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ABSTRACT

Natural Killer cell activation mechanism and
anti-cancer effects of resveratrol

Yoojin Lee

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jongsun Kim)

Natural killer (NK) cells are innate immune lymphocytes that play an
important role in anti-viral and anti-tumor immune responses. Additionally,
they are suitable targets for cancer immunotherapy owing to their potent
cytotoxic activity. Several cancer immunotherapy approaches targeting NK
cells are currently in clinical or preclinical development. To activate NK cells,
treatments of low dose of IL-2 in combination with other agents are being
used in some clinical studies. Unfortunately, these therapies induce toxicity
and offset the efficacy of IL-2. To overcome this limitation, studies of
therapies involving new cytokines are underway. Therefore, this study aims
to find food nutrients that activate NK cells and determine their usefulness as

candidates for anti-cancer and anti-metastatic drugs.
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In part 1, food nutrients are screened to find NK cell activating molecules. As
a result, it was found that resveratrol appeared to activate NK cells most
effectively among the substances tested and synergistically increased IFN-y
secretion and NK cells cytotoxicity with interleukin-2 (IL-2). CD107a, NKp30,
and NKG2D expression levels were upregulated on the surface of NK cells upon
treatment with resveratrol in combination with IL-2 compared with treatment
with IL-2 alone. Moreover, NK cell activity in human and mouse whole blood
was enhanced upon treatment with resveratrol. Most importantly, administration
of resveratrol effectively inhibited tumor growth and metastasis in mice. In
conclusion, this research suggests that resveratrol may represent a candidate
anti-cancer drug that acts by activating NK cells in vivo.

In part 2, to maximize therapeutic efficacy of cancer immunotherapy, studies
are being actively conducted to find therapeutic adjuvants. Resveratrol is one of
the well-studied polyphenols which has been shown to possess various potential
health benefits, including an anti-tumor effect. The effect of resveratrol as a NK
cell booster in vivo tumor model has been previously reported, suggesting that
it can be a potential adjuvant for cancer immunotherapies. Also, several studies
have demonstrated that resveratrol exerts simultaneous effects on NK cells and
T cells. However, the molecular mechanism of how resveratrol activates NK
cells is unclear. In this study, the synergistic effect of resveratrol on the

enhancement of NK cytolytic activity in combination with IL-2 is confirmed.



Among the proteins mediated by IL-2 signaling, resveratrol activated Akt by
regulating the rictor phosphorylation, and mTORC?2 via PTEN and S6K1. It was
also found that the resveratrol mediated NK cell activation was more dependent
on the mTOR pathway than the Akt pathway. Most importantly, resveratrol
appeared to increase the expression of c-Myb, which is a downstream
transcription factor of Akt and mTORC2. Furthermore, consistent with the
previous report, it was shown that c-Myb is essential for NK cell activation
induced by resveratrol in combination with IL-2. Taken together, these results
demonstrate that resveratrol activates NK cells through Akt and mTORC2-

mediated c-Myb upregulation.

Key words: natural killer cell, resveratrol, IFN-y, NK cytotoxicity, immunotherapy



Natural Killer cell activation mechanism and

anti-cancer effects of resveratrol

Yoojin Lee

Department of Medical Science

The Graduate School, Yonsei University

(Supervised by Professor Jongsun Kim)

I. INTRODUCTION

Natural killer (NK) cells are innate immune lymphocytes accounting for about 15%
of all circulating lymphocytes which play a key role in the first line of defense against
pathogens and cancer.'? As the name suggests, NK cells spontaneously kill target cells
deemed to be dangerous to the host in the absence of prior sensitization; they thus are
presumed to be key effectors in cancer immunosurveillance, transplantation rejection,
and early viral immunity.>> In addition, NK cells are potent killers of malignant cells
and are particularly important in limiting tumor metastasis.®’ NK cells can inhibit tumor

growth by direct cytotoxicity through the release of cytolytic granules, by secretion of
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cytokines such as interferon-gamma (IFN-y), or indirectly by the orchestration of anti-
tumor immune responses.® Naive NK cells can be activated by a variety of pro-
inflammatory cytokines, such as IL-2, IL-12, and IL-15."!! These cytokines stimulate
NK cell proliferation and enhance NK cell cytotoxicity. When NK cells are activated,
they secrete large amounts of [FN-y, which is essential in viral and tumor clearance and
activates the signal transducers and activators of transcription (STAT) signaling
pathway in target cells, leading to the improved control of infection.'>!® IFN-y
production by NK cells restricts tumor angiogenesis, stimulates adaptive immunity, and
helps shape T cell responses in lymph nodes.'* Some clinical studies try to use these
cytokines to activate NK cells, such as in IL-2 therapy. However, a high-dose IL-2
therapy can lead to severe adverse effects, including vascular leakage and organ injury
caused by activation of the vascular endothelium. '

Third-generation immunotherapy represents a new paradigm for cancer treatment. '®
As the focus of treatment has shifted from the tumor itself to the host’s immune system,
cancer immunotherapy has focused on boosting the body’s natural defenses system to
fight cancer mainly targeting immune components such as antibodies, T cells, dendritic
cells, NK cells, etc.!”2° Most immunotherapeutic strategies have been focused on T cell
responses, but recent studies have tried to use NK cells as potential therapeutic targets
in cancer therapy.”'* Moreover, it is becoming clear that some of the clinical
approaches originally developed to increase T cell cytotoxicity may also activate NK
cells, so NK cells have emerged as an effective alternative option to T cell-based
immunotherapies, particularly against liquid tumors.??

Despite dramatic breakthroughs, clinical studies have exposed obstacles including



low treatment efficacy, low response rate, resistance to immunotherapies, etc.?*?® To
overcome these limitations, researchers are actively working to identify combination
treatments, new drug candidates, biomarkers, and therapeutic adjuvants that can boost
the therapeutic efficacy of cancer immunotherapy.?’** In some clinical studies, the use
of a low dose of IL-2, alone or in combination with other agents (such as low-dose IL-
2 and IFN-a), has resulted in similar clinical response rates and survival probabilities
as the use of high doses of IL-2 alone.’! Unfortunately, cytokines and other small
molecules secreted by IL-2-activated effector cells induce toxicity, which offsets the
efficacy of IL-2. To overcome this limitation, studies of therapies involving new
cytokines are underway, including the use of IL-2 alone or in combination with IL-
2.32,33

In the last decade, the field of nutritional immunology has grown steadily. In regard
to therapeutic adjuvants for cancer prevention and treatment, foods nutrients, such as
resveratrol, curcumin, and pomegranate, are intriguing sources because they have
relatively good safety profiles and have shown promising efficacy for combating tumor
cells.*3¢ It is hypothesized that, in addition to cytokines, there may be natural
substances with the ability to activate NK cells.

In part 1, several compounds are screened, including antioxidants, vitamins, and
food ingredients, to identify compounds that can activate NK cells. Furthermore, the
potential of one of these compounds, resveratrol, was demonstrated as an anti-cancer
and anti-metastatic drug candidate, which may act via NK cell activation. Overall, this
research identifies the novel function of resveratrol as a NK booster, which could be a

potential adjuvant for cancer immunotherapies. Resveratrol is one of the well-studied



polyphenols which has been shown to possess various beneficial effects, including anti-
tumor, anti-inflammation, anti-viral, and anti-fungal and anti-bacterial activity.>’*
Several examples of the anti-tumor effects of resveratrol have been reported.’”*!
Interestingly, several studies have reported a synergistic effect using resveratrol in
combination with doxorubicin in different breast cancer cell lines or apoptosis in colon
cancer cell lines.*>* Earlier studies have also demonstrated that resveratrol exerts
simultaneous effects on NK cells and T cells.*** In part 1, it was shown that resveratrol
contributes to enhance NK cell cytotoxicity in vitro as well as in vivo tumor models,
suggesting that resveratrol could be used as a potential adjuvant for cancer
immunotherapies. However, the molecular mechanisms of how resveratrol activates
NK cells remain unclear.

