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Aurantii Fructus Immaturus (AFI), extensively used in traditional herbal medicine, is known to have diverse physiological effects against various diseases, including obesity, diabetes, and cardiovascular disease. However, the effects of AFI on the immune system, especially natural killer (NK) cells, remain largely unknown. We aimed to investigate the effect of AFI on NK cell activity in vitro and in vivo and to elucidate the underlying mechanisms. Further, we verified the anticancer efficacy of AFI in a mouse lung metastasis model, underscoring the therapeutic potential of AFI in cancer therapy. Our results revealed that AFI significantly enhanced the cytolytic activity of NK cells in a dose-dependent manner, accompanied by an increase in the expression of NK cell-activating receptors, especially NKp30 and NKp46. AFI treatment also increased the expression of cytolytic granules, including granzyme B and perforin. Furthermore, the expression of CD107a, a degranulation marker, was increased upon treatment with AFI. A signaling study using western blot analysis demonstrated that the phosphorylation of extracellular signal-regulated kinase (ERK) was involved in increasing the NK cell activity following AFI treatment. In the in vivo study performed in mice, oral administration of AFI markedly enhanced the cytotoxic activity of spleen mononuclear cells against YAC-1 cells, which was accompanied by NKp46 upregulation. In addition, we confirmed that cancer metastasis was inhibited in a mouse cancer metastasis model, established using the mouse melanoma B16F10 cell line, by the administration of AFI in vivo. Collectively, these results indicate that AFI enhances NK cell-mediated cytotoxicity in vitro and in vivo via activation of the ERK signaling pathway and suggest that AFI could be a potential supplement for cancer immunotherapy.
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Introduction

Natural killer (NK) cells are white blood cells which form a part of the innate immune system and play a vital role in the first line of defense against cancer or virus-infected cells (1–3). Activated NK cells secrete cytolytic granules such as perforin (a membrane pore-forming protein) and granzyme B in a process known as degranulation (4, 5). During NK cell degranulation, lysosomal-associated membrane protein 1 (LAMP-1 or CD107a) is transiently expressed on the surface of NK cells. NK cell degranulation is often used as an indirect marker of NK cell activity (6). Perforin released in the target cells generates a pore, allowing granzyme to enter the cell and activate apoptosis of target cells via a caspase-dependent pathway (7–9). The functional activity of NK cells is controlled by activating and inhibitory receptors, including natural killer group 2D (NKG2D) and natural cytotoxicity receptors (NCRs) (NKp30, NKp46, and NKp44) (10–12). The ligation of activating receptors leads to the activation of intracellular signaling, resulting in the convergence of cytolytic granules to the microtubule-organizing center (MTOC) and its subsequent polarization with microtubules for its delivery to the synapse of target cells (13). NK cells with these characteristics play a crucial role in the immune response to tumors or bacterial and viral infections of the innate immune system (14). In mice, NK cells play a similar role; however, the types of receptors they express are somewhat different from those of human NK cells. In addition, the differentiation of NK cells in mice is divided into four subsets according to the expression of CD27 and CD11b. The roles and functions of NK cells in each subset are different; this subset classification is also used in humans (15, 16).

Melanoma is the most aggressive skin cancer of melanocytic origin and can metastasize to any organ, including the lungs, liver, bones, and brain (17). Metastatic melanoma is one of the most intractable cancers because of its ability to metastasize early and its resistance to conventional treatments. NK cells can recognize and destroy melanoma cell lines, which has also been demonstrated in murine models (18). NK cell-mediated changes (e.g., downregulation of active receptors or NK cell depletion) have been observed in patients with melanoma, which supports the development of escape mechanisms to avoid NK cell-mediated destruction (19). Therefore, the recognition and dissolution of melanoma cells by NK cells and a potential therapeutic strategy for melanoma based on NK cells are expected.

Many studies on anticancer drugs based on NK cells are actively underway and have focused on increasing the anticancer immune response by activating NK cells (20). Although several cytokines [such as interleukin (IL)-21, IL-15, and IL-2] are well known as NK cell activators (21–23), IL-2 is majorly used in clinical trials to increase the anti-tumor potential of NK cells. The use of high doses of IL-2 induces toxicity, which offsets its efficacy (24). To overcome this limitation, researchers have focused on developing natural compounds that enhance the activity of NK cells with few side effects (25, 26).

