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Preclinical Characterization of a Novel Monoclonal Antibody NEO-201 for the Treatment of Human Carcinomas
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NEO-201 is a novel humanized IgG1 monoclonal antibody that was derived from an immunogenic preparation of tumor-associated antigens from pooled allogeneic colon tumor tissue extracts. It was found to react against a variety of cultured human carcinoma cell lines and was highly reactive against the majority of tumor tissues from many different carcinomas, including colon, pancreatic, stomach, lung, and breast cancers. NEO-201 also exhibited tumor specificity, as the majority of normal tissues were not recognized by this antibody. Functional assays revealed that treatment with NEO-201 is capable of mediating both antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) against tumor cells. Furthermore, the growth of human pancreatic xenograft tumors in vivo was largely attenuated by treatment with NEO-201 both alone and in combination with human peripheral blood mononuclear cells as an effector cell source for ADCC. In vivo biodistribution studies in human tumor xenograft-bearing mice revealed that NEO-201 preferentially accumulates in the tumor but not organ tissue. Finally, a single-dose toxicity study in non-human primates demonstrated safety and tolerability of NEO-201, as a transient decrease in circulating neutrophils was the only related adverse effect observed. These findings indicate that NEO-201 warrants clinical testing as both a novel diagnostic and therapeutic agent for the treatment of a broad variety of carcinomas.

Keywords: monoclonal antibody, tumor-associated antigen, antibody-dependent cellular cytotoxicity, complement-dependent cytotoxicity, natural killer cell

INTRODUCTION

Cancer represents one of the most frequent causes of mortality worldwide, with an estimated 20 million new cases expected annually as early as 2025 (1). Conventional methods of treating cancer, such as surgery, radiation, and chemotherapy, often elicit severe side-effects yet fail to cure the majority of patients with advanced disease, leading to relapse (2). More recent treatment modalities have been developed to selectively target cancerous cells while largely sparing normal healthy tissues. Among them, immunotherapy has become an important treatment option for cancer patients as it revolutionizes the field of cancer medicine.

An underlying principle of cancer immunotherapy is known as immunoediting (3), which is an extrinsic mechanism of cancer suppression that initiates only after cellular transformation has occurred and intrinsic mechanisms of cancer suppression have failed. The immunoediting process occurs in three phases; elimination, equilibrium, and escape. During the elimination and equilibrium phases, respectively, immune rejection of cancer cells either predominates or balances with cancer cell proliferation to control malignant growth. In the escape phase, however, cancer cells once held in check may escape immune recognition due to insensitivity to immune effector mechanisms and/or induction of immune suppression in the tumor microenvironment. Cancer cells that escape immune recognition are then able to more freely proliferate and grow into clinically apparent disease (4). The aim of cancer immunotherapy is to keep cancer cells in the elimination and/or equilibrium phase by generating and/or amplifying antitumor immune responses to counteract tumor growth, delay tumor recurrence, and prolong survival (5–8). Common approaches include treating patients with checkpoint inhibitory antibodies, antitumor vaccines, and chimeric antigen receptor-T cells, all of which leverage adaptive immunity by T cells. However, innate immunity can also generate and potentiate antitumor responses, and tumor-targeting monoclonal antibodies (mAbs) can be used to stimulate innate antitumor immunity (9).

NEO-201 is a novel humanized IgG1 mAb that was generated against the Hollinshead allogeneic colorectal cancer vaccine platform (10, 11). The immunogenic components of this vaccine were tumor-associated antigens (TAAs) that were derived from tumor membrane fractions pooled from surgically resected specimens from 79 patients with colon cancer (12). These membrane fractions were semi-purified, screened for delayed-type hypersensitivity in colon cancer patients versus healthy volunteers, and evaluated in clinical trials in patients with refractory colorectal cancer (12–14). These trials reported clinical benefit as defined by both antitumor response and significant prolongation in overall survival in patients who developed a sustained IgG response in addition to a cell-mediated response against the vaccine, thereby suggesting that the vaccine contained immunogenic components capable of generating antitumor antibodies (15). This original colorectal cancer vaccine was used to generate monoclonal antibodies in mice, yielding the previously described ensituximab (NPC-1C/NEO-102) (16–19) and NEO-201. Preliminary investigation indicates that NEO-201 may bind tumor-associated variants of CEACAM family members (20), and efforts are underway to further characterize the antigen(s) and specific epitope(s) recognized by NEO-201.

Monoclonal antibodies consist of a unique antigen-binding region (fragment antigen-binding, Fab) that is specific to a given mAb, and a constant region (fragment crystallizable, Fc) that is common to all mAbs of the same isotype. The Fc region is capable of modulating immune cell activity by engaging with Fc receptor family members expressed on the surface of specific immune cell types. In particular, human IgG1 mAbs can interact with Fc gamma receptor IIIa (FcγRIIIa, CD16) expressed on macrophages and natural killer (NK) cells. This interaction can stimulate macrophages to phagocytose mAb-opsonized cancer cells and can activate NK cells to degranulate and lyse cancer cells through a mechanism known as antibody-dependent cellular cytotoxicity (ADCC). ADCC has been shown to be a key mediator of antitumor effects in vivo in many preclinical studies and plays an important role in the mechanism of action of several mAbs used for cancer therapy (21). Examples of clinically approved mAbs, that can mediate ADCC, include trastuzumab, which targets the HER2 receptor for breast cancer (21, 22); rituximab, which targets the pan-B-cell marker CD20 for lymphoma (21, 23); cetuximab, which targets the epidermal growth factor receptor for colorectal and head and neck cancer (21, 24–26); and avelumab, which targets the immunosuppressive ligand PD-L1 for Merkel cell carcinoma and bladder cancer (27). Additionally, the Fc region can also interact with the C1 complex to activate complement-dependent cytotoxicity (CDC), in which a proteolytic cascade culminates in the formation of pores in the plasma membrane that cause the lysis of cells targeted by the antibody. Antitumor CDC can be readily demonstrated in vitro, but whether it is crucial for the clinical efficacy of mAb therapy in cancer remains controversial (28).