In part 2, the mechanism of resveratrol on NK cell activation was investigated. It
was shown that resveratrol activates NK cells in a synergistic manner with IL-2. Among
the proteins mediated by IL-2 signaling, resveratrol appeared to activate Akt by
regulating mTOR complex 2 (mTORC2) via PTEN and S6K1. Furthermore, it was
found that resveratrol increased expression of c-Myb, which is known to play a key role
in the regulation of NK cell activity. Together, these results demonstrate that resveratrol
activates NK cells as a consequence of causing downstream changes in mTORC2-

mediated c-Myb.



Il. MATERIALS AND METHODS

1. Cell lines and cell cultures

The human NK cell line NK92 (ATCC, Manassas, VA, USA, CRL-2407™) was
maintained in minimum essential medium o (MEM-a) (Gibco, New York, NY, USA)
supplemented with 12.5% heat-inactivated fetal bovine serum (FBS; Gibco), 12.5%
heat-inactivated horse serum (Gibco), 0.2 mM myo-inositol (Sigma-Aldrich, St. Louis,
MO, USA), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich), 0.02 mM folic acid (Sigma-
Aldrich), 1% penicillin/streptomycin (Wel GENE, Gyeongsansi, Korea), and 5 ng/ml
IL-2 (ATGen, Sungnamsi, Korea). Human erythroleukemia cell line K562 (ATCC,
Manassas, VA, USA, CCL-243™) was maintained in RPMI 1640 medium (Gibco)
supplemented with 10% FBS and 1% penicillin/streptomycin. Mouse melanoma cell
line B16F10 (ATCC, Manassas, VA, USA, CRL-6475™) was maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% FBS

and 1% penicillin/streptomycin.

2. Antibodies and reagents

For western blot, anti-B-actin antibody was purchased from Sigma-Aldrich.
Phospho-STATS mAb, STAT5 mAb, phospho-Akt mAb, Akt mAb, phospho-Erk mAb,
Erk mAb, phospho-PDK1 mAb, PDK1 mAb, phospho-Rictor mAb, Rictor mAb,
phospho-S6K 1 mAb, S6K1 mAb and c-Myb mAb were purchased from Cell Signaling

Technology (Danvers, MA, USA). PTEN was purchased from BD Pharmingen (San



Diego, CA, USA).

For flow cytometry, PE-conjugated anti-human CD107a (555801) and APC-
conjugated anti-human CD56 (555518) were purchased from BD Pharmingen. BV421-
conjugated anti-human CD3 (300434), APC-Cy7-conjugated anti-human CD16
(302017), PE-conjugated anti-human NKG2D (320806), PE-conjugated anti-human
NKp30 (325208), PE-conjugated anti-human NKp44 (325108), and PE-conjugated
anti-human NKp46 (331908), BV650-conjugated anti-mouse TCRp (109251), PE-
conjugated anti-mouse NK1.1 (108708), PerCP-Cy5.5-conjugated anti-mouse IFN-y
(505822), and PE-Cy7-conjugated anti-mouse CD107a (121619) were purchased from
BioLegend (San Diego, CA, USA).

Resveratrol, 3-amino-1-propanesulfonic acid (3-APS), glutathione, taurine,
glycine, alanine, J-alanine, B-carotene, retinoic acid, retinol, retinal, tazarotene, vitamin
B1, vitamin BI12, vitamin D3, 2,3-butandiol, quercetin, triacetyl resveratrol,
piceatannol, and celastrol (c-Myb inhibitor) were purchased from Sigma-Aldrich.
Lycopene and catechin were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Resveratrol-3-O-glucuronide was purchased from Cayman Chemical (Ann
Arbor, MI, USA). Resveratrol-4'-glucuronide was purchased from Spibio (Montigny
Le Bretonneux, France). Resveratrol-trisulfate was purchased from Carbosynth
(Berkshire, UK). MK-2206 (Akt inhibitor) and KU-0063794 (mTOR inhibitor) were

purchased from Selleckchem (Houston, TX).



3. Cell proliferation assay

Cell proliferation was measured using the CCK-8 assay kit (Dojindo Laboratories,
Kumamoto, Japan). NK92 cells (1x10* cells/well) were dispensed in 100 pl aliquots in
triplicate in a 96-well flat bottom plate and incubated for 4 hrs. After incubation, 10 pl
of CCK-8 solution was added to each well. After 4 hrs, absorbance was measured at

450 nm using a microplate reader (Epoch, BioTek, USA).

4. Enzyme-linked immunosorbent assay (ELISA) analysis

An IFN-y ELISA set was purchased from BD Biosciences (San Diego, CA, USA).
NKO92 cells (5x10* cells/well) were dispensed in 500 pl into a 24-well plate and
incubated for 36 hrs. Then, the supernatants were harvested and dispensed in triplicate
into a 96-well microplate pre-coated with capture antibodies. After incubation for 2 hrs,
each well was washed with washing buffer (0.05 % Tween 20 in PBS, pH 7.4), followed
by the addition of an HRP-conjugated detection antibody and incubation for 1 hr. The
substrate solution 3,3',5,5'-tetramethylbenzidine (TMB) was added under protection

from light. Absorbance was measured at 450 nm using a microplate reader.

5. CD107a degranulation assay

NK92 cells were treated with or without resveratrol and incubated for 36 hrs. After
incubation, NK92 cells (2x10* cells/well) were dispensed in 100 ul into a 96-well
round-bottom plate and incubated with an equal number of K562 target cells. Then,
anti-CD107a antibody was added, and the plate was incubated for 4 hrs. Cells were

harvested and stained with anti-CD56 antibody for 30 mins on ice. After 2-3 washes
10



with PBS containing 1% FBS, fluorescence was measured using a BD LSR II flow
cytometer (BD Biosciences). PBMCs were treated with or without resveratrol for 24
hrs in the presence of IL-2. After incubation, PBMCs were incubated with K562 cells
(5:1 ratio) for 4 hrs. Cells were harvested and stained with anti- CD3, CD16, and CD56
antibody in the presence of fixable live/dead stain (Invitrogen) for 30 mins on ice. After
2-3 washes with PBS containing 1% FBS, fluorescence was measured using a BD LSR

II flow cytometer (BD Biosciences).

6. Flow cytometry

NKO92 cells (5x10* cells/well) were dispensed in 500 ul into a 24-well plate and
incubated with or without resveratrol. After incubation, cells were washed twice with
PBS containing 1% FBS and stained with fluorochrome-conjugated antibodies in PBS
containing 1% FBS for 30 mins on ice in the dark. The cells were washed twice, and

then fluorescence was measured using the BD LSR 1L

7. Real-time PCR analysis

Total RNA was extracted from NK92 cells using TRIzol (Life Technologies,
Carlsbad, CA, USA), and cDNA was synthesized using the SensiFAST cDNA synthesis
kit (Bioline, Taunton, MA, USA) according to the manufacturer’s instructions.
Synthesized cDNAs were used as templates for subsequent PCR amplification of the

IFN-y, NKp30 isoforms, c-Myb, and GAPDH genes. The following primers were used:

IFN-y,

5'-GTCCAACGCAAAGCAATACA-3" and 5'-CTCTTCGACCTCGAAACAGC-3%;
11



NKp30a,

5'-GGTGGTGGAGAAAGAACATC-3" and 5'-CTTTCCAGGTCAGACATTTGC-3;
NKp30b,

5'-GGTGGTGGAGAAAGAACATC-3" and 5'-GAGAGTAGATTTGGCATATTTGC-3";
NKp30c,

5'-GGTGGTGGAGAAAGAACATC-3" and 5'-CATGTGACAGTGGCATTTGC-3';
Myb,

5'-CATGTTCCATACCCTGTAGCG-3" and 5-TTCTCGGTTGACATTAGGAGC-3";
GAPDH,

5'-CAGCCTCAAGATCATCAGCA-3" and 5'-GTCTTCTGGGTGGCAGTGAT-3".

