization to M2 type; similar results were demonstrated in
murine models (25).

EVs, defined by their size as large (>200 nm) or small (=200 nm)
(26), are involved in intercellular communication and serve as
important players in physiological and pathological processes in
health and disease (27). Small EVs (30-200 nm in size) originat-
ing from the endosomal cellular compartment are called exosomes
(28) (reviewed in Refs. 29 and 30). Exosomes carry, on their sur-
face and inside, proteins, DNA, mRNA, and noncoding RNAs and
can be either immunostimulatory or -suppressive (31-34). Accord-
ing to MISEV2018 (26), the term exosomes should be used when
appropriate specific isolation methods and morphological analyses
at the ultrastructural level are applied. We have long-term experience
in exosome research (35-41), use methods and morphological ana-
lyses approved by the International Society for Extracellular Vesicles
for exosome studies, and accordingly will use the term exosomes for
small EV isolated from endometriotic tissue explant cultures.

Thus, in this study, we investigated the role of exosomes secreted
by endometriotic tissue explants in two processes: 1) suppression of
the NKG2D receptor-ligand—mediated cytotoxic response of NK
cells critical for effective immune surveillance and 2) apoptosis of
activated immune cells as possible mechanisms promoting immune
privilege of ectopically implanted endometriotic tissue.

Materials and Methods

Study population, inclusion criteria, and collection of samples

Endometriotic tissue and peripheral blood were collected at surgery from ten
patients at the Women’s Clinics at Norrland’s University Hospital, Ume3,
and Ornskoldsvik’s Hospitals after ethical permission by the Regional Ethi-
cal Review Board in Umed, Sweden (d.nr 09-108M) and written informed
consent. Patients were enrolled via GYNOS (Gynecologic Cohort Northern
Sweden), comprising consecutively collected ovarian tissue and blood sam-
ples from women removing one or both ovaries for any reason since 2005.
The criteria for enrollment of patients in this study were as follows: 1) severe
endometriosis stage III to IV according to the revised American Society for
Reproductive Medicine classification (42); 2) hormonally untreated patients
were desired; 3) no anti-inflammatory treatment such as COX inhibitors or
glucocorticoids; 4) fertile age, i.e., still having recurrent menstrual bleeding,
including those patients with hormonal treatment; and 5) histopathologically
verified endometriosis with both endometrial glands and stroma, according
to international pathology standards (43). Because our healthcare region is
sparsely inhabited, and today, most patients with suspected endometriosis are
put on hormonal treatment before surgery, it was difficult to collect enough
samples from hormonally untreated patients. To increase the number of
study patients, one patient with a low dose of systemically administrated
gestagen (5 mg medroxyprogesterone acetate/day) and two patients with
hormonal intrauterine devices were enrolled; for the latter, only serum exo-
somes were analyzed. Histopathological diagnoses and selection of tissue
for explant cultures were performed by an experienced pathologist at the
accredited clinical pathology laboratory at Norrland’s university hospital.
The tissue samples used in explant cultures were taken from the cyst of
endometriomas with viable stromal and glandular cells and were put in cul-
ture within 2—6 h after surgery. There was no information about the phase
of the menstrual cycle when the sampling took place. For controls, serum
samples were collected from age-matched healthy donors (n = 6) not sub-
jected to hormonal, anti-inflammatory, or any other treatment. Serum samples
from peripheral blood were kept at —80°C until use. Information about the
patients and the healthy donors is summarized in Table I.

Antibodies

The following Abs were used: anti-CA125 (OV185:1, Imgenex), anti-MICA
(159227, R&D Systems), anti-MICB (236511, R&D; bs-6933R, Bioss), anti-
ULBPI1 (H-46), anti-ULBP2 (H-48; N-16), anti-ULBP3 (H-45), anti-CD63
(MX-49.129.5), and anti-CD81 (5A6) all from Santa Cruz; anti-NKG2D

(BD Biosciences); FITC-conjugated anti-CD3 (SK7, BioLegend); mouse
anti-human FasL (G247-4; BD Pharmingen); goat anti-human TRAIL (K-18;
Santa Cruz Biotechnology); and subclass control Abs anti-mouse IgG1 and
IgG2b (DAK-GO1 and DAK-GO9), and rabbit IgG, FITC-conjugated goat
anti-mouse IgG all from DAKO.