Aurantii Fructus Immaturus (AFI), harvested from May to June, is the dried immature fruit of bitter orange [Citrus × aurantium L. (Rutaceae)], summer orange (Citrus natsudaidai Hayata), and their cultivars (27, 28). It is widely used in traditional herbal formulas owing to its pharmacological activity. AFI has been commonly utilized for weight loss since it regulates adipogenesis via AMPK activation (29). It is also used as an antioxidant (30, 31), pesticide (32) and in treating cardiovascular diseases. AFI also has a therapeutic effect against rotavirus, which is a major cause of acute diarrhea (33). Additionally, AFI has been reported to have anticancer activities against human breast cancer cells (MCF-7) and lung cancer cells (HCC827) by stimulating the production of tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 beta (IL-1β) (34). However, the direct effects of AFI on the immune system, particularly NK cells, remain largely unknown.

Here, we demonstrated the potential of AFI as an anticancer drug candidate, which may act via the enhancement of NK cell activity. Our results showed that treatment with AFI significantly enhanced NK cell-mediated cytotoxicity in human cord blood mononuclear cells and mouse splenocytes through the induction of NK-activating receptors, especially NKp30 and NKp46, resulting in increased granzyme B expression. Moreover, we investigated the effect of the AFI extract on the inhibition of melanoma metastasis in a mouse melanoma model using B16F10 cells. Overall, our findings indicate the novel function of AFI as an NK cell booster and its potential for use in anti-tumor immunotherapy.



Materials and methods


Cell lines and culture

NK-92 cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA, United States). NK-92 cells were maintained in α-Minimum Essential Medium (MEM) containing 12.5% fetal bovine serum (FBS; Welgene, Gyeonsan, Korea), 12.5% horse serum (Gibco, Waltham, MA, United States), 0.2 mM inositol (Sigma-Aldrich, St. Louis, United States), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich), 0.02 mM folic acid (Sigma-Aldrich) and 20 ng/μl IL-21 (PeproTech, Rocky Hill, United States).

K562 and YAC-1 cells, the human and mouse T cell lymphoma cells sensitive to NK cell-mediated lysis, were purchased from ATCC and cultured in RPMI containing 10% heat-inactivated FBS. The B16F10 murine melanoma cell line, which shows metastatic activity in the lungs of syngeneic C57BL/6 mice, was purchased from ATCC and cultured in DMEM containing 10% heat inactivated FBS. All tumor cell lines were cultured and maintained in a CO2 incubator at 37°C.



Preparation of Aurantii Fructus Immaturus

Dried AFI powder was obtained from KOC biotech (Daejeon, Korea). This powder was obtained according to following protocol: 1 kg of mature fruit of Citrus aurantium L was extracted by reflux extraction with 5-fold ethanol for 3 h at 78 ± 2°C. The suspension was filtered with a 45 μm filter and concentrated using a rotary evaporator. The filtrate was freeze-dried which yielded 22.07% and stored at –20°C. AFI powder was dissolved in 1 × PBS and filtered using 45 um filter. This solution was used to treated NK cells.



Natural killer cell proliferation and viability

The NK-92 cells were treated with various concentrations of AFI (ranging between 100 and 2,000 μg/mL) for 24 and 48 h, and the viability and cell proliferation of NK cells was examined using Cell Counting Kit-8 (CCK-8; Dojindo molecular technologies, Kumamoto, Japan) assay (Supplementary Figure 1A). An NK-92 cell suspension of 1 × 104 cells was cultured in a 96-well microplate and treated with various concentrations of AFI for 24 and 48 h in a CO2 incubator at 37°C. Thereafter, 10 μl of CCK-8 was added to cells and then incubated for 3 h. Next, the optical density was detected at a wavelength of 450 nm using a microplate reader (Molecular Devices, San Jose, United States). To investigate the potential effects on NK cell activity, the concentration of AFI that did not affect the viability of NK cells was determined. In addition, NK cytotoxicity assay was performed against K562 target cells after treatment with AFI for 24 h (Supplementary Figure 1B).



Natural killer cell isolation and culture

Human umbilical cord blood cells (UCBs) were collected from healthy women with full-term pregnancies, with the written informed consent of the mothers. The study was conducted in accordance with the Declaration of Helsinki, and all experimental procedures were approved by the Institutional Review Board (IRB) (IRB No. P-01-201610-31-002). Human NK cells were collected from the cord blood (CB) of healthy individuals. Briefly, the CD3 + cell fraction (T and NKT cells) of MNCs was eliminated by Rosette Sep (Stem Cell Technologies, Vancouver, Canada). The purity of CD3- cells was verified systematically by flow cytometry based on CD3 expression and then the cells were cultured in α-MEM supplemented with 10% FBS, 10 ng/mL human IL-15, 10 ng/mL IL-21, and10–6 M hydrocortisone (Stem Cell Technologies). All cytokines used for NK cell culture were purchased from PeproTech.