Quantitative real-time RT-PCR was carried out using a KAPA SYBR FAST qPCR
kit (KAPA Biosystems, Wilmington, MA, USA), and amplification was performed on
an ABI Prism StepOnePlusTM detection system (Applied Biosystems, Foster City, CA,
USA) according to the conditions recommended by the manufacturer. The experiments
were performed in triplicate, and results were normalized to the expression of GAPDH.

The relative expression levels of the target genes were calculated by the 2-AACt method.

8. Cytotoxicity assay

The Calcein-AM (Invitrogen, Carlsbad, CA, USA) assay was used to measure NK
cells cytotoxicity against target cells. Calcein-AM was added to target cells to a final
concentration of 2 uM and incubated for 30 mins at 37°C and 5% CO2. Calcein-AM-
labeled target cells were washed with PBS twice, and then 1x10* cells were dispensed

in 100 pl aliquots in quadruplicate into a 96-well round-bottom plate. NK cells were
12



added at different effector:target (E:T) ratios and co-cultured for 4 hrs. The calcein-AM
released from lysed target cells was measured with a spectrophotometer (ex: 485 nm/em:

535 nm). Total specific lysis was calculated by the formula:

. o Experimental release-spontaneous release
Specific cytotoxicity (%)= - x 100
Maximum release-spontaneous release

9. Exvivo NK cell activity assay

Blood was obtained from healthy donors after acquiring institutional review board
approval and informed consent (No: 4-2019-0007). Animal experiments were approved
by the Yonsei University Health System Institutional Animal Care and Use Committee
(YUHS-IACUC, No: 2017-0203).

For the human NK cell activity assay, 1 ml of whole blood was incubated with
activator (provided as part of the kit) for 24 hrs at 37°C under 5% CO2 (n=13). For the
mouse NK cell activity, 100 ul of whole blood was incubated with 30 ul activator for
24 hrs at 37°C (tumor-naive or tumor-bearing mouse model, n==8). After incubation, the
supernatant was collected, and the released IFN-y was measured using the murine NK
Vue Kit (ATGen). Standards and samples were then incubated in an anti-human (or
murine) IFN-y antibody-coated plate for 2 hrs (1 hr for murine) at 20-25°C. After
incubation, each well was washed 4 times before the addition of an HRP-conjugated
detection antibody and incubation for 1 hr. Each well was washed 7 times (4 times for
murine), and then the TMB substrate solution was added in the dark. After incubation

for 30 mins, the stop solution was added, and absorbance was measured at 450 nm.

13



10. Animal studies

Animal experiments were approved by the Yonsei University Health System
Institutional Animal Care and Use Committee (YUHS-IACUC, No: 2017-0203).
Specific pathogen-free female C57BL/6 mice, 7 wks of age, were purchased from
Orient Bio (Seoul, Korea). Mice were maintained in a temperature-controlled, air-
conditioned animal house under a 12/12-h light/dark cycle and received food and water
ad libitum. Animals were cared for and treated in accordance with procedures outlined
in the Guide for the Care and Use of Laboratory Animals (National Research Council,
Washington, DC, USA). B16F10 cells were used between passages 4 and 5.

For the anti-tumor assay, B16F10 cells (5x10° cells) in 0.2 ml of PBS were injected
subcutaneously (s.c.) into the right flanks of mice on day 0. On day 18, the mice were
sacrificed, and the tumors were dissected. The activity of NK cells isolated from tumors
and draining lymph nodes was evaluated by flow cytometry. Tumor volume was
calculated for each mouse by measuring the length (L), width (W), and height/diameter
(H) of approximately ellipsoid tumors using a caliper, according to the following
formula:

Tumor volume (mm3) =L x W x H X (0.52

For the pulmonary tumor metastasis assay, BI6F10 cells at a concentration of
1x10° cells in 0.1 ml of PBS were injected intravenously (i.v.) into the tail veins of mice
on day 0. On day 18, the mice were sacrificed, and the lungs were extracted. The
melanoma foci on the lung surface were counted macroscopically. The activity of NK
cells isolated from lungs was evaluated by flow cytometry.

To evaluate the activity of resveratrol, 0.5 mg/kg of resveratrol in 0.1 ml of PBS
14



was 1.v. injected a total of 6 times, on days -2, 0, 2, 4, 6, and 8 (n=10 or 7).

11. NK cells depletion model

To deplete NK cells, 25 pg anti-NK 1.1 monoclonal antibody (PK136) or control
mouse IgG2a (both from Bio-X-Cell) were injected intraperitoneal (i.p.) on days -3, 2,
and 8. B16F10 cells (5x10° cells) in 0.2 ml of PBS were injected subcutaneously into
the right flanks of mice on day 0. On day 18, the mice were sacrificed, and the tumors

were dissected and tumor volume was calculated.

12. Western blot analysis

After treatment, NK92 cells were harvested and washed. The cells were lysed in
RIPA buffer supplemented with protease and phosphatase inhibitor cocktail. Protein
concentration was determined by BCA protein assay (Thermo Scientific). Sample
buffer was added to each sample. Samples were boiled at 100°C for 5 mins and cooled
on ice and then loaded onto a 10% SDS-PAGE gel. After running, gels were transferred
to a methanol-activated PVDF membrane and blocked for nonspecific reactivity. The
membrane was probed with specific antibodies diluted in TBS-T containing 3% BSA
and incubated for overnight at 4°C. The membrane was washed 3 times for 10 mins and
incubated for 1 hr with secondary antibodies. Immunoreactivity was detected using an

ECL solution (Thermo Scientific).

15



13. DNA/protein array for promoter binding activity analysis

Nuclear extracts were prepared with a Nuclear Extraction kit (Panomics, Fremont,
CA, USA) following the manufacturer’s instructions. Each array assay was carried out
following the procedure in the Protein/DNA Array kit (Panomics) user’s manual. 5 pg
of nuclear extract was mixed with DNA probe (10 ng/ul), and the mixture was incubated
at 15°C for 30 mins. The reaction was loaded onto the column and incubated for 30
mins on ice. After incubation, the column was washed with washing buffer 4 times
followed by centrifugation at 7,000 x g and 4°C. DNA probes were eluted and the
reactions were denatured at 95°C for 3 mins then hybridized to the array membrane at
42°C overnight. The membrane was washed twice in washing buffer I at 42°C for 20
mins and then twice in washing buffer II at 42°C for 20 mins. The membrane was
detected using chemiluminescent reagents and exposed to photographic film. The array
images were acquired and the spot intensities of all the transcription factors detected

were measured using Image J software.

14. Evolutionary Conserved Regions (ECRs) Browser

To identify whether a c-Myb binding site existed within the [FN-y promoter region,
an ECR browser, a tool for visualizing and accessing data from comparisons of multiple
vertebrate genomes, was used. Annotation of conserved transcription factor binding
sites underlying ECR Browser conservation plots were displayed using the
'Synteny/Alignments' link in the top menu, and performed following the procedure in

the instructions.
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15. ¢-Myb knockdown using Lentiviral transduction

MYB shRNA plasmids and the control shRNA plasmid were purchased from
Sigma Aldrich. Lentivirus particles were produced using a third-generation packaging
system. For this system, pMDLg/pRRE (plasmid #12251; Addgene, Cambridge, MA,
USA), pRSV-Rev (plasmid #12253; Addgene) and pMD2.G (plasmid #12259;
Addgene) were kindly provided by Dr. Didier Trono. To transfect the plasmids into
HEK293T cells, Lipofectamine 3000 was used (Invitrogen). For lentiviral transduction,
NK-92 cells were stimulated with IL-2 (5 ng/ml) for 1 hr and then infected by mixing
with the supernatants containing lentiviral particles and protamine sulfate (15 pg/ml;
Sigma Aldrich). To increase the lentiviral transduction efficiency, the mixtures were
centrifuged at 360 x g for 90 mins at 32°C. For the selection of transgene-positive cells,
the cells were cultured in complete growth medium containing 2 pg/ml puromycin for

up to 4 wks.

