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Extracellular vesicles (EVs) are an important regulatory factor for natural

killer cell activity (NKA) in the tumor microenvironment. The relationship

between circulating EVs in the peripheral blood and natural killer (NK) cells

in prostate cancer (PCa) is unclear. This study aimed at investigating the key

regulators in the interaction between circulating EVs and NK cells in PCa

patients before and after tumor removal. NK-cell characteristics were pro-

spectively assessed in 79 patients treated with robot-assisted laparoscopic

radical prostatectomy preoperatively and postoperatively. Compared with

healthy donors, the existence of prostate tumors increased the number of cir-

culating EVs and altered ligand expression of EVs. Circulating EVs extracted

from cancer patients significantly decreased NKA of NK cells compared with

those extracted from healthy donors. Upon treatment with an inhibiting anti-

body or small interfering RNA, natural killer cell protein group 2A

(NKG2A) was identified as the main NKA regulator in cancer patients for

accepting the signal from circulating EVs. After surgery, NKA was increased

and NKG2A expression on NK cells was significantly reduced. The expres-

sion of ligands for natural killer cell protein group 2D (NKG2D) on EVs and

the level of circulation EVs both significantly increased. With the decrease in

NKG2A levels on NK cells and the increase in total NKG2D ligands on
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circulating EVs, which was increased postoperatively, both NKG2A on NK

cells and NKG2D ligands on circulating exosomes are main regulators of

NKA restoration after prostatectomy.

1. Introduction

The immune system is crucial for human health, and

targeting immune checkpoints in cancer therapy has

been investigated recently in an increasing number of

studies [1,2]. Most current treatment options that con-

trol the tumor microenvironment focus on T-cell

immunity by promoting activation or by suppressing

inhibitory signals. The limited success achieved by

T-cell immunotherapy highlights the importance of

developing new-generation immunotherapeutics, such

as the use of previously ignored natural killer (NK)

cells [3]. NK cells are the main effector cell type in

innate immunity in the peripheral blood and intratu-

mor regions, and these cells are capable of killing

tumor cells and virus-infected cells at a very early

stage via cytotoxic activity and cytokine production in

the immune system [4]. NK cells influence the adaptive

immune system by secreting proinflammatory cyto-

kines, such as interferon-c (IFN-c), to counteract the

escape mechanisms promoted by tumor cells [5] and

accelerate the eradication of malignant cells [6].

Liquid biopsy was recently suggested as a better

method to check patient status than the more invasive

tumor biopsy [7]. Extracellular vesicles (EVs) are cell-

derived nanosized (30–150 nm in diameter) lipid

bilayer-encapsulated vesicles that are found in most

biological fluids, including blood. EVs in the tumor

microenvironment impair NK-cell function by induc-

ing NK-cell dysfunction or exhaustion [8]. Most nor-

mal and cancer cells produce EVs. Although tumor-

derived EVs serve as tumor biomarkers [9], the combi-

nation of EVs in the peripheral blood provides a snap-

shot of the entire tumor environment. Therefore, the

total circulating EV burden may identify disease [10].

However, how the levels of total circulating EVs are

altered in prostate cancer (PCa) before and after the

removal of the prostate tumor or the characteristic

alterations of EVs are not known. To solve this prob-

lem, a cohort of PCa patients from the National Tai-

wan University Hospital was established.

Activating and inhibiting NK-cell receptors controls

NK-cell activity (NKA) [11]. Due to the limited pro-

duction of receptors for distinguishing incalculable

numbers of potential antigens specifically, NK cells

identify target cells by maintaining a precise balance

between activating costimulatory and inhibitory sig-

nals. These signals fine-tune decisions on the activation

and functional status of NK cells. Natural killer cell

protein group 2D (NKG2D) and NKG2A are two

major receptors that were investigated previously.

Decreased NKG2D expression levels are observed in

most cancer patients [12–15]. A reduction in NKG2D

expression levels correlates with decreased NK-cell

function with disease progression [16–18]. In contrast,

NKG2A expression levels were higher in NK cells

infiltrating breast tumors compared with cells isolated

from symmetric normal breast tissue [12] and in

peripheral NK cells of patients with acute myeloid leu-

kemia compared with NK cells of age-matched con-

trols [19]. The interaction of receptors on NK cells

and ligands on EVs regulates NKA [20]. Although the

interaction between ligands on EVs and receptors on

NK cells may be the main regulator of NKA, there is

limited knowledge about alterations in EVs, including

their number and receptor expression on the mem-

brane, after the surgical removal of PCa. The present

study investigated the regulatory mechanisms between

EVs and NKA at the cellular level before and after

prostatectomy.

2. Materials and methods

2.1. Patient recruitment and data collection

This prospective observational cohort study was

approved by The Institutional Review Board and

Ethics Committee of National Taiwan University Hos-

pital (IRB 200903039R and IRB201711106RINC). All

study methods were executed with the corresponding

guidelines and regulations of the National Taiwan

University Hospital. The study methodologies con-

formed to the standards set by the Declaration of Hel-

sinki. The experiments were undertaken with the

understanding and written consent of each subject. All

study participants provided informed consent. From

March 2017 to July 2019, 83 men with biopsy-proven

PCa who underwent robot-assisted laparoscopic radi-

cal prostatectomy (RARP) were prospectively enrolled

from the National Taiwan University Hospital. The

following eligibility criteria were used for patient

enrollment: (a) no history of diagnosis or treatment
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for other malignancies; (b) no history of neoadjuvant

androgen deprivation therapy for PCa; (c) no history

of inflammatory conditions as assessed by a white

blood cell count < 10 000 cells�mL�1 and C-reactive

protein level < 1.0 mg�L�1; and (d) no history of expo-

sure to immunosuppressive agents. All the methods

were followed in the previous literature [21]. A total of

79 patients were ultimately enrolled in this study.

Blood samples were collected before and 4–6 weeks

after RARP in Vacutainer green lithium-heparin tubes

(BD Biosciences, San Jose, CA, USA). The clinico-

pathological profiles of the participants are listed in

Table S1. To define a standard for comparing the pro-

portional change in NK-cell number in peripheral

blood mononuclear cells (PBMCs), blood from a

healthy male volunteer was collected at each time

point as a reference, and 13 healthy volunteers who

donated blood were included in this study. The ages of

healthy donors ranged from 30 to 78 years old.

2.2. Cancer stage classification

Prostate cancer staging was performed in accordance

with the 8th American Joint Committee on Cancer

(AJCC) Tumor, Node, Metastasis (TNM) system guide-

lines. The pretreatment risk stratification was determined

based on National Comprehensive Cancer Network

(NCCN) guidelines, and tumors were graded using the

Gleason score consistent with International Society of

Urological Pathology (ISUP) guidelines. Postoperative

progression was defined as biochemical failure according

to National Comprehensive Cancer Network criteria or

as a secondary PCa treatment, including pelvic radiation

or androgen deprivation therapy.