This study was undertaken to assess the in vitro binding characteristics and in vivo activity and localization of NEO-201 in preclinical models in preparation for assessing its safety and efficacy in clinical trials. NEO-201 exhibited broad reactivity against a range of human carcinoma cell lines and tumor tissues, but was not observed to bind the majority of healthy tissues. In addition, NEO-201 exhibited both ADCC and CDC activity against human carcinoma cells in vitro and largely attenuated the growth of human pancreatic xenograft tumors in vivo both alone and in combination with human peripheral blood mononuclear cells (PBMCs) as the effector cell source for ADCC. Finally, a single-dose toxicity study in non-human primates demonstrated safety and tolerability of NEO-201, as a transient decrease in circulating neutrophils was the only adverse effect observed. These studies provide the rationale for the potential clinical utility of NEO-201 as a novel therapeutic agent for the treatment of a wide variety of solid tumors.

MATERIALS AND METHODS

Cell Lines and Culture

The following human carcinoma cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA): colon (COLO 205, HT-29, LS174T, SW1116, SW1463, SW480), pancreas (ASPC-1, BxPC-3, CAPAN-2, CFPAC-1, PANC-1), breast (AU-565, BT-474, BT-549, HCC1500, HCC1937, HCC38, MDA-MB-468, SK-BR-3, T-47D, ZR-75-1), and lung (CALU-1, H1703, H226, H441, H520, H522, HCC4006, HCC827, SK-LU-1). All cell cultures were maintained in RPMI 1640, DMEM, or IMDM culture medium (Corning, Corning, NY, USA) as designated by the provider for propagation and maintenance. Culture medium was supplemented with 10% USA-sourced and heat-inactivated HyClone Fetal Bovine Serum Defined (GE Healthcare Life Sciences, Issaquah, WA, USA), 100 U/mL penicillin, 100 μg/mL streptomycin (Corning Life Science, Manassas, VA, USA). PBMCs from healthy volunteer donors were obtained from the National Institutes of Health Clinical Center Blood Bank (NCT00001846) under the appropriate Institutional Review Board approval and informed consent.

Generation of the Humanized NEO-201 mAb

The Hollinshead colon cancer-specific vaccine was used as the immunogenic material to generate monoclonal antibodies in mice. The method for the preparation of tumor-associated proteins and peptides has been previously described (13). In brief, cancer tissue was minced and used to generate a single cell suspension that was then subjected to hypotonic saline membrane extraction, a series of centrifugation steps, and followed with low frequency sonication. The resulting membrane-extracted proteins were fractionated on Sephadex G-200 resin or by electrophoretic methods, then concentrated and quantitated (10–12). The TAA preparation was admixed with complete Freund’s adjuvant and injected subcutaneously in BALB/c mice. This was followed by three booster injections in incomplete Freund’s adjuvant, separated by 2–3 weeks. Mouse serum was tested by ELISA for antibody responses against the immunizing antigen and mice with potent responses were used to generate immortalized hybridoma cells by fusing the mouse B cells from the spleen with the SP2/0-Ag14 myeloma cell line and selecting cells that grew and produced mouse immunoglobulins (IgGs). From these mouse IgGs, the murine 16C3 clone (m16C3) was chosen based upon reactivity with colon tumor cell membrane extract derived from LS174T or HT-29 cells as determined by ELISA. The cDNAs encoding the heavy and light chain IgG1 were determined from RNA isolated from hybridoma clone 16C3 E12 and shown to be unique (14). As described in the US patent 7829678, the m16C3 protein sequence was humanized as h16C3 and designated NEO-201. Humanization was performed in silico by replacing mouse sequences outside the complementarity-determining regions (CDRs) of the Fab region of both heavy and light chain proteins with human Fab sequences, and retaining the three mouse CDR sequences from each chain. The Fc regions of the heavy and light chains were selected from human IgG1 isotype used in other humanized approved mAb products. The amino acid sequence was back-translated to DNA, which was optimized for protein expression in CHO cells. The DNA for heavy and light chain h16C3 was then synthesized chemically, cloned into mammalian expression plasmids, and transfected into mammalian cell lines (HEK293T and CHO). Several stable CHO cell lines expressing recombinant h16C3 were derived and banked. Purified recombinant h16C3 was retested in studies which verified that the humanized 16C3 antibody had similar characteristics as the original m16C3 antibody (14).