16. Statistical analysis

Statistical analysis was performed with GraphPad Prism software (GraphPad
software, San Diego, CA, USA). Data were expressed as means + standard error of the
mean (SEM). Student’s t-test and one or two-way ANOVA were used to compare

distributions between groups. p < 0.05 was considered statistically significant.
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I11. RESULTS

Part 1. In vivo anti-cancer effects of resveratrol mediated by NK cell

activation

1. Screening of NK cell-activating molecules

To identify a non-cytokine natural substance capable of activating NK cells,
several compounds, including known antioxidants, vitamin-based substances, and food
ingredients were tested for their ability to activate NK92 cells (Figure 1). In this study,
the vehicle is the solvent control which contains the same amount of ethanol used to
dissolve each compound. Since NK cells require IL-2 to proliferate, the experiment was
conducted in the presence of IL-2. Most of the compounds appeared to have no effect
on NK cells viability when added at a concentration of up to 20 uM, whereas retinoic
acid and retinal slightly inhibited cell proliferation (data not shown). IFN-y secretion
was then measured to determine whether NK cells were activated by these substances.
Interestingly, while most substances appeared to have no effect on IFN-y secretion,
resveratrol significantly increased IL-2-induced IFN-y secretion about 2-fold compared
to that of IL-2 treatment alone suggesting potential roles of resveratrol to activate NK

cells (Figure 1).
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Figure 1. Screening of NK cell-activating molecules. Comparisons of IFN-y secretion
in NK92 cells treated with 20 uM resveratrol and other compounds (with 5 ng/ml of
IL-2) for 36 hrs. IFN-y secretion was measured by ELISA. Data are shown as mean +
SEM of 4 independent experiments. Asterisks indicate statistical significance by one-

way ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not significant (p>0.05).
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2. Resveratrol increased IL-2-induced IFN-y secretion from NK cells

As mentioned above, among the antioxidants, vitamins, and food nutrients tested,
only resveratrol appeared to increase the IFN-y secretion from NK cells (Figure 1).
Moreover, as shown in Figure 2A and 2B, resveratrol did not significantly affect NK
cell proliferation but increased IFN-y secretion in a dose-dependent manner.
Particularly, at a resveratrol concentration of 20 uM, IFN-y secretion was increased by
more than 50% compared to that of IL-2 alone-treated cells (Figure 2B). Next, the
proliferation of NK cells and secretion of IFN-y were measured after treatment with
resveratrol with or without IL-2 to investigate whether resveratrol is effective as a
replacement for IL-2 or has synergistic effects in combination with IL-2. As shown in
Figure 3, resveratrol had no effect in the absence of IL-2. Moreover, in the presence of
IL-2, the proliferation of NK cells was not affected by resveratrol (Figure 2C). While
IFN-y secretion was not altered for up to 12 hrs after treatment, it thereafter increased
by about 40% or more compared to that observed in the group treated with IL-2 alone
(Figure 2D). It was also confirmed by real-time PCR that the mRNA level of IFN-y was
upregulated by resveratrol treatment in the presence, but not the absence, of IL-2
(Figure 2E). Altogether, these results indicate that resveratrol has synergistic effects in

combination with IL-2 in activating NK cells.
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Figure 2. Resveratrol increased IL-2-induced IFN-y secretion from NK cells. (A-
B) NK92 cells were treated with 0-20 pM resveratrol in the presence of 5 ng/ml IL-2
for 36 hrs. (C-D) NK92 cells were treated with 20 uM resveratrol for 048 hrs with or
without 5 ng/ml IL-2. (E) The mRNA levels of [FN-y in NK92 cells after treatment of
resveratrol for 24 hrs were measured by real-time PCR and calculated by the AACT
method. GAPDH was used as an internal control. Data are shown as mean + SEM of 3
independent experiments. Asterisks indicate statistical significance by one or two-way

ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not significant (p>0.05).
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3. Effects of resveratrol on NK cell activity

Next, the effect of resveratrol on NK cells cytolytic activity was examined.
Consistent with previous studies, IL-2 treatment significantly enhanced the killing
activity of NK cells. Intriguingly, co-treatment of resveratrol together with IL-2 further
heightened NK cytotoxicity by 21.3 % compared with IL-2 treated cells at a 1:1 ratio
indicating the increase of NK cytotoxicity by resveratrol (Figure 3A). The effect of
resveratrol on NK cells degranulation activity was also examined by measuring
CD107a expression as a functional marker of NK cell activation.*® NK cells were co-
incubated with K562 target cells, which do not express major histocompatibility
complex (MHC) class molecules and are susceptible to NK cell-mediated killing.*’ This
was followed by analysis of surface levels of CD107a by flow cytometry. As shown in
Figure 3B, after NK cells were pre-treated with IL-2, NK cells expressing CD107a
accounted for 18.3+0.23 % of all CD56" NK cells. CD107a expression on the surface
of NK cells pretreated with resveratrol and IL-2 increased 1.8-fold compared to that on
the surface of IL-2 alone-pretreated cells, resulting in 32.9+2.59 % of CD56" NK cells

expressing CD107a.
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Figure 3. Effects of resveratrol on NK cell activity. (A) NK cells cytotoxicity was
determined using calcein-AM. NK92 effector cells were treated with 20 uM resveratrol
for 36 hrs, followed by incubation with K562 target cells at different ratios for 4 hrs.
(B) CD107a expression on the surface of NK92 cells after resveratrol treatment was
measured by flow cytometry. NK92 cells were treated with 20 pM resveratrol for 36
hrs, followed by co-culturing with K562 target cells at a 1:1 ratio for 4 hrs. Quantitative
analysis showing the percentages of CD56" CD107a" cells. Data are shown as mean +
SEM of 3 independent experiments. Asterisks indicate statistical significance by one-

way ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not significant (p>0.05).
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4. Effects of resveratrol on NK cell activating receptor expression

Next, the effect of resveratrol on the expression of NK cell-activating receptors,
which have central roles in the cytotoxicity of NK cells, was measured. As shown in
Figure 4A, the expression of NK cell activating receptors was significantly increased
by resveratrol compared to IL-2 alone. Since a previous study has shown the
immunomodulatory functions of NKp30 depend on its isoforms,* the change of
expression level of NKp30 isoforms upon IL-2 with or without resveratrol treatment
was analyzed. While resveratrol did not affect the expression of NKp30c, known as an
inhibitory Nkp30 isoform, the activating isoforms, including NKp30a as well as
NKp30b, were significantly increased by resveratrol (Figure 4B). Altogether, these

results suggest that resveratrol might enhance the overall activity of NK cells.
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Figure 4. Effects of resveratrol on NK cell activity. (A) Expression of NCRs and
NKG2D was measured by flow cytometry. NK92 cells were treated with 20 uM
resveratrol for 36 hrs. Data are shown as mean £ SEM of 3 independent experiments.
(B) The mRNA levels of NKp30 isoforms in NK92 cells after treatment with resveratrol
for 6 hrs were measured by real-time PCR and calculated by the AACT method.
GAPDH was used as an internal control. Data are shown as mean = SEM of 4
independent experiments. Asterisks indicate statistical significance by one-way

ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not significant (p>0.05).
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5. Effects of derivatives and metabolites of resveratrol