2.3. NK-cell fraction

Peripheral blood mononuclear cells were isolated

from blood using LymphoprepTM (density, 1.077 �
0.001 g�mL�1; Blossom Biotechnology, Taipei, Tai-

wan). Briefly, 2 mL of blood was mixed with the same

amount of PBS and carefully loaded on the top of

4 mL of Lymphoprep in a centrifuge tube. After

20 min of centrifugation at 800 g, the middle white

layer was obtained, and PBMCs were isolated after

two PBS washes. PBMCs were stained with CD3,

CD56, and CD16 (CD3-BUV395 (UCHT1), CD16-

BV421 (3G8), CD56-APC (B159) BD Horizon Bril-

liantTM (BD Bioscience)) for 30 min at 37 °C. CD3�/
CD56+/CD16+ cells were considered NK cells, and

NK-cell fraction was calculated using BD LSRFortes-

saTM flow cytometry (BD Bioscience). The gating

strategy for NK cells is shown in Fig. S1A. For

comparison in each flow cytometry analysis, one tube

of blood from a healthy male volunteer was processed

using the same protocol each time and used as the

normal control. A total of 13 healthy donors partici-

pated in the study.

2.4. Receptors on NK cells

Peripheral blood mononuclear cells were stained with

antibodies targeting receptors, including NKG2D

(NKG2D-BB515 (1D11)) and NKG2A (NKG2A-PE

(131411)), for 30 min at 37 °C. The fluorescence inten-

sities (FIs) of NKG2D and NKG2A on CD3�/CD56+/

CD16+ NK cells were quantitated using a Fortessa

flow cytometer.

2.5. Natural killer cell activity

Natural killer cell activity was measured using NKVue

(ATGen, Seongnam, South Korea) [21,22]. Briefly,

1 mL of blood was added to the reaction tube contain-

ing PROMOCATM, which specifically stimulates the

release of IFN-c from NK cells. The tube was incu-

bated at 37 °C for 24 h and centrifuged at 600 g for

15 min. The supernatants were harvested for IFN-c
ELISA. Samples with test results > 2000 pg�mL�1 were

reanalyzed at a 1 : 10 dilution.

2.6. EV extraction and analysis

Patient sera were separated from blood via centrifuga-

tion and stored at �80 °C until use following the pro-

cedure [23]. EVs were separated from serum using the

Exoquick Exosome Extraction Kit (System Biosci-

ences, Palo Alto, CA, USA). Briefly, 250 lL of serum

was mixed with 63 lL of Exoquick and incubated at

4 °C for 30 min. EVs were isolated after centrifugation

at 1500 g for 30 min, suspended in 500 lL PBS, and

stored at �20 °C for subsequent experiments. EV mor-

phology was observed under transmission electron

microscopy (TEM; Hitachi, Tokyo, Japan) according

to a previously described method [24]. EV number and

size were measured using nanoparticle tracking analy-

sis (NTA; Malvern Panalytical, Malvern, UK). EV

protein concentration was measured by BCA (bicinch-

oninic acid) protein assay kit (T-Pro Biotechnology,

Zhonghe, Taiwan).

2.7. Markers and ligands on EVs

Equal volumes of EV solution were mixed with sample

buffer. Proteins were separated in a 10% SDS-

acrylamide gel and transferred to nitrocellulose
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membranes (BioTraceTM NT Nitrocellulose Transfer

Membrane; PALL, Washington, NY, USA). CD63,

MHC class I polypeptide-related sequence A1 (MICA1),

UL16 binding protein 1 (ULBP1), and human leukocyte

antigen E (HLAE) were targeted with primary anti-

bodies (1 : 1000; AB62540, AB176566, AB2216, and

AB124783, respectively; Abcam, Cambridge, MA,

USA) and corresponding secondary antibodies. CD63,

an endosome-specific tetraspanin, is a recognized EV

marker [25]. Protein images were observed using a UVP

bioimaging system (UVP GelStudio Plus; Analytik Jena,

Jena, Germany) with enhanced chemiluminescence

(LumiLong Plus chemiluminescence detection kit, T-Pro

Biotechnology). Protein levels were analyzed using

IMAGEJ software (National Institutes of Health,

Bethesda, MD, USA).

2.8. The interaction between EVs and NK cells

Extracellular vesicles were stained with CellMaskTM

deep red plasma membrane stain (5 lg�mL�1; Thermo

Fisher Scientific, Auburn, AL, USA) at 37 °C for

30 min. After washing with PBS, the stained EVs were

incubated with NK cells for 24 h. The nuclei of NK

cells were labeled with Hoechst (1 : 20 000). Deep red

staining of EVs was observed under fluorescence

microscopy (Leica, Wetzlar, Germany). Cells were col-

lected, and the intensity of deep red fluorescence was

measured using flow cytometry (Calibur; BD).

2.9. NK-cell cytotoxicity

The NK cytotoxicity assay was performed using K562

leukemia cells as target cells as previously described with

some modifications [26]. NK92-MI cells (RRID:

CVCL_3755), which were purchased from ATCC

(Manassas, VA, USA), were cultured in a-minimum

essential medium supplemented with inositol (0.2 mM),

folic acid (0.02 mM), b-mercaptoethanol (0.1 mM),

12.5% FBS; (Gibco/Thermo Fisher Scientific), and

12.5% horse serum (Gibco, Thermo Fisher Scientific).

Forty microgram protein per 5 lL of EVs were added to

1 9 106 NK cells and incubated for 24 h. K562 cells

(RRID: CVCL_0004), which were purchased from

BCRC (Hsinchu, Taiwan), were cultured in Dulbecco’s

modified Eagle medium (DMEM) with 10% FBS and

1% penicillin–streptomycin (PS; Gibco), labeled with

1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine

perchlorate (DiI; Thermo Fisher) at 4 °C for 15 min

and washed with PBS to remove excess DiI. DiI-labeled

K562 cells were added to NK cells at a 2 : 1 ratio and

incubated for 2 h. Two sets of controls were prepared:

NK92 cells with DiI-labeled K562 cells for 2 and 0 h

without EVs. The FI between these two sets of controls

was set as 100% cytotoxicity. For the neutralization of

receptors on NK cells or the ligands on EVs, neutraliz-

ing antibodies targeting NKG2D, NKG2A, and HLAE

were incubated with NK cells or EVs for 2 h, and the

subsequent NK cytotoxicity was assessed as described

above. Both cell lines used in the study have been con-

firmed by flow cytometry with marker labeling (NK92-

MI: CD56+/CD3�, K562: CD45+/CD146+) at the begin-

ning of experiments, and all experiments were per-

formed with mycoplasma-free cells.

