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Abstract

Problem: Tumors compromise the patients’ immune system to promote their own

survival. We have previously reported that HGSC exosomes play a central role,

downregulating NKG2D cytotoxicity. Primary surgery’s effect on tumor exosomes

and NKG2D cytotoxicity in HGSC patients has not been studied before. The overall

objective of this study was to explore the effect of surgery on the exosome-induced

impairment of NKG2D cytotoxicity in HGSC.

Method of study: Paired pre- and post-operative blood samples were subjected to

cell and exosome analyses regarding the NKG2D receptor and ligands, and NKG2D-

mediated cytotoxicity. Lymphocytes were phenotyped by immunoflow cytometry.

Exosomes, isolated by ultracentrifugation, and characterized by nanoparticle tracking

analysis, transmission and immune electronmicroscopy andwestern blot were used in

functional cytotoxic experiments. HGSC explant culture-derived exosomes, previously

studied by us, were used for comparison.

Results: HGSC exosomes from patients’ sera downregulated NKG2D-mediated cyto-

toxicity in NK cells of healthy donors. In a subgroup of subjects, NKG2D expression

on CTLs and NK cells was upregulated after surgery, correlating to a decrease

in the concentration of exosomes in postoperative sera. An overall significantly

improved NKG2D-mediated cytotoxic response of the HGSC patients’ own NK cells

in postoperative compared to preoperative samples was noted.

Conclusions: Surgical removal of the primary tumor has a beneficial effect, relieving

the exosome-mediated suppression of NKG2D cytotoxicity in HGSC patients, thus

boostering their ability to combat cancer.
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1 INTRODUCTION

Cancers develop various strategies to subvert host immune defense

and compromise immune surveillance, thus promoting tumor immune

escape and survival. These strategies include the ability to create

a cancer-tolerant tumor microenvironment (TME) and activation of

mechanistic pathways that counteract the effect of anti-tumor immune

responses, reviewed in.1 Ovarian cancer (OC), a highly heterogeneous

tumor group, has the highest mortality rate of all gynecological malig-

nancies. Epithelial ovarian cancer (EOC) comprises 90% of malignant

ovarian tumors and can be further classified according to histopathol-

ogy and genetic alterations.We chose to investigate themost common

and highly malignant type, high-grade serous cancer (HGSC), which

constitutes 70% of EOC cases.2 The establishment, metastatic spread,

and poor outcome of the disease are strongly associated with tumor-

induced derangement of the immune system.3–5 This is facilitated

by intrinsic tumor cell changes, such as uncontrolled growth signal-

ing, limitless replication, sustained angiogenesis and invasiveness; and

by a variety of mechanisms suppressing host immunity and creating

an immunosuppressive TME.6 We have previously reported that the

cytokine mRNA profile in the HGSC TME is dominated by immunoin-

hibitory and pro-inflammatory cytokines, favoring tumor survival and

spread.7

Furthermore, it is well known that HGSC, and other cancers, con-

stitutively secrete extracellular vesicles (EV) that in various ways

promote cancer establishment and survival. Extracellular vesicles, pro-

duced by living cells, are characterized by their origin and size into

small and large EV. Small EVs (30–150 nm in size) of endosomal origin

are called exosomes, reviewed in.8 According to the guidelines by the

International Society for Extracellular Vesicles (ISEV), MISEV2018,9

the term small EVs should be used when no specific isolation method

and morphological analysis of the vesicles on the ultrastructural level

has been applied.We have awell-documented long-term experience in

exosome research and isolationmethodology.10–13 Here, sincewehave

used an exosome-specific isolationmethod based on ultrafiltration and

ultracentrifugation and applied nanoparticle tracking analysis (NTA)

and electron- and immunoelectron microscopy methods to prove the

exosomal origin and morphology of the isolated vesicles, we have

chosen to use the term exosomes.

We and others have studied tumor-derived exosomes, including

exosomes from HGSC.11,14–21 Exosomes are released by virtually all

cell types and participate in the intercellular communication in nor-

mal and pathological processes. Exosomes carry on their surface, and

inside, proteins, DNA, mRNA, and non-coding RNAs such as micro-

and long non-coding RNAs.22 HGSC cells’ exosomes are secreted in

ascites and peripheral blood.14–17 These exosomes carry immunosup-

pressive cytokines like IL-10 and TGF-β1,18 known to induce formation

of immunosuppressive immune cells, for example, T regulatory (Treg)