Resveratrol is currently marketed as a dietary supplement. Triacetyl resveratrol, as
a derivative of resveratrol, is easily converted to resveratrol by esterase activity and
exhibits similar bioactivity as resveratrol in cell cultures. Once resveratrol absorbed, it
is rapidly metabolized by conjugation to a hydroxyl group, glucuronic acid, and/or
sulfate. The sites of glucuronidation in resveratrol in the 3- and 4'-positions have been
firmly established after synthesis of the metabolites. Similarly, the major site of sulfate
conjugation, in the 4'-position, was also established by synthesis (Figure 5A).*
Therefore, an investigation was conducted into whether the derivative or any of the
metabolites of resveratrol could activate NK cells better than resveratrol itself. First,
the effects of these compounds on NK cells proliferation were investigated. Triacetyl
resveratrol, a derivative of resveratrol, slightly inhibited cell proliferation, but the other
compounds did not (Figure 5B). Next, IFN-y secretion in NK cells was measured after
treatment with the resveratrol derivative and metabolites. As shown in Figure 5C, the
derivative and most of the metabolites did not affect IFN-y secretion. Triacetyl
resveratrol and resveratrol trisulfate increased IFN-y secretion compared to that
observed in IL-2 alone-treated cells, but their effect was weaker than that of resveratrol.
Finally, the effects of triacetyl resveratrol and resveratrol trisulfate on NK cytotoxicity
were examined using K562 target cells and the Calcein-AM method. As shown in
Figure 5D, after treatment with resveratrol itself, NK cytotoxicity was increased by 20%
at E:T ratios of 1:1 compared to that of IL-2 treatment alone. After triacetyl resveratrol

treatment, NK cytotoxicity was increased by 11.4% at E:T ratios of 1:1, but this was
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not statistically significant. Unlike resveratrol and triacetyl resveratrol, resveratrol
trisulfate did not affect NK cytotoxicity. These results indicate that the intact form of

resveratrol is the most effective for activating NK cells.
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Figure 5. Effects of derivatives and metabolites of resveratrol. (A) Metabolism of
resveratrol and structures of resveratrol, triacetyl resveratrol (derivative of resveratrol),
and metabolites of resveratrol. Resveratrol is metabolized by hydroxylation or
glucuronidation, or sulfate conjugation to produce combined forms of sulfate and
glucuronide. (B-C) Cell proliferation and IFN-y secretion in NK92 cells after indicated
treatments at 20 pM (with 5 ng/ml of IL-2) for 36 hrs were determined by CCK-8 and
ELISA. Data are shown as mean + SEM of 3 independent experiments. (D) NK cells
cytotoxicity was determined using calcein-AM. NK92 effector cells were treated with
20 uM resveratrol or its metabolites for 36 hrs, followed by incubation with K562 target
cells at a 1:1 ratio for 4 hrs. Data are shown as mean = SEM of 4 independent
experiments. Asterisks indicate statistical significance by one-way ANOVA: *p<0.05,

**p<0.01, ***p<0.001, ns: not significant (p>0.05).
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6. Ex vivo effects of resveratrol in human and mouse whole blood

To investigate the effect of resveratrol on human and mouse primary NK cell
activity, NK activity in whole blood using the NK Vue Kit was measured. After
resveratrol treatment with activator, human NK cell activity increased by about 25%
compared to treatment with activator alone (Figure 6A). Likewise, after resveratrol
treatment with activator, tumor-naive mouse NK cell activity increased by about 27.2%
compared to treatment with activator alone (Figure 6B). Also, NK cell activity was
measured in tumor-bearing mouse models. Even in the presence of an activator, NK
cell activity was significantly lower in the tumor-bearing mice than in the tumor-naive
group (Figure 6B). However, after resveratrol treatment in the presence of activator,
NK cell activity increased by about 27.3% compared to treatment with activator alone
in the tumor-bearing mice (Figure 6B). Further, PBMCs were isolated from whole
blood and treated with resveratrol for 24 hrs in the presence of IL-2, and then stimulated
by K562 target cells (Figure 6C). Intriguingly, compared with IL-2 treated cells, it was
found that resveratrol significantly enhanced degranulation in CD569™CD16* human
primary NK cells known for their cytolytic activity (Figure 6C).*° Thus, these results
indicate that resveratrol has the potential to activate human primary NK cells and

suggest that resveratrol could be used in cancer therapy by activating NK cells.
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Figure 6. Ex vivo effects of resveratrol in human and mouse whole blood. (A) For
the human NK cell activity assay, 1 ml of whole blood was incubated with or without
activator and resveratrol for 24 hrs at 37°C. (B) For the mouse NK cell activity assay,
100 pl of whole blood was incubated with or without 30 pl activator and resveratrol for
24 hrs at 37°C (tumor-naive or tumor-bearing mouse model, n=8). The supernatant was
collected, and the released IFN-y was measured using a NK Vue Kit. (C) CD107a
expression of primary NK cells was measured by flow cytometry. PBMCs were treated
with 20 uM resveratrol for 24 hrs in the presence of IL-2, followed by co-culturing with
K562 target cells at a 5:1 (E:T) ratio for 4 hrs (n=5). Asterisks indicate statistical
significance by Dunn’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001, ns:

not significant (p>0.05).
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7. Anti-cancer effect of resveratrol in mice

The in vivo efficacy of resveratrol administration in melanoma mouse models was
examined. In vivo activation of NK cells by resveratrol and its anti-cancer effects were
assessed by 2 different methods. First, 18 days after s.c. injection of B16F10 cells,
tumor volumes were measured after dissection. As shown in Figure 7A, administration
of resveratrol (0.5 mg/kg) in the presence of IL-2 significantly inhibited tumor growth
compared to the administration of IL-2 alone. Quantitative analysis showed that
administration of IL-2 inhibited tumor growth compared to that in vehicle control mice.
Furthermore, administration of resveratrol in the presence of IL-2 significantly
inhibited tumor growth compared to the administration of IL-2 alone. Treatment of
resveratrol together with IL-2 significantly inhibited tumor growth (Figure 7A)
accompanied with robust activation of NK cells in tumors (Figure 7B) as well as

draining lymph nodes (Figure 7C) compared to the vehicle or IL-2 treated group.
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Figure 7. Anti-cancer effect of resveratrol in mice. B16F10 cells (5x10°) in 0.2 ml
PBS were injected subcutaneously into C57BL/6 mice on day 0 (n=14). (A) The tumor
volume was measured after dissection on day 18 after injection of melanoma cells. The
activity of NK cells isolated from (B) tumor and (C) draining lymph nodes was
evaluated by flow cytometry. To evaluate the activity of resveratrol, mice were
intravenously injected a total of 6 times, on days -2, 0, 2, 4, 6, and 8. Asterisks indicate
statistical significance by one-way ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not

significant (p>0.05).
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8. Anti-metastatic effects of resveratrol in mice

Next, it was investigated whether resveratrol affects tumor metastasis in the lung
metastatic model as well. B16F10 cells were i.v. injected in mice; after 18 days, the
lungs were extracted, and the melanoma foci on lung surfaces were counted. As shown
in Figure 8A, the number of melanoma foci decreased in mice treated with resveratrol.
Furthermore, IFN-y production and degranulation level were significantly enhanced in
the lung residual NK cells by the treatment of resveratrol compared with the vehicle or
IL-2 treated group (Figure 8B). These results suggest that resveratrol may prohibit

tumor growth and metastasis by activating NK cells.
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Figure 8. Anti-metastatic effects of resveratrol in mice. B16F10 cells (1x10%) in 0.1
ml PBS were injected into the tail veins of C57BL/6 mice on day 0 (n=10). (A) The
melanoma foci on the lung surface were counted macroscopically 18 days after
injection of melanoma cells. (B) The activity of NK cells isolated from lung was
evaluated by flow cytometry. To evaluate the activity of resveratrol, mice were
intravenously injected a total of 6 times, on days -2, 0, 2, 4, 6, and 8. Asterisks indicate
statistical significance by one-way ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not

significant (p>0.05).
40



9. NK cell-dependent anti-cancer effects of resveratrol

Finally, to clarify the intrinsic roles of NK cells on the anti-tumoral effects of
resveratrol, mice were injected with tumors and treated with vehicle, resveratrol or
resveratrol plus anti-NK1.1 to deplete NK cells in vivo. Intriguingly, as shown in Figure
9, the anti-tumoral effects of resveratrol were almost completely abrogated by the
depletion of NK cells. Consistent with previous results, resveratrol treatment with
isotype antibody significantly reduced tumor growth. However, the anti-tumoral effects
of resveratrol were abrogated by the depletion of NK cells. Altogether, these results

indicate the pivotal roles of NK cells in resveratrol dependent anti-tumoral effects.
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Figure 9. NK cell-dependent anti-cancer effects of resveratrol. To deplete NK cells,