Short-term endometriotic explant cultures

Endometriotic tissue samples were processed as previously described (38,
39, 44), i.e., the tissue was extensively washed in HBSS, cut into pieces of
5-10-mg wet weight, and cultured in RPMI 1640 with 10% ultracentrifuged,
exosome-free FCS, ascorbic acid and antibiotics at 37°C with 5% CO, for
24 h. The supernatants were collected and kept at —20°C until use.

Isolation and characterization of exosomes

The exosomes were isolated using sucrose gradient ultracentrifugation as
described (38, 39, 44). After precentrifugation at 4,000g for 30 min and at
17, 000g for 30 min to remove cell debris and large particles and filtration
through a 0.2-um filter, a 30% sucrose gradient ultracentrifugation at
110,000g for 2 h was applied. After collection of the band with exosomes
and washing, the exosomes were stored at —20°C in sterile PBS supple-
mented with protease inhibitors (Roche Diagnostics). Yield and size distribu-
tion were evaluated by nanoparticle tracking analysis (NTA) with ZetaView
(Particle Metrix, Germany). The average of five measurements of size and
concentration (number of particles/ml) was calculated.

Electron microscopy of endometriotic tissue—derived exosomes

For negative contrast staining, isolated exosomes were absorbed on Formvar/
carbon-coated nickel grids, washed with PBS, fixed with 2% paraformalde-
hyde, and stained with 1.9% methylcellulose containing 0.3% uranyl acetate.
Excess fluid was removed, and the samples were dried before examination
with transmission electron microscopy (TEM). Immunoelectron microscopy
(IEM) was used to assess exosomal markers (tetraspanins CD63 and CD81),
CA-125, MICA/Bm, ULBP 1-3, FasL, and TRAIL. After blocking in 0.1 M
glycine and 0.3% BSA, grids with exosomes were incubated with appropri-
ate mAbs or isotype-matched control mAbs. After washing, the grids were
incubated with secondary Abs conjugated with 10-nm gold particles for 1 h.
After washing, silver enhancement, and fixation with 2.5% glutaraldehyde,
the grids were negatively stained as described above and analyzed in a
JEOL1600 electron microscope.

Protein expression analysis by immunoflow cytometry of isolated
endometriotic tissue—derived exosomes coupled to latex beads

Aldehyde/sulfate latex beads, 4% (w/v), 4 um (Invitrogen Molecular Probes)
were used as previously described (38, 44). In brief, for Ab coating, the
beads were incubated at 4°C overnight with end-to-end rotation with appro-
priate concentrations of anti-MICA/B, anti-ULBP1-3, anti-FasL, anti-TRAIL,
or isotype-matched control Abs. After washing and blocking of uncoupled
sites, exosomes were added and incubated at 4°C overnight with end-to-end
rotation (45). After washing, FITC-conjugated CD63 mAbs were added and
incubated for 30 min. The beads were then washed and analyzed with an
Accuri 6C flow cytometer (BD Biosciences).

Isolation of PBMCs and culture of Jurkat cells

PBMCs from healthy donors were isolated by Lymphoprep (Nycomed) gra-
dient centrifugation (46). The PBMCs were used as readout cells in the
receptor studies and cytotoxic and apoptotic experiments. Jurkat cells were
cultured in RPMI 1640 and supplemented with 0.5% BSA (Sigma-Aldrich)
and antibiotics at 37°C and 5% CO, with humidity.

NKG2D receptor-ligand studies

Receptor downregulation of NKG2D expression with exosomes was done as
described (38, 44). PBMCs from healthy donors were incubated in 5% CO,,
at 37°C for 4 h in the absence/presence of native exosomes or in the pres-
ence of the same type of exosomes treated with a mixture of specific mAbs
against NKG2D ligands or CD63. After incubation, the cells were stained by
immunofluorescence with mAbs against the NKG2D receptor. Ten thousand
events/sample were collected in Accuri 6C flow cytometer (BD Biosciences)
and analyzed in CFlow Plus program (BD Biosciences).