cells18 and tumor-promoting M2 macrophages.19 They can induce

secretion of pro-inflammatory cytokines, such as IL-6, TNF-α and IL-

1β,20 suppress the CD3 ζ-chain expression21 and enhance apoptosis

by expressing FasL and TRAIL.14 Tumor-derived exosomes have been

shown to express NKG2D ligands, interacting with the major NK cell

activating receptorNKG2Dand impairing its function,12,23,24 reviewed

in.25 Our group showed for the first time that HGSC exosomes had

the ability to downregulate cytotoxicity in a differential way.11 Study-

ing isolated HGSC exosomes from ascites, tissue explant cultures and

cell-line supernatants, we proved that these exosomes carried NKG2D

ligands on their surface and thus could inhibit the NKG2D receptor-

mediated cytotoxicity while the exosomal surface was deprived of

DNAM-1 ligands, leaving the accessory DNAM-1 receptor-mediated

pathway unaffected.11 Our results11 gave amechanistic explanation to

the previous observation that the cytotoxic immune response in HGSC

patients is carried by the accessory DNAM-1/PVR mediated cytotoxic

pathway and the NKG2D ligand pathway is only complementary.26

Surgery is a cornerstone of ovarian cancer treatment and the impor-

tance ofmaximal primary debulking surgery for the patient’s prognosis

is well substantiated.27,28 It has been suggested that some of the ben-

eficial effects of surgery are due to improvements of the host immune

defense.27,29

Prompted by these reports we wanted to investigate if surgery

improved the NKG2D-mediated cytotoxicity, known to constitute the

anti-tumor immune surveillance in cancer patients. In the current

mechanistic proof-of-concept study, we collected peripheral blood

samples from HGSC patients before and 3–14 weeks after surgery

and for the first time evaluated the effect of surgery on the cytotoxic

potency of the patients’ NK cells and circulating HGSC exosomes.

2 MATERIALS AND METHODS

2.1 Study population

The main characteristics of the study patients are summarized in

Table 1. Eighteen women having surgery for primary HGSC were

recruited from the Department of Gynecology and Obstetrics at Nor-

rland’s University Hospital, Umeå, Sweden. Exclusion criteria was a

history of any other tumor disease. The investigation was approved

by the Human Ethics Committee of the Medical Faculty, Umeå Uni-

versity (d.nr 09–108 M). All patients donated samples after written

informed consent. Information on histopathological diagnosis accord-

ing to the World Health Organization Classification,30 was extracted

from theirmedical records and verified via the local PathologyRegistry

and a senior consultant in Gynecological Pathology (EL). The majority

ofwomen (n=14) received chemotherapyduring the sample collection

period (Table 1), according to guidelines.31 These women were given 1

up to 3 cycles, three weeks apart, of carboplatin and paclitaxel before

the postoperative blood sample was collected (Table 1). One patient

received an addition of bevacizumab (Avastin®) to her second cycle

(the last before collection of the postoperative sample).

2.2 Rationale for the division of the HGSC
patients into Group 1 and Group 2

Our previous work concentrated on in vitro studies of suppression

of the NKG2D cytotoxicity by HGSC-derived exosomes.11 Here, we

wanted to test this finding in clinical settings as a proof-of-concept.
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TABLE 1 Patient characteristics (n= 18)

Characteristics Value

Age, years, median (range) 60.5 (42–76)

FIGO stage, n

II 2

III 15

IV 1

Chemotherapy treatment prior to

postoperative sample, n

0 cycles

1 cycle

2 cycles

3 cycles

4

10

2

2

Postoperative residual tumor, n

Macroscopically radical 9

Residual tumormass 9

Time-point for sample collection,

weeks, median (rangea)

Preoperative sample 0 (0–2)

Postoperative sample 6 (3–14)

aIn relation to surgery.

We asked the questions: (1) Exosomes are extremely short-lived in the

peripheral blood - canwe traceNKG2D ligand bearing exosomes in the

blood of HGSC patients? (2) Are those downregulating the receptor?

(3) Is the patients’ cytotoxic response downregulated? (4) Surgery will

remove the tumor, that is, the major source of NKG2D ligand bearing

exosomes – will that mean less amount of NKG2D ligand-bearing exo-

somes and upregulation of cytotoxicity? There were no quantitative

differences in the phenotype of PBMCsof the patients before and after

surgery, but differences in the NKG2D receptor expression. We used

the receptor expression differences to divide the patients into two

groups: one where the NKG2D receptor expression was upregulated

after surgery, named Group 1, and one where the NKG2D receptor

expression was downregulated after surgery, named Group 2. We fol-

lowed these groups individually pre- and post-operatively in all tests

done (Supplementary Figure 1).