2.10. Small interfering RNA transfection

Small interfering RNAs (siRNAs; 50 ng) targeting

nothing (negative control), NKG2A, and NKG2D

(smart pools from Synbio Tech, Kaohsiung, Taiwan)

were incubated with 3 lL polyfast transfection reagent

(MedChemExpress, Princeton, NJ, USA) in medium

without FBS for 15 min. Then, the mixture was added

to medium containing 5 9 104 NK cells and incubated

for 48 h. Forty microgram protein per 5 lL of circu-

lating EVs from healthy donors and tumor patients

were added to NK cells for 24 h. A total of 1 9 105

DiI-labeled K562 cells were added to NK cells for 2 h,

and the remaining DiI-labeled K562 cells were mea-

sured by flow cytometry with an FL2-H filter.

2.11. Cell survival assay

DU145 PCa cells were maintained in DMEM with

10% FBS and 1% PS. 1 9 104 DU145 cells were

seeded in the 48-well plate, and treated with EVs

(20 lg)-treated NK92 cells (5 9 104) for 24 h.

0.5 mg�mL�1 of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide] was added to each well,

and then the plates were incubated at 37 °C for 3 h.

The MTT was then removed, the formazan product

was dissolved in 100 lL of DMSO for 10 min, and the

absorbance at 550 nm was measured using a micro-

plate reader. The optical density value of DU145 trea-

ted with pre-EV was set as 100% cell survival in each

pair of pre-post EVs. Six sets of EVs from both stage

2 and stage 3 were used in the cell survival assay.

2.12. Immunohistochemistry

Slides with PCa paraffin sections were dewaxed and

rehydrated with xylene and sequential concentrations

of alcohol from 100% to 75%. After a 5-min wash

with tap water, antigen retrieval was performed with

0.1 M sodium citrate buffer with 0.5% Tween 20 for

20 min in a microwave. The samples were blocked
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with blocking solution (10% serum with 0.1% Triton

X-100) for 1 h at room temperature (RT) and incu-

bated overnight with primary antibodies (HLAE and

PE-conjugated NKG2A, 1 : 200) at 4 °C. After five

washes with PBS, the samples were incubated with

Alexa 488-conjugated secondary antibody for HLAE

(1 : 500) for 1 h at RT. After 10 min of Hoechst label-

ing (1 : 40 000), the samples were mounted with

mounting medium. Images were observed and photo-

graphed with fluorescence microscopy.

2.13. Statistical analysis

Quantitative variables are expressed as medians (inter-

quartile ranges [IQRs]) or means (standard deviations,

SD), and qualitative variables are expressed as abso-

lute values (percentages). The Mann–Whitney U test

was used to compare NK cytotoxicity and ligand

expression between PCa patients and healthy partici-

pants. Paired t tests were used to compare preopera-

tive and postoperative levels of ligand expression,

CD63 expression, and cytotoxicity. Data shown in the

bar graph are presented as the mean � SD. Statistical

analyses were performed using SPSS software version 22

(IBM, Armonk, NY, USA), with a two-sided signifi-

cance level set at P < 0.05.

2.14. Size exclusion chromatography

Size exclusion chromatography was purchased from

IZON Science (Christchurch, New Zealand), and

1 mL of plasma was used to extract EVs following the

manufactory protocol. Fraction 2 and 3 (700 lL/frac-
tion) were collected and analyzed by NTA, and the

protein concentrations of these two fractions were ana-

lyzed by BCA. For the SEC-EVs function on NK

cells, 10 lg�mL�1 EVs were used to treat NK-92 cells

(5 9 104) for 24 h. DiI-labeled K562 (1 9 105) were

co-incubated with NK cells for 2 h, and the remaining

DiI-labeled K562 was measured by flow cytometry to

examine the cytotoxicity of NK cells.

3. Results

3.1. Patient characteristics

In this cohort, the median (IQR) age of the patients was

65.38 (61.16–68.08) years. The median preoperative

prostate-specific antigen (IQR) level was 8.72 (6.17–
13.63) ng�mL�1, and the mean C-reactive protein level

was 0.08 (0.04–0.13) mg�dL�1. Postoperative tumor

pathology revealed that 16 patients had extracapsular

extension of the prostate, 13 patients had seminal vesicle

invasion, and six patients had pelvic lymph node metasta-

sis. The numbers of patients classified as TNM stages II,

III, and IV were 38 (48.1%), 30 (38.0%), and 6 (5.6%),

respectively. Most patients had Grade 2 (42 patients,

53.2%) and Grade 3 (15 patients, 19.0%) Gleason scores.

The median (IQR) NKA was 411.86 pg�mL�1 (156–
895.6) preoperatively and 877.57 pg�mL�1 (431.63–2000)
postoperatively. The number of NK cells was 7.24%

(3.91–11.64) preoperatively and 7.82% (4.78–13.67) post-
operatively (Table S1).

3.2. Prostate tumor removal altered NK-cell

characteristics

The existence of tumors may decrease NK-cell number

and NK-cell cytotoxicity [27]. However, the NK-cell

characteristics after prostatectomy are not understood.

After prostate tumor removal, the alterations in NK-

cell fraction did not reach significance (Fig. 1A,

P = 0.223), but NKA increased dramatically (Fig. 1B,

P = 0.002). As the regulatory receptors on NK cells,

the changes in NKG2D before and after prostatec-

tomy did not reach significance (Fig. 1C, P = 0.272),

whereas the NKG2A level decreased significantly post-

operatively (Fig. 1D, P = 0.0039). The postoperative

expression level of NKG2A on NK cells was signifi-

cantly lower than that before prostatectomy (326.56

vs. 384.29 (FI; median), P = 0.039). Characteristic

changes in NK cells in each stage of PCa are shown in

Fig. S1B–E and Tables 1 and 2. The proportion of

patients with an increased NK-cell number and

NKG2D upregulation after prostatectomy decreased

with increasing stage, and the alterations in NKG2A

showed the opposite trend (Table 1). Due to the vari-

ous sample sizes in each stage, patients with stage I

and II disease and patients with stage III and IV dis-

ease were grouped together to observe the changes in

NK characteristics. The proportions of NK cells and

NKA, NKG2D and NKG2D/NKG2A expression

levels, which all showed an increasing trend after pros-

tatectomy, were higher in the stage I + II group com-

pared with the stage III + IV group. The alterations in

NKG2A after surgery exhibited opposite trends com-

pared with other characteristics (Table 2). Tumor

removal not only increased NKA but also decreased

the NKG2A. The alteration of NKG2A after prosta-

tectomy might be associated with NKA.