Cytotoxicity experiments

NKG2D-mediated cytotoxicity was assessed using PBMCs from healthy
donors as effector cells and the erythroid cell line K562 as targets in an
effector:target ratio of 40:1 (38). Cell death was assessed by CytoTox96 non-
radioactive cytotoxicity assay (Promega), a calorimetric alternative to the
SICr release cytotoxicity assay that measures quantitatively lactate dehydro-
genase (LDH), a stable cytosolic enzyme that is released upon cell lyses in a
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similar way as >'Cr is released in radioactive assays. In brief, K562 targets
and PBMC effectors were incubated at 37°C for 4 h to assess baseline cyto-
toxicity. Effector and target cells were incubated with native exosomes or
Ab-blocked exosomes at a concentration of 40 pwg/ml. Simultaneously, anti-
NKG2D blocking Abs (10 wg/ml, clone 1D11, BD Biosciences) were used
for receptor blocking, anti-CD63 mAbs were used for exosome blocking,
and a mixture of ULBP1-3 and MICA/B Abs (5 pg/ml of each Ab) were
used for ligand blocking. The LDH release due to cell death is revealed by
development of a color reaction after addition of CytoTox96 reagent, a LDH
substrate, provided by the manufacturer. Specific lysis was calculated with
the manufacturer-provided standard formula:

% Cytotoxity = (experimental — effector spontaneous
— target spontaneous)/(target maximum

— target spontaneous) X 100 1)

Assessment of apoptosis

To detect exosome-induced apoptosis in Jurkat cells and activated PBMCs,
the PE annexin V apoptosis detection kit I (BD Pharmingen) and immunoflow
cytometry was used, according to the manufacturer’s instructions. Jurkat cells,
recommended by the manufacturer for this assay and PMA-ionomycin—
activated PBMCs were used as readout cells. PMA and ionomycin at final
concentrations of 5 ng/ml and 0.5 pg/ml, respectively, were used for stimula-
tion of PBMCs from healthy donors. In short, Jurkat cells (1 10%ml) or acti-
vated PBMCs (1 X 10%ml) were cultured on a 96-well plate, treated with
native- or mAb-blocked endometriotic tissue—derived exosomes or endometri-
osis serum exosomes for 24 h, then harvested, washed with PBS, stained with
annexin V/7-aminoactinomycin D, and analyzed on an Accuri 6C flow cytom-
eter (BD Biosciences).

Statistical analysis

Expression of ligands/receptors on the surface of exosomes or cells of endo-
metriosis patients compared with healthy controls were analyzed using
Student ¢ tests. Pairwise Student ¢ tests were used to compare receptor
expression before and after addition/treatment with exosomes, the cytotoxic-
ity experiment before and after addition/treatment with exosomes, and the
apoptosis experiment before and after the addition of exosomes. The statisti-
cal analyses were performed in MATLAB R2022a.

Results

Short-term endometriotic-tissue cultures secret exosomes

Exosomes were isolated from the short-term culture supernatants
and serum from endometriosis patients and healthy controls and
characterized by NTA, IEM, and TEM as shown in Fig. 1. The
purity, size, and concentration of the isolated tissue-derived exo-
somes were compared with exosomes isolated from serum of endo-
metriosis patients (Fig. 1A, 1B). In addition to exosomes from
endometriotic lesions, various other exosomes from organs/tissues/
cells are circulating in the peripheral blood. Negative contrast stain-
ing and TEM showed the typical exosomal cup shape (Fig. 1C,
1D). IEM revealed expression of the tetraspanins CD63 and CDg81,
regularly used as exosomal markers (Fig. 1C). Interestingly, we also
found an expression of CA125 on the endometriotic-tissue exo-
somes, a marker traditionally used in the diagnosis of ovarian
cancer.