Cell apoptosis

Induction of apoptosis was analyzed using Annexin V-FITC/PI apoptosis detection kit according to the manufacturer’s instructions. In brief, after 24 h treatment with 0, 50, and 100 μg/mL of AFI, the cells were double-stained with FITC-labeled annexin V and propidium iodide (PI) for each sample in the dark. Each sample was subjected to flow cytometry (Canto II, BD Bioscience) and analyzed using Flowjo software (TreeStar, Ashland, United States).



Cytotoxicity assay

The cytotoxicity assay of NK cells was performed using calcein- acetoxymethyl (AM) release assay, as described previously (35). Before the assay, NK effector cells were cultured in IL-2 free medium for 24 h and the NK cells were pretreated either with or without ERK inhibitor (PD0325901) for 30 min, followed by AFI treatment for 24 h. Human leukemia cell line K562, and mouse leukemia cell line Yac-1 were used as target cells. The target cells were labeled with calcein-AM (Invitrogen, Carlsbad, United States) and co-cultured with the effector cells for 3 h. Then, the supernatant was collected and the amount of calcein released was measured using a multi-mode microplate reader (Molecular Devices, San Jose, United States). The percentage of specific lysis was calculated according to the formula: specific calcein-AM release = [(experimental release – minimum release)]/[(maximum release –minimum release)] × 100.



Flow cytometry analysis

NK cells were stained with fluorescence labeled antibodies which were purchased from BD Bioscience (Franklin Lakes, United States) for further analysis. To analyze NK activating receptors on human cells, the cells were stained with BV-anti-CD56, APC-anti-NKG2D, APC-anti-NKp46, PE-anti-NKp44, and PE-anti-NKp30. For surface staining of mouse cells, FITC-anti-NK1.1, BV450-anti-B220, V500-anti-CD3, FITC-anti-CD4, PE-cy7-anti-CD8, PE-anti-CD27, PE-cy7-anti-CD11b, APC-anti-F4/80, FITC-anti-Gr1, BV421-anti-NKp46, and PE-anti-NKG2D were used. To examine the expression of cytolytic granules (granzyme B, perforin) and IFN- γ, NK cells were stained with APC-anti-CD56, fixed, and permeabilized for 30 min using Fixation/permeabilization buffer (BD bioscience, Franklin Lakes, United States). Next, the cells were labeled with BV450-anti-perforin, PE-anti-granzyme B, and PE-cy7-anti-IFN-γ for 20 min at 4°C in the dark. Finally, the cells were subjected to flow cytometry (Canto II, BD Bioscience) and analyzed using Flowjo software (TreeStar, Ashland, United States).

For the CD107a degranulation assay, NK-92 cells were treated either with or without AFI and incubated for 24 h. The NK-92 cells were co-cultured with K562 target cells (2.5:1 ratio) for 3 h. Then, anti-CD107a and anti-CD56 antibody were added for surface staining. The cells were harvested and washed with PBS containing 1% FBS. The fluorescence was analyzed using flow cytometry.



Western blot analysis

Cell lysate was prepared in a RIPA buffer (Sigma-Aldrich) containing protease inhibitors. The amount of protein was measured using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, United States). The lysates were resolved by 9% SDS-PAGE and transferred to a PVDF (Millipore, Bedford, United States) membrane. NK cells were cultured either by treatment with 50 and 100 μg/mL of AFI for 24 h, or pre-treated with ERK inhibitor (PD0325901, Sigma-Aldrich) for 30 min and then treated with 100 μg/mL of AFI for 24 h. ERK and JNK antibodies (Cell Signaling Technology, Danvers, United States) were used as primary antibodies and then incubated with appropriate HRP-conjugated secondary antibodies. The immune-reactive bands were visualized with Luminol/Enhancer solution and stable peroxide solution (Thermo Fisher Scientific, Waltham, United States). Densitometric quantification was performed using Image CSAnalyzer4 (ATTO Technology, United States). Beta-actin was used as an internal control.



Natural killer cell activity after administration of Aurantii Fructus Immaturus in vivo

Six-week-old C57BL/6 male mice were obtained from Dooyeol Biotech (Seoul, Korea). The mice were acclimatized in a temperature- and humidity-controlled manner, with access to a standard diet and drinking water for 7 days.