3.3. EV number and characteristics differed in

various tumor stages

Natural killer cell protein group 2D/A regulate NK

cytotoxicity by binding with ligands on EVs in the
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tumor microenvironment [28]. However, the alteration

and characteristics of circulating EVs among different

stages of PCa are not understood to date. EVs were

extracted from patient sera. EV morphology was

observed under TEM, and the number of EVs was

measured using NTA. TEM and NTA revealed that

the average size of the EVs was approximately

130 nm, which was within the normal range (Fig. 2A,

B). NTA was used to calculate the number of particles

in each sample (Fig. 2B). The EV number in the blood

was higher in patients compared with healthy donors

(N) (Fig. 2C, P = 0.024). The interaction between

ligands on EVs and receptors on NK cells has been

studied across various cancer types [29,30]. Cancer

patients were stratified according to stage, but NK-cell

fraction, NKA, NKG2D, and NKG2A did not differ

between patients of different stages (Fig. S2A–D). The

levels of ligands for NKG2D (MICA and ULBP1)

and NKG2A (HLAE) on each EV were significantly

increased in patients with stage IV disease (P = 0.001,

0.0021, and 0.011, respectively) and MICA/EV levels

also increased noticeably in patients with stage II and

III disease (P = 0.035 and 0.001, respectively; Fig. 2D–
F). In addition, the total expression levels of MICA

and HLAE were increased in patients with stage II-IV

disease, and the total ULBP1 level was increased in all

disease stages compared with healthy donors

(P < 0.05; Fig. 2G–I). The alteration of ligands on

EVs may be a regulator of NKA.

3.4. The EV fraction in the peripheral blood was

altered after prostatectomy

Extracellular vesicles in human blood carry various

signals throughout the body [31]. However, whether

the removal of tumor cells changes the composition or

characteristics of EVs in the blood is unknown, and

the change in EV number before and after prostatec-

tomy was explored. The EV number was increased

after prostatectomy (Post), as determined by NTA

(Fig. S2E). The change in EV number was correlated

with alterations of CD63 levels, which is an EV

marker (Fig. S2F). CD63 levels were also positively

correlated with CD9 levels, which is another EV

marker (Fig. S2G). Therefore, the CD63 level was rec-

ognized to represent the number of EVs. Thirty-nine

pairs of EV samples were extracted from the blood

before and after surgery, and CD63 expression levels

Fig. 1. Removal of PCa altered

NKA and NKG2A expression on NK

cells. PBMCs were extracted from

the blood of PCa patients before

and 1 month after prostatectomy

and stained with antibodies for

analysis. Every parameter was

compared in each patient before

(pre) and after (post) surgery. The

NK-cell fraction (A) as well as NKA

(B), NKG2D (C), and NKG2A (D)

levels on NK cells were determined

using flow cytometry. (A–D) Paired

t-test.
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were analyzed (Fig. 3A). After tumor removal (post-

operation), CD63 levels were increased, indicating

increased EV levels in the peripheral blood (Fig. 3B,

P = 0.0092, and Fig. S2H).

3.5. The ligands on EVs changed after tumor

removal

After treatment with pre or postoperation EVs, NK

cytotoxicity on K562 cells was significantly increased

after tumor removal (32 of 40 were increased,

P = 0.039; Fig. 3C). Also, the NK cytotoxicity on

DU145 PCa cells was also increased in postoperation

EVs-treated NK compared with the preoperation EVs-

treated NK (P < 0.0001; Fig. 3D, solid circle: EVs

from stage 2 patients, open circle: EVs from stage 3

patients). Given that NK activity is tightly correlated

with ligands on EVs [32], expression levels of ligands

on EVs were evaluated (Fig. S2I). Total ligand expres-

sion and the ligands present on each EV were com-

pared before and after prostatectomy. The expression

of ligands in patients with prostatectomy (post) was

normalized to that in patients before operation (pre).

The overall MICA and ULBP1 expression levels,

which are ligands for NKG2D, were significantly

increased after surgery compared with that noted

before surgery (P = 0.026 and 0.029, respectively), but

the alteration in HLAE levels did not reach signifi-

cance (P = 0.053; Fig. 3E–G). The changes in all

ligands per EV (ligands/CD63) did not reach

significance (0.3215, 0.6178, and 0.8409, respectively;

Fig. 3H–J). Therefore, the increased ligand expression

on EVs might be associated with the increased NKA

after prostatectomy.

3.6. NKG2A is critical for NKA alterations in PCa

patients

To further investigate which receptor on NK cells is

the key regulator of NKA, an in vitro study of NK92

cells was performed. We first determined whether EVs

extracted from sera bound to NK92 cells. EVs were

labeled with deep red and incubated with NK92 cells

for 24 h. Images showed that EVs bound to the sur-

face and were also present inside NK cells (Fig. 4A).

The deep red FI was significantly increased in the

NK + EV group compared with NK cells alone as

assessed using flow cytometry analysis (Fig. 4B;

Fig. S2J). NK-cell cytotoxicity was analyzed by adding

EVs from healthy donors or tumor patients. NK cyto-

toxicity was dramatically decreased by EVs from

tumor patients (Fig. 4C, P = 0.0005). To determine the

main regulatory receptor for NKA, specific inhibitory

antibodies and siRNAs against receptors and ligands

were used. Administration of the NKG2D inhibitory

antibody decreased NK cytotoxicity in all eight

healthy donors but decreased cytotoxicity in only half

of the tumor patients (7 of 15 patients; Fig. 4D,E). In

contrast, addition of the NKG2A inhibitory antibody

increased NK cytotoxicity in 86.7% of cancer patients

(13 of 15 patients) but in only 12.5% of healthy

donors (1 of 8; Fig. 4F,G). The inhibitory antibody

against HLAE, which is the ligand for NKG2A,

increased NK cytotoxicity in half of healthy partici-

pants and cancer patients (Fig. 4H,I). Regarding siR-

NAs targeting NKG2A or NKG2D, siNKG2A

significantly increased cytotoxicity in NK cells

(Fig. 4J, P = 0.0007). When treated with circulating

EVs from healthy donors, siNKG2D significantly

decreased NK cytotoxicity (Fig. 4K, P = 0.0004),

whereas siNKG2A dramatically increased cytotoxicity

in NK cells treated with circulating EVs from tumor

patients (Fig. 4L, P = 0.0002). These results indicated

that NKG2A was the main regulator of NKA in

tumor patients.

3.7. The infiltration of NK cells in tumors and

adjacent normal regions was altered in different

stages

The results reported above indicate that NKG2A

serves as the key regulator of NKA in tumor patients;

however, whether NKG2A is inhibited by ligands in

Table 1. Proportions of NK cells, NKA, NKG2D, NKG2A, and

NKG2D/NKG2A increased after prostatectomy in four different

stages.

Upregulation after surgery

(%)

Stage

1

Stage

2

Stage

3

Stage

4

NK-cell number 66.7 61.9 53.3 40.0

NKA 66.7 90.9 53.3 20.0

NKG2D 50.0 50.0 30.8 25.0

NKG2A 0.0 38.9 46.2 50.0

NKG2D/NKD2A 100.0 50.0 46.2 50.0

Table 2. Proportions of NK cells, NKA, NKG2D, NKG2A, and

NKG2D/NKG2A increased after prostatectomy in different stages.