2.3 Blood sample collection and isolation of
peripheral blood mononuclear cells (PBMC)

Venous blood was collected in tubes with and without EDTA sup-

plementation from all women (n=18) before and 3–14 weeks

(median 6 weeks) after surgery. PBMCs were isolated using Ficoll–

Isopague gradient centrifugation (Lymphoprep,Nycomed Pharma

A/S,Oslo,Norway), as previously described.32 One portion was used

directly after isolation for lymphocyte phenotyping by immunoflow

cytometry, and one portion was frozen at −80◦C for later use. Serum

was frozen and stored at −80◦C. In addition, PBMCs from healthy

donors (non–smokers without medication) were used in phenotypic

studies and for in vitro studies of receptor downregulation and

cytotoxicity experiments with exosomes isolated from the pre- and

post-operative HGSC patients’ sera.

2.4 Antibodies used in the study

The following antibodies were used: anti-CA125 (OV185:1, Imgenex),

anti-MICA (159227, R&D Systems), anti-MICB (236511, R&D-bs-

6933R, Bioss), anti-ULBP1 (H-46), anti-ULBP2 (H-48; N-16), anti-

ULBP3 (H-45), anti-CD63 (MX-49.129.5), anti-CD81 (5A6) all from

Santa Cruz; anti-DNAM-1 (102511, R&D); anti-NKG2D (BD Bio-

sciences); Alexa 647-conjugated CD56 (B159), all from BD Pharmin-

gen; FITC-conjugated anti-CD3 (SK7, BioLegend); FITC-conjugated

anti-CD63 (CLBGran/12, Beckman Coulter); PE-conjugated anti-

CD8 (DK25) all from, DAKO A/S; subclass control antibodies anti-

mouse IgG1 and IgG2b (DAK-GO1 and DAK-GO9), rabbit IgG, FITC-

conjugated goat anti-mouse IgG, all fromDAKO.

2.5 Phenotypic analysis of HGSC patients’
peripheral blood lymphocytes before and after
surgery

Single and double immunofluorescence staining were used to deter-

mine the subpopulations of lymphocytes, and their expression of

the NKG2D receptor, MICA/B, and the DNAM-1 receptor. mAbs for

the following markers were used: CD19, CD4, CD8, CD56, CD16,

CD161,NKG2D,MICA,MICB,DNAM-1,NKG2D/CD56,NKG2D/CD8,

DNAM-1/CD56, DNAM-1/CD8. In brief, three hundred thousand

cells/well, suspended in PBS containing .2 % BSA and .02% NaN3,

were incubated with appropriate concentrations of primarymAbs/Abs

for 30 min with gentle shaking. After wash, the cells were incubated

with FITC- and/or PE-conjugated antibodies for 30 min in darkness.

Isotype-matched primary IgG antibodies (DAKO) were used in nega-

tive controls. CD45/CD14 staining was used for lymphocyte gating.

Ten thousand events per marker were collected by Accuri 6C Flow

Cytometer (BD Biosciences) and analyzed with CFlow Plus program

(BDBiosciences).

2.6 Exosome isolation

Exosomes were isolated from HGSC patients’ serum collected before

and 3–14 weeks after surgery. In addition, HGSC exosomes for con-

trol purposes were isolated from HGSC ascites, peritoneal lavage and

supernatants of HGSC tumor explant cultures following the method

previously described.10 For ascites and supernatants, after sequential

centrifugation steps, removing cellular debris and larger EV and parti-

cles, a filtration through a .2 μm-filter was applied, followed by sucrose

gradient ultracentrifugation at 110 000× g for 2 h. For the serum sam-

ples, due to limited availablematerial and the need for higher exosomal

yield for various receptor expression- and functional experiments, the

density gradient step, which is a critical step where exosomal yield is

lost, was excluded. All samples were reconstituted in PBS containing
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protease inhibitor cocktail (Roche Diagnostics) and diluted in Milli-Q

water to a total volume of 1 ml and kept frozen at −20◦C until fur-

ther use. The yield, purity, size distribution, and concentration of EV

isolated was assessed by NTA, using ZetaView instrument (Particle

Metrix, Germany). The average of five measurements/sample of size

distribution, average size, and concentration (number/ml) was calcu-

lated. The exosome morphology and purity from other vesicles and

debris were estimated by negative contrast staining and transmission

electron microscopy (TEM), and the expression of exosomal and other

markersby immuneelectronmicroscopy (IEM). Exosomes isolatedwith

orwithoutdensity gradient ultracentrifugationhad similar size and size

distributions and were comparable in NTA analyses and EM/IEM (data

not shown).

2.7 Electron microscopy of isolated exosomes

Negative contrast staining and TEM were used for analyses of exo-

somemorphologyandpurity. IEMwasused for assessmentof exosomal

surface markers (tetraspanins CD63 and CD81), the OC-associated

marker CA-125, and the NKG2D ligands MICA/B and ULBP 1–3. The

negative contrast staining procedure was performed as previously

described.13 In brief, after adsorption to formvar/carbon-coated nickel

grids, the exosomeswere fixedwith 2%paraformaldehyde and stained

with 1.9 % methyl cellulose containing .3 % uranyl acetate. For IEM,

the exosomeswere incubatedwith primarymAbs and isotype-matched

IgG as negative controls for 1 h in wet chamber. After washing, 5 or

10nmgold-conjugated secondary antibodieswere applied for 16h, fol-

lowed by washing and negative contrast staining as described above.

