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Abstract

:

Simple Summary


HER2 is a marker known to be over-expressed on breast cancer, rendering it one of the most useful solid tumor targets for antibody-based therapies. Despite expression on ovarian cancer, results targeting HER2 in this setting have been disappointing, thus requiring more aggressive approaches. Natural killer (NK) cells are known as principal mediators of cancer cell killing, but cancer cells find ways to deter them. We devised a tri-specific biological drug containing antibody fragments that simultaneously binds NK cells and cancer cells and at the same time delivers a natural cytokine signal that triggers robust NK cell expansion. In vitro studies show the drug augments NK cell killing of a number of HER2-positive human cell lines, while enhancing NK cell activation and proliferation. Studies in mice engrafted with human ovarian cancer showed the drug has anti-tumor efficacy, clearly demonstrating its ability to bolster NK cells in their ability to contain tumor cell growth.




Abstract


Clinical studies validated antibodies directed against HER2, trastuzumab, and pertuzumab, as useful methodology to target breast cancer cases where HER2 is expressed. The hope was that HER2 targeting using these antibodies in ovarian cancer patients would prove useful as well, but clinical studies have shown lackluster results in this setting, indicating a need for a more comprehensive approach. Immunotherapy approaches stimulating the innate immune system show great promise, although enhancing natural killer (NK) function is not an established mainstream immunotherapy. This study focused on a new nanobody platform technology in which the bispecific antibody was altered to incorporate a cytokine. Herein we describe bioengineered CAM1615HER2 consisting of a camelid VHH antibody fragment recognizing CD16 and a single chain variable fragment (scFv) recognizing HER2 cross-linked by the human interleukin-15 (IL-15) cytokine. This tri-specific killer engager (TriKETM) showed in vitro prowess in its ability to kill ovarian cancer human cell lines. In addition, we demonstrated its efficacy in inducing potent anti-cancer effects in an in vivo xenograft model of human ovarian cancer engrafting both cancer cells and human NK cells. While previous approaches with trastuzumab and pertuzumab faltered in ovarian cancer, the hope is incorporating targeting and cytokine priming within the same molecule will enhance efficacy in this setting.
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1. Introduction


Ovarian cancer is the most lethal gynecologic cancer in women, leading to an estimated 21,410 women being diagnosed and 13,770 women dying of the disease in 2021 [1]. Roughly three-quarters of ovarian cancer cases are diagnosed in advanced stages because it frequently affects the abdominal cavity and presents with a paucity of symptoms [2]. Despite new efforts focusing on ovarian cancer, overall survival has not improved over the past few decades [3]. Thus, new approaches are urgently needed.



A potential target for ovarian cancer is the marker human epidermal growth factor receptor-2 (HER2), a member of the epidermal growth factor receptor (EGFR) family of transmembrane receptor tyrosine kinases. HER2 has a direct association with cancer since its overexpression is associated with poor prognosis in breast cancer and it triggers intracellular signaling pathways related to cell proliferation, differentiation, and survival [4]. In a 2018 report on ovarian cancer, 34 studies that included 5180 ovarian cancer patients were analyzed. Expression of HER2 was negatively correlated with clinical prognosis of overall survival and disease-free survival/progression-free survival [5]. In epithelial ovarian cancer, HER2 expression is more commonly found in older patients, the serous subtype, and patients with advanced stage and high-grade differentiation [6]. Clearly, HER2 is worthy of consideration as a valid ovarian cancer target.



There are currently two HER2-targeting antibodies being used clinically: trastuzumab, which was first to be tested clinically, and pertuzumab, which is a humanized anti-HER2 antibody. These antibodies demonstrated success, alone and in combination, in breast cancer therapy, achieving in some trials an overall response rate in excess of 80% when combined with chemotherapy [7,8]. In the ovarian cancer setting these antibodies mediate antibody-dependent cellular cytotoxicity (ADCC) [9]. However, their role in HER2+ ovarian cancer has been controversial, with some studies showing modest responses, which are typical of second-round therapies in ovarian cancer. While these responses have been tepid, the agent presented here targets NK cells to HER2-expressing tumors and shows distinct advantages with its expansion abilities, thus perhaps proving useful in this arena.



While therapeutic antibodies have been around for some time, cancer immunotherapy has recently made remarkable advances with the discovery of immune system engagers such as bi-specific T cell engagers (BiTEs), tri-specific killer engagers (TriKEsTM), and checkpoint inhibitors. Our contribution to cancer immunotherapy was the discovery of a methodology for expanding the bispecific antibody platform by crosslinking an anti-CD16 single chain variable fragment (scFv) and an scFv recognizing cancer antigens with the cytokine interleukin 15 (IL-15) [10]. CD16 is known to be one of the strongest activating NK cell receptors, capable of inducing activation without need for a co-stimulatory activating signal, unlike other NK cell receptors, while IL-15 has been shown to be critical in NK cell expansion, priming, and survival. Thus, TriKEs potently stimulate NK cell activation, expansion, and antigen-specific tumor killing. The first TriKE that we reported recognized CD33 expressed on liquid tumors (myeloid leukemia cells) and is currently being evaluated in the clinic in a Phase I/II trial (NCT03214666). Our group has recently improved this platform [11] and demonstrated that it can be leveraged for solid tumor targeting as well [12].



This study describes a novel HER2-targeting TriKE aimed at improving control of ovarian cancer. The data presented indicate that it potently enhances NK cell mediated control of HER2-expressing ovarian cancer in vitro and successfully inhibits tumor growth in a murine xenograft model that accommodates the engraftment of human ovarian cancer cells and human NK cells. These data support the further consideration of this CAM1615HER2 TriKE for clinical translation in the ovarian cancer setting.




2. Materials and Methods


2.1. Construction of CAM1615HER2 TriKE


Single variable domain nanobody fragments (VHH) of camelid-specific heavy chain origin offer advantages over conventional scFv fragments, including fewer disulfide linkages, higher affinity, and more compact size. Therefore, we spliced DNA fragments encoding the CDR regions from a camelid anti-CD16 [13] into a universal, humanized nanobody scaffold previously shown to allow grafts of antigen-binding loops with transfer of the antigen specificity and affinity [14]. This new sequence was used to manufacture CAM1615HER2. The fully assembled hybrid gene CAM1615HER2 (from 5′ end to 3′ end) encoded a NcoI restriction site; an ATG start codon; anti-human CD16 VHH; a 20 amino acid (aa) segment, PSGQAGAAASESLFVSNHAY; human IL-15; the seven amino acid linker, EASGGPE; anti-HER2 scFv [15], and a XhoI restriction site. The resulting hybrid gene was spliced into the pET28c expression vector under the control of an isopropyl-D-thiogalactopyranoside (IPTG) inducible T7 promoter. The DNA target gene encoding CAM1615HER2 was 1512 base pairs due to the smaller size of the camelized VHH gene. Wild-type human IL-15 was used and not a mutated form of the cytokine. The Biomedical Genomics Center, University of Minnesota, St. Paul, MN, verified the gene sequence and in-frame accuracy of the target gene. To closely evaluate the issue of specificity, we generated a Control TriKE containing the CAM1615 portions and a non-binding scFv that does not direct function against SKOV3 cells (or display degranulation and inflammatory activity against other cell lines) in the same manner as the CAM1615HER2 TriKE was generated.




