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Abstract

:

Simple Summary


Chimeric antigen receptor T cell therapy has shown its potency against hematologic malignancies in autologous settings but also limited success against solid tumors with severe adverse events, including fatal cases of cytokine releasing syndrome. The aim of this research is to develop a novel off-the-shelf natural killer cell therapy against HER2-expressing cancers using Antibody-Cell Conjugation (ACC) technology and the endogenous CD16-expressing oNK cell line. ACE1702, trastuzumab-armed oNK cells with γ irradiation and cryopreservation, present superior in vitro and in vivo potency against HER2-expressing cancer cells and shows no tumorigenic potential, indicating the clinical application fighting HER2-expressing solid tumors. These findings suggest that ACC technology can be applied to allogeneic immune cells to provide off-the-shelf therapies for cancer patients.




Abstract


Natural killer (NK) cells harbor efficient cytotoxicity against tumor cells without causing life-threatening cytokine release syndrome (CRS) or graft-versus-host disease (GvHD). When compared to chimeric antigen receptor (CAR) technology, Antibody-Cell Conjugation (ACC) technology has been developed to provide an efficient platform to arm immune cells with cancer-targeting antibodies to recognize and attack cancer cells. Recently, we established an endogenous CD16-expressing oNK cell line (oNK) with a favorable expression pattern of NK activation/inhibitory receptors. In this study, we applied ACC platform to conjugate oNK with trastuzumab and an anti-human epidermal growth factor receptor 2 (HER2) antibody. Trastuzumab-conjugated oNK, ACE-oNK-HER2, executed in vitro and in vivo cytotoxicity against HER2-expressing cancer cells and secretion of IFNγ. The irradiated and cryopreserved ACE-oNK-HER2, designated as ACE1702, retained superior HER2-specific in vitro and in vivo potency with no tumorigenic potential. In conclusion, this study provides the evidence to support the potential clinical application of ACE1702 as a novel off-the-shelf NK cell therapy against HER2-expressing solid tumors.
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1. Introduction


In recent years, the potential of immune cells for the development of cancer immunotherapy has been realized, including the success of chimeric antigen receptor T cell (CAR-T) therapies, Kymriah and Yescarta, for treatment of acute lymphoblastic leukemia and non-Hodgkin’s lymphoma [1,2]. Although trials of T cells expressing CAR against CD19+ lymphoma have demonstrated their efficacy [3,4], T cells expressing CARs against solid tumors have shown limited success [5,6,7]. Accumulating cases of severe adverse events in CAR-T treatment were reported, including fatal cases of cytokine releasing syndrome (CRS) [8,9,10]. Compared to CAR-T, autologous or allogeneic NK cells, including cord blood-derived NK cells and a human NK-92 cell line, possess efficient cytotoxicity against liquid and solid tumors [11,12]. The lack of clonal expansion protects patients from an immune-mediated rejection of allogeneic NK cells. Therefore, severe side effects such as cytokine release syndrome (CRS) or graft-versus-host disease (GvHD) are less likely to occur [11,12,13,14].



Autologous NK cell therapies have not yet shown notable therapeutic effects, mainly due to the difficulty of expanding cells derived from heavily treated patients and the inhibition of self-human lymphocyte antigen (HLA) [15,16]. To overcome the limitation of autologous NK cells, ex vivo expanded allogeneic NK cells provide a sustainable and effective source in clinical applications [15]. In addition to the well-established NK-92 cell line [17,18,19], umbilical cord blood with proper HLA-type selection can be a source of allogeneic NK cells [20,21]. It is also feasible to isolate haploidentical and unrelated donor CD34+ progenitor cells or patient HLA-matched NK cells by leukapheresis [22,23]. More recently, controlled differentiation of induced pluripotent stem cells (iPSC) has been shown to provide another source of allogeneic NK cells [24].



We developed the Antibody-Cell Conjugation (ACC) platform to modify cell surfaces with single-strand DNA (ssDNA); the modified cells can be further annealed with the complementary strand-modified molecules [25]. The ACC platform has been applied to link cytokine-induced killer cells (CIKs) with rituximab, while the rituximab-conjugated CIKs have exhibited significant cytotoxicity against CD20-expressing cancer cells [26].



In a recent study, we established a novel endogenous CD16-expressing oNK cell line (oNK) with antibody-dependent cellular cytotoxicity (ADCC), as well as a preferential expression of NK activation receptors and low level of inhibitory receptors [27]. Here, we applied the ACC platform to conjugate trastuzumab on oNK cells and demonstrated its superior in vitro and in vivo potency against HER2-expressing cancer cells. The final product ACE1702, cryopreserved irradiated trastuzumab-conjugated oNK cells, suppresses HER2-expressing cancer cells in vitro and in vivo, and shows no tumorigenicity. This study provides evidence to promote ACE1702 as a potent and safe off-the-shelf cell therapy against HER2-expressing cancers.




2. Results


2.1. Trastuzumab Conjugation by ACC Technology on oNK Cells


To capacitate oNK cells with HER-targeting specificity, ACC technology was applied to conjugate trastuzumab on oNK cells (ACE-oNK-HER2), which provided >10 fold more antibodies on cell surfaces than those by Fc domain binding (oNK + trastuzumab, Figure 1B). CD56 and CD16 have been shown to characterize oNK [27]. The populations of CD56+CD3- and CD16+ cells were not influenced by trastuzumab conjugation (Figure 1C). In addition, the expression of NKp30, NKp44, NKG2A and killer-cell immunoglobulin receptors (KIRs) had no significant change after trastuzumab conjugation (Figure S1). To examine the specificity of ACE-oNK-HER2 to HER2 protein, the binding capacity of ACE-oNK-HER2 to HER2-His recombinant protein was analyzed by flow cytometry. As shown in Figure 1D, the HER2 protein bound on the surface of ACE-oNK-HER2 was significantly increased in a dose manner compared to Ctrl-oNK.




2.2. Enhanced Cytotoxicity of ACE-oNK-HER2 against HER2+ Cancer Cells


To examine the potency of ACE-oNK-HER2 to HER2+ cancer cells, ACE-oNK-HER2 were co-incubated with SK-OV-3 (ovarian cancer), SK-BR-3 or MCF-7 (breast cancer) cells and the cytotoxicity was measured by the xCELLigence real-time cell analysis system. As shown in Figure 2A to 2C, ACE-oNK-HER2 exhibited significantly enhanced cytotoxicity against SK-OV-3, SK-BR-3 or MCF-7 cells. It has been shown that cancer cells secrete a chemokine milieu, which leads to migration of NK cells toward tumor sites and the migration capacity is essential for NK cells to establish contact with target cells and execute anti-tumor activity [28,29]. As shown in Figure 2D, the migration of ACE-oNK-HER2 is significantly enhanced in the presence of SK-OV-3 cells.