Endometriotic tissue—derived exosomes carry NKG2D ligands that
downregulate the cognate receptor

Because NK cells have impaired function in endometriosis (11-13),
we specifically studied whether endometriotic-tissue exosomes had
an impact on NK-cells’ function. Endometriotic-tissue exosomes
and serum exosomes were examined for surface expression of the
NKG2D ligands, MICA/B, and ULBP1-3 by IEM and immunoflow
cytometry with latex beads. Fig. 2A illustrates representative IEM
micrographs of exosomes stained with mAb against MICA/B and
ULBPI1-3, and in Fig. 2B and 2C, immunoflow cytometry with
exosomes captured on latex microbeads coated with mAbs against
NKG2D ligands are presented. These experiments confirmed that
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Table I. Characteristics of endometriosis patients and controls
Characteristics Patients Controls
Number 10 6
Explants 5 NA
Serum 7 6
Age

Mean 39.5 37.8

Maximum 52 47

Minimum 24 19
Parity

0 5 1

1 1 0

2 4 3

3 or more 0 2
Hormonal treatment

None 7 6

IUD 0

IUD + MPA 1 0
Anti-inflammatory drugs”

Yes 0 0

No 10 6
Dysmenorrhea

None 1 3

Mild 0 2

Moderate 3 1

Severe 6 0
Histopathology-verified endometriosis

Yes 10 NA

No 0 NA
Stage according to rASRM

11T 5 NA

v 5 NA

*COX inhibitors or glucocorticoids.
IUD, intrauterine device (levonorgestrel 20 pg/24 h); NA, not applicable; MPA,
medroxyprogesterone; rASRM, revised American Society for Reproductive Medicine.

endometriotic tissue—derived exosomes carry NKG2D ligands on
their surface.

We then tested the ability of the NKG2D ligand-bearing exo-
somes to downregulate the cognate receptor expression, assessed by
normalized mean fluorescence intensity (MFI). The results are sum-
marized in Fig. 2D—-G. Histograms of one representative experiment
show a decrease in MFI after the addition of endometriotic-tissue
exosomes and recovery of the MFI after blocking the exosomes by
anti-CD63 mAbs (Fig. 2D). A summary of incubation experiments
with endometriotic tissue—derived exosomes (Fig. 2E, n = 7) and
with endometriotic serum-derived exosomes (Fig. 2F, n = 6)
showed a significantly decreased MFI for the NKG2D receptor
expression on PBMCs from healthy donors, whereas in the sum-
mary of experiments with serum exosomes isolated from healthy
donors (Fig. 2G, n = 4), no significance was reached. When the
exosomes were pretreated with mAbs against CD63, the surface
expression of the NKG2D receptor was restored close to initial val-
ues. Thus, we conclude that endometriotic tissue—secreted exo-
somes, concordant with other NKG2D ligand-bearing exosomes,
downregulate the NKG2D receptor. The endometriosis serum-
derived exosomes contain endometriotic exosomes and thus had a
similar downregulating effect on the NKG2D receptor.

The exosome-mediated NKG2D receptor downregulation impairs
the killing ability of NK cells in PBMCs from healthy donors

We assessed whether the exosome-mediated downregulation of the
NKG2D receptor impaired the killing ability of NK cells (Fig. 3).
PBMCs from healthy donors were used as effector cells, and the
cells of the human NKG2D ligand-expressing erythroleukemia cell
line K562, purchased from American Type Culture Collection, were
used as targets. As stated by American Type Culture Collection and
the manufacturer and as found in previous reports (47), the K562
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cell line’s MHC class 1 expression is extremely low/negligible.
Because MHC expression is mandatory for CTL activation, this
assay is vastly assessing NK-cell cytotoxicity and is particulary rec-
ommended for evaluation of the NKG2D receptor-mediated NK-cell
cytotoxicity. If some scarce cytotoxic signals from other cells might
be present, their contribution is negligible. The NK-cell cytotoxicity
was assessed with: 1) untreated effector and target cells to assess
baseline cytotoxicity; 2) effector and target cells in the presence of
native exosomes or exosomes blocked by mAb against NKG2D
ligands or anti-CD63 mAbs; 3) anti-NKG2D receptor-blocked
effector cells; and 4) anti-NKG2D ligand-blocked target cells. In
addition, the effect of supernatant depleted of exosomes on the
cytotoxicity was tested. As shown in Fig. 3A, in the presence of
native endometriotic-tissue exosomes, the cytotoxic response was
downregulated to levels comparable to blocking effector or target
cells. The cytotoxicity was restored when the native exosomes
were blocked with a mAb mixture of NKG2D ligands or anti-
CD63 mAb. Used supernatant after exosome isolation had no
effect on cytotoxicity. In contrast, serum exosomes isolated from
the sera of endometriosis patients (Fig. 3B) and from healthy
donors (Fig. 3C) showed a tendency to downregulate cytotoxicity
but did not reach statistical significance. As an explanation, it is
plausible to assume that even if endometriotic NKG2D ligand-
expressing exosomes are/could be present in the blood of the endo-
metriosis patients together with exosomes from other organs and
cells, their concentration and suppressive effect is diluted. From
these experiments, we concluded that NKG2D ligand-carrying endo-
metriotic tissue—derived exosomes significantly impair the cytotoxic
function of NK cells.