All samples were analyzed in JEOL1600 electronmicroscope.

2.8 NKG2D receptor downregulation experiments

Receptor downregulation of NKG2D expression with exosomes was

done as described.13 In brief, PBMCs were incubated in 5 % CO2, at

37◦C for 24 h in absence/presence of equal concentration (40 μg/ml)

of native OC-exosomes isolated from HGSC patient serum, or after

treatment with specific mAbs against NKG2D ligands or CD63. After

incubation, the cells were stained for NKG2D receptor expression; the

events were collected by Accuri 6C Flow Cytometer (BD Biosciences)

and analyzed in CFlow Plus program (BD Biosciences) with a gate on

CD56+/CD3− NK-cells.

2.9 Cytotoxicity assay

NKG2D-mediated cytotoxicity was assessed using PBMCs from

healthy donors or HGSC patients as effector cells and the ery-

throleukemic cell line K562 as target cells in an effector: target ratio of

40:1, as previously described.13,33 Cell death was assessed by CytoTox

96 Non-Radioactive Cytotoxicity Assay (Promega), which measures

lactate dehydrogenase release. The assay was performed according to

themanufacturer’s instructions. K562 cells were chosen as target cells

to measure specifically and only cytotoxicity of NK cells, mediated by

NKG2D receptors, without mixing MHC compatibility and TCR acti-

vation in the experimental set-up. K562 targets and effector PBMCs

from patients before and after surgery and from healthy donors were

incubated at 37◦C for 4 h to assess baseline cytotoxicity. In parallel, for

theexperimentswithHGSCexosomes,K562 targets andhealthydonor

effector cells were incubated with native- or mAb-blocked exosomes

at a concentration of 40 μg/ml. Anti-NKG2D antibodies (clone 1D11,

10 μg/ml, BDBiosciences) were used for receptor blocking. Anti-CD63

mAbs and a cocktail of four antibodies against MICA/B and ULBP1-3,

at a concentration of 5 μg/ml of each antibody, were used for blocking.

Specific lysis was calculated with a standard formula according to the

manufacturer’s instructions.

2.10 Statistics

Statistical analyses were performed using SPSS (IBM SPSS Statis-

tics 26, IBM, New York, NY, US). The comparison between pre- and

post-operative samples from the same patients, was carried out with

Wilcoxon signed-rank test and p ≤ .05 was considered significant.

The comparison between independent samples (i.e., the postoperative

exosome concentrations in Group 1 and 2) was carried outwithMann–

WhitneyU test and p≤ .05was considered significant. The results from

NKG2D receptor downregulation and cytotoxicity experiments are

presentedasquotas, normalized to the respective control experiments.

3 RESULTS

3.1 Lymphocyte phenotyping reveals differential
response to surgery regarding NKG2D receptor
expression on PBMCs from HGSC patients

We analyzed the lymphocyte phenotype by double immunofluores-

cence staining and flow cytometry in paired pre- and post-operative

samples of freshly isolated PBMCs fromHGSC patients.We concluded

that no statistically significant difference was seen in the percentage

of B (CD19+) cells, helper (CD4+) and cytotoxic/suppressor (CD8+)

T cells, NK cells (CD56+), cells expressing the CD16/Fcγ receptor

and cells expressing the cytotoxic NKG2D receptor in the periph-

eral blood of age-matched healthy controls and patients (n = 18)

before and after surgery (Figure 1A). Next, we analyzed the NKG2D

receptor expression on the same lymphocytes by measuring mean flu-

orescence intensity (MFI) and found that the patients could be divided

into two groups - Group 1 (n = 9) and Group 2 (n = 9) depending on

the NKG2D expression level. The groups had similar number (%) of

CD56+ NKG2D+ and CD8+ NKG2D+ cells before and after surgery

(Figure 1B). As can be seen in Group 1 (Figure 1C), there was a sig-

nificant upregulation of the NKG2D receptor expression after surgery,

measured asMFI (p= .005). In Group 2 (Figure 1D) there was a signifi-

cant downregulation (p= .008). In addition, graphs presenting pre- and

post-operative NKG2D expression as anMFI ratio, where the preoper-

ative MFI value is set to 1, are shown in Figure 1C and D. In Group 1,
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F IGURE 1 Assessment of the peripheral bloodmononuclear cell
phenotype in high-grade serous ovarian cancer patients before and
after surgery, using flow cytometry. (A) Percentage of cells positive for
different phenotypemarkers (n= 18 patients). (B) Percentage of
CD56+ NKG2D + cells and CD8+ NKG2D+ cells (C), (D), NKG2D,
DNAM-1 and CD56 expression pre- and post-operatively, usingmean
fluorescent intensity (MFI). Stars (*p≤ .05, **p< .01) indicate a
significant difference in the NKG2D receptor expression for Group 1
and Group 2 (p= .005 and p= .008, respectively).

theNKG2Dexpression, measured as anMFI ratio, was upregulated 2.6

times following surgery (Figure 1C) and in Group 2 it was downregu-

lated .7 times (Figure 1D). The characteristics of Group 1 and Group 2

patients are presented in Table 2.