Previous studies have reported the important role of CD107a (LAMP1) in cytolytic activity of immune cells such as NK and CD8+ T cells when encountering tumor cells [30,31]. The results of flow cytometry analysis showed a remarked increase of CD107a level on cell surface when ACE-oNK-HER2 was exposed to HER2+ cancer cells (Figure 2E and Figure S2). Furthermore, the secretion of IFNγ was significantly raised by ACE-oNK-HER2 engaging SK-OV-3 cells (Figure 2F and Figure S2). These results indicate that ACE-oNK-HER2 is activated when encountering HER2+ cancer cells.



The specific cytotoxicity against HER2+ cancer cells was further evaluated by co-incubation of ACE-oNK-HER2 or Ctrl-oNK with K562 cells (HER2-negative). The results showed no significant difference of cytotoxicity between ACE-oNK-HER2 and Ctrl-oNK against K562 cells (Figure 3A), supporting the specificity of ACE-oNK-HER2 to HER2+ cancer cells with no change of basal cytotoxicity to HER2-negative cells. Importantly, both ACE-oNK-HER2 and Ctrl-oNK showed no compelling cytotoxicity to PBMC from healthy donors (Figure 3B). These results demonstrate that trastuzumab conjugation by ACC technology confers oNK cells with the specific cytotoxicity against HER2-expressing cancer cells.




2.3. Better Cytotoxicity by ACC-Mediated Trastuzumab Conjugation than ADCC against HER2+ Cancer Cells


To examine the HER2-specific cytotoxicity contributed by ACC technology and ADCC, the cytotoxicity of ACE-oNK-HER2 or Ctrl-oNK were incubated with HER2+ cancer cells in the presence of various concentrations of trastuzumab. As shown in Figure 4, ACE-oNK-HER2 exhibited strong and consistent cytotoxicity against SK-OV-3 and SK-BR-3 cells with or without additional trastuzumab. In contrast, the specific cytotoxicity of Ctrl-oNK was enhanced by ADCC with the increased concentration of trastuzumab and reached plateau ADCC against SK-OV-3 and SK-BR-3 cells at 0.5 and 1 μg/mL of Trastuzumab, respectively (Figure 4). Of note, ACE-oNK-HER2 exhibited higher cytotoxicity than plateau cytotoxicity of Ctrl-oNK through ADCC against SK-OV-3 and SK-BR-3, suggesting that ACC-mediated trastuzumab conjugation provides oNK cells with better cytotoxicity than ADCC.




2.4. Reserved Potency of ACE-oNK-HER2 after Irradiation and Cryopreservation


Previous studies suggested that γ irradiation triggers cell cycle arrest of NK cell lines without compromising their cytotoxicity and assures safety for clinical use [32,33]. To evaluate the growth arrest and potency of ACE-oNK-HER2 after irradiation, a dose titration experiment of γ irradiation of ACE-oNK-HER2 was performed. γ irradiation higher than 5 Gy can effectively triggered cell cycle arrest and eventually cell death of ACE-oNK-HER2 in 7 days (Figure 5A), while the superior cytotoxicity of ACE-oNK-HER2 was conserved with a similar surface marker profile (Figure 5B,C). Furthermore, we examined if irradiated ACE-oNK-HER2 maintained the potency to HER+ cancer cells after the cryopreservation. The flow cytometry-based binding assay demonstrated the HER2-binding specificity of 10 Gy-irradiated cryopreserved ACE-oNK-HER2 (ACE1702) (Figure 5D). Importantly, ACE1702 retained the migratory capacity and superior potency against SK-OV-3 cells (Figure S5 and Figure 5E). The viability and recovery rate of ACE1702 upon thawing after long-term storage had no significant variation (data not shown). These results indicate that ACE-oNK-HER2 remains potent against HER2+ cancer cells after 10 Gy of γ irradiation and subsequent cryopreservation.




2.5. In Vivo Potency of ACE1702 against HER2+ Ovarian Cancer Cells


To determine the anti-cancer potency of ACE1702 in vivo, ACE1702 was intraperitoneally (ip.) delivered twice weekly into NSG mice ip. implanted with SKOV3-Red-FLuc for three weeks, as illustrated in Figure 6A. No abnormalities in clinical signs were observed throughout the study period. ACE1702-treated mice showed signs of tumor suppression after Day 8 and maintained suppression during the experimental period, whereas tumor burden was expanding in the cryopreserved γ-irradiated oNK (cryo.Ctrl-oNK)- or Vehicle-treated mice (Figure 6B). ACE1702-treated mice had a significantly lower tumor burden compared to cryo.Ctrl-oNK- and Vehicle-treated mice (Figure 6C, p < 0.01).



To examine the tumorigenic potential of ACE1702 and non-irradiated oNK, 1 × 107 of ACE1702, non-irradiated oNK, positive control (SK-OV-3 and Daudi) and Vehicle only (DPBS) were subcutaneously implanted in female BALB/c nude mice. None (0/5) of the mice with ACE1702 and non-irradiated oNK developed any tumors throughout the study, while on Day 24 post-implantation, a tumor burden was observed in 5 out of 5 (5/5) and 4 out of 5 (4/5) mice in SK-OV-3- and Daudi-implanted groups, respectively (Table 1 and Figure S3). Additionally, we examined the persistence of ACE1702 with a single dose of ip. and intravenously (iv.) administration. The data showed that ip. delivered ACE1702 was localized in the peritoneal cavity, and iv. delivered ACE1702 remained detectable in the blood of 2 out of 5 (2/5) mice on Day 14 (Figure S4). These results demonstrate in vivo potency of ACE1702 against HER2+ cancer cells with no tumorigenic potential.





3. Discussion


We report here a novel and off-the-shelf therapeutic product ACE1702 developed from γ-irradiated CD16-expressing oNK cells. ACC platform provides oNK cells with specific cytotoxicity against HER2-expressing cancer cells. ACE1702, which is cryopreserved and γ-irradiated, still preserves the superior cytotoxicity against target cancer cells. This study demonstrates in vitro and in vivo potency of ACE1702 with no tumorigenicity, supporting its potential clinical application against HER2-expressing cancers.