Endometriotic tissue—derived exosomes carry on their surface FasL
and TRAIL that trigger in-vitro apoptosis of Jurkat cells

The expression of the proapoptotic molecules FasL. and TRAIL on
endometriotic tissue—derived exosomes was confirmed by IEM and
immunoflow cytometry of exosomes captured on latex microbeads
coated with mAbs against FasL and TRAIL (Fig. 4A, 4B). It is
notable that the FasL and TRAIL expression on exosomes from

endometriotic tissue, measured by normalized MFI, was much
higher than that in endometriosis serum exosomes (Fig. 4C, blue-
and orange-colored staples, respectively). The healthy donors’ serum
exosomes had low expression (Fig. 4C; and gray-colored staples,
respectively). These differences represent the fact that FasL/TRAIL-
carrying exosomes are diluted in the peripheral blood and represent
only a part of the total moiety of isolated serum exosomes. It is
logical to assume that in the endometriosis serum, an inflow of
exosomes from the endometriotic lesions takes place. The FasL/
TRAIL-carrying exosomes in the serum of healthy donors are much
fewer and come from other sources. Apoptosis was assessed using
Jurkat cells, as recommended by the manufacturer, and activated
PBMCs from healthy donors as readout cells. As shown in Fig. 4D
and 4F, the endometriotic tissue—derived exosomes induced a signif-
icant apoptotic effect on Jurkat cells and activated PBMCs, respec-
tively, that was reduced after blocking with anti-CD63 mAb.
Endometriosis serum exosomes had a significant apoptotic effect on
Jurkat cells (Fig. 4E) and a visible apoptotic effect on activated
PBMC:s (Fig. 4G) without reaching statistical significance.

Discussion

Despite extensive research, the etiology of endometriosis remains
unknown, and its pathogenesis is not fully understood. Previous
reports suggest that the immune surveillance might be compromised
in patients, suffering from endometriosis. Their immune system fails
to clear the retrograde dissemination of endometrium to ectopic sites
that normally occurs in all women during menstruation. In this arti-
cle, we present evidence that endometriotic tissue—derived exosomes
emerge as common denominators for the impairment of the immune
surveillance in endometriosis via downregulation of the NKG2D-
mediated NK-cell cytotoxicity and enhancement of apoptotic killing
of activated immune cells. In support for this suggestion, our previ-
ous cytokine studies in endometriosis showed vigorous ongoing
local inflammation (16), a process known to promote and enhance
exosome secretion (37).
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NKG2D ligand expression

FIGURE 2. Endometriotic tissue—derived exosomes
(exo) carry NKG2D ligands that downregulate the
NKG2D receptor on PBMCs from healthy donors.
(A) Immunoelectron micrographs of endometriotic tis-
sue exosomes expressing the NKG2D ligands MICA/
B and ULBPI1-3. (B) Immunoflow cytometry of endo-
metriotic tissue exosomes captured on mAb-coated
latex beads showing surface expression of members of
the MICA/B and ULBP families. The black curve rep-
resents negative controls with isotype-matched mAbs.
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Taken together, our results can be summarized as follows:
1) endometriotic tissue explants ubiquitously secrete small EV with
the size and morphology of exosomes; 2) the endometriotic tissue—
derived exosomes carry MICA/B and ULBP1-3 ligands on their sur-
face that downregulate the cognate NK-cell receptor NKG2D and
impair the cytotoxic response of NK cells; and 3) in addition, the
endometriotic-tissue exosomes carry FasL and TRAIL molecules,
which induce apoptosis in activated immune cells and thus protect
the ectopic endometriotic implants from immune attack. Our results,
schematically summarized in Fig. 5, suggest that endometriotic tis-
sue—derived exosomes express immunosuppressive signatures (41)
that help the endometriotic tissue to escape immune surveillance
and create a local site of immunologic privilege where endometriotic
lesions can persist.