Mice were randomly assigned to one of two groups: the control or AFI-treated group. The mice in the AFI treatment group were orally administered 200 mg/kg of AFI daily, and the control group received an equal volume of triple distilled water (3.D.W.) for 10 days. On day 10, the mice were sacrificed, and the spleens were extracted. The spleens were washed in RPMI 1640 medium containing an antibiotic-antimycotic mixture (Gibco) and homogenized using a syringe to collect the cells. The cells were treated with 1 × ACK buffer [0.15 NH4CL, 1.0 mM KHCO3, 0.1 mM EDTA (pH 7.4)] to remove the red blood cells. NK cell cytolytic activity against YAC-1 cells was evaluated in splenocytes using a calcein-AM release assay. NK cell-activating receptors and immune cell populations (B cells, NK cells, T cells, and macrophages) were examined using flow cytometry.



Anti-tumor activity of Aurantii Fructus Immaturus in vivo

Mice were allowed to acclimatize for 1 week and were then randomly divided into one of three groups: the control, negative control (B16F10), or AFI treatment group. Mice in the negative control and AFI groups were injected intravenously (i.v.) with a single-cell suspension of B16F10 (5 × 105 cells/100 mL) cells into the tail vein on day 0 and an equal volume of 1 × PBS in the control group on day 0. The control and B16F10 groups were given 3.D.W., and the AFI group were orally administered 200 mg/kg per day AFI. On day 15, the mice were sacrificed, and the lungs and spleens were collected. The numbers of tumor colonies on the lung surfaces were counted.

To evaluate the effect of AFI, immune cells were isolated from the lungs and spleens, and the cytotoxicity of NK cells, immune cell population, and IFN-γ expression levels were determined by flow cytometry.



Statistical analysis

Data are expressed as mean ± standard error of the mean (S.E.M). Data were analyzed using Student’s t-test. Statistical significance was considered as a p-value of less than 0.05 (*), less than 0.01 (**), or less than 0.001 (***).




Results


Aurantii Fructus Immaturus enhanced the cytolytic activity of natural killer cells and natural killer receptor expressions

Based on the results of the NK cell viability test and cytotoxicity assay, an appropriate range of AFI concentrations that did not show toxicity to the cells was determined: AFI concentrations of 50 and 100 μg/mL, which significantly increased NK cytotoxicity without undesirable toxicity, were used for further experiments. NK-92 cells were treated with 50 and 100 μg/mL AFI for 24 h, and cytotoxicity assays were performed using the human leukemia cell line K562 at effector: target (E:T) ratios of 5-, 10-, and 20-fold, respectively. As shown in Figure 1A, treatment with AFI significantly increased the NK cell cytotoxicity in a dose-dependent manner, and the NK activity was enhanced by 15–20% at a concentration of 100 μg/mL AFI, compared with the observations in the untreated control. It was confirmed by annexin V and propidium iodide (PI) staining that 50 and 100 μg/mL of AFI treatment did not affect the apoptosis of NK cells (Supplementary Figure 1C). This indicated that AFI did not affect the apoptosis of NK cells but rather enhanced their cytolytic activity against target cells. The cytotoxicity of NK cells is controlled by the balance between activating and inhibitory receptors expressed on their surfaces. In addition, the high expression of activating receptors triggers NK cell cytotoxicity mediated by cytolytic granules. Therefore, we investigated the effects of AFI on the expression of NK cell-activating receptors, such as NKG2D and NCRs. Flow cytometric analysis showed that the expression of the activating receptors was increased in NK cells treated with AFI, and the expression of NKp30 and NKp46 was significantly increased in a dose-dependent manner compared to that observed in the control group (Figure 1B).
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FIGURE 1
Aurantii Fructus Immaturus (AFI) enhance cytolytic activity of NK-92 cells. (A) NK-92 cells were cultured in the absence (empty) or presence of 50 μg/ml (sky blue) or 100 μg/ml (blue) of AFI for 24 h and cytotoxicity against K562 cells was examined. (B) NK cells were cultured in the absence (empty) or presence of 50 μg/ml (sky blue) or 100 μg/ml (blue) of AFI for 24 h. Expressions of NK receptors, including NKp30, NKG2D, NKp46, and NKp44 were detected by flow cytometry. Graphs represent the average values of fold changes in mean fluorescence intensity (MFI) of three independent experiments which were calculated based on the fact that MFI of each control is defined as 1. (C) Expressions of granules (Perforin, Granzyme B) and IFN-γ level in NK cells were analyzed by intracellular staining and flow cytometry. Graph represents the average fold changes in MFI of three independent experiments compared to control for each experiment. (D) Expression of CD107a on the surface of NK cells detected by flow cytometry. Graph indicates mean value of CD107a + expression percentage for three independent experiments. Bars represent the mean ± SEM of three independent experiments *p < 0.05 and **p < 0.01.