CAR technology have recently been applied in NK cells though the optimal response of CAR structure combination depending on tumor types or target antigens [34]. It is noted that viral transduction and non-viral strategies are two categories to deliver CAR-expressing construct into NK cells [34,35]. The viral delivery system shows high transduction efficiency; however, a high risk of viral insertional mutation and the cost of viral vectors in clinical therapies raise concerns [36]. As for non-viral strategies, the Sleeping Beauty transposon system through electroporation was applied to avoid imprecise chromosomal insertion; nevertheless, the efficacy of plasmid-based, transposon-mediated gene transfer was found to be low [35]. In this study, oNK cells were conjugated with trastuzumab on cell surface with >99% conjugation efficiency using ACC technology, which is more efficient than a CD16-dependent manner (Figure 1A). Trastuzumab-armed oNK displayed specific cytotoxicity against HER2-expressing target cancer cells in vitro and in vivo (Figure 2A–C and Figure 6). Furthermore, similar basal cytotoxicity of ACE-oNK-HER2 and control oNK cells against HER2-negative K562 cell line was observed (Figure 3A), indicating HER2-binding specificity of ACE-oNK-HER2. Moreover, ACE-oNK-HER2 and Ctrl-oNK showed no significant cytotoxicity to donor PBMC cells at increasing E:T ratios (Figure 3B). No tumorigenicity was observed in ACE1702 and non-irradiated oNK (Table 1 and Figure S3). Therefore, the ACC platform provides an efficient method to arm NK cells with specific targeting capacity and superior potency without genetic engineering.



CAR-transduced NK-92 cell lines, NK-92-scFv-erbB2-CD28-ζ and NK-92/5.28.z, have been shown to exhibit cytotoxicity against HER2-expressing breast cancer cells [37,38]. In vitro cytotoxicity of NK-92/5.28.z and NK-92-scFv-erbB2-CD28-ζ cells against HER2-expressing cancer cells reached a plateau at E:T ratios of 10:1 and 20:1, respectively [37,38]. A recent study reported that conjugation of IL-2-independent NK-92MI cells with trastuzumab by α(1,3)-fucosyltransferase activity elicited cytotoxicity to breast cancer BT-474 cells at an E:T ratio of 5:1 [39]. An ACC-based trastuzumab conjugation strategy, using an efficient chemical reaction and DNA hybridization, provided oNK cells with HER2-specific binding capacity (Figure 1D). ACE-oNK-HER2 effectively eliminated HER2-expressing cancer cells at a relatively low E:T ratio (Figure 2A–C) and increased secretion of IFNγ (Figure 2F). Importantly, ACE1702, cryopreserved irradiated ACE-oNK-HER2, significantly suppressed HER2-expressing tumor burden in an ovarian cancer xenograft model, while HER2 expression of the remaining tumor mass in ACE1702-treated mice is worthy of further study (Figure 6). These results provide the evidence to support ACE1702 as a potent NK cell therapy against HER2-expressing cancers.



CAR-NK therapies have accumulated great success in clinical application, however, there are still obstacles during manufacturing of CAR-NK cells. It has been pointed out that maintaining viability and potency of the cryopreserved allogenic CAR-NK is the hurdle to fulfilling true “off-the-shelf” cell therapy [40,41]. In a previous study, Mark et al. suggested that cryopreservation may impair cytotoxicity and motility of NK cells, and the impaired cytotoxicity and motility exhibited a significant correlation [42]. The previous study indicated that cytokine-activated donor-derived NK cells were sensitive to the freeze-thaw process, and their potency were significantly reduced after thawing [43]. In contrast, NK-92 cryopreserved by a DMSO-free media maintained cytotoxic activity [44]. The recent trial of cord blood-derived NK cells further demonstrated the promising potency of NK cell therapy without serious side effects in patients [45]. In this study, trastuzumab conjugation and cryopreservation showed no significant influence on the receptor profile (Figure S1). However, the migration capability of ACE1702 was decreased (Figure S5), which might reflect the reduced potency of ACE1702 against SK-OV-3 cells in vitro and in vivo. This study demonstrates that ACE1702 reserves the NK marker profile, HER2-specific binding and both in vitro and in vivo potency (Figure 5C–E and Figure 6). Of note, intraperitoneally delivered ACE1702 was detectable in the peritoneal region for 7 days and intravenously administered ACE1702 was persistent for 14 days (Figure S4). These results suggest that ACE1702 has the potential to be an off-the-shelf NK cell therapy against HER2-expressing tumors.



Previous studies reported that trastuzumab and T-DM1 (trastuzumab-conjugated drug) revealed cytotoxic potency for breast cancer cell lines [46,47,48]. Clinical evidence further supported the efficacy and safety of T-DM1 in patients with HER2+ cancers [49,50]. It was noted that the higher number and ADCC activity of NK cells correlates with trastuzumab response and prolongs the survival of breast cancer patients [51]. Patients harboring CD16 with a high affinity to antibodies (i.e., CD16 158 v/v genotype) exhibited a good overall response rate [51]. In this study, oNK cells harboring CD16 genotype with high affinity to antibody [27] were covalently conjugated with trastuzumab through paired ssDNA linkers (Figure 1B). Our results revealed that cytotoxicity of ACE-oNK-HER2 against SK-OV-3, SK-BR-3 and MCF-7 cells was remarkably enhanced at an E:T ratio as low as 1:1 compared to Ctrl-oNK (Figure 2A–C). Trastuzumab conjugation of oNK cells by ACC platform needs notably less trastuzumab than those for ADCC and provide stronger cytotoxicity. These findings suggest that the ACC platform combined with allogeneic immune cells has the potential to provide potent and off-the-shelf therapies for cancer patients.



In summary, we applied ACC technology to develop a novel HER2-targeting NK cell product ACE1702 and provide evidence showing the in vitro and in vivo efficacy of ACE1702 against HER2-expressing cancer cells. As an economical and allogeneic NK cell therapy without genetic engineering, ACE1702 has the potential to benefit patients with HER2-expressing cancers due to its potency, affordability and off-the-shelf convenience.




4. Materials and Methods


4.1. Antibodies, Cell Lines, and Mice


Antibodies used in this study are listed in Table S1. MCF-7, SK-BR-3, SK-OV-3, Daudi and K562 were obtained from ATCC. These cell lines were cultured according to ATCC guidelines. oNK cells were cultured as described previously [27]. Female peripheral blood mononuclear cells (PBMC) were bought from PPA Research Group and cultured under the manufacturer’s instructions. Female NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, 6–10 weeks old) and BALB/c nude mice were respectively purchased from The Jackson Laboratory (Stock No.: 005557) and BioLASCO Taiwan Co. Ltd. (Taipei City, Taiwan), and housed under the regulation of the Institutional Animal Care and Use Committee (IACUC) of the contract research organizations.




4.2. Antibody-Cell Conjugation Protocol


Conjugation of anti-HER2 antibody trastuzumab to oNK cells was performed as previously described [25,26]. As illustrated in Figure 1A, 5′-thiolated single-strand DNA (ssDNA), linker 1 and linker 2, were conjugated with oNK cells and trastuzumab, respectively. ssDNA-conjugated oNK and trastuzumab were co-incubated for 20 min for linker hybridization. After removing free ssDNA-conjugated trastuzumab by complete wash with Dulbecco’s phosphate-buffered saline (DPBS) (Gibco, Waltham, MA, USA), trastuzumab-linked oNK cells (ACE-oNK-HER2) were generated for further analysis.