EVs, including exosomes, in endometriosis have been studied
before. Most/all of the EV isolations in the published reports were
done from cell lines, enzyme-treated tissue, or serum and peritoneal
fluid, in which exosome contamination of other sources could be
expected (24, 48, 49). We used another approach: short-term explant
cultures of endometriotic tissue obtained by surgery. The tissue
immediately emerged in culture medium after extraction and was
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put in culture within 2—6 h, and the supernatant for exosome isola-
tion was collected after 24 h. In addition to mimicking as closely as
possible the in vivo exosome secretion from endometriotic tissue,
the choice of 24-h short-term culture aimed to eliminate tissue dete-
rioration, a condition that would increase contamination with other
microvesicles, such as apoptotic bodies, or with exosomes not
secreted but released from multivesicular bodies of destroyed cells.
To our knowledge, this approach for studying exosomes has not
been performed before in endometriosis. Huang et al. (24) isolated
exosomes from trypsinized endometriotic tissue. Tissue trypsiniza-
tion is not recommended for exosome harvest because it causes cell
damage, which could release immature exosomes from multivesicu-
lar bodies of dying cells. This might explain why our exosomes,
derived from spontaneous secretion from endometriotic tissue, differ
in size (average 120 nm) compared with the exosomes studied by
Huang et al. (average 80 nm) (24). Similarly, Zhang et al. (48) used
collagenase- and trypsin-treated endometriotic tissue for exosome
isolation. Nazri et al. (49) performed isolation of exosomes from
peritoneal fluid, which naturally contains a mixture of exosomes
from a variety of organs and cells, including immune cells, making
it difficult to assess which exosomes are produced by the
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FIGURE 3. Endometriotic tissue—derived NKG2D ligand-carrying exosomes
(exo) impair the killing ability of PBMCs from healthy donors. (A) NKG2D-
mediated cytotoxicity was assessed with PBMCs as effector cells and the eryth-
roleukemia cell line K562 as target cells (E:T ratio 40:1) in the presence/absence
of native or mAb-blocked endometriotic tissue exosomes (n = 4). Note that the
presence of native exosomes reduced the cytotoxicity to a degree comparable to
blocking the target or effector cells (» = 0.0001). Treatment of the exosomes
with a mAb mixture of NKG2D ligands or anti-CD63 mAb reversed the sup-
pression to nonsignificant levels, compared with untreated target and effector
cells. Used supematant, left after isolation of exosomes, did not affect cytotoxic-
ity. (B) Experiments similar to those in (A) with exosomes isolated from serum
from endometriosis patients (z = 3). (C) Experiments similar to those in
(A) with exosomes from healthy donors (n = 6).

endometriotic tissue. Because our focus was on endometriotic tis-
sue—secreted exosomes, this approach was not suitable for our
study.

It could be of interest to compare exosomes from short-term
endometriotic cultures with exosomes from short-term eutopic endo-
metrium cultures. We have not found studies of epithelial cell-
derived exosomes from eutopic endometrium in endometriosis.
Hsu et al. (50) studied extracellular vesicles produced by stromal
cells of endometrium from three endometriosis patients and found
that they carry annexin A2 and could promote proliferation,
motility, and angiogenesis. A recently published meta-analysis
(51) revealed that most of the studies of eutopic endometrium in
endometriosis compared with endometrium of healthy women
gave conflicting results, probably due to differences in patient
cohorts, hormonal influence from the menstrual cycle, and differ-
ences in the experimental set-up and methodology. Future studies
are needed to address this question.