Activated NK cells are known to induce the death of target cells by secreting IFN-γ and cytolytic granules such as perforin and granzyme B. Therefore, the expression of cytokines and granules in NK-92 cells treated with AFI was also investigated. The expression of perforin and granzyme B, measured using flow cytometry, was found to be significantly increased following AFI treatment, and the expression of IFN-γ was also slightly, although not significantly, increased (Figure 1C). Next, the expression of CD107a, a degranulation marker expressed on the surface of NK cells, was measured after AFI treatment to confirm whether the increased cytotoxicity of AFI is consistent with CD107a degranulation. After NK-92 cells were treated with AFI for 24 h, NK cells were incubated with K562 cells for 4 h, and the surface concentration of CD107a on CD56 cells was evaluated using flow cytometry. As shown in Figure 1D, AFI treatment increased the expression of CD107a in a dose-dependent manner. These data indicated that AFI induced the activation of NK cells by regulating the expression of NK cell-activating receptors, particularly NKp30 and NKp46, as well as the expression of cytolytic granules, so that AFI-treated NK cells killed target cells more effectively compared with untreated NK cells.



Aurantii Fructus Immaturus enhanced the killing ability of natural killer cells through extracellular signal-regulated kinase activation

These activating receptors of NK cells have been reported to be upstream of the mitogen-activated protein kinase (MAPK) pathway. MAPK signaling pathways, including ERK and p38, are implicated in NK cell-mediated target cell killing, as well as in cytolytic granule and cytokine expression. The ERK pathway is involved in immune activation in NK cells. Eventually, ERK is phosphorylated by cytokines or activating receptors to induce NK cell activity. Activated NK cells produce cytokines and release granules (36–38). Thus, to investigate which molecule is regulated by AFI, NK-92 cells were treated with AFI for 24 h, and phosphorylation levels of ERK and p38 were examined by western blot analysis. As shown in Figure 2A, AFI significantly increased ERK kinase activity in a dose-dependent manner but had no significant effect on p38 phosphorylation (data not shown).
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FIGURE 2
Aurantii Fructus Immaturus (AFI) enhances NK cell activity through ERK pathway. (A) Extracellular signal-regulated protein kinase (ERK) and c-Jun N-terminal kinases (JNK) analyzed by Western blotting after the treatment of AFI in NK cells. β-actin served as a loading control. Right graph represents relative intensity defined as the intensity of the ERK and p-ERK normalized to β-actin. NK cells were cultured for 24 h either alone, in the presence of AFI, in the presence of an inhibitor of ERK (PD0325901), or in the presence of AFI with the inhibitor of ERK. Thereafter (B) cytotoxicity and (C) ERK signal were investigated. Phosphorylation of ERK signals was examined by western blotting in NK cells under the indicated conditions. Right graph represents fold change values of intensity compared to control. Bars represent the mean ± SEM of three independent experiments *p < 0.05, **p < 0.01 and ***p < 0.001.


To verify whether AFI treatment plays a role in NK cell cytotoxicity through ERK activation, NK-92 cells were treated with AFI with or without the ERK inhibitor PD0325901 for 30 min before AFI treatment. After 100 μg/mL AFI treatment, ERK kinase activity was significantly increased compared to that in untreated cells. However, the killing abilities of NK-92 cells treated with PD0325901 only and NK-92 cells pretreated with PD0325901 before AFI treatment were significantly reduced (Figure 2B). The activation of ERK increased its phosphorylation, leading to enhanced NK cell cytotoxicity. As shown in Figure 2C, pretreatment with the ERK inhibitor PD0325901 (1 μM) attenuated the increase in ERK phosphorylation induced by AFI. These results indicated that AFI enhanced NK cell activity through the modulation of ERK activation.