4.3. Flow Cytometry Analysis


All flow cytometry analysis was performed by the Attune NxT flow cytometer installed with Attune NxT software 3.1.0. Cells were stained with fluorescent-conjugated antibodies. After being washed with DPBS twice, cell pellets were resuspended with DPBS and analyzed by flow cytometry. NK cell population was gated, and the percentage of CD56+CD3− and anti-Fab+ populations were analyzed. Propidium iodide-positive (Invitrogen, USA) staining was used to determine the viability of cells.



To analyze HER2 binding capacity, cells were incubated with recombinant human HER2-His protein (ACROBiosystems, Newark, DE, USA) at designated concentration. After being washed with DPBS, the cells were then stained with FITC-conjugated anti-6X His tag antibody. Stained cells were washed by DPBS and analyzed by flow cytometry.



ACE-oNK-HER2 was co-incubated with SK-OV-3 cells at E:T ratio of 1:1 at 37 °C, 5% CO2 in the presence of brefeldin A (4 μg/mL) (BioLegend, San Diego, CA, USA) and monensin (1 μM) (BioLegend, USA) for 4 h. ACE-oNK-HER2 alone was incubated at the same condition as cytokine spontaneous release control. Effector cells were harvested and washed. The staining of degranulation marker CD107a and intracellular cytokine IFNγ was performed according to the manufacturer’s protocol of Fix and Perm® Cell Permeabilization Kit (ThermoFisher, Waltham, MA, USA). The fold change of CD107a and IFNγ expression in ACE-oNK-HER2 co-cultured with SK-OV-3 cells was calculated relative to ACE-oNK-HER2 alone (set as 1).




4.4. In Vitro Cytotoxicity


The xCELLigence real-time cell analysis system was applied under the manufacturer’s instruction. In brief, HER2+ cancer cell line MCF-7, SK-BR-3 and SK-OV-3 were seeded into wells of E-plate and incubated to settle cell attachment. Trastuzumab-conjugated or control oNK cells and various concentrations of trastuzumab (0, 0.1, 0.5, 1 and 3 μg/mL) were added into wells with HER2+ cancer cells. The cell index (CI) was recorded throughout the study. In the absence of target cells, CI of wells containing effector cells was regarded as an effector background. The cytotoxicity was calculated by xCELLigence RTCA software automatically.



K562 and PBMC from female donor were stained with carboxyfluorescein succinimidyl ester (CFSE) at a final concentration of 5 μM for 10 min at room temperature. CFSE-stained K562 or PBMC cells were cultured with Ctrl-oNK or ACE-oNK-HER2 at an E:T ratio of 1:1 to 10:1 for 4 h. The cell mixture was washed by DPBS once and stained with propidium iodide. The viability of CFSE-stained K562 and PBMC (CFSE+PI-) was analyzed by the Attune NxT flow cytometer.




4.5. Migration Assay


To examine migration capacity, cells were seeded into the cell culture insert (Millipore, Burlington, MA, USA) with a 3 μm pore size. The effector-containing culture inserts were immersed in wells in the absence and presence of SK-OV-3 cells. After 21 h incubation at 37 °C in 5% of CO2, migratory cells were harvested and stained with FITC-conjugated anti-human CD56 antibody for flow cytometry analysis. Total CD56+ cells were recorded as migrated cells.




4.6. BrdU Assay


Effector oNK cells irradiated at 2.5, 5.0 and 10.0 Gy were conjugated with trastuzumab. Non-irradiated oNK was regarded as Ctrl-oNK cells. The assay was performed according to the manufacturer’s manual (Abcam, Cambridge, UK). In brief, irradiated ACE-oNK-HER2 and non-irradiated Ctrl-oNK cells were seeded in each well of a 96-well plate. BrdU stock was diluted to working concentration and added to the corresponding wells one day before sampling on Day 1, 3 and 7. On the sampling day, cells were fixed, and then the BrdU incorporated into DNA was detected by the anti-BrdU antibody. The wells containing cells without BrdU incubation serve as the background. The ELISA signals generated through an HRP-conjugated secondary antibody-mediated colorimetric method.




4.7. Animal Studies


For evaluation of in vivo efficacy, 3 × 105 of SKOV3-Red-FLuc (Perkin Elmer, Waltham, MA, USA) cells were ip. implanted into female NSG mice three days before treatment. Five tumor-bearing mice per group were treated with 5 × 106 of ACE1702, corresponding Ctrl-oNK and vehicle on Day 0, 3, 7, 10, 14 and 17. Tumor luminescence signals were captured on Day -1, 4, 8, 11, 15, 18, 22 and 29 by Ami HTX spectral instrument (Accela, Prague, Czech) and analyzed by Aura software. All mice were sacrificed on Day 29 after luminescence image capture, and necropsy was performed.



For evaluation of in vivo tumorigenic potential, 1 × 107 of ACE1702, non-irradiated oNK, SK-OV-3 and Daudi in 100 μL of DPBS were subcutaneously implanted into female BALB/c nude mice according to previous study design with some modification [32]. An equal volume of DPBS was implanted as a negative control. Five mice were included in each group. Tumor size was measured by caliber, and the corresponding volume was calculated by length × width × width × 0.52. The study duration was 60 days.




4.8. Statistical Analysis


The data of cytotoxicity assay and HER2 recombinant protein binding capacity assay were analyzed with paired or unpaired Student’s t tests. Animal studies were analyzed with two-way ANOVA. *, p < 0.05; **, p < 0.01 and ***, p < 0.001.