Flow Cytometry

Binding of NEO-201 to human carcinoma cell lines was analyzed by flow cytometry. Cells (1.0 × 106) were incubated with 1 μL per test of LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific, Waltham, MA, USA) in 1× phosphate buffered saline (PBS) for 30 min at 4°C to accomplish live versus dead cell discrimination. Cells were then centrifuged, washed twice with cold PBS, and then stained with Pacific Blue-conjugated NEO-201 antibody (BioLegend, San Diego, CA, USA) in 1× PBS + 1% BSA (Teknova, Hollister, CA, USA) for 30 min at 4°C. After staining, cells were washed twice with cold PBS and examined using a FACSVerse flow cytometer (BD Biosciences, San Jose, CA, USA). Analysis of cellular fluorescence was performed using BD FACSuite software (BD Biosciences, San Jose, CA, USA). Positivity was determined using fluorescence minus one controls. Staining values >10% positive were considered positive for NEO-201 expression. Positive cell lines were ranked according to their quantified expression level (% positive × MFI), and then sorted into groups of low (<200), medium (200–1,000), and high (>1,000) expression.

Immunohistochemistry (IHC)

Tissue microarrays for colon samples (CO808, CO951) were obtained from US Biomax (Rockville, MD, USA), and AccuMax tissue microarrays for colon [A303(I)], pancreas [A207(II), A307], stomach (A209), lung [A206(V), A306], breast [A202(VI), A712], uterus (A212), ovary [A212, A213(II)], prostate [A302(IV)], and various normal [A103(VII)] samples were obtained from Accurate Chemical and Scientific Corporation (Westbury, NY, USA). NEO-201 was biotinylated using the Biotin Protein Labeling Kit (Roche, Basel, Switzerland) as per manufacturer’s instructions. Slides were baked at 60°C for 20 min, deparaffinized with xylene, and rehydrated with a graded ethanol series. Slides were then subjected to peroxide blocking using Peroxidazed I solution (Biocare Medical, Concord, CA, USA) for 2 min, avidin blocking using avidin solution (Biocare Medical, Concord, CA, USA) for 10 min, biotin blocking using biotin solution (Biocare Medica, Concord, CA, USA) for 10 min, and protein blocking using CAS-Block histochemical reagent (Thermo Fisher Scientific, Waltham, MA, USA) for 10 min. Slides were then incubated at room temperature with negative control biotinylated human IgG1 kappa (Ancell, Bayport, MN, USA) or biotinylated NEO-201 at 10 μg/mL diluted in 1× PBS for 2 h. Detection was enabled with Dako streptavidin–HRP conjugate (Agilent Technologies, Santa Clara, CA, USA) at 1:300 for 30 min, incubation with DAB peroxidase substrate (Thermo Fisher Scientific, Waltham, MA, USA) for 1–3 min, and counterstaining with hematoxylin. Each microarray tissue spot was evaluated by light microscopy for cell staining intensity using the following scale: 0 (negative), 1+ (weak), 2+ (moderate), 3+ (strong), 4+ (very strong). A tissue spot was recorded as positive if it contained cells stained with intensity ≥1+.

ADCC Assay

Antibody-dependent cellular cytotoxicity assays were performed using a modification of a previously described procedure (27). Negative selection of NK cells from human donor PBMCs was performed using the EasySep Human NK Cell Isolation Kit (StemCell Technologies, Vancouver, BC, Canada) according to the manufacturer’s protocol. Purified NK cells were incubated overnight in RPMI-1640 medium supplemented with L-glutamine, 10% FBS, and antibiotics. On the day of the assay, target cells (CFPAC-1, ASPC-1) were labeled with 10 μM calcein AM cell-permeant dye (Thermo Fisher Scientific, Waltham, MA, USA) for 30 min and then seeded in triplicate at 3.0 × 103 cells/well into black-walled flat-bottom 96-well culture plates (655090, Greiner Bio-One, Kremsmünster, Austria). Target cells were then treated with 10 μg/mL of human IgG1 isotype control antibody (Thermo Fisher Scientific, Waltham, MA, USA) or NEO-201 antibody unless otherwise indicated, and then NK cells were added at effector-to-target (E:T) ratios of 12.5:1 and 25:1. After 4 h incubation at 37°C, 1.67 μg/mL propidium iodide (PI) (Thermo Fisher Scientific, Waltham, MA, USA) was added to each well, the plate was imaged using the Celigo Imaging Cytometer (Nexcelom Bioscence LLC, Lawrence, MA, USA), and the numbers of live target cells (calcein AM+/PI−) versus dead cells (calcein AM+/PI+ or calcein AM−/PI+) was analyzed and recorded by the Celigo Imaging Cytometer analysis software. Specific ADCC lysis was calculated as follows: % specific lysis = 100 − [(average live target cell count for antibody treated samples/average live target count for control samples) × 100].

Complement-Dependent Cytotoxicity (CDC) Assay

Complement-dependent cytotoxicity assays were performed using a modification of a previously described procedure (29). ASPC-1 target cells were labeled with calcein AM and seeded at 5.0 × 103 cells/well into black-walled 96-well plates as described above in the ADCC assay methodology. Cells were then treated with 0.5 or 5.0 μg/mL NEO-201 for 15 min at 37°C to opsonize the target cells, and then purified rabbit complement (MP Biomedicals, Santa Ana, CA, USA) was added to each well at a final dilution of 1:8. After incubation at 37°C for 30, 60, or 120 min, 1.67 μg/mL propidium iodide was added to each well, plates were imaged and analyzed using the Celigo Imaging Cytometer, and specific lysis was calculated as described above for ADCC activity.