Upregulation after surgery (%) Stages 1 + 2 Stages 3 + 4

NK-cell number 62.5 50.0

NKA 88.0 45.0

NKG2D 50.0 29.4

NKG2A 35.0 47.1

NKG2D/NKD2A 55.0 47.1
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tumor patients is unclear. IHC was performed to

investigate the infiltration of NK cells in tumors and

adjacent normal tissues. The number of infiltrated NK

cells, which were labeled by NKG2D (green) and

CD56 (red) and shown in yellow in the merged panel,

was lower in tumor tissue than normal tissue in every

stage. The number of NKG2D-expressing NK cells

was lower in the normal region in stage III and IV

patients compared with stage I and II patients. The

alterations in NK numbers in the adjacent normal

region were similar to that observed in the tumor

region, but the number of infiltrated of NK cells in the

tumor region was reduced compared with that noted

in the normal tissues (Fig. 5A–C). NKG2A and

HLAE were labeled to examine the interaction

between EVs and NK cells (Fig. 4D). NKG2A and

HLAE fluorescence levels were also lower in the tumor

tissue than in the adjacent normal tissue (Fig. 4E).

Increased colocalization of NKG2A and HLAE (yel-

low fluorescence) was noted in the normal region

among those labeled with NKG2D and CD56 in

patients with stage III and IV disease compared with

those with stage I and II disease (Fig. 4F). These find-

ings indicated the binding of NK cells and EVs.

4. Discussion

Extracellular vesicles in body fluids are stable and may

serve as disease markers [33]. Tumor-derived EVs in

the peripheral blood could represent an important ele-

ment for regulating NKA [34,35]. However, the EV

composition in the peripheral blood should function as

a better marker for recognizing the status of the tumor

microenvironment [10]. Based on a cohort of PCa

patients at National Taiwan University, more circulat-

ing EVs were presented in the peripheral blood in
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Fig. 2. Extracellular vesicle number increased and the ligands for NKA regulatory receptors on EVs changed in the presence of tumors.

(A) EVs were extracted from serum, and EV morphology was observed with TEM. (B) The size and number of EVs were measured by NTA.

(C) A greater number of EVs was noted in tumor patients compared with healthy donors. The expression per EV (D–F) and total expression

(G–I) of NKG2D ligands MICA and ULBP1 and the NKG2A ligand HLAE were analyzed based on tumor stages. (C) Paired t tests.

(D–I) Mann–Whitney U test. Bar: mean � SD.
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tumor patients than in healthy donors (Fig. 2); how-

ever, the EV number was not stage dependent

(Fig. S1B, P = 0.056). The levels of the total ligands

MICA, ULBP1, and HLAE were increased in more

advanced tumor patients (Fig. 2). The increased levels

of MICA and ULBP1 bound to NKG2D on NK cells

and could lead to NK-cell exhaustion before the

appearance of tumor cells [36], and the increase in

HLAE levels inhibited NKA by binding to NKG2A

[37]. Therefore, the screening of total ligand expression

on circulating EVs may serve as a marker for evaluat-

ing the presence of tumors.

Although studies have indicated that EVs may regu-

late NKA through binding to receptors on NK cells

[38], whether receptors change after prostatectomy is

not understood. After tumor removal, NKA levels

increased, and the level of the inhibitory receptor

NKG2A was significantly reduced. In contrast, the NK-

cell number and the level of the activating receptor

NKG2D were not significantly altered (Fig. 1; Tables 1

and 2). In addition, the number of circulating EVs num-

ber and NKA were significantly increased after surgery

compared with before surgery (Fig. 3C,D). The

increased number of EVs may be derived from normal

cells and contain information that helps tissue recovery

from surgery [39,40]. These results indicated that

NKG2A and circulating EVs are potentially correlated

and important for NKA after prostatectomy.

Natural killer cell activity was reduced in patients

with advanced-stage disease [41]. NKA is assessed

based on the release of interferon production regulator

(IFNr), perforin, or granzyme B. The present study

used NKVue to examine the IFNr level released from

NK cells, and NKVue levels positively correlated with

perforin levels (Fig. S2K). Circulating EVs from tumor

patients led to decreased NKA (Fig. 4C). The binding

Fig. 3. Extracellular vesicle number and ligands for NKGAD on EVs increased after PCa removal. (A, B) The EV number in patients before

and after prostatectomy was measured based on CD63 expression, and the CD63 expression level was significantly altered in patients after

prostatectomy. (C) Compared with EVs obtained from patients before the removal of PCa (pre), the EVs extracted from patients after

prostatectomy (post) exhibited dramatically increased NK cytotoxicity. (D) The cell survival of DU145 under treatment of EVs-treated NK92

cells. (E–J) Total expression levels of NKG2D ligands MICA (E) and ULBP1 (F) and NKG2A ligand HLAE (G) on EVs were analyzed before

(pre) and after (post) prostatectomy. The expression levels per EV of MICA (H), ULBP1 (I), and HLAE (J) were also analyzed before (pre) and

after (post) prostatectomy. The expression levels of ligands on EVs in the patients before prostatectomy (pre) were set as 100%. Red

dashed line shows the level of 100%. (B–J) Paired t tests.
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Fig. 4. Extracellular vesicles interacted with NK cells, and NKG2A was the key regulator of NK cytotoxicity in tumor patients. (A) EVs

labeled with deep red fluorescence were incubated with NK92 cells for 24 h. Cells were observed under fluorescence microscopy. The cell

nuclei of NK92 cells were labeled with Hoechst 33342. EVs were attached to NK92 cells or located in the cytoplasm of NK cells. (B) Deep

red fluorescence inside NK cells was analyzed using flow cytometry. The deep red FI was significantly increased in NK cells + EVs

compared with NK92 cells alone. (C–I) Equal amounts of EVs were added to NK92 cells and incubated for 24 h. The cytotoxic effects of NK

cells toward K562 cells, which were labeled with CM-DiI, were measured using flow cytometry. (C) EVs extracted from patients promoted

significantly lower NK cytotoxicity than those extracted from healthy donors. (D, E) NKG2D inhibitory antibody decreased NK cytotoxicity in

healthy donors (8 of 8), whereas NK cytotoxicity was only decreased in half of the patients (7 of 15). (F, G) NKG2A inhibitory antibody

increased NK cytotoxicity in patients (13 of 15) but only in a few of the healthy donors (1 of 8). (H, I) HLAE increased NK cytotoxicity in half

of the healthy donors (4 of 8) and PCa patients (10 of 20). (J–L) NK cytotoxicity in cells with siRNAs targeting nothing (Neg), NKG2A and

NKG2D was measured with treatment of medium only (J) and EVs from healthy donors (K) and tumor patients (L). (B, C) Paired t tests.

(J–L) Mann–Whitney U test. Scale bar: 25 lm. Bar: mean � SD.
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of receptors on the NK membrane with ligands on

EVs finely regulates NKA [38]. Although NKG2A was

found to be important for NKA, the alteration in the

total expression levels of the NKG2A ligand HLAE

did not reach significance after tumor removal

(Fig. 3G). Instead, the levels of NKG2D ligands

MICA and ULBP1 were significantly increased

(Fig. 3E,F) along with the increase in EV number

(Fig. 3A,B). Therefore, whether NKG2A or NKG2D

is the key regulator of NKA needs to be determined.