We showed that endometriotic tissue—derived exosomes carry the
NKG2D ligands MICA/B and ULBP 1-3 on their surface and that
these exosomes downregulate the NKG2D receptor on PBMCs
from healthy controls. We and others have previously reported that
NKG2D ligand—bearing exosomes act as a decoy and downregulate
cytotoxicity in a dose-dependent manner by internalizing the cog-
nate receptor from the surface of the NK, CTL, and yd T cells with-
out destroying it (38, 52). Thus, it can be recirculated back to the
cell surface. One can assume that the downregulation of the
NKG2D receptor is strongest locally at the ectopic implantation site
where the constant exosome secretion produces the highest concen-
tration of endometriotic tissue—derived exosomes. It could be
expected that the downregulating effect fades when the immune
cells move away following the bloodstream and start to recycle the
NKG2D receptor expression. We found that exosomes isolated from
endometriosis serum and expressing NKG2D ligands on their sur-
face downregulated the NKG2D receptor, whereas serum exosomes
from healthy donors did not. The functional cytotoxic experiments
confirmed that the exosome-mediated NKG2D receptor downre-
gulation impaired cytotoxicity as shown in Fig. 3. Significant
impairment of the cytotoxic response, measured by functional
experiments, was only obtained when exosomes isolated from
endometriotic cultures were used, whereas experiments with
serum exosomes from endometriosis and healthy donors did not
reach statistical significance. This is probably due to dilution in
the blood. Endometriotic exosomes are present in the serum exo-
somes from endometriosis but comprise only a part of the total
moiety of serum exosomes, of which the majority is produced
and secreted in the blood by several organs. In general, all types
of serum exosomes per se represent a moiety from different
organs and have a very short halftime in the blood, and their
composition in serum in real time is rapidly changing. Thus, they
exert their function locally on their target cells in various organs
and at different sites. The systemic immunosurveillance may not
be downregulated to the same extent (38) as at the local level,
and the cytotoxic immune function in endometriosis patients
might be only partially immunocompromised. Our results are in
line with previous reports on increased levels of soluble MICA/B
and ULBP in peritoneal fluid from endometriosis patients com-
pared with controls that correlated with disease severity (53, 54).
In this study, we show that the increased levels of “soluble”
MICA/B and ULBP comprise endometriotic tissue exosomes car-
rying MICA/B and ULBP. Exosome-carried NKG2D ligands are
significantly more potent inhibitors of cytotoxicity than the
cleaved and thus truncated soluble ligands (55). Our results are
also confirmed by Xu et al. (56), who found decreased expression
of NKG2D receptors on NK cells in the peritoneal fluid of endo-
metriosis patients compared with controls. To our knowledge, we
have shown for the first time that the NK cell dysfunction in
endometriosis is due to secretion of endometriotic tissue—derived
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FIGURE 4. Endometriotic tissue—derived
exosomes (exo) carry functional FasL and
TRAIL that trigger apoptosis of Jurkat cells B FasL
in vitro. (A) Immunoelectron microscopy of
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exosomes that carry NKG2D ligands, which act as a decoy and
interfere with the NKG2D receptor—mediated cytotoxicity. This
mechanism is also found in pregnancy, for protection of the semi-
allogeneic fetus from maternal immune attack (33, 38, 44), and in
many cancers, in which NKG2D ligands carried by the cancer
exosomes downregulate the NKG2D receptor and impair the
cytotoxic anti-tumor response in a similar way (52).

In addition to NKG2D-mediated cytotoxicity, we studied exoso-
mal FasL- and TRAIL-induced apoptosis. Apoptosis, a pathway for
clearing infected and damaged cells without mounting an inflamma-
tory response, is also a mechanism of tolerance at immunologically
privileged sites such as the eye, testis, and pregnant uterus (57-59).
Cancers take advantage of apoptotic mechanisms to escape immune
surveillance. Exosomes can induce apoptosis in a dose-dependent
manner as shown in our earlier studies (39).

The exosomal membrane and its composition resemble the cellu-
lar membrane’s lipid rafts, known to facilitate attachment and aggre-
gation of signaling proteins including the proapoptotic FasL and
TRAIL (60). Expression of FasL and TRAIL on exosomes enhance
their concentration on the exosomal membrane and protect these
molecules from cleavage by matrix metalloproteases (39, 61, 62).
We found that endometriotic tissue—derived exosomes express FasL
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60 p=0‘2