25 ug anti-NK 1.1 monoclonal antibody (PK136) or control mouse IgG2a were injected

intraperitoneal (i.p.) on days -3, 2, and 8. B16F10 cells (5x10° cells) in 0.2 ml of PBS

were injected subcutaneously into the right flanks of mice on day 0. The tumor volume

was measured after dissection on day 18 after injection of melanoma cells. To evaluate

the activity of resveratrol, mice were intravenously injected a total of 6 times, on days

-2, 0, 2, 4, 6, and 8. Asterisks indicate statistical significance by one-way ANOVA:

*p<0.05, **p<0.01, ***p<0.001, ns: not significant (p>0.05).
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Part 2. Effects of resveratrol on NK cell activity through activation of Akt-

mTOR mediated c-Myb transcription factor

1. Synergistic effect of resveratrol on NK cell activation in combination with

IL-2

To identify whether resveratrol has a synergistic effect with cytokines that mediate
NK cell activation, IFN-y secretion and NK cytotoxicity were measured after treatment
with resveratrol and cytokines. IL-2, IL-12, and IL-15 are known to induce IFN-y
secretion and play an important role in the activation of NK cells.’"* In part 1, it was
shown that resveratrol activates NK cells in a synergistic manner with IL-2. To identify
whether resveratrol has a synergistic effect with other cytokines that mediate NK cell
activation, IFN-y secretion and NK cytotoxicity were first measured after treatment
with resveratrol and IL-2, IL-12, or IL-15. Among the cytokines, IL-2 produces the
most IFN-y secretion at the same concentration compared with other cytokines when
they were co-treated with resveratrol (Figure 10A). In addition, it was found that
treatment of resveratrol in combination with 5 ng/ml of IL-2 was as effective as
treatment with 10 ng/ml of IL-2 alone (Figure 10A). Next, it was investigated whether
resveratrol also has a synergistic effect with activating cytokines on the cytotoxicity of
NK cells. As shown in Figure 10B, resveratrol showed a synergistic effect on the
enhancement of NK cytolytic activity only in combination with IL-2. These results

suggest that resveratrol may activate a factor downstream of the IL-2 signaling pathway.
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Figure 10. Synergistic effect of resveratrol on NK cell activation in combination
with IL-2. (A) IFN-y secretion in NK92 cells after indicated treatments at various
different concentrations for 48 hrs were determined by ELISA. Data are shown as mean
+ SEM of 2 independent experiments. (B) NK cell cytotoxicity was determined using
calcein-AM. NK92 effector cells were treated with each cytokine (IL-2; 5 ng/ml, IL-12
and IL-15; 10 ng/ml) with or without 20 uM resveratrol for 36 hrs, followed by
incubation with K562 target cells at a 1:1 ratio for 4 hrs. Data are shown as mean =+
SEM of 3 independent experiments. Asterisks indicate statistical significance by one-

way ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not significant (p>0.05).
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2. Regulation of Akt and mTORC?2 signaling pathways by resveratrol

IL-2 signaling is propagated following receptor-ligand engagement, controlling
recruitment of JAK3 and activation of AKT, ERK1/2 and a transcriptionally active
STAT5.5** Based on this information, an investigation was conducted into which
molecule(s) is regulated by resveratrol among these IL-2 signaling mediated proteins.
As shown in Figure 11, it was found that resveratrol increased the phosphorylation of
Akt on Serd473 which is essential for full activation, but had no effect on the
phosphorylation of Stat5 and ERK. These results suggest that resveratrol activates the

Akt signaling pathway, but not the Stat5 and ERK signaling pathways.
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Figure 11. Regulation of Akt and mTORC?2 signaling pathways by resveratrol.
NK92 cells were deprived of IL-2 for 24 hrs then treated with IL-2 (5 ng/ml) with or
without 20 uM resveratrol for 30 mins. Western blot was performed to visualize (A)
Stat5 (pTyr694), (B) Erk (pThr202/Tyr204), and (C) Akt (pSer 473) expression as well
as total form. Data are shown as mean + SEM of 3 independent experiments. Asterisks
indicate statistical significance by one-way ANOVA: *p<0.05, **p<0.01, ***p<0.001,

ns: not significant (p>0.05).
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3. Regulation of mTORC?2 signaling pathway by resveratrol

Next, to find out how resveratrol activates Akt, measurements were taken of the
expression levels of PDK1 and mTOR complex 2 (mTORC2), which are upstream
kinases of Akt.>> As shown in Figure 12A, PDK1 was not affected by resveratrol,
whereas the phospho-rictor (a subunit of the mTORC2 complex) level decreased
significantly. Previous studies have showed that phosphorylated rictor negatively
regulates the mTORC2 protein complex as part of a negative feedback mechanism
controlling Akt activity.’® Consistent with this, resveratrol also appeared to inhibit
PTEN and S6K1 activities which are known to downregulate mTORC2 signaling
(Figure 12B). Taken all together, this data suggest that resveratrol activates Akt by

regulating rictor phosphorylation, and mTORC?2 via PTEN and S6K1.
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Figure 12. Regulation of mTORC?2 signaling pathway by resveratrol. NK92 cells
were deprived of IL-2 for 24 hrs then treated with IL-2 (5 ng/ml) with or without 20
UM resveratrol for 30 mins. (A) Western blot was performed to visualize PDK1
(pSer241) and rictor (pThr1135) expression as well as total form. Data are shown as
mean = SEM of 4 independent experiments. (B) Western blot was performed to
visualize PTEN expression and S6K1 (pThr389) expression as well as total form. Data
are shown as mean = SEM of 3 independent experiments. Asterisks indicate statistical
significance by Student’s t-test: *p<0.05, **p<0.01, ***p<0.001, ns: not significant

(p>0.05).
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4. Effects of Akt and mTORC?2 on NK cell activation by resveratrol

It was investigated whether NK cell activation is a direct effect of Akt and
mTORC2 activation by resveratrol. For this purpose, IFN-y secretion and the
cytotoxicity of NK cells were measured after treatment with Akt inhibitor MK-2206.
As shown in Figure 13A, IFN-y secretion and cytotoxicity decreased by Akt inhibitor,
but the inhibition was in substantial part overcome by resveratrol. These results may
suggest that resveratrol may also activate NK cells in another way in addition to the
Akt signaling pathway. Next, IFN-y secretion and cytotoxicity were measured after
treatment with mTOR inhibitor KU-0063794 (Figure 13B). As shown in Figure 13B,
IFN-y secretion and cytotoxicity decreased by mTOR inhibitor, but the inhibition was
only a little overcome by resveratrol treatment. Interestingly, the mTOR inhibitor
decreased the resveratrol induced NK cell activation more than that of the Akt inhibitor
(Figure 13A and 13B). These results suggest that the resveratrol mediated NK cell

activation is more dependent on the mTOR pathway than the Akt pathway.
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Figure 13. Effects of Akt and mTORC?2 on NK cell activation by resveratrol. IFN-
v secretion in NK92 cells after indicated treatments for 48 hrs were determined by
ELISA. NK cell cytotoxicity was determined using calcein-AM. NK92 effector cells
were harvested after indicated treatments for 36 hrs, followed by incubation with K562
target cells at a 1:1 ratio for 4 hrs. (A) An Akt inhibitor (MK-2206) was added 30 mins
before resveratrol treatment. (B) An mTOR inhibitor (KU-0063794) was added 30 mins
before resveratrol treatment. Data are shown as mean = SEM of 3 independent
experiments. Asterisks indicate statistical significance by one-way ANOVA: *p<0.05,

**p<0.01, ***p<0.001, ns: not significant (p>0.05).
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5. Upregulation of Akt-related transcription factors in NK cells by

resveratrol

Next, high-throughput analysis of transcription factors activation was performed
using a DNA/Protein array to find transcription factors activated by resveratrol. As
shown in Figure 14, the activities of 56 transcription factors in NK cells were screened
by this method.