Aurantii Fructus Immaturus increased the cytolytic activity of primary natural killer cells derived from cord blood

Next, we confirmed the effect of AFI on cytolytic activity by using human primary NK cells instead of NK cell lines. NK cells differentiated from CD34 + cells from umbilical cord blood mononuclear cells were used. To confirm the efficacy of AFI in primary cells, mature NK cells expressing CD56 + CD3– were treated with AFI for 24 h. AFI treatment was as effective in primary NK cells as in NK-92 cells. NK cells treated with 100 μg/mL AFI showed a significant increase in cytolytic ability (Figure 3A). In addition, AFI treatment increased the expression of activating receptors in primary NK cells (Figure 3B). Granzyme B expression was also significantly increased in primary NK cells (Figure 3C). These results indicated that AFI affects NK cell activity in both NK cell lines as well as human-derived NK cells.
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FIGURE 3
Aurantii Fructus Immaturus (AFI) enhances activity of primary NK cells from cord blood. (A) Matured primary NK cells were cultured in either the absence (empty) or presence of 50 μg/ml (sky blue) or 100 μg/ml (blue) of AFI for 24 h and cytotoxicity against K562 cells was examined. (B) Expressions of NK activating receptors analyzed by flow cytometry. Graphs represent mean value of expression percentage for three independent experiments. (C) Expressions of granules in NK cells were analyzed by intracellular staining and flow cytometry. Graphs represent fold change values of granule positive cells compared to control. Bars represent the mean ± SEM of three independent experiments *p < 0.05 and **p < 0.01.




Aurantii Fructus Immaturus affects the differentiation of natural killer cells from hematopoietic stem cells into functional natural killer cells

We investigated whether AFI affects the differentiation of NK cells into hematopoietic stem cells (HSCs). HSCs were isolated from umbilical cord blood, differentiated into NK cell progenitors for 14 days, and then cultured in an mNK medium with or without AFI at 20 or 50 μg/mL. The levels of NK cell differentiation were determined in the CD56 + CD3– cell population using flow cytometry. As shown in Figure 4A, the AFI-treated groups had similar differentiation levels as the untreated group. Similarly, AFI treatment during NK cell differentiation did not significantly affect NK cell receptor expression (Figure 4B). Next, we identified four subsets of NK cells by CD27 and CD11b staining. It was confirmed that CD27–CD11b + cells, which had the highest killing ability among NK cells, occupied a greater proportion in the AFI-treated groups, but the difference was not significant (Figure 4C). In addition, no differences were observed in the expression levels of granules in mNK cells (Supplementary Figure 2). Nevertheless, the NK cells matured by treatment with AFI had a higher killing ability against K562 cells (Figure 4D). These results confirmed that AFI treatment during NK cell differentiation is helpful for differentiation into NK cells with high cytotoxicity.
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FIGURE 4
Effect of Aurantii Fructus Immaturus (AFI) on differentiation of NK Cells from HSCs. (A) Differentiation of NK cells was checked on days 0, 4, 7, and 10 after AFI treatment in NK cells. (B) Expression of NK activating receptors were analyzed by flow cytometry and graph was shown as mean values of expression percentage for three independent experiments. (C) Flow cytometry analysis of CD27 and CD11b expression was performed in gated CD56 + NK cells differentiated from CD34 + cells (hematopoietic stem cell marker) isolated from umbilical cord blood with and without AFI. The CD56 + NK cells were divided into four subsets based on the differential expression of CD27 and CD11b; double negative, CD27 + CD11b-, double positive, and CD27-CD11b+. (D) NK cells were differentiated in either the absence (empty) or presence of 50 μg/ml (sky blue) or 100 μg/ml (blue) of AFI for 10 days and cytotoxicity against K562 cells was examined. Bars represent the mean ± SEM of three independent experiments **p < 0.01 and ***p < 0.001.




Administration of Aurantii Fructus Immaturus enhances natural killer cytolytic activity of splenocytes in mouse