The importance of receptors on NK cells was evalu-

ated by administering inhibitory antibodies or siRNAs.

The addition of a NKG2D inhibitory antibody

decreased NK cytotoxicity in only half of patients (7/

15) in contrast to that observed in healthy donors (8/

8), and 86% (13/15) of NK cytotoxicity was increased

in patients with the addition of NKG2A inhibitory

antibody (Fig. 4D–G). The siRNAs targeting NKG2D

and NKG2A showed a trend similar to that of

inhibitory antibodies (Fig. 4J–L). These results indi-

cated that NKG2A was the dominant receptor for reg-

ulating NKA in tumor patients, and NKG2A

blockade may be critical for maintaining NK activity

against tumors. Evidence in the literature also indi-

cates that disruption of NKG2A, such as that

obtained with monalizumab [42], induces effective anti-

tumor immunity, but the clinical efficacy of NKG2A

inhibitory antibodies is unclear [43]. As the major

ligand of NKG2A on EVs, HLAE is overexpressed in

several tumors [44] and is correlated with tumor prog-

nosis [44]. The HLAE inhibitory antibody only

affected NK cytotoxicity by 50% (Fig. 4H,I) in both

healthy and tumor patients. This finding suggests the

existence of other ligands for NKG2A in PCa,

although it is the major ligand for NKG2A at present.

Furthermore, NKA increased dramatically after

prostatectomy, but NK-cell number was not altered.

As the average life span of NK cells is approximately

Fig. 5. Natural killer-cell infiltration and the binding of HLAE and NKG2A in PCas and adjacent normal tissues varied at different stages. (A)

Prostate tumor tissues from PCa patients at various stages were stained with NKG2D (green), CD56 (red), and DAPI (blue). NK cells with

the colocalization of NKG2D and CD56 are indicated in yellow. The NK-cell number was decreased in adjacent normal (B) and tumor regions

(C) in higher stages. (D) Tissues were stained with HLAE (green), NKG2A (red), and DAPI (blue). The binding of HLAE and NKG2A is indi-

cated in yellow, and the colocalization of green and red fluorescence in adjacent normal (N) and tumor tissues (T) is shown (E). (F) The colo-

calization of NKG2A and HLAE inside NK cells in adjacent normal tissues was calculated. Scale bar: 50 lm. G, Gleason Score; SI, stage 1;

SII, stage 2; SIII, stage 3; SIV, stage 4. (B–F) Mann–Whitney U test. Bar: mean � SD.
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2 weeks [45], NK cells in the blood are newly devel-

oped in patients 1 month after surgery. Therefore,

given the increase in EV number (Fig. 3B), the

increase in NKA (Figs 1B and 3C,D) after surgery

could result from the increase in new NK cells with

increased NKG2D ligands on circulating EVs. Com-

bined with the decrease in NKG2A on NK cells and

the increase in NKG2D ligand on circulating EVs,

NKA could be increased after tumor removal.

Immunostaining of NK cells (CD56+/NKG2D+)

and the interaction of NKG2A and HLAE were

assessed in tumor and adjacent normal tissues to vali-

date the results found in the in vitro model. NK cells

were identified by the colocalization of NKG2D and

CD56, which are shown as yellow spots in the

merged panel. Fewer NK cells infiltrated in the tumor

tissue compared with that noted in the adjacent nor-

mal tissue in patients at every stage. The number of

infiltrating NK cells was lower in patients with higher

grade PCa in both the tumor tissue and adjacent nor-

mal tissue (Fig. 5A–C). This finding was consistent

with those of other studies that demonstrated an

association of a high density of tumor-infiltrating NK

cells with a better prognosis in multiple human solid

tumors [46,47]. Although there were fewer NK cells

inside the tumor tissue, the binding of HLAE and

the NKG2A receptor was still observed as yellow

spots. More yellow spots were noted in the adjacent

normal tissues in patients with higher stage disease

than in patients with lower stage disease (Fig. 5D–F).
These results suggested that NK cells have difficulty

infiltrating into tumor tissue, and tumor cells may

release EVs to regulate NKA through binding to

NKG2A on NK cells.

The EV extraction method used in this study was

the polyethylene glycol (PEG)-based method. There

are numerous EV extraction methods developed

recently [48,49]. In order to further confirm the EVs’

function, SEC method was also used to extract EVs

(Fig. S3A). The sizes and functions of EVs were mea-

sured by NTA and NK cytotoxicity tests (Fig. S3B–
D). The sizes and functions of SEC-EVs were similar

with PEG-EVs. These results indicated the circulating

EVs extracted by either PEG or SEC method from PC

patients can regulate NK function.

5. Conclusion

In conclusion, with the characteristic alteration of cir-

culating EVs, NKA, which was reduced in PCa

Fig. 6. Schematic diagram of this study. More circulating EVs were found in the blood of prostate tumor patients. Two types of receptors

mainly regulate NKA: NKG2D, the activating receptor that leads to NK activation or exhaustion, and NKG2A, the inhibiting receptor that

leads to NK dysfunction. After treatment with an inhibitory antibody or siRNA, NKG2A was shown to be the main receptor regulating NKA

through EV binding. After prostatectomy, the number of circulating EVs increased, which subsequently increased NKA by decreasing

NKG2A and increasing total NKG2D ligands. In conclusion, NKG2A is the key regulator of NKA in PCas, and blocking NKG2A could

represent a potential therapy for inhibiting the effects of tumor-dependent EVs on NKA.
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patients, was restored after prostatectomy. The

increased NKA after prostatectomy may result from

the decrease in NKG2A levels on NK cells and the

increased NKG2D ligands on circulating EVs (Fig. 6).

Notably, NKG2A is the main regulator of NKA in

PCa before and after prostatectomy, and the develop-

ment of methods to prevent EV-associated NKG2A

inhibition may enhance the efficacy of immunotherapy

in PCa patients.

Acknowledgements

This work was supported by funds from the Ministry

of Science and Technology (108-2314-B-002-057, 109-

2314-B-002-177-MY3, and 111-2320-B-002-020-MY3).

We acknowledge the service and assistance provided

by the Flow Cytometric Analyzing and Sorting Core

of the First Core Laboratory at National the Taiwan

University College of Medicine. We also acknowledge

Horng-Tzer Shy for the assistance with the EM

process.

Conflict of interest

Nonfinancial support from ATGen was received dur-

ing the performance of the study. The NKVue kit was

provided by ATGen, which did not participate in the

study design or statistical analyses and was blinded to

the results.

Author contributions

Y-CL, C-HH, and H-NK conceived of the present

idea. Y-CL, C-HH, J-HH, Y-AL, and M-CK collected

the clinical samples. J-AL, C-HC, AH, and H-NK per-

formed the experiments. F-SJ, JC-HC, C-YH, K-PC,

and C-HC verified the analytical methods. Y-CL and

H-NK supervised the findings of this work. Y-CL and

H-NK wrote the manuscript with supports from

Y-AL, F-SJ, JC-HC, C-YH, and K-PC. All authors

discussed the results and contributed to the final

manuscript.