5. Conclusions


In summary, we applied ACC technology with oNK cell line to develop a novel HER2-targeting NK cell therapy ACE1702. With no tumorigenic potential, ACE1702 was shown to be superior in vitro and in vivo potency against HER2-expressing cancer cells. As an economical and allogeneic NK cell therapy without genetic engineering, ACE1702 has the potential to benefit patients with HER2-expressing cancers through its potency, affordability and off-the-shelf convenience.
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The following are available online at https://www.mdpi.com/article/10.3390/cancers13112724/s1. Figure S1: The expression of CD56, CD16, NKp30, NKp44, NKG2A and killer-cell immunoglobulin receptors (KIRs) in ACE1702 and cryo.Ctrl-oNK. FITC-anti-TCRVd2 antibody was used as negative target staining of CD56. PE/Cy7-anti-CD4 antibody was used as negative target staining of CD16, NKp30 and NKp44. PE-anti-CD8 antibody was used for negative target staining of NKG2a and pan-KIR. Shaded peaks showed corresponding staining of negative targets. Figure S2: Flow cytometry analysis of CD107a and IFNγ levels in ACE-oNK-HER2 incubated with or without SK-OV-3 cells. APC-Cy7-conjugated antibody against human TCRVd2 and PE/Cy7-conjugated against human CD4 were used for negative target staining of CD107a and IFNγ, respectively. Figure S3: No tumorigenicity of ACE1702 and oNK cells in vivo. 1 × 107 of ACE1702, non-irradiated oNK, SK-OV-3 and Daudi were subcutaneously implanted into female BALB/c nude mice. Five mice were included in each group and tumor size were monitored for 60 days. Representative images of mice implanted with ACE1702, non-irradiated oNK, SK-OV-3 and Daudi were shown. Tumors were indicated by black arrowheads. Figure S4: Detection of ACE1702 in the peritoneum and blood. (A) 5 × 106 of ACE1702 was intraperitoneally delivered into BALB/c nude mice (4 mice per timepoint). Viable CD56+Fab+ cells in peritoneal lavage were stained with anti-human CD56 antibody and anti-F(ab’)2 antibody and detected by flow cytometry on Day 0, 1, 3, 5, 7 and 14. (B) 3 × 106 of ACE1702 was intravenously delivered into BALB/c nude mice (5 mice per timepoint). ACE1702 was stained with anti-human CD56 antibody and anti-F(ab’)2 antibody and detected by flow cytometry on Day 0, 1, 3, 5, 7 and 14; Figure S5: Migratory capacity of ACE1702. The migrated ACE1702 in the absence and presence of SK-OV-3 were harvested and stained with anti-CD56 antibody for flow cytometry analysis. Table S1: List of antibodies used in this study; Supplementary Methods.





Author Contributions


Conceptualization, S.-C.H.; Data curation, H.-K.L., C.-W.H., S.-H.Y., H.-P.Y., T.-S.W., C.-Y.L., Y.-L.L., Z.-F.C. and S.-W.T.; Formal analysis, H.-K.L., C.-W.H., S.-H.Y., H.-P.Y., T.-S.W., C.-Y.L., Y.-L.L. and S.-W.T.; Funding acquisition, S.-C.H.; Investigation, H.-K.L., C.-W.H., S.-H.Y., H.-P.Y., T.-S.W., C.-Y.L., Y.-L.L., Z.-F.C., S.-C.H. and S.-W.T.; Methodology, H.-K.L., C.-W.H., H.-P.Y., T.-S.W., C.-Y.L., Y.-L.L. and S.-C.H.; Project administration, Y.-D.L.; Resources, Z.-F.C., Y.-D.L. and S.-C.H.; Supervision, S.-C.H.; Validation, H.-K.L., C.-W.H., S.-H.Y., H.-P.Y., T.-S.W., J.P., Y.-D.L., S.-C.H. and S.-W.T.; Visualization, H.-K.L.; Writing—original draft, H.-K.L.; Writing—review & editing, H.-K.L., J.P., S.-C.H. and S.-W.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


The in vivo potency study of ACE1702 (protocol code MG-033) and the tumorigenicity study of ACE1702 (protocol code 19-06-11-019) were approved by the Institutional Animal Care and Use Committee of corresponding contract research organizations on 28 April 2015 and 6 June 2019, respectively.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are openly available in Supplementary Materials.




Acknowledgments


We would like to thank Yi-Hung Ou and Spike Lo for providing helpful scientific review and discussion.




Conflicts of Interest


The authors are employees of Acepodia Biotech Inc.




References


	



Sheridan, C. First approval in sight for Novartis’ CAR-T therapy after panel vote. Nat. Biotechnol. 2017, 35, 691–693. [Google Scholar] [CrossRef]

	



Dushenkov, A.; Jungsuwadee, P. Chimeric antigen receptor T-cell therapy: Foundational science and clinical knowledge for pharmacy practice. J. Oncol. Pharm. Pract. 2019, 25, 1217–1225. [Google Scholar] [CrossRef]

	



Grupp, S.A.; Kalos, M.; Barrett, D.; Aplenc, R.; Porter, D.L.; Rheingold, S.R.; Teachey, D.T.; Chew, A.; Hauck, B.; Wright, J.F.; et al. Chimeric Antigen Receptor–Modified T Cells for Acute Lymphoid Leukemia. N. Engl. J. Med. 2013, 368, 1509–1518. [Google Scholar] [CrossRef]

	



Porter, D.L.; Levine, B.L.; Kalos, M.; Bagg, A.; June, C.H. Chimeric Antigen Receptor–Modified T Cells in Chronic Lymphoid Leukemia. N. Engl. J. Med. 2011, 365, 725–733. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, N.; Brawley, V.S.; Hegde, M.; Robertson, C.; Ghazi, A.; Gerken, C.; Liu, E.; Dakhova, O.; Ashoori, A.; Corder, A.; et al. Human Epidermal Growth Factor Receptor 2 (HER2)—Specific Chimeric Antigen Receptor–Modified T Cells for the Immunotherapy of HER2-Positive Sarcoma. J. Clin. Oncol. 2015, 33, 1688–1696. [Google Scholar] [CrossRef]

	



Beatty, G.L.; Haas, A.R.; Maus, M.V.; Torigian, D.A.; Soulen, M.C.; Plesa, G.; Chew, A.; Zhao, Y.; Levine, B.L.; Albelda, S.M.; et al. Mesothelin-Specific Chimeric Antigen Receptor mRNA-Engineered T Cells Induce Antitumor Activity in Solid Malignancies. Cancer Immunol. Res. 2014, 2, 112–120. [Google Scholar] [CrossRef]

	



Fesnak, A.; June, C.H.; Levine, B.L. Engineered T cells: The promise and challenges of cancer immunotherapy. Nat. Rev. Cancer 2016, 16, 566–581. [Google Scholar] [CrossRef]

	



Klingemann, H.; Boissel, L.; Toneguzzo, F. Natural Killer Cells for Immunotherapy—Advantages of the NK-92 Cell Line over Blood NK Cells. Front. Immunol. 2016, 7, 91. [Google Scholar] [CrossRef]

	



Rodgers, D.T.; Mazagova, M.; Hampton, E.N.; Cao, Y.; Ramadoss, N.S.; Hardy, I.R.; Schulman, A.; Du, J.; Wang, F.; Singer, O.; et al. Switch-mediated activation and retargeting of CAR-T cells for B-cell malignancies. Proc. Natl. Acad. Sci. USA 2016, 113, E459–E468. [Google Scholar] [CrossRef]

	



Acharya, U.H.; Dhawale, T.; Yun, S.; Jacobson, C.A.; Chavez, J.C.; Ramos, J.D.; Appelbaum, J.; Maloney, D.G. Management of cytokine release syndrome and neurotoxicity in chimeric antigen receptor (CAR) T cell therapy. Expert Rev. Hematol. 2019, 12, 195–205. [Google Scholar] [CrossRef]

	