Xenograft Antitumor Assay

Tumors were established in 6-week-old female athymic NU/NU nude mice (Charles River Laboratories International, Wilmington, MA, USA) by implanting a suspension of 4.0 × 106 CFPAC-1 tumor cells in 1× PBS subcutaneously in the right flank of the mice. Once tumors reached ~100 mm3 in size, mice were sorted by tumor volume and randomized into five groups (n = 10 animals). Mice were then injected intraperitoneally with vehicle alone (saline solution), human IgG1 (250 μg), or NEO-201 (100 and 250 μg) on days 13, 17, and 20 post implantation. Mice also received intraperitoneal injection of approximately 1.0 × 107 human PBMCs activated with IL-2 (200 U/mL treated overnight in culture) on days 14, 18, and 21 as a source of immune effector cells. One group of mice was treated similarly with NEO-201 but did not receive human PBMCs. Tumors were measured with digital calipers every 2–3 days, and tumor volumes were calculated according to the formula (width2 × length)/2 = mm3, where width was the shorter of the two measurements. Mice were also weighed weekly as a gross measure of general health. Mice with tumor volumes >2,000 mm3 were sacrificed. These animal experiments were conducted at Biocon, Inc. (Rockville, MD, USA). All experiments were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) review board of Biocon, Inc.

Biodistribution Analysis

The biodistribution study was evaluated in tumor-bearing mice using radiolabeled NEO-201 (by Comparative Biosciences, Sunnyvale, CA, USA) using a procedure described previously (17). Briefly, male and female athymic NU/NU nude mice (Charles River Laboratories International, Wilmington, MA, USA) were injected subcutaneously in the flank with a 200 μL suspension of 4.0 × 106 CFPAC-1 cells in 1× PBS. On day 14 after engraftment, mice were injected intravenously with 20 μCi of 125I-labeled NEO-201 and then necropsied after 1, 2, 4, or 7 days. Blood, tumor tissue, and internal organs (lungs, kidneys, liver, spleen, pancreas, intestines, and stomach) were harvested at each time point (n = 4 animals), all tissues were weighed, and radioactivity in tissues was measured using a gamma counter. Data for each mouse were first calculated as counts per minute/milligram tissue, and then tissue counts per minute values were normalized relative to blood counts per minute values. All experiments were reviewed and approved by the IACUC review board of Comparative Biosciences, Inc.

Single-Dose Toxicity Study in Cynomolgus Monkeys

A single-dose toxicity study was conducted in purpose-bred cynomolgus monkeys to test NEO-201 for pharmacokinetics and toxicity after a single dose of NEO-201. The duration of the study was 15 days from dose administration, with an additional 14 days quarantine prior to dose administration to acclimate the monkeys to the study room. Eight male and eight female animals (two animals/sex/group) were dosed by slow intravenous infusion (approximately 30 ± 5 min infusion) of NEO-201 diluted in saline solution using an infusion pump and plastic disposable syringe with a catheter extension tubing at dose levels of 0, 5, 20, and 49 mg/kg, which was the highest attainable concentration of antibody. Blood samples were drawn in all animals that received NEO-201 at the following time points: pre-dose, 10 min, 1, 2, 4, 6, 24, 48, 72, 96, 168, and 336 h. Serum was prepared from the blood samples for pharmacokinetic and toxicology analysis. Whole blood was used for cellular analysis. NEO-201 levels in the serum were measured by ELISA using the Human Therapeutic IgG1 ELISA kit (Cayman Chemical, Ann Arbor, MI, USA) as per the manufacturer’s instructions. These animal experiments were conducted at SNBL USA, Ltd. (Everett, WA, USA). All experiments were reviewed and approved by the IACUC review board of SNBL USA, Ltd.

Laboratory tests included hematology and coagulation [baseline (BL), days 2, 8, 15]: CBC and differential, activated partial thromboplastin time, fibrinogen and prothrombin time; serum chemistry (BL, days 2, 8, 15): albumin, alkaline phosphatase, ALT, AST, total bilirubin, calcium, total cholesterol, creatine kinase, creatinine, glucose, inorganic phosphorus, total protein, triglyceride, sodium, potassium, chloride, globulin, albumin/globulin ratio, blood urea nitrogen (BUN); and urinalysis (BL, day 15): color, clarity, glucose, ketones, occult blood, protein, bilirubin, nitrites, pH, urobilinogen, leukocytes, volume, specific gravity; bioanalytical analysis (using ELISA)—(BL, 10 min, 1, 2, 4, 6, 24, 48, 72, 96, 168, and 336 h) from Groups 2 through 4 using Phoenix WinNonlin version 6.1 software (Certara USA, Princeton, NJ, USA). Animal body weight measurements were recorded (BL, days 7 and 14), and neutrophil counts were assessed (BL, days 2, 8, 15).

Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Comparisons between two groups were conducted by T-test, and p < 0.05 was considered statistically significant. Comparisons between tumor growth curves were conducted by two-way ANOVA, and p < 0.05 was considered significant. Graphs depict the mean ± SD from one representative experiment performed in triplicate.