Peer Review

The peer review history for this article is available at

https://www.webofscience.com/api/gateway/wos/peer-

review/10.1002/1878-0261.13422.

Data accessibility

All data are available on request.

References

1 Fakhrejahani F, Tomita Y, Maj-Hes A, Trepel JB, De

Santis M, Apolo AB. Immunotherapies for bladder

cancer: a new hope. Curr Opin Urol. 2015;25:586–96.
2 Joseph M, Enting D. Immune responses in bladder

cancer-role of immune cell populations, prognostic

factors and therapeutic implications. Front Oncol.

2019;9:1270.

3 Wu SY, Fu T, Jiang YZ, Shao ZM. Natural killer cells

in cancer biology and therapy. Mol Cancer.

2020;19:120.

4 Bryceson YT, Chiang SC, Darmanin S, Fauriat C,

Schlums H, Theorell J, et al. Molecular mechanisms of

natural killer cell activation. J Innate Immun.

2011;3:216–26.
5 Takahashi E, Kuranaga N, Satoh K, Habu Y,

Shinomiya N, Asano T, et al. Induction of CD16+
CD56bright NK cells with antitumour cytotoxicity not

only from CD16- CD56bright NK cells but also from

CD16- CD56dim NK cells. Scand J Immunol.

2007;65:126–38.
6 Gutkin DW, Shurin MR. Clinical evaluation of

systemic and local immune responses in cancer: time for

integration. Cancer Immunol Immunother. 2014;63:45–
57.

7 Zhou B, Xu K, Zheng X, Chen T, Wang J, Song Y,

et al. Application of exosomes as liquid biopsy in

clinical diagnosis. Signal Transduct Target Ther.

2020;5:144.

8 Zhang C, Hu Y, Shi C. Targeting natural killer cells for

tumor immunotherapy. Front Immunol. 2020;11:60.

9 Gluszko A, Szczepanski MJ, Ludwig N, Mirza SM,

Olejarz W. Exosomes in cancer: circulating immune-

related biomarkers. Biomed Res Int. 2019;2019:1628029.

10 Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-

Silva B, Moreno-Bueno G, et al. Melanoma exosomes

educate bone marrow progenitor cells toward a pro-

metastatic phenotype through MET. Nat Med.

2012;18:883–91.
11 Martinet L, Smyth MJ. Balancing natural killer cell

activation through paired receptors. Nat Rev Immunol.

2015;15:243–54.
12 Mamessier E, Sylvain A, Thibult ML, Houvenaeghel G,

Jacquemier J, Castellano R, et al. Human breast cancer

cells enhance self tolerance by promoting evasion from

NK cell antitumor immunity. J Clin Invest.

2011;121:3609–22.
13 Peng YP, Zhu Y, Zhang JJ, Xu ZK, Qian ZY, Dai CC,

et al. Comprehensive analysis of the percentage of

surface receptors and cytotoxic granules positive natural

killer cells in patients with pancreatic cancer, gastric

cancer, and colorectal cancer. J Transl Med.

2013;11:262.

1625Molecular Oncology 17 (2023) 1613–1627 � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Y.-C. Lu et al. NKA regulators in prostate cancer

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13422
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13422


14 Shen Y, Lu C, Tian W, Wang L, Cui B, Jiao Y, et al.

Possible association of decreased NKG2D expression

levels and suppression of the activity of natural killer

cells in patients with colorectal cancer. Int J Oncol.

2012;40:1285–90.
15 He S, Yin T, Li D, Gao X, Wan Y, Ma X, et al.

Enhanced interaction between natural killer cells and

lung cancer cells: involvement in gefitinib-mediated

immunoregulation. J Transl Med. 2013;11:186.

16 Chinnery F, King CA, Elliott T, Bateman AR, James

E. Viral antigen mediated NKp46 activation of NK

cells results in tumor rejection via NK-DC crosstalk.

Onco Targets Ther. 2012;1:874–83.
17 Rosental B, Hadad U, Brusilovsky M, Campbell KS,

Porgador A. A novel mechanism for cancer cells to

evade immune attack by NK cells: the interaction

between NKp44 and proliferating cell nuclear antigen.

Onco Targets Ther. 2012;1:572–4.
18 Lundholm M, Schroder M, Nagaeva O, Baranov V,

Widmark A, Mincheva-Nilsson L, et al. Prostate tumor-

derived exosomes down-regulate NKG2D expression on

natural killer cells and CD8+ T cells: mechanism of

immune evasion. PLoS One. 2014;9:e108925.

19 Stringaris K, Sekine T, Khoder A, Alsuliman A,

Razzaghi B, Sargeant R, et al. Leukemia-induced

phenotypic and functional defects in natural killer cells

predict failure to achieve remission in acute myeloid

leukemia. Haematologica. 2014;99:836–47.
20 Chan CJ, Smyth MJ, Martinet L. Molecular

mechanisms of natural killer cell activation in response

to cellular stress. Cell Death Differ. 2014;21:5–14.
21 Lu YC, Kuo MC, Hong JH, Jaw FS, Huang CY,

Cheng JC, et al. Lower postoperative natural killer cell

activity is associated with positive surgical margins after

radical prostatectomy. J Formos Med Assoc.

2020;119:1673–83.
22 Hansen TF, Nederby L, Zedan AH, Mejlholm I,

Henriksen JR, Steffensen KD, et al. Correlation

between natural killer cell activity and treatment effect

in patients with disseminated cancer. Transl Oncol.

2019;12:968–72.
23 Lobb RJ, Becker M, Wen SW, Wong CS, Wiegmans

AP, Leimgruber A, et al. Optimized exosome isolation

protocol for cell culture supernatant and human

plasma. J Extracell Vesicles. 2015;4:27031.

24 Jung MK, Mun JY. Sample preparation and imaging of

exosomes by transmission electron microscopy. J Vis

Exp. 2018;131:56482.

25 Xu R, Greening DW, Zhu HJ, Takahashi N, Simpson

RJ. Extracellular vesicle isolation and characterization:

toward clinical application. J Clin Invest.

2016;126:1152–62.
26 Liu XC, Liang H, Tian Z, Ruan YS, Zhang L, Chen Y.

Proteomic analysis of human NK-92 cells after NK

cell-mediated cytotoxicity against K562 cells.

Biochemistry (Mosc). 2007;72:716–27.
27 Cekic C, Day YJ, Sag D, Linden J. Myeloid expression

of adenosine A2A receptor suppresses T and NK cell

responses in the solid tumor microenvironment. Cancer

Res. 2014;74:7250–9.
28 Zhu X, Qin X, Wang X, Wang Y, Cao W, Zhang J,

et al. Oral cancer cellderived exosomes modulate

natural killer cell activity by regulating the receptors on

these cells. Int J Mol Med. 2020;46:2115–25.
29 Hong CS, Sharma P, Yerneni SS, Simms P, Jackson

EK, Whiteside TL, et al. Circulating exosomes carrying

an immunosuppressive cargo interfere with cellular

immunotherapy in acute myeloid leukemia. Sci Rep.