To examine the in vivo effect of AFI, mice were orally administered AFI daily for 10 days (Figure 5A). For the experiment, 6-week-old mice were randomly divided into two groups: one group was administered AFI diluted in water at 200 μg/kg for 10 days, and the other was administered the same amount of water as the control group. After administration was completed, spleens were isolated from mice, and the distribution of immune cells in splenocytes was analyzed by flow cytometry. Oral administration of AFI was not related to an increase in NK cell population, represented as CD3–NK1.1 + in splenocytes. In addition, there was no significant difference in immune cell populations between the AFI-treated and untreated groups (Figure 5B). However, the NK cell activity of splenocytes against YAC-1 cells in the AFI treatment group was significantly increased compared to that in the untreated group (Figure 5C). In addition, the expression of NK activating receptors such as NKG2D and NKp46 was increased in the NK cells of mice administered AFI compared to those of the control group; in particular, increased NKp46 expression was significant (Figure 5D). Collectively, these results suggested that AFI had a significant effect on the functional activity of NK cells in vivo and in vitro.
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FIGURE 5
Administration of Aurantii Fructus Immaturus (AFI) enhances the cytolytic activity of natural killer (NK) cells in vivo. (A) Overall scheme to investigate the NK activity-inducing effect of AFI orally administered to mice. (B) Immune cells were analyzed in the mouse spleen after the end of the AFI dosing period by flow cytometry. Three independent experiments were conducted, with five mice per group. (C) Splenocytes from each group were isolated, and NK cytotoxicity was measured against YAC-1 cells according to the indicated E:T ratio. (D) After the AFI administration period, only NK cells were gated from splenocytes, and the expression of NKG2D and NKp46 was measured through flow cytometry. Bars represent the mean ± SEM of three independent experiments *p < 0.05 and **p < 0.01.




Aurantii Fructus Immaturus promotes anticancer immune activity of natural killer cells in the mouse metastasis model

We conducted an experiment to confirm that AFI promotes anticancer efficacy, which constitutes one of the primary roles of NK cells, using a mouse metastasis model. To investigate whether AFI affects NK cell-mediated anti-tumor activity in vivo, B16F10 melanoma cells were injected intravenously into the tail vein, and AFI or water was administered for 14 days (39). Mice were divided into three groups; the “control” group was injected with 1 × PBS, the “B16F10” group was injected with 5 × 105 B16F10 cells, and the “B16F10 + AFI” group was administered 200 mg/kg of AFI daily for 2 weeks after the same number of B16F10 cells were injected. The day after the end of the 2 weeks of administration, the mice were sacrificed, and the metastasis of cancer cells to the lungs was examined (Figure 6A). More tumor nodules were observed in the B16F10 group than in the control group, whereas fewer tumor nodules were observed in the group treated with AFI than in the B16F10 group (Figure 6B). Repeated experiments showed that AFI administration significantly reduced the metastasis of cancer cells (Figure 6C). The inhibition of metastasis may be due to the enhanced function of NK cells following AFI administration. To confirm this, splenocytes from each group were used as effector cells, and the cytotoxicity of NK cells was evaluated using YAC-1 cells, which are NK-specific target cells (40). The NK cell activity of splenocytes in the B16F10 group was decreased compared to that observed in the control group. However, the NK activity of splenocytes in the B16F10 + AFl group was significantly increased compared to that observed in the B16F10 group (Figure 6D). By analyzing NK cell subsets according to the expression of the CD27 and CD11B markers of splenocytes in each group, it was found that the CD27–CD11B + NK subset, which exhibits substantial cytotoxicity, decreased in the B16F10 group and increased in the AFI-treated group (Figure 6E). A similar distribution of NK subsets was observed in NK cells obtained from the lungs (Supplementary Figure 3). The proportion of IFN-γ positive cells in the spleen NK cells of each group also increased after AFI treatment in vivo (Figure 6F). These data suggested that the oral administration of AFI promotes the anticancer efficacy of NK cells in vivo through the activation of NK cells.
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FIGURE 6
Administration of Aurantii Fructus Immaturus (AFI) inhibits cancer metastasis in a mouse melanoma model. (A) Overall scheme to investigate the antitumor-enhancing effect of orally administered AFI in mice. Lung metastasis of wild-type mice (control) and those that were orally administered AFI was analyzed 15 days after intravenous injection of B16F10 cells. (B) Representative images of the lung (C) and the number of melanoma nodules on the surface of the lung. (D) Measurement of cytotoxicity of three groups of splenocytes against YAC-1 cells. (E) Four subsets of natural killer (NK) cells using CD27 and CD11b markers (F) and IFN-γ positive NK cells were analyzed by flow cytometry in mouse splenocytes after B16F10 injection and AFI dosing periods *p < 0.05, **p < 0.01 and ***p < 0.001.





Discussion

Dried AFI from the mature fruit of C. aurantium regulates various physiological functions, including those with antiviral, anti-obesity, and antioxidant effects. In particular, Citrus spp., which are abundant in vitamin C, reportedly play a more significant role in preventing cancer than any other food (41, 42). In this study, we demonstrated that AFI significantly enhances NK cell activity by upregulating NK cell-activating receptors via the ERK pathway. This enhancement of NK cell activity by AFI was confirmed by the observation of its anticancer efficacy in an in vivo mouse cancer metastasis model.