RESULTS

NEO-201 Binds to Various Human Carcinoma Cell Lines

Flow cytometry analysis was used to profile a panel of human carcinoma cell lines for NEO-201 binding. The staining profile is summarized in Table 1, and representative histograms from cell lines with high, medium, low, and negative staining is shown in Figure 1. Assessment of the binding activity of NEO-201 revealed that 3/6 (50%) colon cancer cell lines and 4/5 (80%) pancreatic cancer cell lines were highly positive. When non-small cell lung carcinoma cell lines of various histological subtypes were profiled, it was determined that 3/5 (60%) of adenocarcinoma cell lines reacted with NEO-201, while only 1/4 (25%) of squamous cell carcinoma cell lines were found to be positive. Screening of breast cancer cell lines was also conducted. Of the cell lines that expressed either the estrogen receptor (ER) or the progesterone receptor (PR), whether alone or in combination with HER2, 2/4 (50%) stained positively for NEO-201. Of the HER2+ cell lines, whether alone or in combination with ER or PR, 3/4 (75%) were recognized by NEO-201. However, NEO-201 staining was found at low levels on only 1/4 (25%) of triple-negative breast cancer cell lines. In total, 15/30 (50%) of tested tumor cell lines were recognized by NEO-201. These data indicate that NEO-201 is reactive against a broad range of in vitro cultured tumor cell lines and show that distinct differences in antibody reactivity can occur based upon tumor subtype.

TABLE 1 | Flow cytometry analysis of NEO-201 binding to tumor cell lines derived from various types of solid tumors.
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FIGURE 1 | Flow cytometry of NEO-201 binding to human carcinoma cell lines. Representative human carcinoma cell lines with various levels of NEO-201 antigen expression, (A) pancreatic CFPAC-1 (high), (B) non-small cell lung carcinoma H441 (medium), (C) breast HCC1937 (low), and (D) colon SW1116 (negative). Results are expressed as % NEO-201 positive and median fluorescence intensity (MFI) for each cell line. Red, NEO-201-stained cells; black, unstained cells. NEO-201 positivity was defined as % positive ≥10%.



NEO-201 Tissue Staining Is Highly Tumor Specific

Immunohistochemistry was used to investigate NEO-201 reactivity from human tumor samples using tissue microarrays representing dozens of samples for each cancer type. As shown in Figure 2A, immunoreactivity with NEO-201 was completely absent from normal colon, pancreas, stomach, and lung tissues, but was highly positive in the tumor tissues from these organs. Strikingly, staining was found only on the tumor cells, as the surrounding stromal cells were not stained (Figure 2A). IHC staining of the microarray samples determined that NEO-201 was highly reactive against colon cancer (72%), pancreatic cancer (80%), stomach cancer (71%), lung cancer (61%), and breast cancer (55%). Additionally, a sizeable minority of ovarian cancer (26%) samples also exhibited positive staining, but no staining was observed in prostate cancer tissues (Figure 2B). The strongest staining intensity was observed from the pancreatic and colon cancer samples (Figure S1 in Supplementary Material). Excluding prostate cancer, the overall positivity of sampled tumor tissues was 238/377 (63%). Importantly, NEO-201 reactivity was almost entirely absent from normal healthy tissues (Table 2), and from the normal tissues included in the tumor microarrays with the exception of some ovarian samples (Figure 2C). However, the number of tissues in this set of ovarian samples was limited (nine samples). Altogether, these data indicate that NEO-201 recognizes tumor tissues from a wide variety of carcinomas and is highly tumor-specific.
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FIGURE 2 | Immunohistochemistry (IHC) staining of human tumor samples by NEO-201. (A) Representative NEO-201 staining from normal and malignant tissues from colon, pancreas, stomach, and lung samples. All images were obtained at 100×. (B) Quantification of NEO-201 positive staining from the human tumor microarray samples from various carcinoma tissues. (C) Quantification of NEO-201 positive staining from normal tissue included in the human tumor microarray samples. n, number of samples.



TABLE 2 | Immunohistochemistry profile of NEO-201 staining of normal human microarray tissues.
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NEO-201 Mediates ADCC and CDC to Kill Tumor Cells

As a humanized IgG1 antibody, NEO-201 is theorized to be capable of mediating ADCC to kill tumor cells that express the NEO-201 antigen. To investigate this potential mechanism of action, ADCC assays utilizing human NK cells isolated from PBMCs from two different healthy donors were performed on cell lines highly positive for NEO-201 staining (CFPAC-1 and ASPC-1). Treatment with NEO-201 was observed to enhance the killing of both CFPAC-1 and ASPC-1 cells to levels two-fold to six-fold greater than the killing of control IgG1-treated tumor cells (Figure 3A). Titration assays were also conducted and revealed that NEO-201 retains the ability to significantly induce ADCC at doses as low as 0.1 μg/mL (Figure 3B).
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FIGURE 3 | NEO-201 mediates ADCC and CDC against human tumor cell lines. (A) ADCC activity using CFPAC-1 or ASPC-1 cells as target cells. Cells were treated with 10 μg/mL of NEO-201 or human IgG1 (negative control). Purified natural killer (NK) cells from two healthy donors were used as effector cells at the indicated E:T ratios. *Statistically significant (p < 0.05) by T-test. (B) ADCC assay using CFPAC-1 cells treated with increasing doses of NEO-201. NK cells isolated from a healthy donor were used as effector cells at an E:T ratio of 12.5:1. The graph depicts the fold increase in % specific lysis of NEO-201-treated tumor cells versus that of control cells treated with 10 μg/mL human IgG1. *Statistically significant (p < 0.05) by T-test. (C) CDC assay using ASPC-1 cells treated with rabbit complement (1:8 dilution) and the indicated doses of NEO-201 for the indicated durations. *Statistically significant (p < 0.05) by T-test.