To select candidates among the 56 transcription factors whose activity was
increased by resveratrol, first, candidates with a spot density of less than 4,000 were
excluded. Next, transcription factors that exhibited a spot density increase of more than
2-fold by resveratrol compared with IL-2 alone treatment were selected. As a result,
four transcription factors (CBF, c-Myb, NF-E2, and SP-1) were identified, and they
were all found to be related to the Akt signaling pathway.”’*® Resveratrol is already
known to upregulate NF-E2, and it has been previously reported that c-Myb is a key

factor in regulating NK cell activity.°!-%2
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Figure 14. Upregulation of Akt-related transcription factors in NK cells by
resveratrol. NK92 cells were deprived of IL-2 for 24 hrs then treated with IL-2 (5
ng/ml) with or without 20 pM resveratrol for 30 mins. Nuclear extracts were prepared
and used for array assay. The array images were acquired and scanned. The quantitative
result was displayed by measuring spot intensity with Image J software. Data are shown
as mean £ SD of duplicate measurements. Asterisks indicate statistical significance by

one-way ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not significant (p>0.05).
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6. Effect of resveratrol on c-Myb expression in NK cells

In this study, the effect of resveratrol on the expression of c-Myb was further
investigated in more detail. As shown in Figure 15A and 15B, mRNA and protein
expression levels of c-Myb appeared to increase by IL-2. Also as expected, resveratrol
significantly increased the level of c-Myb expression compared with the IL-2 alone
treated group. Next, it was investigated whether c-Myb activation by resveratrol is
dependent on the Akt and mTOR pathways. As shown in Figure 15C, c-Myb expression
decreased by Akt inhibitor, but the inhibition was overcome by resveratrol. Additionally,
c-Myb expression decreased by mTOR inhibitor, but the inhibition was not completely
overcome by resveratrol. Altogether, these results suggest that the mTOR pathway is

more important in c-Myb upregulation by resveratrol than the Akt pathway.
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Figure 15. Effect of resveratrol on c-Myb expression in NK cells. (A) The mRNA
levels of c-Myb in NK92 cells after treatment with resveratrol for 24 hrs were measured
by real-time PCR and calculated by the AACT method. GAPDH was used as an internal
control. (B) Western blot was performed to visualize c-Myb expression. Data are shown
as mean + SEM of 3 independent experiments. (C) Western blot was performed to
visualize c-Myb expression after treatment of Akt inhibitor (MK-2206) and mTOR
inhibitor (KU-0063794). Data are shown as mean + SEM of 3 independent experiments.
Asterisks indicate statistical significance by one-way ANOVA: *p<0.05, **p<0.01,

***p<(0.001, ns: not significant (p>0.05).
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7. Effect of c-Myb on NK cell activation induced by resveratrol

Finally, the dependence of resveratrol on c-Myb to activate NK cells was
investigated in more detail. To identify whether the c-Myb binding site exists within
the IFN-y promoter region, the ECR browser, a tool for visualizing and accessing data
from comparisons of multiple vertebrate genomes, was used. As shown in Figure 16A,
it was predicted that the c-Myb binding site exists within the I[FN-y promoter region.
Next, IFN-y (Figure 16B) and cytolytic activity (Figure 16C) were measured after
treatment with the c-Myb inhibitor celastrol to investigate whether resveratrol depends
on c-Myb to activate NK cells. As shown in Figure 16B and 16C, the effects of
resveratrol were completely abrogated upon the inhibition of c-Myb. Further
confirmation that resveratrol depends on c-Myb was achieved by c-Myb knockdown
studies in NK cells. c-Myb knockdown was confirmed by shRNA (Figure 16D), and
the effect on NK cytotoxicity of resveratrol were completely abrogated by c-Myb
knockdown (Figure 16E). Altogether, these results indicate that resveratrol activates

NK cells dependent on c-Myb.
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Figure 16. Effect of c-Myb on NK cell activation induced by resveratrol. (A)
Annotation of conserved transcription factor binding sites underlying ECR Browser
conservation plots were displayed using the 'Synteny/Alignments' link in the top menu.
(B-C) A c-Myb inhibitor (celastrol) was added 30 mins before resveratrol treatment. (B)
IFN-y secretion in NK92 cells after indicated treatments for 36 hrs was determined by
ELISA. Data are shown as mean + SEM of 4 independent experiments. (C) NK cell
cytotoxicity was determined using calcein-AM. NK92 effector cells were harvested
after indicated treatments for 36 hrs, followed by incubation with K562 target cells at a
1:1 ratio for 4 hrs. Data are shown as mean + SEM of 6 independent experiments. (D)
Western blot was performed to visualize c-Myb expression after c-Myb knockdown
using shRNA. (E) NK cell cytotoxicity was determined using calcein-AM. NK92
effector cells were harvested after indicated treatments for 36 hrs, followed by
incubation with K562 target cells at a 1:1 ratio for 4 hrs. Data are shown as mean +
SEM of 6 independent experiments. Asterisks indicate statistical significance by one-

way ANOVA: *p<0.05, **p<0.01, ***p<0.001, ns: not significant (p>0.05).
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V. DISCUSSION

In part 1, it was found that resveratrol showed a synergistic effect in combination
with IL-2 on NK cell activation. Resveratrol is a natural compound and antioxidant
found in peanuts, soy, hop, and various fruits, especially grapes and red wines.5>-%4
Resveratrol possesses various biological activities, including anti-tumor, anti-viral,
anti-inflammation, anti-fungal, and antibacterial effects.®®® This study has
demonstrated that resveratrol increases the expression of activating receptors on NK
cells (Figure 4). Interestingly, it was found that resveratrol+IL-2 significantly increases
NKp30 more than IL-2 alone. Especially NKp30a and NKp30b isoforms, which have
immune-stimulatory roles, were significantly increased by resveratrol more than IL-2
alone. One of the proposed approaches for tumor therapy is enhancing tumor sensitivity
to NK cells cytolysis by upregulating the NKp30 ligand B7-H6 on tumor cells using
stress inducers.®” Moreover, preclinical approaches involve increasing tumor sensitivity
to NK cells by upregulating the expression of NKG2D ligands on cancer cells using
HDAC inhibitors.” Enhancement of cell surface expression of NKG2D ligands and
DR4/5 on various cancer cells by resveratrol increases TRAIL sensitivity and could
facilitate NK cell-mediated killing of cancer cells.”"”> However, there are no reports
that resveratrol also increases B7-H6 expression on cancer cells. If resveratrol did
induce the expression of B7-H6 on cancer cells, it would be a good candidate for an
anti-cancer drug, acting as both an immune-stimulator for NK cells and a stress inducer
for cancer cells.