3.2 Group 1 patients had a significantly lower
concentration of exosomes in serum after surgery
compared to Group 2

The upregulation of NKG2D expression after surgery (Group 1) and

our previous finding11 that EOC produces and secretes NKG2D

ligand-expressing exosomes that downregulate the NKG2D receptor

in vitro on PBMCs from healthy donors, prompted us to find out if the

downregulation of the NKG2D receptor by exosomes might take place

in vivo in the blood of EOC patients and if it could be alleviated by

surgically removing the primary tumor. For this purpose, we isolated

exosomes from patient sera to use in NKG2D receptor studies and

in functional cytotoxic assays. Figure 2A-C summarizes results from

representative experiments of size distribution curves, mean exosomal

size and concentration obtained by NTA with ZetaView instrument,

and morphology and exosomal marker expression from representative

photomicrographs obtained by TEM and IEM analyses with JEOL1600

electronmicroscope.

In Figure 2A, normal size distribution curves of exosomal yields from

pre- and post-operative sera, which were comparable to size distribu-

tion curves of exosomes isolated from HGSC ascites and supernatants

fromHGSCtumorexplant cultures usedaspositive controls. Therewas

nodifference inmedian exosome size of exosomes frompre- (106.8 nm,

Figure2B) andpost-operative sera (107.8nm, Figure2B). Themorphol-

ogy of the isolated EVs from patients’ sera was estimated by negative

contrast staining and TEM, and expression of exosomal tetraspanin

markers and the OC marker CA-125 was revealed by immunogold

staining and IEM. The obtained EV had a typical cup-shaped mor-

phology (Figure 2C), characteristic for exosomes analyzed in TEM.

They expressed the tetraspanin markers CD63 and CD81 and the OC

marker CA-125, as shown by IEM. The electron microscopy photomi-

crographs showed a high isolation purity as almost all EV observed had

themorphology of exosomes.

The median exosome concentration for all samples (n = 18),

assessed by NTA, was preoperatively 1.48 × 1012 and postoperatively

1.38 × 1012 particles/ml. In Group 1 (n = 9), the median preoperative

exosome concentration was 1.40 × 1012 particles/ml before surgery

and decreased to .76 × 1012 particles/ml after surgery (p = .066). In

Group 2 (n = 9), the median exosome concentration was preopera-

tively 1.56 × 1012 and postoperatively 1.72 × 1012. The postoperative

serum exosome concentration in Group 1 patients was significantly

lower than the postoperative concentration in Group 2 (p= .009).

From these experiments we conclude that the exosomes isolated

from pre- and post-operative sera from Group 1 and Group 2 did not

differ in size, morphology, expression of tetraspanin and OC mark-

ers or in purity of isolation. The only statistically significant difference

between these groups was the lower exosome concentration in the

postoperative sera of Group 1 compared to Group 2 patients.

3.3 Exosomes derived from pre- and
post-operative sera of HGSC patients downregulate
the NKG2D receptor on lymphocytes of healthy
donors and impair cytotoxicity

Next, we wanted to see if exosomes isolated from pre- and post-

operative sera expressed NKG2D ligands and had the ability to

downregulate the NKG2D receptor. In Figure 3A, four photomicro-

graphs from a representative IEM experiment of preoperative serum
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TABLE 2 Patient characteristics, Group 1 and Group 2

Group 1 (n= 9) Group 2 (n= 9)

Characteristics Value Value

Age, years, median (range) 63 (54–76) 58 (42–74)

FIGO stage, n

II 2

III 8 7

IV 1

Chemotherapy treatment, n

Prior to postoperative sample 7 7

Surgical outcome, n

Primary tumor removed

Macroscopically radical

8

3

8

6

Residual tumormass 6 3

Time-point for sample collection, weeks, median (rangea)

Preoperative sample 0 (−1 to 0) 0 (−2 to 0)

Postoperative sample 6 (3–10) 5 (4–14)

aIn relation to surgery.

exosomes isolated from a patient from Group 1 and stained with

mAbs against the NKG2D ligands MICA/B and ULBP1-3 and immuno-

gold, are shown. The exosomes carried MICA/B and ULBP ligands

on their surface, illustrated by the electron-dense silver-enhanced

immunogold dots attached to the exosomal membrane (Figure 3A).