2017;7:14684.

30 Vulpis E, Soriani A, Cerboni C, Santoni A, Zingoni A.

Cancer exosomes as conveyors of stress-induced

molecules: new players in the modulation of NK cell

response. Int J Mol Sci. 2019;20:611.

31 Kalluri R, LeBleu VS. The biology, function, and

biomedical applications of exosomes. Science. 2020;367:

eaau6977.

32 Mincheva-Nilsson L, Baranov V. Cancer exosomes and

NKG2D receptor-ligand interactions: impairing

NKG2D-mediated cytotoxicity and anti-tumour

immune surveillance. Semin Cancer Biol. 2014;28:24–30.
33 Boukouris S, Mathivanan S. Exosomes in bodily fluids

are a highly stable resource of disease biomarkers.

Proteomics Clin Appl. 2015;9:358–67.
34 Szczepanski MJ, Szajnik M, Welsh A, Whiteside TL,

Boyiadzis M. Blast-derived microvesicles in sera from

patients with acute myeloid leukemia suppress natural

killer cell function via membrane-associated

transforming growth factor-beta1. Haematologica.

2011;96:1302–9.
35 Sharma P, Diergaarde B, Ferrone S, Kirkwood JM,

Whiteside TL. Melanoma cell-derived exosomes in

plasma of melanoma patients suppress functions of

immune effector cells. Sci Rep. 2020;10:92.

36 Molfetta R, Quatrini L, Santoni A, Paolini R.

Regulation of NKG2D-dependent NK cell functions:

the Yin and the Yang of receptor endocytosis. Int J

Mol Sci. 2017;18:1677.

37 Lee N, Llano M, Carretero M, Ishitani A, Navarro F,

Lopez-Botet M, et al. HLA-E is a major ligand for the

natural killer inhibitory receptor CD94/NKG2A. Proc

Natl Acad Sci USA. 1998;95:5199–204.
38 Chen Y, Lu D, Churov A, Fu R. Research progress on

NK cell receptors and their signaling pathways.

Mediators Inflamm. 2020;2020:6437057.

39 Ha DH, Kim HK, Lee J, Kwon HH, Park GH, Yang

SH, et al. Mesenchymal stem/stromal cell-derived

exosomes for immunomodulatory therapeutics and skin

regeneration. Cell. 2020;9:1157.

1626 Molecular Oncology 17 (2023) 1613–1627 � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

NKA regulators in prostate cancer Y.-C. Lu et al.



40 Qiu H, Liu S, Wu K, Zhao R, Cao L, Wang H.

Prospective application of exosomes derived from

adipose-derived stem cells in skin wound healing: a

review. J Cosmet Dermatol. 2020;19:574–81.
41 Tarle M, Kraljic I, Kastelan M. Comparison between

NK cell activity and prostate cancer stage and grade in

untreated patients: correlation with tumor markers and

hormonal serotest data. Urol Res. 1993;21:17–21.
42 van Hall T, Andre P, Horowitz A, Ruan DF, Borst L,

Zerbib R, et al. Monalizumab: inhibiting the novel immune

checkpoint NKG2A. J Immunother Cancer. 2019;7:263.

43 Kamiya T, Seow SV, Wong D, Robinson M, Campana

D. Blocking expression of inhibitory receptor NKG2A

overcomes tumor resistance to NK cells. J Clin Invest.

2019;129:2094–106.
44 Andersson E, Poschke I, Villabona L, Carlson JW,

Lundqvist A, Kiessling R, et al. Non-classical HLA-class

I expression in serous ovarian carcinoma: correlation

with the HLA-genotype, tumor infiltrating immune cells

and prognosis. Onco Targets Ther. 2016;5:e1052213.

45 Vogel B, Tennert K, Full F, Ensser A. Efficient

generation of human natural killer cell lines by viral

transformation. Leukemia. 2014;28:192–5.
46 Melaiu O, Lucarini V, Cifaldi L, Fruci D. Influence of

the tumor microenvironment on NK cell function in

solid tumors. Front Immunol. 2019;10:3038.

47 Nersesian S, Schwartz SL, Grantham SR, MacLean

LK, Lee SN, Pugh-Toole M, et al. NK cell infiltration

is associated with improved overall survival in solid

cancers: a systematic review and meta-analysis. Transl

Oncol. 2021;14:100930.

48 Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson

JD, Andriantsitohaina R, et al. Minimal information for

studies of extracellular vesicles 2018 (MISEV2018): a

position statement of the International Society for

Extracellular Vesicles and update of the MISEV2014

guidelines. J Extracell Vesicles. 2018;7:1535750.

49 Coumans FAW, Brisson AR, Buzas EI, Dignat-George

F, Drees EEE, El-Andaloussi S, et al. Methodological

guidelines to study extracellular vesicles. Circ Res.

2017;120:1632–48.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Gating strategy for NK cells and various

parameters of NK in different stages of prostate can-

cer patients. (A) The gating strategy for NK cells

(CD3�/CD56+/CD16+). (B-E) The NK number, NKA,

NKG2D, and NKG2A in patients with different stages

of prostate cancer patients. NK: natural killer cell,

NKA: natural killer cell activity.

Fig. S2. Various parameters for NK and EV analysis

in different stages of prostate cancer patients, includ-

ing NK fraction, NKA, NKG2D, NKG2A of NK,

ligands on Evs. (A-D) The comparison of NK-cell

fraction, NKA, NKG2D, and NKG2A in patients

before (pre) or after (post) prostatectomy with differ-

ent stages (indicated with different colors). (E) The EV

number measured by NTA. (F) The expression of

CD63 on EVs. (G) The correlation of CD63 and CD9

levels in EVs. (H) The CD63 levels in circulating EVs

in patients before (pre) or after (post) prostatectomy

with different stages. (I) The expressions of ligands on

EVs. (J) The deep red level inside NK cells. (K) The

correlation of NKVue (IFNr) and perforin. EV: extra-

cellular vesicle, NK: natural killer cell, NKA: natural

killer cell activity, IFNr: interferon r.

Fig. S3. Results of EV with polyethylene glycol

(PEG)-based method was verified with EVs with size

exclusion chromatography (SEC) method. (A) The

SEC column used in the EV extraction. (B) The sized

of EVs in the fraction 2 and 3 analyzed with NTA.

(CD) The remaining K562 (NK cytotoxicity test) of

NK cells treated with SEC-EVs from healthy donors,

PC patients before (pre-) and after (post-) prostatec-

tomy. EV: extracellular vesicle, NK: natural killer cell.

Table S1. Basic information of prostate cancer patients

included in this study.
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