Human IgG1 antibodies are also capable of mediating CDC, a complex cascade of proteolytic cleavages that culminates in the activation of the membrane attack complex that lyses antibody-bound target cells. CDC assays revealed that NEO-201 induces complement-mediated lysis of ASPC-1 cells in a manner that was dependent upon both mAb dose and incubation time (Figure 3C). Altogether, these data demonstrate that NEO-201 effectively engages innate immune effector mechanisms to specifically lyse antibody-bound tumor cells in vitro.

NEO-201 Reduces the Growth of Tumor Xenografts Alone and in Combination with Human PBMC Effector Cells

To determine the potential antitumor efficacy of NEO-201, CFPAC-1 cells were grown as tumor xenografts in immunocompromised NU/NU nude mice. These cells were chosen based upon their high expression level of NEO-201 antigen and high sensitivity to NEO-201-mediated ADCC. Once the CFPAC-1 tumors had grown to approximately 100 mm3 in size, tumor-bearing mice were injected three times with saline, 250 μg human IgG1, 100 μg NEO-201, or 250 μg NEO-201 followed by three injections of 1.0 × 107 IL-2-activated (200 U/mL) human PBMCs to function as ADCC-mediating effector cells. As shown in Figure 4A, NEO-201 + PBMCs induced a substantial reduction in tumor growth at both dose levels compared to either the saline + PBMCs or human IgG + PBMCs control groups (p < 0.0001 by two-way ANOVA). Whereas no mice from the control groups were tumor-free on day 36, 1 of 10 (10%) and 4 of 10 (40%) mice had no palpable tumor remaining from the NEO-201 100 μg + PBMCs and the NEO-201 250 μg + PBMCs groups, respectively (Figure 4B). In addition, another group of mice were dosed with NEO-201 without the addition of human PBMCs, and a significant reduction in tumor growth relative to the control groups was observed (p < 0.0001 by two-way ANOVA; Figures 4A,C). Importantly, monitoring of the body weights of the tumor-bearing mice revealed no weight reduction in any of the treatment groups (Figure 4D). Collectively, these results indicate that NEO-201 is capable of substantially reducing tumor growth though both ADCC and non-ADCC mechanisms without inducing significant toxicity in mice.
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FIGURE 4 | Antitumor efficacy of NEO-201 in CFPAC-1 tumor xenografts. (A) Tumor volume measurements for the CFPAC-1 xenografts from each treatment group at various time points. Mice (n = 10 animals/group) were dosed intraperitoneally with saline solution, human IgG1 (250 μg), or NEO-201 (100 and 250 μg) on days 13, 17, and 20 post-tumor cell implantation. Mice were also dosed intraperitoneally with ~1.0 × 107 IL-2-activated human peripheral blood mononuclear cells (PBMCs) on days 14, 18, and 21 as a source of immune effector cells. (B) Quantification of the number of mice still bearing palpable tumors on day 36. (C) Representative image of NEO-201-treated versus saline-treated tumor-bearing mice. (D) Body weight measurements of the tumor-bearing mice at various time points during the study.



NEO-201 Localizes to the Xenograft Tumor Site

Biodistribution studies were conducted utilizing radiolabeled NEO-201 in female and male NU/NU nude mice with established CFPAC-1 xenograft tumors. These mice were injected intravenously with the radiolabeled antibody, and then blood, organs, and tumors were harvested for analysis at various time points post-injection. Low levels of radioactivity were found in the pancreas, spleen, kidney, liver, stomach, intestines, and lungs in both male and female mice at all time points (Figures 5A,B). However, normalized uptake of radioactivity was substantially higher in tumors versus all other tissues at all time points, with tumor radioactivity progressively rising to levels 20–30 times higher than those of the blood by day 7 (Figures 5A,B). Quantitatively similar results were obtained for both female and male mice. These results indicate that NEO-201 preferentially localizes to malignant tissue that expresses the target antigen, and does not accumulate in normal tissues.
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FIGURE 5 | NEO-201 biodistribution in CFPAC-1 xenograft-bearing mice. Measurement of normalized radioactivity from the indicated tissues of CFPAC-1 tumor-bearing female (A) and male (B) mice dosed intravenously with radiolabeled NEO-201. n = 4 animals/time point. Days 1, 2, 4, and 7 represent the amount of time between radiolabeled antibody injection and necropsy.



NEO-201 Pharmacokinetics and Toxicity Evaluation in Non-Human Primates

A single-dose study was conducted in purpose-bred cynomolgus monkeys to determine NEO-201 pharmacokinetics and associated toxicity. Cynomolgus monkeys were selected because this species is closely related to humans both phylogenetically and physiologically and is a species commonly used for nonclinical toxicity evaluations. Male and female animals received a single intravenous infusion of NEO-201 diluted in saline at dose levels of 5, 20, and 49 mg/kg, which was the highest achievable dose per infusion volume. Blood samples were drawn in all animals pre-injection and at various time points post-injection up to 14 days, and serum preparations were assessed for NEO-201 levels by ELISA. As depicted in Table 3, quantifiable and dose-dependent serum concentrations of NEO-201 were observed through the last collection time point (14 days post-dose). As expected for an intravenous administration, Tmax values peaked by 10 min for the majority of the animals from all groups (10/12, 83%), with the exception of one male and one female animal each from the 5 mg/kg group. Over the dose range evaluated, peak (Cmax) exposure was dose proportional; total (AUC) exposure was greater than dose proportional at the lowest doses and approximately proportional from 20 to 49 mg/kg. Differences in exposure at the lowest dose were attributed to an approximately two-fold greater mean clearance (CL) and lesser volume of distribution (Vz). Mean half-life (HL) was 167 (20 mg/kg) or 170 (49 mg/kg) hours at the higher doses, approximately 3.7-fold greater than at the 5 mg/kg dose (46.2 h). Sex-differences were not observed.