2.2. Purification of Protein from Inclusion Bodies


Escherichia coli strain BL21 (DE3) (Novagen, Madison, WI, USA) was used for protein expression after plasmid transfection. The bacteria were cultured overnight in 800 mL Luria broth containing 50 μg/mL kanamycin. Expression was induced via the addition of IPTG (FischerBiotech, Fair Lawn, NJ) when the media reached an absorbance of 0.65 at 600 nm. Bacterial expression resulted in packaging of target protein into inclusion bodies. After expression, bacteria were harvested and then homogenized in buffer (50 mM Tris, 50 mM NaCl, and 5 mM EDTA pH 8.0), and the pellet was sonicated and centrifuged. To extract protein from the pellet, a solution of 0.3% sodium deoxycholate, 5% Triton X-100, 10% glycerin, 50 mmol/L Tris, 50 mmol/L NaCl, and 5 mmol/L EDTA (pH 8.0) was used, and the extract was washed 3 times.



Protein from inclusion bodies requires refolding. Thus, a sodium N-lauroyl-sarcosine (SLS) air oxidation method modified from a previously reported procedure was used [16]. Briefly, inclusion bodies were dissolved in 100 mM Tris, 2.5% SLS (Sigma, St. Louis, MO, USA). Pellets were removed by centrifugation. A total of 50 μM of CuSO4 was added to the solution and then incubated at room temperature with rapid stirring for 20 h for air-oxidization of –SH groups. Removal of SLS was performed by adding 6 M urea and 10% AG 1-X8 resin (200–400 mesh, chloride form) (Bio-Rad Laboratories, Hercules, CA, USA) to the detergent-solubilized protein solution. The next step added 13.3 M of guanidine HCl into protein solution and 2~3 h incubation at 37 °C. The solution was diluted 20-fold with refolding buffer, 50 mM Tris, 0.5 M l-arginine, 1 M urea, 20% glycerol, 5 mM EDTA, pH 8.0. The mixture was incubated at 4 °C for 2 days. To remove the buffer, we dialyzed against 5 volumes of 20 mM Tris-HCl at pH 8.0 for 48 h at 4 °C, then 8 volumes for 18 additional hours. Product was then purified first by fast flow Q ion exchange chromatography and then by passage over a size exclusion column (Superdex 200, GE). Final protein was stored in PBS and frozen in −80 °C. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed using Simply Blue Safe Stain (Invitrogen, Carlsbad, CA, USA) to evaluate protein size and purity. Final yield was 3 mg TriKE/L of flask culture.




2.3. Cancer Cell Lines


The following cell lines were obtained from the American Type Culture Collection: MCF-7L (ductal breast carcinoma), MCF-7L-TamR (tamoxiphen resistant subline of MCF-7), SKOV3 (ovarian ascites), SK-BR-3 (breast carcinoma derived from metastatic site), UMSCC-11B squamous cell carcinoma derived from larynx tumor [17], and MA-148 (ovarian carcinoma). For in vivo experiments, SKOV3-luc was made by transfecting SKOV3 with a luciferase reporter construct using Invitrogen’s Lipofectamine Reagent and selective pressure applied with 10 μg/mL of blastocidin. MA148 (established locally at the University of Minnesota) is a human epithelial ovarian carcinoma cell line. Lines were maintained in RPMI 1640 RPMI supplemented with 10–20% fetal bovine serum (FBS) and 2 mmol/L L-glutamine. Lines were incubated in a humidified atmosphere containing 5% CO2 at a constant 37 °C. When the adherent cells were more than 90% confluent, they were passaged using trypsin-EDTA for detachment. For cell counts, a standard hemocytometer was used. Only those cells with a viability > 95% were used for the experiments, as determined by trypan blue exclusion.




2.4. Cell Products


Peripheral blood mononuclear cells (PBMCs) were obtained from normal volunteers, while ascites cells were obtained from patients after consent was received, and institutional review board (IRB) approval was granted (protocols 9709M00134 and STUDY00011437), in compliance with guidelines by the Committee on the Use of Human Subjects in Research and in accordance with the Declaration of Helsinki. For xenogeneic mouse studies, fresh PBMCs were magnetically depleted three times (i.e., three pass-throughs across the magnet) of CD3 and CD19-positive cells, according to the manufacturer’s recommendations (STEMCELL Technologies, Cambridge, MA, USA), to generate an NK-cell-enriched product. Ovarian cancer specimens (ascites) were collected from women diagnosed with advanced-stage ovarian or primary peritoneal carcinoma at time of primary debulking surgery. Cells were pelleted, lysed for red blood cells, cryopreserved in 10% DMSO/90% FBS, and stored in liquid nitrogen.




2.5. Evaluation of NK Cell Activation and Tumor Cytotoxicity


NK cell activation against tumor targets in the presence or absence of treatments was measured in a flow cytometry assay by evaluating degranulation via CD107a (lysosomal-associated membrane protein LAMP-1) and intracellular interferon-gamma (IFNγ) production [18,19]. Upon thawing, normal donor PBMCs or patient-derived ascites cells were rested overnight (37 °C, 5% CO2) in RPMI 1640 media supplemented with 10% fetal calf serum (RPMI-10). The next morning, they were suspended with tumor-target cells or media after washing twice with RPMI-10. Cells were then incubated with TriKEs or controls for 10 min at 37 °C. Fluorescein isothiocyate (FITC)-conjugated anti-human CD107a monoclonal antibody (BD Biosciences, San Jose, CA, USA) was then added. Following an hour of 37 °C incubation, GolgiStop (1:1500, BD Biosciences) and GolgiPlug (1:1000, BD Biosciences) were added for 4 h. After washing with phosphate-buffered saline, the cells were stained with PE/Cy 7–conjugated anti-CD56 mAb, APC/Cy 7–conjugated anti-CD16 mAb, and PE-CF594–conjugated anti-CD3 mAb (BioLegend, San Diego, CA, USA). Cells were incubated for 15 min at 4 °C, washed, and fixed with 2% paraformaldehyde. Cells were then permeabilized using an intracellular perm buffer (BioLegend) to evaluate production of intracellular IFNγ through detection via aBV650 conjugated anti-human IFNγ antibody (BioLegend). Samples were washed and evaluated in an LSRII flow cytometer (BD Biosciences, San Jose, CA, USA). Flow cytometric analysis was carried out on FlowJo v10 (FlowJo LLC., Ashland, OR, USA). NK cells in all flow cytometry studies were gated with the following strategy: singlets/LiveDead-/FSC-SSC Lymph gate/CD56+CD3−.