40
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and TRAIL and thus trigger apoptosis in activated PBMCs and
Jurkat cells (39, 63). As could be expected, the endometriotic tissue—
derived exosomes had the strongest apoptotic effect. An influx of
these exosomes to the peripheral blood takes place, and they can
induce apoptosis albeit, due to their dilution in the blood, significant
but not as strong as when a pure moiety of endometriotic tissue exo-
somes is used. Our results are in line with a study by Sturlese et al.
(64) that showed high levels of mRNA for Fas in mononuclear cells
and high soluble FasL in peritoneal fluid of endometriosis patients,
which increased with the increasing stage of the disease. They sug-
gested that Fas-bearing mononuclear cells became targets for killing
by FasL-expressing endometriotic cells. Our results provide evidence
that the killing is mediated “by proxy” by the FasL- and TRAIL-
bearing exosomes, produced and secreted by endometriotic cells.
Sbracia et al. (65) found reduced expression of Fas and increased
levels of FasL in ectopic endometrium compared with controls, sug-
gesting an immune privilege for the endometriotic tissue. Confirming
this suggestion, we show that the immune privilege is effectuated by
exosomes that induce apoptosis of activated mononuclear cells
through the FasL/Fas pathway. This mechanism is most prominent
locally in the endometriotic tissue because expression of FasL and
TRAIL on serum exosomes was less pronounced.
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FIGURE 5. Schematic presentation of two immunosuppressive mechanisms driven by endometriotic tissue—derived exosomes. The endometriotic tissue,
here presented by diagnostic micrographs stained for CD 10, estrogen receptor (ER), and vimentin (VIM), secretes exosomes carrying the NKG2D receptor
ligands MICA/B and ULBP 1-3 and the proapoptotic ligands FasL and TRAIL. MICA/B and ULBP 1-3 carrying exosomes internalize the NKG2D receptor
on NK cells and impair their cytotoxic ability. Exosomes carrying FasL and TRAIL induce apoptosis of activated immune cells. These mechanisms protect
the endometriotic tissue from immune attack and allow its persistence at ectopic sites.

Exosomes have a potential as diagnostic markers for several dis-
eases (66, 67). We found that the exosomes secreted by endometri-
otic tissue carry CA 125 on their surface. CA 125 is known to be
elevated in serum of endometriosis patients (68). CA 125 is also
elevated in most patients suffering from ovarian cancer and thus is
not a specific marker in either of these diseases. However, in com-
bination with clinical symptoms, it could still be a useful marker
for diagnostic purposes and an address marker for endometriotic
exosomes and for separating these exosomes from the peripheral
blood.

Our study includes a limited number of patients partly due to
the sparsely populated health district of Northern Sweden and
partly because we attempted to obtain exosomes from hormonally
untreated cases of severe endometriosis, which are very rare to
find. An advantage of our study is our experimental set-up of iso-
lating exosomes from spontaneous secretion in short-term endo-
metriotic-tissue explant cultures. This approach has not been
previously used in endometriosis. It reflects in the best possible
way the in vivo secretion of endometriotic tissue—derived exo-
somes in the peritoneal cavity of endometriosis patients. Further-
more, all experiments of marker expression and the functional
studies are done with exosomes isolated from individual donors;
no mixtures of exosomes from several donors were used. Addi-
tional studies with much larger and well defined patient cohorts
are needed to prove/disprove the results of this investigation. In
our further studies, we would like to investigate the NKG2D
receptor—ligand system in the eutopic endometrium in endometri-
osis and compare it to endometrium in healthy subjects and endo-
metriotic lesions. Another interesting question is whether the
endometriotic exosomes carry other NK-cell receptor ligands that
can affect their cognate receptors.

In summary, the results presented here show, for the first time,
that endometriotic lesions secrete exosomes carrying the NKG2D
ligands MICA/B and ULBP1-3 and the proapoptotic molecules

FasL and TRAIL, i.e., molecules defined as molecular signatures
of immunosuppressive/inhibitory exosomes (41). These exosomes
downregulate NKG2D-mediated cytotoxicity and induce apoptosis
in activated immune cells. The exosomes form a protective “shield”
around the endometriotic lesions that prevents a cytotoxic attack
and renders the tissue an immune privilege. We provide a plausible
exosome-based mechanistic explanation for the immune dysfunc-
tion in endometriosis patients that causes insufficient endometrial
tissue clearance in the peritoneal cavity and leads to the develop-
ment of the disease. Our results explain to a great extent the
reported NK-cell dysfunction in endometriosis. We do not exclude
the possibility that there also could be other unknown or intrinsic
factors that could contribute to the NK-cell dysfunction.
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