As shown in Supplementary Figure 1A, a higher AFI concentration caused lower cell viability. Concerning the effect of AFI concentration on NK cell activity, NK cell activity increased in proportion to the AFI concentration up to 100 μg/ml, but there was no significant change in NK cell activity at a concentration of 200 μg/ml or more (Supplementary Figure 1B). Therefore, the experiments were conducted at a concentration of 100 μg/ml or less. Treatment of NK cells with AFI did not significantly affect NK cell proliferation or differentiation. In contrast, it markedly increased NK cell cytotoxicity. NK cell cytotoxic activity appears to result from the activation of major NK cell-activating receptors such as NKG2D and NCRs, which trigger lysis of the target. NK cells with a high expression of NCRs have higher cytotoxicity than NK cells with a lower expression of NCRs (43–45). Therefore, the expression levels of NCRs were used to measure the activity of NK cells. In this study, we showed that AFI increased the expression of activating receptors on NK cells, particularly NKp30 and NKp46. Furthermore, NKp46 expression in NK cells was significantly increased following AFI treatment in a mouse model. Activated NK cells synthesize cell granules, such as perforin and granzyme B, and secrete them out of the cell to lyse the target cells (46, 47). Treatment with AFI increased the gene expression of perforin and significantly increased the expression of granzyme B. NK cell cytotoxicity was confirmed not only in the NK-92 cell line but also in primary NK cells (Figure 4).

After obtaining only CD34 + cells isolated from cord blood, we conducted an experiment using primary NK cells differentiated in an NK maturation medium (48). This experiment confirmed that AFI affects both simple cell lines and human-derived NK cells. AFI did not show the same effect in increasing NK-activating receptor expression in both cell lines and human-derived NK cells. However, AFI increased the expression of granzyme B and increased the killing ability of NK cells.

NK cells play a vital role in activating acquired immunity by secreting various cytokines and chemokines, such as interferon (IFN)-γ, tumor necrosis factor (TNF)-α, macrophage inflammatory protein-1 (MIP-1) α, and MIP-1β (49–51). In particular, activated NK cells increase IFN-γ secretion, activating dendritic cells, thereby increasing innate immunity against pathogens. No significant effect was observed on the IFN-γ expression in NK-92 cells treated with AFI (Figure 1C). However, IFN-γ production in the mouse anticancer model increased after AFI was administered (Figure 6F). Owing to the dose-dependent difference in cytokine production, it is also required to verify the optimal concentration based on cytokine production.

According to previous studies, the expression of the NK activating receptor is stimulated via the MAPK pathways. The MAPK pathway is a crucial signal in NK cell cytotoxicity through perforin and granzyme B movement toward target cells (52, 53). ERK activation is achieved through various pathways, and representative examples include phosphatidylinositol 3-kinase (PI3K)–ras-related C3 botulinum toxin substrate 1 (Rac1)–p21-activated kinase (PAK)–MAPK kinase (MEK) and Janus kinase (JAK)–signal transducer and activator of transcription (STAT), which activate NK cells, leading to increased cytotoxicity (13, 35, 54). Accordingly, we showed that the ERK pathway is specifically activated by treatment with AFI. In addition, our results showed that the ERK inhibition of NK-92 cells effectively suppressed AFI-induced cytotoxicity, suggesting that the ERK pathway is implicated in the enhanced NK cell activity induced by AFI. The blockage of PI3K results in the inhibition of the activation of PAK1, MEK, and ERK and the movement of cytolytic granules to the target cells, resulting in decreased NK cytotoxicity. One possible explanation is that the NCR signal is known to pass through the PI3K–Rac–ERK axis, and AFI may increase the expression of PI3K and Rac molecules because it upregulates the expression of NKp30 and NKp46.

In this study, we demonstrated the NK cell activation effect of AFI in cell lines, primary cells, and in mice; however, the signaling pathway and downstream mechanisms are still not understood clearly. Therefore, further research is required to identify the role of the exact molecules upregulated by AFI in signaling pathways. Overall, our findings indicated that AFI markedly increased the K562 lysis of NK cells and elevated granzyme B expression. Nonetheless, AFI treatment could increase NK activating receptors, such as NKp46 and NKp30. Furthermore, the oral intake of AFI enhances NK cell cytotoxicity and NKp46 expression. Collectively, we propose that AFI is an immunostimulator that enhances NK cell activity for cancer treatment.
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