2.6. NK Cell Expansion via IL-15 Stimulation


To measure the potency of the IL-15 moiety within the TriKE, PBMCs from healthy donors were labeled with CellTrace Violet Proliferation Dye (Invitrogen, Carlsbad, CA, USA) according to kit specifications. After staining, effector cells were cultured with 50 nM of TriKEs or controls and incubated in a humidified atmosphere containing 5% CO2 at 37 °C for 7 days. Cells were harvested, stained for viability with Live/Dead reagent (Invitrogen, Carlsbad, CA, USA), and surface stained for anti-CD56 PE/Cy7 (Biolegend, San Diego, CA, USA) and anti-CD3 PE-CF594 (BD Biosciences, Franklin Lakes, NJ, USA) to gate on the viable CD3−CD56+ NK cell population and CD3+CD56− T cell population. Data analysis was performed using FlowJo software (Flowjo Enterprise LCC, version 7.6.5, Ashland, OR, USA).




2.7. Spheroid Assays


Tumor killing was evaluated in real-time using the IncuCyte S3 platform. A total of 20,000 SKOV3-GFP cells/well were plated in 96-well round-bottom ultra-low adhesion (ULA) plates (Corning, Flintshire, UK) and allowed to form spheroids for 3 days. A total of 40,000 magnetic-bead-enriched NK cells were then added to each well. Noted treatments were then added at a 30 nM concentration, and the plate was placed in an IncuCyte S3® platform housed inside a cell incubator at 37 °C/5% CO2. Images from three technical replicates were taken every 45 min for 72 h using a 4× objective lens and then analyzed using IncuCyte™ Basic Software v2018A (Sartorious). Graphed readouts represented target spheroid size and intensity, normalized to live spheroids alone at the starting (0 h) time point.




2.8. In Vivo Mouse Study and Imaging


The efficacy of the CAM1615HER2 TriKE was tested in a xenogeneic mouse model that was previously reported [10], but it was modified for the growth of the human ovarian cancer cell line SKOV3. The line was transfected with a luciferase reporter gene to permit monitoring of tumor progression via bioluminescent imaging in real time. NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, n = 5/group) were injected IP with 2.0 × 105 SKOV3-luc tumor cells and then 3–5 days later received low-dose total body irradiation (275 cGy). The following day, all groups received enriched NK cells (PBMC magnetically CD3 and CD19 depleted) and began drug treatment. A single course of treatment consisted of 50 μg of drug given IP 5×/week (MTWThF) for two weeks and then maintenance therapy 3×/week (MWF) through day 60. Mice were imaged weekly. At each imaging session, mice were injected with 100 μL of 30 mg/mL luciferin substrate 10 minutes before and then imaged under isoflurane gas sedation. Imaging data were gathered using Xenogen Ivis 100 imaging system with Living Image 2.5 analysis software (Xenogen Corporation, Hopkington, MA, USA).




2.9. Statistical Analysis


GraphPad PRISM (GraphPad Prism Software, Inc., La Jolla, CA, USA) was used to create all statistical tests. Unless otherwise noted, all multiple comparison studies used one-way ANOVA with repeated measures, while single comparison studies used Student t test. Error bars display mean ± SEM, and statistical significance was shown as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.





3. Results


3.1. Generation of CAM1615HER2 TriKE


TriKEs are composed of three separate binding regions including a single domain antibody (VHH) that binds CD16, an scFv that binds a tumor antigen present on cancer cells, and cross-linked wildtype human IL-15 that mediates cytokine signaling on the NK cells. Using this scaffold, a TriKE targeting HER2, called CAM1615HER2, was generated using a pET expression vector (Figure 1A). Once the vector was assembled, it was expressed in E. coli, inclusion bodies (IB) were isolated and solubilized, and TriKE protein was then refolded and purified using Ion exchange and size exclusion chromatography (Figure 1B). Supplementary Figure S1A shows the absorbance tracing of the fractions of bacterial and target protein as it passes over FFQ ion exchange column as the first phase of purification from inclusion bodies. Eluant was collected in 8 mL aliquots, shown on the abscissa of the graph. The double-sided arrow shows the target peak collected as the drug exited the column. Supplementary Figure S1B shows the absorbance tracing from the second purification phase, size exclusion chromatography (SEC). Again, the double-sided arrow marks the peak collected as final product. The final product (fractions C2-D4) formed a mostly pure (90%) single band when analyzed using SDS-PAGE with Coomassie Blue staining, providing evidence of a uniform product with a molecular weight of about 55 kDa (Supplementary Figure S1C).




3.2. Evaluation of Proliferation Mediated by CAM1615HER2 TriKE


The human IL-15 moiety within the TriKE is meant to specifically mediate IL-15 signaling on NK cells; thus, the ability of the CAM1615HER2 TriKE to drive NK expansion was determined. PBMCs were labeled with CellTrace dye and placed in culture with noted treatments for 7 days to determine how the TriKE influences NK cell versus T cell proliferation, measured by dilution of the dye. When compared to the no treatment control or treatment with rhIL-15, the CAM1615HER2 TriKE enhanced overall proliferation (Figure 2A), proliferation of NK cells past three rounds of division (Figure 2B), and resulted in the highest number of NK cells at the end of the assay (Figure 2C). Conversely, when evaluating T cells, unlike the rhIL-15 treatment, the CAM1615HER2 TriKE treatment did not expand T cells (Figure 2D,E). Together, these studies indicated that the CAM1615HER2 TriKE specifically stimulates expansion of NK cells, and not T cells, and that IL-15 within the TriKE was functional and in a viable conformational alignment.




3.3. Determination of CAM1615HER2 TriKE Specificity and Function


TriKE molecules mediate immunotherapy via formation of a cytolytic bridge that triggers ADCC on the NK cell against a tumor cell expressing the TriKE targeted antigen, HER2 in this instance. To establish TriKE specific activity against HER2 expressing cells, NK cell activation was measured by evaluation of NK cell degranulation (CD107a) and inflammatory cytokine production (IFNγ) when PBMCs were incubated with tumor HER2+/− targets and the CAM1615HER2 TriKE or controls. When incubated with CAM1615HER2 TriKE, NK cells produced substantially more CD107a and IFNγ against HER2-positive SKOV3 and SK-BR-3 cells when compared to controls (Figure 3A,B and Supplementary Figure S2A,B). Conversely, no differences in NK cell degranulation or inflammatory cytokine production were seen between the CAM1615HER2 TriKE and controls when the PBMCs were incubated with the HER2-negative line UM-SCC-11B cell line (Supplementary Figure S2C,D). Of note, pre-incubation of NK cells and SKOV3 targets with a high concentration of HER2 scFv preceding TriKE treatment robustly impacted CAM1615HER2 TriKE NK cell activation, as noted by a 59% decrease in degranulation when taking into account background of natural cytotoxicity (Supplementary Figure S2E). To compare the HER2-targeting standard of care, Herceptin, to the CAM1615HER2 TriKE, both were included in assays against breast cancer (SK-BR-3) and ovarian cancer (SKOV-3) cells, and both drugs induced comparable NK cell activation (Supplementary Figure S2A,B and Figure 2F,G respectively). When compared to controls, the CAM1615HER2 TriKE also showed increased CD107a and IFNγ NK cell activity against a broad panel of ovarian cancer cell lines including OVCAR3 (Figure 3C,D), OVCAR5 (Figure 3E,F), OVCAR8 (Supplementary Figure S3A,B), and OVCAR4 (Supplementary Figure S3C,D) cell lines. The aforementioned assays were carried out at saturating concentrations of TriKE (30 nM), perhaps masking differences in activity mediated by ligand expression on the ovarian cancer cell targets. To determine if HER2 antigen expression levels impact NK cell activation via the TriKE, a limiting dose of CAM1615HER2 (0.3 nM) was added to the assay and tested against a high density HER2 ovarian cancer cell (SKOV-3) versus low-density lines (OVCAR3 and OVCAR5). Results indicated that antigen density impacted NK cell activation via CAM1615HER2 as the TriKE induced more CD107a and IFNγ on NK cells against SKOV-3 cells than OVCAR3 or OVCAR5 cells (Supplementary Figure S3E,F). The CAM1615HER2 TriKE also demonstrated activity against a broad panel of HER2-expressing tumors including pancreatic (BxPC-3), prostate (C4-2), lung (NCI-H322), and breast (MCF-7L) cancer (Supplementary Figure S4). Taken together, these data demonstrated broad applicability of the CAM1615HER2 TriKE against a variety HER2-expressing tumors.