From these experiments we concluded that the HGSC exosomes

found in the peripheral blood of HGSC patients preserved their

NKG2D ligand expression as exosomes isolated from HGSC ascites

and tumor explant cultures, previously characterized.11 Similar results

were obtained with postoperative Group 1 exosomes and with pre-

and post-operative exosomes from Group 2 (data not shown). In all,

pre- and post-operative serum exosomes from three patients/group

were investigated by IEM and gave similar results. We found HGSC-

derived NKG2D-expressing exosomes in both groups. Thereafter, we

tested if theHGSC exosomes suppressed theNKG2D receptor expres-

sion on PBMCs isolated from healthy donors. The receptor expression

was assessed by MFI measured before and after incubation of PBMCs

for 24 h with native HGSC exosomes or exosomes blocked with

mAbs against NKG2D ligands or CD63. The results are summarized

in Figure 3B and C. In Figure 3B, histograms from one representa-

tive experiment out of four in each group is shown. Black indicates

the baseline NKG2D receptor expression in PBMCs and red indicates

NKG2D receptor expression in PBMCs after treatment with native

HGSC exosomes. CD3 is stained as a negative control, illustrating

that the HGSC exosomes specifically downregulate the NKG2D recep-

tor. The NKG2D receptor expression, measured by MFI, was shifted

to the left in the presence of HGSC exosomes. Figure 3C illustrates

that the downregulation of the NKG2D receptor expression by native

HGSC exosomes (orange staples) is reversed when the exosomes are

blocked by anti-CD63 mAbs (gray staples). The downregulation of the

NKG2D receptor expression in PBMCs after treatment with Group

1 preoperative native HGSC exosomes was approximately 35% and

after treatment with Group 2 preoperative native exosomes approx-

imately 25%. The effect of exosomes derived from postoperative

serum samples was also investigated and gave similar results (data not

shown).

Next, we tested the ability of HGSC exosomes, isolated from pre-

or post-operative sera, to suppress NKG2D–mediated NK cytotoxic-

ity by functional experiments. The erythroleukemic K562 target cells,

deprived of conventional MHC molecules, were suitable to measure

the NK cell cytotoxicity as a model for the overall NKG2D-mediated

cytotoxicity. Experiments (n = 4) were performed with exosomes

from individual serum samples collected pre- or post-operatively from

Group 1 and 2 patients (Figure 3D). In Figure 3D, cytotoxicity is pre-

sented normalized to that of NK cells from healthy donors, before

incubationwithHGSCexosomes. As can be seen, therewas a downreg-

ulation of cytotoxicity by preoperatively derived serumexosomes from

both groups, butmore prominently by exosomes fromGroup1patients

(approximately by 30%). When treated with postoperative exosomes

from Group 1, the cytotoxicity was at the level of untreated cells. The

cytotoxicity following treatment with pre- or post-operative Group 2

exosomes remained more or less unchanged. From these results we

conclude that HGSC exosomes in the sera of HGSC patients express

NKG2D ligands, downregulate the cognate receptor on PBMCs from

healthy donors and preserve their immunosuppressive function as

previously shown by us in HGSC ascites and supernatants of tumor

explant cultures.11 In functional experiments, the Group 1 preopera-

tive sera exosomes seem to be more potent than those isolated from

Group 2, in reducing the cytotoxic function of NK cells. Interestingly,

the NKG2D-mediated cytotoxicity was unaffected when PBMCs were

treated with exosomes isolated from postoperative serum samples of

Group 1 patients.
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F IGURE 2 Experiments showing size, morphology and purity of the exosome isolation from serum samples of high-grade serous ovarian
cancer patients. Nanoparticle tracking analysis using ZetaView, illustrating: (A) size distribution of representative samples; (B) median exosome
size and concentration and; (C) negative contrast staining and transmission electronmicroscopy showing exosomemorphology and immune
electronmicroscopy of the tetraspanins CD63 and CD81, and the ovarian cancer marker CA-125. Stars (*p≤ .05, **p< .01) indicate a significant
difference (p= .009) in the postoperative exosome concentration between Group 1 and Group 2.