In part 1, it was found that NK cells require IL-2 to proliferate, and resveratrol
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treatment without IL-2 did not affect IFN-y secretion or NK cytotoxicity in vitro (Figure
2). IL-2 is capable of activating NK cells and is used as an anti-cancer drug in
immunotherapy.” According to a recent report, resveratrol has shown promising results
in adjuvant therapy.®® Resveratrol in combination with 5-fluoruracyl or cisplatin has
exhibited synergistic effects in the induction of apoptosis in cancer cells in vitro and in
vivo.”” Therefore, resveratrol can be expected to exert a greater effect in combination
with IL-2.

t.”° Low doses of

Resveratrol shows a concentration-dependent biphasic effec
resveratrol reportedly activate NK cells, while high doses reportedly promote cell
apoptosis via the caspase signaling pathway.”® In one study, NK cells killing activity
was enhanced at low concentrations of resveratrol ranging from 0.33 pM to 5.48 pM,
with maximum activity at 1.31 uM; however, NK cells killing activity was inhibited at
higher concentrations of 21.92 uM and 87.68 uM resveratrol.* In another study by Lu
and Chen,® 12.5 uM resveratrol induced the highest killing activity of NK cells. In this
study, resveratrol did not significantly affect NK cells proliferation in vitro, but it did
increase IFN-y secretion in a dose-dependent manner up to a concentration of 20 uM.
It was also found that resveratrol increased IFN-y secretion ex vivo at a concentration
of 20 uM and did not affect survival when injected into mice at 0.5 mg/kg (data not
shown).

Resveratrol is currently being sold as a dietary supplement. Resveratrol is first
detectable in plasma 15 mins after oral administration, reaching its peak concentration
after 30 mins, and it is quickly metabolized in the intestine and liver into glucuronide

and sulfate conjugates.”” According to a study on the absorption of wine-related
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polyphenols, the highest serum level of total resveratrol (free and conjugated) was
recorded after consumption of 25 mg trans-resveratrol per 70 kg body weight in 3
different matrices (wine, grape juice, and vegetable juice).”® Free trans-resveratrol
accounted for 1.7-1.9% of the peak total serum concentration. This is considerably
lower than the concentrations tested in vitro showing beneficial effects. Moreover,
resveratrol is rapidly metabolized in the intestine by phase Il enzymes, so it is very
difficult to reach pharmacologically effective systemic plasma concentrations, which
might significantly restrict the bioavailability of resveratrol.”* This study showed that
IFN-y secretion increased upon treatment with intact resveratrol but not with its
metabolites (Figure 5). Accordingly, resveratrol would be more effective when
administered by injection rather than by diet.

In part 2, it was found that resveratrol showed a synergistic effect in combination
with IL-2, IL-12, and IL-15 on IFN-y secretion, but a synergistic effect with only IL-2
on NK cytolytic activity (Figure 10). Furthermore, it was demonstrated that resveratrol
activates Akt by regulating mTORC2 via PTEN and S6K1 (Figure 11 and 12). Also, it
was found that resveratrol mediated NK cell activation is more dependent on the mTOR
pathway than the Akt pathway, and resveratrol upregulates c-Myb expression, which is
a key regulator of NK cell activity (Figure 13-16). mTORC?2 directly activates PKC
and SGK, and the SGK gene families which are known to be similar to the MYB gene
family.®! Interestingly, SGK1 is known to a factor downstream of mTORC2 and
regulate Th1 and Th2 differentiation.®> Therefore, it would be interesting to confirm
whether mTORC2 could also directly activate c-Myb, as in the case of SGK1.

MicroRNAs (miRs) are a highly conserved class of small, noncoding RNAs with
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important regulatory functions in proliferation, differentiation, signal transduction,
immune responses, and carcinogenesis.®>%* It has been previously reported that miR-
155 enhances IFN-y production in NK cells and was upregulated by c-Myb

transcription factor.®>86

miR-150 is widely expressed in immune cells and has an
important role in the development of lymphocytes and in hematopoietic malignancies.®’
Several studies have reported that miR-150 negatively regulates CD8 T cell memory
formation and controls B cell differentiation by targeting the c-Myb transcription
factor.®®® In this study, it was found that resveratrol activates NK cells by upregulating
the expression of c-Myb (Figure 15). Therefore, it would be good to check whether
resveratrol activates NK cells by stimulating miR-155 function as a result of
upregulating c-Myb activity, or by inhibiting the miR-150 function.

Tumor progression usually leads to exhaustion of NK cells, thus limiting the anti-
tumor potential of NK cells.”® It has been reported that Tim-3 is involved in T cell
exhaustion. Interestingly, Tim-3 is also expressed in NK cells.”! Tim-3 expression in
NK cells increases as the melanoma stage progresses and is higher in melanoma
patients with poor prognostic factors.”! Furthermore, Tim-3 blockade reverses the
exhausted phenotype of NK cells.” These data open exciting avenues for new therapies
targeting Tim-3 in tumor immunotherapy. It has previously been reported that IFN-y
secretion decreases in NK cells from tumor-bearing mice. This phenomenon could be
due to the fact that those NK cells were already activated in vivo and at the time of
sample collection those cells were in an exhaustion phase. It was also observed that
resveratrol increased IFN-y secretion in NK cells even from tumor-bearing mice,

suggesting that resveratrol reverses the exhaustion of NK cells and overcomes the
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limitation of the anti-tumor potential of NK cells due to exhaustion. Therefore, it would
be good to check if resveratrol blocks Tim-3 or other exhaustion markers in NK cells
from tumor-bearing mice.

This study has demonstrated that resveratrol enhances NK cell activity dependent
on c-Myb. c-Myb is already known to enhance the function of CD8+ T cells, as well as
NK cells. Altogether, it is expected that resveratrol could be a potential adjuvant for
cancer immunotherapies, since it could enhance CD8+ T cell response as well as NK

cell activity.
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V. CONCLUSION

NK cells play a key role in anti-tumor and anti-viral infection in the absence of
specific immunization. Recently researchers are actively studying to develop cancer
therapies using NK cells to overcome the limitations of therapeutic efficacy.
Resveratrol is a natural compound and antioxidant found in peanuts, soy, hop, and
various fruits, especially grapes and red wines. Resveratrol is one of the well-studied
polyphenols which has been shown to possess various potential health benefits,
including anti-tumor, anti-viral, and antibacterial effects. Several studies have reported
a synergistic effect of resveratrol in combination with doxorubicin in different breast
cancer cell lines or apoptosis in colon cancer cell lines. Therefore, resveratrol has been
suggested as a useful therapeutic adjuvant which has a strong synergism to maximize
therapeutic efficacy for the treatment of cancer patients.

In part 1, it was demonstrated that resveratrol increases NK cytolytic activity by
upregulating IFN-y secretion and expression of activating receptors on NK cells.
Interestingly, it was found that resveratrol+IL-2 significantly increases NKp30 more
than IL-2 alone. Especially NKp30a and NKp30b isoforms, which have immune-
stimulatory roles, were significantly increased by resveratrol more than IL-2 alone. One
of the proposed approaches for tumor therapy is enhancing tumor sensitivity to NK
cells cytolysis by upregulating the NKp30 ligand B7-H6 on tumor cells using stress
inducers. Most importantly, administration of resveratrol effectively inhibited tumor
growth and metastasis in vivo mouse model. As a result, this study suggests that

resveratrol can be a potential adjuvant for cancer immunotherapies. However, the
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mechanisms of how resveratrol activates NK cells are unclear.

In part 2, it was found that resveratrol has a synergistic effect in combination with
IL-2. Resveratrol showed a synergistic effect in combination with cytokines such as IL-
2, 1L-12, and IL-15 on IFN-y secretion, but a synergistic effect only with IL-2 on NK
cytolytic activity. Among the IL-2 signaling mediated proteins, resveratrol activates the
Akt signaling pathway by regulating rictor (a subunit of the mTORC2 complex)
phosphorylation. Also, it was found that resveratrol regulates transcription factors
related to the Akt signaling pathway. It had previously been reported that c-Myb
transcription factor is a key factor in regulating NK cell activity, in this study, I found
that resveratrol upregulated the c-Myb transcription factor. Finally, it was predicted that
the c-Myb transcription factor binding site exists within the IFN-y promoter region
using the ECR browser. It was also found that the effects of resveratrol were completely
abrogated on the inhibition of the c-Myb transcription factor. Altogether, these results

indicate that resveratrol activates NK cells dependent on the c-Myb transcription factor.
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