3.4. CAM1615HER2 TriKE Induces Dynamic Evaluation of Ovarian Cancer Spheroids


To determine the ability of the CAM1615HER2 TriKE to amplify NK cell mediated killing of ovarian tumors, the IncuCyte S3 platform was employed. This automated imaging platform allows for dynamic evaluation of spheroid killing, via quantitative measurement of spheroid size and intensity, over an extended period of time. GFP-expressing SKOV3 cells were plated in ultra-low adhesion (ULA) plates and allowed to form for three days. Enriched NK cells were then added in the presence of no treatment, a CAM16 single domain antibody, recombinant human IL-15, or the CAM1615HER2 TriKE. Spheroid size and intensity was then tracked for a period of three days. The CAM1615HER2 TriKE induced dynamic and robust killing of the tumor, noted by changing of the spheroid color from green (live SKOV3 cells) to black (dead SKOV3 cells), within 48 h, while the IL-15 group induced less killing over the three-day period but more than the no treatment and CAM16 controls (Figure 4A). Quantification of spheroid size and fluorescent intensity further highlights the differences in tumor killing mediated by NK cells treated with the CAM1615HER2 TriKE versus cells treated with the no treatment, CAM16, or IL15 controls (Figure 4B,C). Taken together, these data showed the potency of the CAM1615HER2 TriKE treatment against multicellular tumor formations.




3.5. CAM1615HER2 TriKE Amplifies Function of NK Cells Derived from the Tumor Microenvironment


Our group has previously shown that NK cells are present in relatively similar proportions with several similar characteristics in the ovarian cancer microenvironment, yet their activity is strongly impacted in that setting [20]. To evaluate if the CAM1615HER2 TriKE can rescue NK cell anti-tumor activity from ovarian cancer patients, we obtained high-grade ovarian cancer patient ascites cells at the time of cytoreductive surgery and incubated them with TriKE or controls and MA148 cells, a high-grade serous ovarian carcinoma cell line established at the University of Minnesota [21]. Compared to no treatment and IL-15 controls, the CAM1615HER TriKE statistically induced more degranulation (CD107a) on ascites NK cells against MA148 targets (Figure 5A, left). It is important to note however that rescue was not complete when comparing to the level of degranulation seen on normal donor PBMC NK cells treated with the CAM1615HER2 TriKE, highlighting the lasting negative of effects of the ovarian cancer tumor microenvironment on NK cell function (Figure 5A, right). Similarly, the CAM1615HER2 TriKE amplified ascites NK cell inflammatory cytokine production (IFNγ) against MA148s more than controls, but not to the level seen with normal donor PBMC NK cells (Figure 5B). Thus, although the ovarian cancer tumor microenvironment limits maximal NK cell function, in part due to decreased CD16 NK expression in that environment [20], the CAM1615HER2 TriKE still amplified function on these cells, thus demonstrating clinical relevance.




3.6. CAM1615HER2 TriKE Demonstrates Tumor Control in Xenogeneic Ovarian Cancer Model


The in vivo efficacy of the CAM1615HER2 TriKE was determined in xenogeneic mouse models containing human NK cells and SKOV3 cells (Figure 6A). Briefly, NSG mice were irradiated and engrafted intraperitoneally (IP) with luciferase-expressing SKOV3 tumor cells prior to receiving a dose of enriched human NK cells (also IP). Mice were then treated with nothing (no treatment), a control TriKE that did not induce activation against SKOV-3 but did induce proliferation (Supplementary Figure S5A–C), or CAM1615HER2 TriKE. Evaluation of tumor load at about day 40 using bioluminescent imaging (BLI) showed a clear differential between the mice that received CAM1615HER2 TriKE and the ones that received only NK cells or NK cells plus the control TriKE, demonstrating higher BLIs in the latter groups (Figure 6B). BLI tracking over the course of the experiment demonstrated that tumor load between the three groups started segregating around day 30, with maximal differences noted at about day 47, with the CAM1615HER2 TriKE demonstrating highly significant and superior tumor control (Figure 6C,D). It is important to note that while the control TriKE is capable of inducing NK cell expansion, it demonstrated reduced tumor control when compared to the CAM1615HER2 TriKE. Survival tracking after the end of BLI showed that five of six animals in the untreated group died by day 52, while there was still a 50% survivorship by day 72 in the CAM1615HER2 TriKE treated group (Figure 6E). The difference was significant by the Student t test (p < 0.05). Together, these data confirmed that the CAM1615HER2 TriKE is efficacious in inhibiting the growth of human ovarian carcinomas in a xenogeneic model and that the in vivo efficacy was highly specific.





4. Discussion


Surgical and chemotherapeutic approaches to the treatment of distal ovarian cancer remain largely ineffective, demanding new approaches to this lethal gynecologic malignancy [22]. Immunotherapeutic approaches that offer specific targeting of the cells to the tumor, via exploitation of tumor antigens, are a promising path to resolving this issue. One such tumor antigen is HER2. In ovarian cancer, levels of HER2 expression are controversial, but ovarian cancer is a complex disease with many histological subtypes including serous, mucinous, endometrioid, and clear cell cancer. HER2 expression can differ according to subtype. For example, HER2 positivity is higher in serous (29%) and mucinous carcinoma (38%) compared to endometrioid (20%) and clear cell carcinoma (23.1%) [23]. Thus, reported differences may be an issue of cancer subtype. Still, the association between HER2 expression and poor ovarian cancer prognosis is well recognized [24,25,26].



HER2 (Epidermal Growth Factor Receptor 2, HER2/neu, CD340) targeting via trastuzumab (Herceptin) or pertuzumab has demonstrated relatively good levels of success in breast cancer [5]. Additionally, it has been used to treat patients presenting with HER2+ gastric cancer [27] and esophageal cancer (ClinicalTrials.gov Identifier: NCT02954536). Trastuzumab, the first agent targeting HER2, was first approved for medical use in the United States over twenty years ago and since has been included on the World Health Organization’s List of Essential Medicines comprising the most effective and safe medicines needed in healthcare [28]. Early clinical studies of trastuzumab showed significant overall survival in late-stage (metastatic) HER2-positive breast cancer from 20.3 to 25.1 months [29], and regarding early stage HER2-positive breast cancer, it reduced the risk of relapse following surgery. Clearly, trastuzumab has shown immense value in treatment of HER2-positive metastatic breast cancer [30,31]. Adverse events are remarkably low.