3.4 Surgery improves the cytotoxic potential of
NK cells in HGSC patients

We performed cytotoxicity assays with K562 as target cells and the

patient’s own PBMCs as effectors. The cells were used in simultane-

ously performed cytotoxic experiments directly after thawing, that is,

without any treatment, and after stimulation with IL-2. In total, exper-

iments were performed with cells from five patients in each group,

collected before or after surgery. Figure 4 illustrates the cytotoxicity

normalized (fold change) to the preoperative value ( = 1). The cyto-

toxic function was improved for all patients following surgery. The

most prominent difference was found in Group 1, showing a 1.5 times

improvement of NKG2D-mediated cytotoxicity compared to preoper-

ative values (p = .008). In Group 2, there was a lower but statistically

significant (p = .05) improvement. The same tendency of improved

NK cell cytotoxicity postoperatively was observed in experiments with

stimulated cells (Figure 4)

4 DISCUSSION

Constitutive secretion of exosomes is a common feature of the vast

majority of tumors. We were first to identify the role of HGSC exo-

somes as differential regulators of cytotoxicity, downregulating the
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F IGURE 3 High-grade serous ovarian cancer (HGSC) exosomes express NKG2D ligands, downregulate the cognate receptor and decrease
NKG2Dmediated cytotoxicity in peripheral bloodmononuclear cells from healthy donors. (A) Immune electronmicroscopy showing exosomes
isolated fromHGSC patients’ serum expressing NKG2D ligands. (B) Representative experiment of NKG2D receptor expression assessed bymean
fluorescent intensity (MFI) before and after incubation for 24 hwith native preoperative serum-derived HGSC exosomes from the two patient
groups, or exosomes blockedwithmAb against CD63. (C) NormalizedMFI (fold change) of NKG2D receptor expression in PBMCs from healthy
donors, before and after treatment with preoperatively serum-derived HGSC exosomes, or exosomes blockedwithmAb against CD63 (n= 4). (D)
Inhibition of cytotoxicity against K562 in the presence of native pre- or post-operative serum-derived HGSC exosomes fromGroup 1 or Group 2
patients, or mAb-treated exosomes, effector: target ratio 40:1 (n= 4), normalized to that of untreated cells.

major NKG2D receptor-ligand pathway and leaving the accessory

killing via DNAM-1 receptor as themajor cytotoxic response.11

We did mechanistic studies of the interactions between the HGSC

exosomes and NKG2D receptor-mediated cytotoxicity in the periph-

eral blood of a limited number of patients before and after surgical

treatment, as a small proof-of-concept investigation on the role of

surgery on the immune status of the patients. Our results can be

summarized as follows: (1) Circulating HGSC exosomes, carrying the

NKG2D ligands MICA/B and ULBP1-3, were present in the patients’

sera and were able to downregulate the cognate receptor and impair

the NKG2D-mediated cytotoxic response. (2) In a group of patients,

designated as Group 1, there was an increase in NKG2D receptor

expression onNK cells following surgery, that correlated to the finding

of a simultaneous decrease in concentration of circulating exosomes in

the postoperative sera. (3) A significantly enhanced NKG2D-mediated

cytotoxicity was found in the HGSC patients’ own CD56+/NKG2D+

NK cells isolated from postoperative blood samples. Taken together,

these results suggest that surgical treatment improves the cytotoxic

anti-tumor immune response in HGSC patients.

In our studies, we used exosomes derived from peripheral blood of

the HGSC patients since to study the effect of surgery, blood samples

have to be used.We are aware that EVs in sera can emanate frommany
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F IGURE 4 Surgery improves the cytotoxic response of NK cells
from high-grade serous ovarian cancer (HGSC) patients.
Postoperative NKG2D-mediated cytotoxic response of untreated and
IL-2 stimulated NK cells fromHGSC patients was normalized to
preoperative NKG2D-mediated cytotoxic response (= 1) of NK cells
from the same patients. K562 cell line was used as target cells,
effector: target ratio 40:1, n= 5 patients in each group. Stars (*p≤ .05,
**p< .01) indicate a significant upregulation of postoperative
cytotoxic response seen in freshly isolated, untreated NK cells (Group
1: p= .008 and Group 2: p= .05). The response is only slightly further
enhanced by IL-2 treatment.

sources, as well as HGSC, and to partly avoid that we have narrowed

our investigation to exosomes expressing NKG2D ligands and com-

pared them to HGSC explant cultures-derived exosomes isolated from

the same patients, characterized as in our previous investigation.11 We

can also assume that even if such exosomes in the peripheral blood

can be produced by other cells, in patients suffering from HGSC, the

majority of these exosomeswould be tumor-derived or upregulated by

inflammation. The level of circulating exosomes is significantly higher

in HGSC patients compared to women with benign ovarian conditions,

suggesting that the tumor itself secrets higher amounts of exosomes,

and/or influences other cells in its vicinity to exosome secretion.34

Studies of the effect of tumor surgery on the serum levels of exosomes

are scarce. We found only one small pilot study from 201935 on oral

squamous cell carcinoma patients showing that surgery lowered the

serum levels of exosomes after one week and correlated to increased

survival. To our knowledge, this is the first report investigating the

effect of surgery on exosome production and on cytotoxicity in HGSC

patients.