Zhang, C.; Oberoi, P.; Oelsner, S.; Waldmann, A.; Lindner, A.; Tonn, T.; Wels, W.S. Chimeric Antigen Receptor-Engineered NK-92 Cells: An Off-the-Shelf Cellular Therapeutic for Targeted Elimination of Cancer Cells and Induction of Protective Antitumor Immunity. Front. Immunol. 2017, 8, 533. [Google Scholar] [CrossRef] [PubMed]

	



Rezvani, K.; Rouce, R.; Liu, E.; Shpall, E. Engineering Natural Killer Cells for Cancer Immunotherapy. Mol. Ther. 2017, 25, 1769–1781. [Google Scholar] [CrossRef]

	



Williams, B.A.; Law, A.D.; Routy, B.; Denhollander, N.; Gupta, V.; Wang, X.-H.; Chaboureau, A.; Viswanathan, S.; Keating, A. A phase I trial of NK-92 cells for refractory hematological malignancies relapsing after autologous hematopoietic cell transplantation shows safety and evidence of efficacy. Oncotarget 2017, 8, 89256–89268. [Google Scholar] [CrossRef] [PubMed]

	



Arai, S.; Meagher, R.; Swearingen, M.; Myint, H.; Rich, E.; Martinson, J.; Klingemann, H. Infusion of the allogeneic cell line NK-92 in patients with advanced renal cell cancer or melanoma: A phase I trial. Cytotherapy 2008, 10, 625–632. [Google Scholar] [CrossRef] [PubMed]

	



Veluchamy, J.P.; Kok, N.; Van Der Vliet, H.J.; Verheul, H.; De Gruijl, T.D.; Spanholtz, J. The Rise of Allogeneic Natural Killer Cells As a Platform for Cancer Immunotherapy: Recent Innovations and Future Developments. Front. Immunol. 2017, 8, 631. [Google Scholar] [CrossRef] [PubMed]

	



Koehl, U.; Kalberer, C.; Spanholtz, J.; Lee, D.A.; Miller, J.S.; Cooley, S.; Lowdell, M.; Uharek, L.; Klingemann, H.; Curti, A.; et al. Advances in clinical NK cell studies: Donor selection, manufacturing and quality control. OncoImmunology 2016, 5, e1115178. [Google Scholar] [CrossRef] [PubMed]

	



Gong, J.H.; Maki, G.; Klingemann, H.G. Characterization of a human cell line (NK-92) with phenotypical and functional characteristics of activated natural killer cells. Leukemia 1994, 8, 652–658. [Google Scholar]

	



Suck, G.; Odendahl, M.; Nowakowska, P.; Seidl, C.; Wels, W.S.; Klingemann, H.G.; Tonn, T. NK-92: An ‘off-the-shelf therapeutic’ for adoptive natural killer cell-based cancer immunotherapy. Cancer Immunol. Immunother. 2016, 65, 485–492. [Google Scholar] [CrossRef]

	



Tonn, T.; Becker, S.; Esser, R.; Schwabe, D.; Seifried, E. Cellular Immunotherapy of Malignancies Using the Clonal Natural Killer Cell Line NK-92. J. Hematotherapy Stem Cell Res. 2001, 10, 535–544. [Google Scholar] [CrossRef]

	



Shimasaki, N.; Jain, A.; Campana, D. NK cells for cancer immunotherapy. Nat. Rev. Drug Discov. 2020, 19, 200–218. [Google Scholar] [CrossRef]

	



Sarvaria, A.; Jawdat, D.; Madrigal, J.A.; Saudemont, A. Umbilical Cord Blood Natural Killer Cells, Their Characteristics, and Potential Clinical Applications. Front. Immunol. 2017, 8, 329. [Google Scholar] [CrossRef]

	



Koepsell, S.A.; Miller, J.S.; McKenna, D.H., Jr. Natural killer cells: A review of manufacturing and clinical utility. Transfusion 2012, 53, 404–410. [Google Scholar] [CrossRef] [PubMed]

	



Rizzieri, D.A.; Storms, R.; Chen, D.-F.; Long, G.; Yang, Y.; Nikcevich, D.A.; Gasparetto, C.; Horwitz, M.; Chute, J.; Sullivan, K.; et al. Natural Killer Cell-Enriched Donor Lymphocyte Infusions from A 3-6/6 HLA Matched Family Member following Nonmyeloablative Allogeneic Stem Cell Transplantation. Biol. Blood Marrow Transplant. 2010, 16, 1107–1114. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Hermanson, D.L.; Moriarity, B.S.; Kaufman, D.S. Human iPSC-Derived Natural Killer Cells Engineered with Chimeric Antigen Receptors Enhance Anti-tumor Activity. Cell Stem Cell 2018, 23, 181–192.e5. [Google Scholar] [CrossRef] [PubMed]

	



Hsiao, S.C.; Shum, B.J.; Onoe, H.; Douglas, E.S.; Gartner, Z.J.; Mathies, R.A.; Bertozzi, C.R.; Francis, M.B. Direct Cell Surface Modification with DNA for the Capture of Primary Cells and the Investigation of Myotube Formation on Defined Patterns. Langmuir 2009, 25, 6985–6991. [Google Scholar] [CrossRef] [PubMed]

	



Frank, M.J.; Olsson, N.; Huang, A.; Tang, S.-W.; Negrin, R.S.; Elias, J.E.; Meyer, E.H. A novel antibody-cell conjugation method to enhance and characterize cytokine-induced killer cells. Cytotherapy 2020, 22, 135–143. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Z.-F.; Li, H.-K.; Yang, H.-P.; Lee, C.-Y.; Tang, S.-W.; Lin, Y.-L.; Hsiao, S.-C. A novel endogenous CD16-Expressing Natural Killer Cell for cancer immunotherapy. Biochem. Biophys. Rep. 2021, 26, 100935. [Google Scholar] [CrossRef]

	



Yilmaz, A.; Cui, H.; Caligiuri, M.A.; Yu, J. Chimeric antigen receptor-engineered natural killer cells for cancer immunotherapy. J. Hematol. Oncol. 2020, 13, 1–22. [Google Scholar] [CrossRef]

	



Castriconi, R.; Carrega, P.; Dondero, A.; Bellora, F.; Casu, B.; Regis, S.; Ferlazzo, G.; Bottino, C. Molecular Mechanisms Directing Migration and Retention of Natural Killer Cells in Human Tissues. Front. Immunol. 2018, 9, 2324. [Google Scholar] [CrossRef]

	



Alter, G.; Malenfant, J.M.; Altfeld, M. CD107a as a functional marker for the identification of natural killer cell activity. J. Immunol. Methods 2004, 294, 15–22. [Google Scholar] [CrossRef]

	



Betts, M.R.; Brenchley, J.M.; Price, D.A.; De Rosa, S.C.; Douek, D.C.; Roederer, M.; Koup, R.A. Sensitive and viable identification of antigen-specific CD8+ T cells by a flow cytometric assay for degranulation. J. Immunol. Methods 2003, 281, 65–78. [Google Scholar] [CrossRef]