Utilization of trastuzumab and pertuzumab in ovarian cancer has resulted in far less impressive clinical outcomes, despite confirmed HER2 expression in many of these settings [32]. Thus, we set out to alter the mechanism of action for targeting the tumor in this setting. While antibodies can mediate NK ADCC, natural killer cells differ from T cells in that activating receptor triggering alone, in this case through CD16, does not induce NK cells expansion and survival [9]. Higher NK cell numbers within the ascites of ovarian cancer patients have been correlated to increased survival and better outcomes [33]; therefore, we hypothesized that combining an HER2-targeted ADCC with an NK specific proliferation signal would greatly enhance endogenous NK cell activity in the ovarian cancer setting. Thus, there is a good rationale for combining HER2 targeting therapeutic antibodies with IL-15. However, while recombinant human IL-15 and IL-15 receptor complexes are actively being evaluated in the clinic, untargeted delivery of IL-15 has been shown to have some toxicities and induce robust expansion of CD8 T cells that would compete for IL-15 with the NK cells meant to mediate ADCC [34,35,36,37,38]. A molecule that drives targeted delivery of IL-15 to NK cells and mediates HER2 targeting could circumvent this issue. The CAM1615HER2 TriKE molecule described here does just that. Our pre-clinical data show that the CAM1615HER2 TriKE induces activity against HER2-expressing tumors, activates NK cells via CD16 resulting in specific killing of ovarian cancer spheroids, drives specific NK cell expansion, and induces control of the ovarian tumor in vivo. Although no overt toxicity was noted with the TriKE treatment group, as assessed by enhanced survival in this group, it is important to note that the TriKE does not engage mouse CD16 or HER2. The SKOV3luc xenogeneic model used has some other limitations, including likely lack of focalized tumor at the time of NK cell injection and start of treatment. However, it is clear the CAM1615HER2 TriKE was efficient at controlling the tumor and enhancing survival in this setting. Future studies, utilizing better established focalized tumor models, might better shed light onto how well the TriKE can function in the solid tumor microenvironment.



Of particular relevance to immunotherapeutic approaches in this setting, the ovarian cancer tumor microenvironment is suppressive and can affect the functional characteristics of local immune cells [39]. This includes NK cells, and we and others have shown a decrease in CD16 expression on NK cells derived from the ascites of ovarian cancer patients [20,39,40]. CD16 mediates ADCC on NK cells, so it is plausible, at least in the context of the patient NK cells, that this phenomenon is responsible for failure of trastuzumab and pertuzumab to drive tumor clearance in ovarian cancer patients. This is also the likely reason why we saw reduced activity with the CAM1615HER2 TriKE on ascites NK cells, versus the normal donor peripheral blood NK cells, albeit we did see significant increases in activity when compared to the controls. While the CD16 reduction in expression within the ovarian tumor microenvironment may impact the ADCC mechanism of the TriKE, and the therapeutic antibodies, it has been shown that localization of IL-15 at the site of the tumor results in enhanced NK cell activity against the tumor and tumor clearance [41]. We and others have shown that IL-15 can enhance natural cytotoxicity on NK cells [20,33,42,43], a process that is independent of CD16 expression, so inclusion of the IL-15 moiety within the CAM1615HER2 TriKE not only induces NK cell expansion but also provides NK cells priming for a killing mechanism alternative to ADCC. While other therapeutic approaches are being taken to target HER2, such as utilization of CAR T cells [44,45,46], it is important to consider that HER2 expression can also be found in normal ovarian cancer cells [47], raising concerns with safety. However, NK cells have specifically evolved to avoid killing of normal cells through inhibitory receptors on NK cells that interact with cognate HLA on normal cells, adding an extra level of safety to NK cell targeted approaches [7,8]. Thus, toxicities should not be worse than those seen with trastuzumab and pertuzumab. Taken together, these findings argue that the CAM1615HER2 TriKE displays unique characteristics capable of improving on the HER2-targeting antibodies currently in the clinic. Currently, a Phase I/II clinical trial testing a first-generation TriKE, targeting CD33 in myeloid malignancy settings, is underway, and we hope to obtain safety data on this platform soon (CinicalTrials.gov NCT03214666). Our data argue that the CAM1615HER2 TriKE should be tested clinically next in ovarian cancer and other solid tumor settings where HER2 overexpression is present (breast, lung, etc.) with the hope of providing an alternative approach to reduce mortality in these setting.




5. Conclusions


In conclusion, this study focuses on a unique platform technology, incorporating IL-15 as a bispecific antibody cross-linker, thus driving NK-cell-mediated targeting of cancer. TriKEs overcome non-specific mechanisms of natural NK cell cytotoxicity by promoting an antigen-specific synapse resulting in enhanced NK cell-mediated killing, activation, and expansion. HER2 has proven to be one the most useful biological drug targets benefiting thousands of breast cancer patients and was the focus of this study. In both in vitro and in vivo studies, our second-generation HER2 TriKE demonstrated impressive potency and significant anti-tumor effects. The data were particularly important regarding our favorable findings in ovarian cancer models. Previous testing of trastuzumab and pertuzumab faltered in ovarian cancer, but there is possibility that targeting, priming, and precipitous expansion of NK cells promoted by the same molecule will enhance efficacy, even against this difficult solid tumors. Thus, an important contribution of this work is the implementation of a HER2 TriKE to target HER2-positive ovarian cancer and supports of its clinical translation.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers13163994/s1, Figure S1: Determination of CAM1615HER2 TriKE Specificity and Function. Figure S2: Determination of CAM1615HER2 TriKE Function against additional HER2+ ovarian cancer cell lines. Figure S3: Determination of CAM1615HER2 TriKE Function against additional HER2+ cancer cell lines. Figure S4: Activity of Negative Control TriKE. Sequences Patent application WO2021055342A1.





Author Contributions


Conceptualization, D.A.V., J.S.M. and M.F.; Visualization, F.O., B.K., P.H., and M.F.; Formal analysis, B.K. and M.F.; Funding acquisition, D.A.V. and J.S.M.; Resources, D.A.V., M.A.G., J.S.M. and M.F.; Validation, M.F.; Writing—original draft, D.A.V.; Writing—review and editing, D.A.V., J.S.M. and M.F. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Minnesota Ovarian Cancer Alliance (MOCA), the Randy Shaver Cancer Research and Community Fund, the Sarcoma Foundation of America, Minnesota Masonic Charities, and the Killebrew–Thompson Memorial Fund. It was also sup-ported by the US Public Health Service Grant R01-CA72669, P01-CA65493, P01-CA111412, R35 CA197292, and P30 CA077598 awarded by the NCI and the NIAID, DHHS.