TABLE 3 | Pharmacokinetic results of single-dose NEO-201 administration in cynomolgus monkeys.
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Observations and examinations to determine toxicity over the course of the 14 day study included (1) periodic clinical evaluations; (2) measurement of food consumption and body weight; and (3) urine and blood evaluations, including urinalysis, hematology, coagulation tests, serum chemistry, and pharmacokinetics. As shown in Figure 6A, none of the dose level groups experienced a change in body weight >3% from their pre-injection weight, and no individual monkeys experienced a change >7%. Food consumption remained unchanged for all but two animals in the 5 mg/kg dose group who had low consumption on day 11 only. There were no significant changes from BL (before NEO-201 injection) through day 15 in any of the serum chemistry, urinalysis, or coagulation tests (see Materials and Methods for details). The main laboratory change in blood counts was a decrease in neutrophil counts relative to BL (Figure 6B). The decreases were of varying magnitudes, ranging from mild to marked, and a clear dose–response was not evident. For the majority of animals this was a transient finding, as improvements were typically noted by day 8 (Figure 6B). By day 15, neutrophil counts were observed to recover nearly totally or partially for the 5 mg/kg group or the 20 and 49 mg/kg groups, respectively (Figure 6B).
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FIGURE 6 | Body weight and neutrophil counts from cynomolgus monkeys treated with NEO-201. (A) Percent change in body weight relative to baseline (BL) (day −1) measured for monkeys at 7 and 14 days after a receiving a single dose of NEO-201 at the indicated dose levels. n = 4 animals per group (two females, two males). (B) Percent change in neutrophil levels relative to BL (day −7) from the blood of monkeys treated with a single dose of NEO-201 at the indicated dose levels. n = 4 animals per group (two females, two males). *Statistically significant (p < 0.05) by T-test.



DISCUSSION

We have previously reported the preclinical antitumor activity (17) as well as clinical safety and efficacy (18, 19) for a mAb generated against the Hollinshead allogeneic colorectal cancer vaccine platform, termed ensituximab (NPC-1C/NEO-102). This report describes the characterization of the second novel tumor antigen-targeting mAb derived from the same vaccine platform, called NEO-201. NEO-201 was found to positively stain a variety of human carcinoma cell lines in vitro, including cells derived from a variety of tumor types, histological subtypes, and mutational profiles. NEO-201 positivity was more frequently observed in tumor cell lines derived from lung adenocarcinomas versus squamous cell carcinomas, and in HER2 positive breast cancer cell lines versus triple-negative lines. The staining of human tumor samples demonstrated that a wide variety of carcinoma tissues stained positively for NEO-201, including the colon, pancreatic, stomach, lung, and breast tumors. An expanded investigation with larger sample sizes may reveal that NEO-201 can discriminate between histological and/or molecular subtypes among various carcinomas. Intriguingly, a higher proportion of tumor tissues reacted with NEO-201 in contrast to cultured cancer cell lines. This observation may indicate that the target recognized by NEO-201 is expressed more readily in vivo than in vitro, which would suggest that target expression is at least partially dependent upon tumor cell interaction with factors from within the local microenvironment. Experiments are currently in progress to further characterize the antigen(s) and epitope(s) recognized by NEO-201 and to determine the regulatory control mechanism(s) which govern its expression in tumor tissue but not normal tissue.

This investigation also revealed that NEO-201 is remarkably tumor-specific in its staining profile, as the overwhelming majority of healthy normal tissues were found to be negative for NEO-201. Although NEO-201 positivity was observed in normal tongue and exocervix tissues, the staining intensity was weak and the microarray represented only a minimal sample size (n = 2). Further expanded analysis of NEO-201 staining in normal tissue samples will be undertaken to confirm these observations. Furthermore, NEO-201 administration did not induce any grossly observable toxicity in mice, and was well-tolerated when administered to non-human primates. The observed depletion of neutrophils in non-human primates suggests that the antigen(s) reactive with NEO-201 are expressed on these immune cells, and assessment of NEO-201 reactivity with hematopoietic cell types is ongoing. These encouraging results suggest that (1) NEO-201 may have diagnostic utility in discriminating cancerous from benign tissue from patient biopsies and (2) NEO-201 may effectively target tumors without provoking significant toxicity or off-target effects other than neutropenia. Efforts are currently underway to further evaluate the safety and tolerability of NEO-201, and a clinical trial using NEO-201 for the treatment of carcinoma is being planned.