	



Jochems, C.; Hodge, J.W.; Fantini, M.; Fujii, R.; Ii, Y.M.M.; Greiner, J.W.; Padget, M.R.; Tritsch, S.R.; Tsang, K.Y.; Campbell, K.S.; et al. An NK cell line (haNK) expressing high levels of granzyme and engineered to express the high affinity CD16 allele. Oncotarget 2016, 7, 86359–86373. [Google Scholar] [CrossRef] [PubMed]

	



Tonn, T.; Schwabe, D.; Klingemann, H.G.; Becker, S.; Esser, R.; Koehl, U.; Suttorp, M.; Seifried, E.; Ottmann, O.G.; Bug, G. Treatment of patients with advanced cancer with the natural killer cell line NK-92. Cytotherapy 2013, 15, 1563–1570. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.; Tian, Z.-G.; Zhang, C. Chimeric antigen receptor (CAR)-transduced natural killer cells in tumor immunotherapy. Acta Pharmacol. Sin. 2018, 39, 167–176. [Google Scholar] [CrossRef] [PubMed]

	



Izsvák, Z.; Hackett, P.B.; Cooper, L.J.N.; Ivics, Z. Translating Sleeping Beauty transposition into cellular therapies: Victories and challenges. BioEssays 2010, 32, 756–767. [Google Scholar] [CrossRef]

	



Hacein-Bey-Abina, S.; Garrigue, A.; Wang, G.P.; Soulier, J.; Lim, A.; Morillon, E.; Clappier, E.; Caccavelli, L.; Delabesse, E.; Beldjord, K.; et al. Insertional oncogenesis in 4 patients after retrovirus-mediated gene therapy of SCID-X1. J. Clin. Investig. 2008, 118, 3132–3142. [Google Scholar] [CrossRef]

	



Liu, H.; Yang, B.; Sun, T.; Lin, L.; Hu, Y.; Deng, M.; Yang, J.; Liu, T.; Li, J.; Sun, S.; et al. Specific growth inhibition of ErbB2-expressing human breast cancer cells by genetically modified NK-92 cells. Oncol. Rep. 2014, 33, 95–102. [Google Scholar] [CrossRef]

	



Schönfeld, K.; Sahm, C.; Zhang, C.; Naundorf, S.; Brendel, C.; Odendahl, M.; Nowakowska, P.; Bönig, H.; Köhl, U.; Kloess, S.; et al. Selective Inhibition of Tumor Growth by Clonal NK Cells Expressing an ErbB2/HER2-Specific Chimeric Antigen Receptor. Mol. Ther. 2015, 23, 330–338. [Google Scholar] [CrossRef]

	



Li, J.; Chen, M.; Liu, Z.; Zhang, L.; Felding, B.H.; Moremen, K.W.; Lauvau, G.; Abadier, M.; Ley, K.; Wu, P. A Single-Step Chemoenzymatic Reaction for the Construction of Antibody–Cell Conjugates. ACS Central Sci. 2018, 4, 1633–1641. [Google Scholar] [CrossRef]

	



Matosevic, S. Viral and Nonviral Engineering of Natural Killer Cells as Emerging Adoptive Cancer Immunotherapies. J. Immunol. Res. 2018, 2018, 4054815. [Google Scholar] [CrossRef]

	



Wang, W.; Jiang, J.; Wu, C. CAR-NK for tumor immunotherapy: Clinical transformation and future prospects. Cancer Lett. 2020, 472, 175–180. [Google Scholar] [CrossRef]

	



Mark, C.; Czerwinski, T.; Roessner, S.; Mainka, A.; Hörsch, F.; Heublein, L.; Winterl, A.; Sanokowski, S.; Richter, S.; Bauer, N.; et al. Cryopreservation impairs 3-D migration and cytotoxicity of natural killer cells. Nat. Commun. 2020, 11, 1–8. [Google Scholar] [CrossRef]

	



Van Ostaijen-ten Dam, M.M.; Prins, H.J.; Boerman, G.H.; Vervat, C.; Pende, D.; Putter, H.; Lankester, A.; van Tol, M.J.; Zwaginga, J.J.; Schilham, M.W. Preparation of Cytokine-activated NK Cells for Use in Adoptive Cell Therapy in Cancer Patients: Protocol Optimization and Therapeutic Potential. J. Immunother. 2016, 39, 90–100. [Google Scholar] [CrossRef]

	



Pasley, S.; Zylberberg, C.; Matosevic, S. Natural killer-92 cells maintain cytotoxic activity after long-term cryopreservation in novel DMSO-free media. Immunol. Lett. 2017, 192, 35–41. [Google Scholar] [CrossRef]

	



Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P.; Basar, R.; Kerbauy, L.N.; Overman, B.; Thall, P.; Kaplan, M.; et al. Use of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors. N. Engl. J. Med. 2020, 382, 545–553. [Google Scholar] [CrossRef]

	



Hayashi, T.; Seiler, R.; Oo, H.Z.; Jäger, W.; Moskalev, I.; Awrey, S.; Dejima, T.; Todenhöfer, T.; Li, N.; Fazli, L.; et al. Targeting HER2 with T-DM1, an Antibody Cytotoxic Drug Conjugate, is Effective in HER2 Over Expressing Bladder Cancer. J. Urol. 2015, 194, 1120–1131. [Google Scholar] [CrossRef] [PubMed]

	



Ogitani, Y.; Aida, T.; Hagihara, K.; Yamaguchi, J.; Ishii, C.; Harada, N.; Soma, M.; Okamoto, H.; Oitate, M.; Arakawa, S.; et al. DS-8201a, A Novel HER2-Targeting ADC with a Novel DNA Topoisomerase I Inhibitor, Demonstrates a Promising Antitumor Efficacy with Differentiation from T-DM1. Clin. Cancer Res. 2016, 22, 5097–5108. [Google Scholar] [CrossRef] [PubMed]

	



Ogitani, Y.; Hagihara, K.; Oitate, M.; Naito, H.; Agatsuma, T. Bystander killing effect of DS -8201a, a novel anti-human epidermal growth factor receptor 2 antibody–drug conjugate, in tumors with human epidermal growth factor receptor 2 heterogeneity. Cancer Sci. 2016, 107, 1039–1046. [Google Scholar] [CrossRef] [PubMed]

	



Krop, I.; Winer, E.P. Trastuzumab Emtansine: A Novel Antibody–Drug Conjugate for HER2-Positive Breast Cancer. Clin. Cancer Res. 2014, 20, 15–20. [Google Scholar] [CrossRef]

	



Costa, R.L.B.; Czerniecki, B.J. Clinical development of immunotherapies for HER2+ breast cancer: A review of HER2-directed monoclonal antibodies and beyond. NPJ Breast Cancer 2020, 6, 10. [Google Scholar] [CrossRef]