Institutional Review Board Statement


Peripheral blood mononuclear cells (PBMCs) were obtained from normal volunteers, while ascites cells were obtained from patients after institutional review board (IRB) approval was granted (protocols 9709M00134 and STUDY00011437), in compliance with guidelines by the Committee on the Use of Human Subjects in Research at the University of Minnesota and in accordance with the Declaration of Helsinki. Mouse studies were carried after approval (protocol 1909-37416A) from the Institutional Animal Care and Use Committee (IACUC) at the University of Minnesota and in compliance with their guidelines.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data is contained within the article or supplementary material.




Acknowledgments


We would like to acknowledge the Translational Therapy Laboratory, Flow Cytometry, and Imaging cores at the University of Minnesota for their excellent services.




Conflicts of Interest


D.A.V., M.F. and J.S.M. receive research support, consulting honoraria, and stock and, with the University of Minnesota, are shared owners of the TriKE technology licensed by the University to GT Biopharma, Inc. This relationship has been reviewed and managed by the University of Minnesota in accordance with its conflict of interest policies.




References


	



American Cancer Society. Cancer Facts & Figures 2021; American Cancer Society: Atlanta, CA, USA, 2021. [Google Scholar]

	



Thibault, B.; Castells, M.; Delord, J.-P.; Couderc, B. Ovarian cancer microenvironment: Implications for cancer dissemination and chemoresistance acquisition. Cancer Metastasis Rev. 2013, 33, 17–39. [Google Scholar] [CrossRef]

	



Timmermans, M.; Sonke, G.; Van de Vijver, K.; van der Aa, M.; Kruitwagen, R. No improvement in long-term survival for epithelial ovarian cancer patients: A population-based study between 1989 and 2014 in the Netherlands. Eur. J. Cancer 2018, 88, 31–37. [Google Scholar] [CrossRef]

	



Yarden, Y.; Sliwkowski, M.X. Untangling the ErbB signalling network. Nat. Rev. Mol. Cell Biol. 2001, 2, 127–137. [Google Scholar] [CrossRef]

	



Luo, H.; Xu, X.; Ye, M.; Sheng, B.; Zhu, X. The prognostic value of HER2 in ovarian cancer: A meta-analysis of observational studies. PLoS ONE 2018, 13, e0191972. [Google Scholar] [CrossRef]

	



Reibenwein, J.; Krainer, M. Targeting signaling pathways in ovarian cancer. Expert Opin. Ther. Targets 2008, 12, 353–365. [Google Scholar] [CrossRef]

	



Rugo, H.S.; Barve, A.; Waller, C.F.; Hernandez-Bronchud, M.; Herson, J.; Yuan, J.; Sharma, R.; Baczkowski, M.; Kothekar, M.; Loganathan, S.; et al. Effect of a Proposed Trastuzumab Biosimilar Compared with trastuzumab on overall response rate in patients with erbb2 (her2)–positive metastatic breast cancer: A randomized clinical trial. JAMA 2017, 317, 37–47. [Google Scholar] [CrossRef] [PubMed]

	



Urruticoechea, A.; Rizwanullah, M.; Im, S.-A.; Ruiz, A.C.S.; Láng, I.; Tomasello, G.; Douthwaite, H.; Crnjevic, T.B.; Heeson, S.; Eng-Wong, J.; et al. Randomized Phase III Trial of trastuzumab plus capecitabine with or without pertuzumab in patients with human epidermal growth factor receptor 2–positive metastatic breast cancer who experienced disease progression during or after trastuzumab-based therapy. J. Clin. Oncol. 2017, 35, 3030–3038. [Google Scholar] [CrossRef]

	



Menderes, G.; Bonazzoli, E.; Bellone, S.; Altwerger, G.; Black, J.D.; Dugan, K.; Pettinella, F.; Masserdotti, A.; Riccio, F.; Bianchi, A.; et al. Superior in vitro and in vivo activity of trastuzumab-emtansine (T-DM1) in comparison to trastuzumab, pertuzumab and their combination in epithelial ovarian carcinoma with high HER2/neu expression. Gynecol. Oncol. 2017, 147, 145–152. [Google Scholar] [CrossRef] [PubMed]

	



Vallera, D.A.; Felices, M.; McElmurry, R.; McCullar, V.; Zhou, X.; Schmohl, J.U.; Zhang, B.; Lenvik, A.J.L.; Panoskaltsis-Mortari, A.; Verneris, M.R.; et al. IL15 Trispecific Killer Engagers (TriKE) Make Natural Killer Cells Specific to CD33+ Targets While Also Inducing Persistence, In Vivo Expansion, and Enhanced Function. Clin. Cancer Res. 2016, 22, 3440–3450. [Google Scholar] [CrossRef] [PubMed]

	



Felices, M.; Lenvik, T.R.; Kodal, B.; Lenvik, A.J.; Hinderlie, P.; Bendzick, L.E.; Schirm, D.K.; Kaminski, M.F.; McElmurry, R.T.; Geller, M.A.; et al. Potent Cytolytic Activity and Specific IL15 Delivery in a 2nd Generation Trispecific Killer Engager. Cancer Immunol. Res. 2020, 8, 1139–1149. [Google Scholar] [CrossRef]

	



Vallera, D.A.; Ferrone, S.; Kodal, B.; Hinderlie, P.; Bendzick, L.; Ettestad, B.; Hallstrom, C.; Zorko, N.A.; Rao, A.; Fujioka, N.; et al. NK-Cell-Mediated Targeting of Various Solid Tumors Using a B7-H3 Tri-Specific Killer Engager In Vitro and In Vivo. Cancers 2020, 12, 2659. [Google Scholar] [CrossRef]

	



Vincke, C.; Loris, R.; Saerens, D.; Martinez-Rodriguez, S.; Muyldermans, S.; Conrath, K. General Strategy to Humanize a Camelid Single-domain Antibody and Identification of a Universal Humanized Nanobody Scaffold. J. Biol. Chem. 2009, 284, 3273–3284. [Google Scholar] [CrossRef]

	



Behar, G.; Siberil, S.; Groulet, A.; Chames, P.; Pugniere, M.; Boix, C.; Sautes-Fridman, C.; Teillaud, J.-L.; Baty, D. Isolation and characterization of anti-Fc RIII (CD16) llama single-domain antibodies that activate natural killer cells. Protein Eng. Des. Sel. 2007, 21, 1–10. [Google Scholar] [CrossRef]

	



Batra, J.K.; Kasprzyk, P.G.; Bird, R.E.; Pastan, I.; King, C.R. Recombinant anti-erbB2 immunotoxins containing Pseudomonas exotoxin. Proc. Natl. Acad. Sci. USA 1992, 89, 5867–5871. [Google Scholar] [CrossRef] [PubMed]

	



Vallera, D.A.; Todhunter, D.; Kuroki, D.W.; Shu, Y.; Sicheneder, A.; Panoskaltsis-Mortari, A.; Vallera, V.D.; Chen, H. Molecular modification of a recombinant, bivalent anti-human CD3 immunotoxin (Bic3) results in reduced in vivo toxicity in mice. Leuk. Res. 2005, 29, 331–341. [Google Scholar] [CrossRef]

	