Innate immune effector mechanisms have been shown to play a major role in promoting and potentiating host antitumor immunity. The Fc portion of human IgG1 mAbs is well known to activate innate immunity against opsonized targets by mediating both ADCC and CDC (30, 31). In particular, the ability to mediate ADCC is regarded as a key component of therapeutic efficacy for various human IgG1 mAbs approved for the treatment of cancer (21–27). Importantly, a V158F polymorphism in the FCGR3A gene (encoding FcγRIIIa) is associated with differential affinity for human IgG1 mAbs (32, 33), with immune cells from donors with the high affinity V/V genotype exhibiting greater trastuzumab-mediated ADCC activity in vitro (34). The V/V genotype was also shown to significantly correlate with objective response rate and progression-free survival in breast cancer patients treated with trastuzumab (34), thereby providing indirect clinical evidence for the role of ADCC in mAb-based therapy. NEO-201 can mediate ADCC in vitro, as treatment of tumor cells with NEO-201 enhanced the cytotoxic activity of NK cells by two-fold to five-fold, and ADCC activity was retained at even low concentrations of antibody (0.1 μg/mL). These data raise the possibility that patients with the V/V genotype may derive added benefit from NEO-201 treatment. An additional prospect is the potential to enhance ADCC activity, and presumably the potential clinical benefit of NEO-201, by augmenting NK cell function with cytokine stimulation. IL-2 is well known to be a potent activator of NK cells (35), and IL-21 was shown to enhance ADCC activity mediated by trastuzumab and cetuximab (36). Recent preclinical studies with a novel fusion protein superagonist of IL-15 signaling, termed ALT-803, have demonstrated greatly enhanced proliferation, activation, and lytic capability of NK cells (and CD8 + T cells), leading to significant antitumor activity in various animal models of cancer (37–42). Intriguingly, ALT-803 was found to substantially enhance in vitro NK cell degranulation, IFN-γ production, and rituximab-mediated ADCC against B cell lymphoma cell lines and primary follicular lymphoma cells, and combination treatment with ALT-803 and rituximab in two B cell lymphoma models in vivo resulted in significantly reduced tumor cell burden and improved survival (43). Future studies will evaluate the potential synergy between NEO-201 and novel immunotherapeutic reagents such as ALT-803.

Another innate immune effector mechanism engaged by mAbs is activation of the complement system to promote CDC, and NEO-201 was found to possess the ability to mediate CDC to kill tumor cells. The contribution of CDC to the therapeutic efficacy of mAbs is controversial but has been suggested to be beneficial for cancer therapy (28). Additionally, several different complement-regulatory proteins (CRPs) function to inhibit complement activation, and certain membrane-bound CRPs such as CD46, CD55, and CD59 were reported to be aberrantly expressed in various cancers (44–46), which likely confers resistance to CDC. Future investigations will ascertain whether strategies to block CRPs can enhance NEO-201-mediated CDC of resistant tumor cells.

Evaluation of NEO-201 in vivo revealed profound antitumor effects when dosed in combination with activated human immune effector cells. This combination even led to full regressions in some of the mice (5/20, 25%) from the two combination groups. Moreover, NEO-201 was found to preferentially localize to the xenograft tumor tissue but not to various healthy tissues. These data confirm that a crucial mechanism of action for NEO-201 against tumors is the ADCC-dependent lysis of tumor cells by innate immune cells. However, it should be noted that antitumor activity was also observed with NEO-201 alone without the addition of human immune cells to the immunodeficient mice. This phenomenon may be specific to conditions encountered in vivo, as treatment of CFPAC-1 tumor cells with NEO-201 did not induce substantial toxicity in the ADCC assays in vitro. One possible explanation for NEO-201 activity in the absence of immune effector cells may be the induction of CDC, as others have shown that complement depletion completely abrogated the antitumor effects of cetuximab in a human lung cancer cell line xenograft model (47). Experiments are currently underway to further determine any potential non-ADCC mechanisms (such as CDC) that may play a role in the in vivo antitumor activity of this antibody.

In summary, this investigation has demonstrated that NEO-201 is a remarkably tumor-specific antibody that is capable of engaging innate immune effector mechanisms to kill tumor cells. In addition, NEO-201 demonstrated safety and antitumor efficacy in an in vivo xenograft model of pancreatic cancer, as well as tolerability in non-human primates. These findings provide the supporting rationale for the clinical development of NEO-201 as a diagnostic and therapeutic agent for patients with a broad variety of carcinomas.
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FIGURE S1 | NEO-201 immunohistochemistry staining intensities of human tumor samples. Quantification of NEO-201 positive staining intensities from the human tumor microarray samples from various carcinoma tissues. Sample staining intensity was scored on a scale of negative, 1+, 2+, 3+, and 4+. n = number of samples.
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Eight male and eight female animals (two animals/sex/group) were injected intravenously with O (saline solution), 5, 20, or 49 mg/kg of NEO-201. Blood samples were drawn in all
animals that received NEO-201 at various time points (pre-dose, 10 min, 1, 2, 4, 6, 24, 48, 72, 96, 168, and 336 h post-dose), and pharmacokinetic measurements from serum

preparations were obained by ELISA. Values in the table represent the average from the two animals/sex/group (M, F) or from i four animals (Al

AUCinf, area under plasma concentration~time curve from time O to infinity: AUCInY/D, dose-normalized area under the plasma concentration-time curve from time O to infinity; CL,
clearance; Cmax, maximum observed plasma concentration; Cmax/D, dose-normalized measured maximum plasma concentration; HL, half-Ife; Tmax, time of maximum observed

plasma concentration: Vz, volume of distribution.
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The percentage of positive cells and median fluorescence intensity (MFI) values are
detaied for each cell line. NEO-201 positive cell ines appear in boid text. NEO-201
positivity was defined as % positive >10%.
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