	



Musolino, A.; Naldi, N.; Bortesi, B.; Pezzuolo, D.; Capelletti, M.; Missale, G.; Laccabue, D.; Zerbini, A.; Camisa, R.; Bisagni, G.; et al. Immunoglobulin G Fragment C Receptor Polymorphisms and Clinical Efficacy of Trastuzumab-Based Therapy in Patients with HER-2/neu–Positive Metastatic Breast Cancer. J. Clin. Oncol. 2008, 26, 1789–1796. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 02724 g001 550] 





Figure 1. Trastuzumab conjugation confers oNK cells with HER2-specific binding capacity. (A) A flow chart of trastuzumab conjugation with oNK cells by ACC technology was illustrated. Preparation of ssDNA linker 1-conjugated oNK and ssDNA linker 2-conjugated trastuzumab was illustrated. Trastuzumab-conjugated oNK cells, ACE-oNK-HER2, were generated by co-incubation of ssDNA linker 1-conjugated oNK and ssDNA linker 2-conjugated trastuzumab. The ssDNA linker 1 and 2 were complementary. (B) Antibody loading capacity on the surface of oNK cells by ACC technology or Fc domain binding was illustrated (left panel) and examined using fluorescent dye-conjugated anti-F(ab’)2 antibody by flow cytometry (right panel). Negative staining (gray shaded) and trastuzumab on oNK cells (red line) were shown. (C) CD56+CD3- and CD16+ population as well as (D) HER2-His recombinant protein binding capacity were analyzed in both ACE-oNK-HER2 and Ctrl-oNK cells by flow cytometry. The binding capacity was determined by incubating ACE-oNK-HER2 and Ctrl-oNK cells with 10−3, 10−2, 10−1, 100, 101 and 102 μg/mL of human HER2-His recombinant protein. Three independent experiments were performed and the representative results were shown. Each data point was performed in triplicate. 
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Figure 2. Trastuzumab conjugation confers oNK cells with enhanced cytotoxicity. (A–C) ACE-oNK-HER2 and Ctrl-oNK were co-incubated with HER2-expressing cancer cells (A) SK-OV-3, (B) SK-BR-3 and (C) MCF-7 at effector to target (E:T) ratio of 1:1 and 2:1 and analyzed by the xCELLigence real-time cell analysis system. (D) The migrated ACE-oNK-HER2 in the absence and presence of SK-OV-3 were harvested and stained with anti-CD56 antibody for flow cytometry analysis. (E,F) ACE-oNK-HER2 was co-incubated with or without SK-OV-3 in the presence of brefeldin A and monensin for 4 h. The cells were harvested, fixed and stained with anti-CD107a or -IFNγ antibody for flow cytometry analysis. Three independent experiments were performed and the representative results were shown. Each data point was performed in triplicate. Statistical analysis was performed by t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 3. ACE-oNK-HER2 and Ctrl-oNK show no difference of cytotoxicity against HER2-negative cells. ACE-oNK-HER2 and Ctrl-oNK were co-incubated with CFSE-labeled HER2-negative (A) K562 human chronic myelogenous leukemia cell line or (B) female PBMC at effector to target a (E:T) ratio of 1:1 to 10:1. The viability of CFSE-labeled K562 and PBMC was examined using propidium iodide staining and analyzed by flow cytometry. 
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Figure 4. ACE-oNK-HER2 shows better cytotoxicity than ADCC of Ctrl-oNK. ACE-oNK-HER2 and Ctrl-oNK were incubated with HER2+ cancer cell line (A) SK-OV-3 and (B) SK-BR-3 in the presence of various trastuzumab concentrations (0, 0.1, 0.5, 1 and 3 μg/mL) in triplicate. The cytotoxicity of ACE-oNK-HER2 and Ctrl-oNK against SK-OV-3 and SK-BR-3 cells was measured and calculated by xCELLigence real-time cell analysis system. Three independent experiments were performed and the representative results were shown. Cytotoxicity was compared between treatments by t test. **, p < 0.01; ***, p < 0.001. 
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Figure 5. ACE-oNK-HER2 maintains the potency against HER2+ cancer cells after irradiation and cryopreservation. (A) The proliferation of ACE-oNK-HER2 irradiated at 2.5, 5.0 and 10.0 Gy as well as non-irradiated Ctrl-oNK cells were analyzed by BrdU incorporation assay. The assay was performed 1, 3 and 7 days post-irradiation. (B) Cytotoxicity of irradiated ACE-oNK-HER2 and non-irradiated Ctrl-oNK cells against SK-OV-3 was analyzed at an E:T ratio of 2:1 and 5:1 by the xCELLigence real-time cell analysis system. (C) Percentage of CD56+CD3- and CD16+ population in ACE-oNK-HER2 irradiated at different doses and non-irradiated Ctrl-oNK cells was analyzed after irradiation on Day 0 by flow cytometry. (D) HER2 binding capacity of ACE1702 was examined by incubating with 10−3, 10−2, 10−1, 100, 101 and 102 μg/mL of human HER2-His recombinant protein and HER2-bound cells were analyzed by flow cytometry. (E) Cytotoxicity of ACE1702 was evaluated by co-incubation with SK-OV-3 cells for 18 h. Three independent experiments were performed and the representative results were shown. Each data point was performed in triplicate. Cytotoxicity was compared between treatments by t test. ***, p < 0.001. 
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Figure 6. ACE1702 exhibits anti-tumor potency to HER2+ cancer cells in vivo. (A) Dosing schedule was illustrated. (B) The bioluminescence images of tumor burden in ACE1702-, cryo.Ctrl-oNK- and Vehicle-treated mice were captured by Ami HTX spectral instrument and analyzed by Aura software. (C) The bioluminescent signals of each timepoint for ACE1702-, cryo.Ctrl-oNK- and Vehicle-treated mice were presented by mean values ± SD. Red arrow heads indicate dosing of ACE1702, cryo.Ctrl-oNK and Vehicle only. Differences between 2 groups were examined by two-way ANOVA. p < 0.05 is considered as statistically significant. **, p < 0.01. 
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Table 1. Summary of tumor incidence.
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Cell Type

	
Tumor Incidence




	
Day 14

	
Day 21

	
Day 24

	
Day 42

	
Day 59






	
ACE1702

	
0/5

	
0/5

	
0/5

	
0/5

	
0/5




	
Non-irradiated oNK

	
0/5

	
0/5

	
0/5

	
0/5

	
0/5




	
SK-OV-3

	
5/5

	
5/5

	
5/5

	
5/5

	
5/5




	
Daudi

	
0/5

	
3/5

	
4/5

	
4/5

	
4/5




	
DPBS

	
0/5

	
0/5

	
0/5

	
0/5

	
0/5
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