Worsham, M.J.; Chen, K.M.; Meduri, V.; Nygren, A.O.H.; Errami, A.; Schouten, J.P.; Benninger, M.S. epigenetic events of disease progression in head and neck squamous cell carcinoma. Arch. Otolaryngol. Head Neck Surg. 2006, 132, 668–677. [Google Scholar] [CrossRef] [PubMed]

	



Betts, M.R.; Koup, R.A. Detection of T-Cell Degranulation: CD107a and b. Methods Cell Biol. 2004, 75, 497–512. [Google Scholar] [CrossRef]

	



Alter, G.; Malenfant, J.; 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] [PubMed]

	



Felices, M.; Chu, S.; Kodal, B.; Bendzick, L.; Ryan, C.; Lenvik, A.; Boylan, K.; Wong, H.; Skubitz, A.; Miller, J.; et al. IL-15 super-agonist (ALT-803) enhances natural killer (NK) cell function against ovarian cancer. Gynecol. Oncol. 2017, 145, 453–461. [Google Scholar] [CrossRef]

	



Subramanian, I.V. Adeno-Associated Virus-Mediated Delivery of a Mutant Endostatin in Combination with Carboplatin Treatment Inhibits Orthotopic Growth of Ovarian Cancer and Improves Long-term Survival. Cancer Res. 2006, 66, 4319–4328. [Google Scholar] [CrossRef] [PubMed]

	



Torre, L.A.; Trabert, B.; DeSantis, C.E.; Mph, K.D.M.; Samimi, G.; Runowicz, C.D.; Gaudet, M.M.; Jemal, A.; Siegel, R.L. Ovarian cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 284–296. [Google Scholar] [CrossRef]

	



Shang, A.-Q.; Wu, J.; Bi, F.; Zhang, Y.-J.; Xu, L.-R.; Li, L.-L.; Chen, F.-F.; Wang, W.-W.; Zhu, J.-J.; Liu, Y.-Y. Relationship between HER2 and JAK/STAT-SOCS3 signaling pathway and clinicopathological features and prognosis of ovarian cancer. Cancer Biol. Ther. 2017, 18, 314–322. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.; Wang, J.; Zhang, L.; Wu, D.; Yu, D.; Tian, X.; Liu, J.; Jiang, X.; Shen, Y.; Zhang, L.; et al. Expressions of fatty acid synthase and HER2 are correlated with poor prognosis of ovarian cancer. Med. Oncol. 2014, 32, 391. [Google Scholar] [CrossRef]

	



Berchuck, A.; Kamel, A.; Whitaker, R.; Kerns, B.; Olt, G.; Kinney, R.; Soper, J.T.; Dodge, R.; Clarke-Pearson, D.L.; Marks, P. Overexpression of HER-2/neu is associated with poor survival in advanced epithelial ovarian cancer. Cancer Res. 1990, 50, 4087–4091. [Google Scholar]

	



McKeage, K.; Perry, C.M. Trastuzumab: A review of its use in the treatment of metastatic breast cancer overexpressing HER2. Drugs 2002, 62, 209–243. [Google Scholar] [CrossRef]

	



Boku, N. HER2-positive gastric cancer. Gastric Cancer 2014, 17, 1–12. [Google Scholar] [CrossRef]

	



World Health Organization. 19th WHO Model List of Essential Medicines. Available online: https://www.who.int/groups/expert-committee-on-selection-and-use-of-essential-medicines/essential-medicines-lists (accessed on 8 December 2016).

	



Hudis, C.A. Trastuzumab—Mechanism of Action and Use in Clinical Practice. New Engl. J. Med. 2007, 357, 39–51. [Google Scholar] [CrossRef] [PubMed]

	



Tan, A.R.; Swain, S. Ongoing adjuvant trials with trastuzumab in breast cancer. Semin. Oncol. 2003, 30, 54–64. [Google Scholar] [CrossRef]

	



Moja, L.; Tagliabue, L.; Balduzzi, S.; Parmelli, E.; Pistotti, V.; Guarneri, V.; D’Amico, R. Trastuzumab containing regimens for early breast cancer. Cochrane Database Syst. Rev. 2012, 2012, CD006243. [Google Scholar] [CrossRef]

	



Teplinsky, E.; Muggia, F. EGFR and HER2: Is there a role in ovarian cancer? Transl. Cancer Res. 2015, 4, 107–117. [Google Scholar] [CrossRef]

	



Evert, J.S.H.-V.; Maas, R.J.; Van Der Meer, J.; Cany, J.; Van Der Steen, S.; Jansen, J.H.; Miller, J.S.; Bekkers, R.; Hobo, W.; Massuger, L.; et al. Peritoneal NK cells are responsive to IL-15 and percentages are correlated with outcome in advanced ovarian cancer patients. Oncotarget 2018, 9, 34810–34820. [Google Scholar] [CrossRef] [PubMed]

	



Romee, R.; Cooley, S.; Berrien-Elliott, M.M.; Westervelt, P.; Verneris, M.R.; Wagner, J.E.; Weisdorf, D.J.; Blazar, B.R.; Ustun, C.; DeFor, T.E.; et al. First-in-human phase 1 clinical study of the IL-15 superagonist complex ALT-803 to treat relapse after transplantation. Blood 2018, 131, 2515–2527. [Google Scholar] [CrossRef] [PubMed]

	



Cooley, S.; He, F.; Bachanova, V.; Vercellotti, G.M.; DeFor, T.E.; Curtsinger, J.M.; Robertson, P.; Grzywacz, B.; Conlon, K.C.; Waldmann, T.A.; et al. First-in-human trial of rhIL-15 and haploidentical natural killer cell therapy for advanced acute myeloid leukemia. Blood Adv. 2019, 3, 1970–1980. [Google Scholar] [CrossRef] [PubMed]

	



Miller, J.S.; Morishima, C.; McNeel, D.G.; Patel, M.R.; Kohrt, H.E.; Thompson, J.A.; Sondel, P.M.; Wakelee, H.A.; Disis, M.L.; Kaiser, J.C.; et al. A First-in-Human Phase I Study of Subcutaneous Outpatient Recombinant Human IL15 (rhIL15) in Adults with Advanced Solid Tumors. Clin. Cancer Res. 2017, 24, 1525–1535. [Google Scholar] [CrossRef] [PubMed]

	



Conlon, K.C.; Lugli, E.; Welles, H.; Rosenberg, S.A.; Fojo, A.T.; Morris, J.C.; Fleisher, T.A.; Dubois, S.P.; Perera, L.P.; Stewart, D.M.; et al. Redistribution, hyperproliferation, activation of natural killer cells and CD8 T cells, and cytokine production during first-in-human clinical trial of recombinant human interleukin-15 in patients with cancer. J. Clin. Oncol. 2015, 33, 74–82. [Google Scholar] [CrossRef]

	



Conlon, K.C.; Potter, E.L.; Pittaluga, S.; Lee, C.-C.; Miljković, M.; Fleisher, T.A.; Dubois, S.; Bryant, B.R.; Petrus, M.N.; Perera, L.P.; et al. IL15 by Continuous Intravenous Infusion to Adult Patients with Solid Tumors in a Phase I Trial Induced Dramatic NK-Cell Subset Expansion. Clin. Cancer Res. 2019, 25, 4945–4954. [Google Scholar] [CrossRef]