Phenotyping the peripheral blood lymphocytes pre- and post-

operatively, we found that in some HGSC patients, the NKG2D recep-

tor expression enhanced after surgery and we grouped the patients

accordingly to investigate this further: Group 1 with a significant

increase in NKG2D expression postoperatively and Group 2 with a

significant decrease in NKG2D receptor expression postoperatively.

These results correlated with the pre- to post-operative exosome

serum concentrations. Group 1 patients had a significantly lower exo-

some concentration postoperatively compared to Group 2 patients,

confirming that the increase inNKG2D receptor expression inGroup 1

after surgery could emanate from the decrease in exosome concentra-

tion in the postoperative sera of the same patients. The reason for the

response difference in the patients regardingNKG2D receptor expres-

sion following surgery is at present not known. The majority, 6 out of

9 women, in Group 1, showing increased NKG2D receptor expression

in PBMCs, lower serum exosome concentration and improved NK cell

cytotoxicity after surgery, were not operated radically, suggesting that

there could be severalmechanisms at play. Besides exosome-mediated,

the differencemight emanate from the heterogeneity of HGSC and the

TME.36 We have no information on the architecture of the TME and

of the individual tumors, such as difference in resident cells, genomic

changes in the HGSC cells and other immunosuppressive mechanisms

operating at the same time.7,14,18 It is interesting to observe that when

we tested the cytotoxic capacity of the patients’ own NK cells before

andafter surgery,we found that their cytotoxic potentialwasenhanced

postoperatively in both groups, although more prominent in Group 1

patients (Figure 4).

The single most important independent prognostic factor in

advancedHGSC is surgical outcome,with the goal of no visible residual

disease.27,28 The positive effect of surgery on the immune system has

previously beendescribedas adecrease in circulatingT regulatory cells

and the immunoinhibitory cytokines IL-10 and TGF-β1 and an increase
in CD8/CD4 ratio,37–39 and is mainly seen when primary debulking

surgery is performed, and not interval debulking surgery or surgery

at recurrent disease.37 We studied the effect of primary debulking

surgery on exosome-mediated suppression of cytotoxicity. We did not

see a quantitative difference in the percentage of immune cell subsets

in the pre- and post-operative samples when phenotyping lymphocyte

subpopulations. Our results confirmed the results of Nowak et al. who,

similarly to us, did not find changes in the lymphocyte subpopulations

before and after surgery.40 They also compared the effect of radical

versus non-radical surgery and found that there was a beneficial effect

even in patients thatwere not radically operated. This is in linewith our

finding that cytotoxicity was enhanced regardless of surgical radicality

or extent.

In contrast to the beneficial effects of surgery, there are opin-

ions suggesting that primary tumor surgery might promote growth

of micro- and distant metastasis, favoring recurrence. This has been

explained by an initial postoperative state of immune suppression,

caused by the surgical trauma, that could last up to 21 days postop-

eratively with a gradual recovery later on.41–43 In the present study,

to circumvent the initial surgical trauma-induced immunosuppression

and to give time for the immune system to adapt to the reduced

tumor mass, we chose a longer interval (median 6 weeks) between

collection of the pre- and post-operative samples. Taking in consider-

ation the contradictory reports on the effects of primary debulking

surgery, we align with the opinion that removing the primary tumor

has an overall beneficial effect on the patients’ immune defense in the

long run.

Weanalyzedpairedpre- andpost-operativeblood samplesobtained

from 18 consecutively enrolled HGSC patients. Our healthcare district

is sparsely populated and thus, we could expect a limited number of

cases. This prohibited us from subdividing the material regarding to

other parameters, such as radicality of operation and cytostatic drug

treatment.No significant differencewas foundcomparingprogression-
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free survival andoverall survival between the twogroups, probablydue

to the smaller number of patients. Despite the above-mentionedweak-

nesses in this pilot study, we could still, for the first time, estimate the

cytotoxic immune response before and after surgery, with a focus on

the interference of NKG2D ligand-bearing HGSC exosomes with the

NKG2D receptor-mediated major cytotoxic pathway, thus providing

new insights into the role of cancer surgery. Additional future stud-

ies with larger and well-defined patient cohorts, regarding different

types of HGSC treatments and a longer follow-up time, are needed to

prove/disprove the results of this investigation.

In summary, we found that primary debulking surgery in HGSC

patients improves their NKG2D-mediated cytotoxic immune response

and possibly their anti-tumor immune surveillance and ability to fight

cancer. One possible mechanistic explanation could be that removal

of the tumor, a main source of exosome secretion, induces a systemic

decrease inNKG2D ligand-bearing immunosuppressive exosomes that

otherwise could interfere with the major cytotoxic NKG2D receptor

and impair the anti-tumor immune response.
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