	



Yigit, R.; Massuger, L.F.; Figdor, C.; Torensma, R. Ovarian cancer creates a suppressive microenvironment to escape immune elimination. Gynecol. Oncol. 2010, 117, 366–372. [Google Scholar] [CrossRef]

	



Belisle, J.A.; Gubbels, J.A.A.; Raphael, C.A.; Migneault, M.; Rancourt, C.; Connor, J.P.; Patankar, M.S. Peritoneal natural killer cells from epithelial ovarian cancer patients show an altered phenotype and bind to the tumour marker MUC16 (CA125). Immunology 2007, 122, 418–429. [Google Scholar] [CrossRef]

	



Liu, R.B.; Engels, B.; Arina, A.; Schreiber, K.; Hyjek, E.; Schietinger, A.; Binder, D.C.; Butz, E.; Krausz, T.; Rowley, D.A.; et al. Densely Granulated Murine NK Cells Eradicate Large Solid Tumors. Cancer Res. 2012, 72, 1964–1974. [Google Scholar] [CrossRef]

	



Wagner, J.A.; Rosario, M.; Romee, R.; Berrien-Elliott, M.; Schneider, S.E.; Leong, J.W.; Sullivan, R.P.; Jewell, B.A.; Becker-Hapak, M.; Schappe, T.; et al. CD56bright NK cells exhibit potent antitumor responses following IL-15 priming. J. Clin. Investig. 2017, 127, 4042–4058. [Google Scholar] [CrossRef]

	



Steel, J.; Waldmann, T.A.; Morris, J.C. Interleukin-15 biology and its therapeutic implications in cancer. Trends Pharmacol. Sci. 2012, 33, 35–41. [Google Scholar] [CrossRef] [PubMed]

	



Feng, K.; Liu, Y.; Guo, Y.; Qiu, J.; Wu, Z.; Dai, H.; Yang, Q.; Wang, Y.; Han, W. Phase I study of chimeric antigen receptor modified T cells in treating HER2-positive advanced biliary tract cancers and pancreatic cancers. Protein Cell 2018, 9, 838–847. [Google Scholar] [CrossRef]

	



Ahmed, N.; Brawley, V.; Hegde, M.; Bielamowicz, K.; Kalra, M.; Landi, D.; Robertson, C.; Gray, T.L.; Diouf, O.; Wakefield, A.; et al. HER2-Specific Chimeric Antigen Receptor–Modified Virus-Specific T Cells for Progressive Glioblastoma: A Phase 1 Dose-Escalation Trial. JAMA Oncol. 2017, 3, 1094–1101. [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] [PubMed]

	



Lanitis, E.; Dangaj, D.; Hagemann, I.; Song, D.-G.; Best, A.; Sandaltzopoulos, R.; Coukos, G.; Powell, D.J., Jr. Primary Human Ovarian Epithelial Cancer Cells Broadly Express HER2 at Immunologically-Detectable Levels. PLoS ONE 2012, 7, e49829. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 03994 g001 550] 





Figure 1. Methodology for generation of CAM1615HER2 TriKE. (A) Schematic depicting CAM1615HER2 consisting of (left to right) camelid anti-CD16 VHH, human IL-15, and anti-HER2 scFv. (B) Flow chart of TriKE production and purification schema. 
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Figure 2. CAM1615HER2 TriKE induces specific NK cell expansion. PBMCs were CellTrace labeled and put in culture with nothing (NT), recombinant human IL-15 (IL15; 30 nM), or the CAM1615HER2 TriKE (30 nM) for 7 days (n = 6). Cells were then harvested and stained for surface markers to differentiate proliferation on NK cells (CD3−CD56+; A–C) or T cells (CD3+CD56−; D,E). The first column of panels shows the total proportion of cells that proliferated (A,D), the second column shows the proportion of cells that proliferated beyond three divisions (B,E), and the final column shows the total number of cells present (C,F). Error bars display mean ± SEM, and statistical significance was shown as * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 3. CAM1615HER2 TriKE mediates NK cell activation against ovarian cancer cell lines. To determine the ability of the CAM1615HER2 TriKE to induce NK cell activation against ovarian cancer cells, PBMCs were incubated with SKOV3 cells (A,B), OVCAR3 cells (C,D), and OVCAR5 cells (E,F) for 5 h with noted treatments (30 nM) and degranulation (CD107a: A,C,E), and intracellular cytokine production (IFNγ: B,D,F) was evaluated on NK cells by flow cytometry (n = 4). NT = No treatment (NK alone) and IL15 = treatment with recombinant IL-15. Error bars display mean ± SEM, and statistical significance was shown as * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 4. CAM1615HER2 TriKE induces enhanced ovarian cancer spheroid killing. GFP-expressing SKOV3 cells were plated in 96-well ULA plates and allowed to form spheroids for 3 days within the IncuCyte S3 at 37 °C/5% CO2. Magnetically enriched NK cells were added in the presence of no treatment, 30 nM CAM16 VHH, 30 nM IL-15, or 30 nM CAM1615HER2 TriKE. Spheroids were then imaged every 45 min over a three-day period. (A) Representative spheroid images with noted treatments at 0, 24, 48, and 72 h post treatment. (B) Quantification of spheroid size and (C) intensity over a 72 h period normalized by % change (of tumor alone) at each time point (two separate experiments with 7 technical replicates per condition per experiment). 
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Figure 5. CAM1615HER2 TriKE can activate ovarian cancer patient NK cells. To evaluate the ability of the CAM1615HER2 TriKE to induce activity on NK cells from the relevant tumor microenvironment, ascites (left column) was obtained from high-grade ovarian cancer patients at the time of surgical debulking and compared to PBMCs (right column) from normal donors. Cells were incubated with MA148 ovarian cancer cells and noted treatments (at 30 nM) for 5 h and surface CD107a expression (A) and intracellular IFNγ expression (B) were evaluated on NK cells by flow cytometry (n = 9). Error bars display mean ± SEM, and statistical significance was shown as * p < 0.05. 
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Figure 6. CAM1615HER2 TriKE mediates ovarian cancer control in the xenogeneic model. (A) Schematic of SKOV3-luc xenogeneic NSG mouse model with enriched NK cells. (B) Representative BLI images of different treatment groups (control TriKE, CAM1615HER2 TriKE, and no treatment) at about day 40 after the beginning of treatment. (C) Single experiment line graph of BLI images throughout the study until day 47, where the last BLI was taken (n = 5–7 mice/group). (D) Scatter plot of pooled BLI data combining two experiments showing tumor load at day 47 of mice treated with CAM1615HER2 TriKE (n = 10), control TriKE (n = 5), or no treatment (n = 12) when HER2 TriKE treatment is compared to control TriKE treatment or no treatment controls. (E) Kaplan Meier survival curve of confirmatory experiment demonstrating survival of animals within each treatment group (n = 6). Error bars display mean ± SEM, and statistical significance was shown as * p < 0.05, ** p < 0.01, and **** p < 0.0001. 
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