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Abstract

Background—Natural killer (NK) cells are potent cytotoxic lymphocytes that play a critical role 

in tumor immunosurveillance and control. Cancer stem cells (CSC) initiate and sustain tumor cell 

growth, mediate drug refractory cancer relapse and express the well-known surface marker 

CD133.

Methods—DNA fragments from two fully humanized single chain fragment variable (scFv) 

antibody recognizing CD16 on NK-cells and CD133 on CSC were genetically spliced forming a 

novel drug, 16 × 133 BiKE that simultaneously recognizes these antigen to facilitate an 

immunologic synapse. The anti-CD133 was created using a fusion protein prepared by fusing 

DNA fragments encoding the two extracellular domains of CD133. Immunization of mice with the 

resulting fusion protein generated an unique antibody that recognized the molecular framework 

and was species cross-reactive.

Results—In vitro 51chromium release cytotoxicity assays at both high and low effector:target 

ratios demonstrated the ability of the heterodimeric biological drug to greatly enhance NK-cell 

killing of human Caco-2 colorectal carcinoma cells known to overexpress CD133. The tumor 

associated antigen specificity of the drug for CD133 even enhanced NK-cell cytotoxicity against 

the NK-resistant human Burkitt's lymphoma Daudi cell line, which has less than 5% CD133 

surface expression. Flow cytometry analysis revealed increases in NK-cell degranulation and 

Interferon-γ production upon co-culture with Caco-2 targets in the presence of the drug.

Conclusion—These studies demonstrate that the innate immune system can be effectively 

recruited to kill CSC using bispecific antibodies targeting CD133, and that this anti-CD133 scFv 

may be useful in this bispecific platform or, perhaps, in the design of more complex trispecific 

molecules for carcinoma therapy.
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1 INTRODUCTION

CD133 has been identified as a marker of cancer stem cells (CSC) in different tumors [1-3] 

including colorectal cancer [4]. CD133 is a 5-transmembrane glycoprotein that localizes to 

membrane protrusions and shares 60% homology at the amino acid level between human 

and mouse [5, 6]. It is known to be expressed on normal stem cells [7-9], but may be 

expressed in reduced copy number compared to CSC [10]. CD133 epitopes bound by 

commercial anti-CD133 antibodies are not lost, but rather masked or shielded through 

changes in the structure of CD133, likely through differential glycosylation [11]. We 

developed an anti-CD133 single chain fragment variable (scFv) reagent that circumvented 

the problems of differential glycosylation in targeting CD133 [12].

Natural killer (NK) cells are large granular lymphocytes that serve as potent effectors of the 

innate immune system [reviewed in [13]]. The ability of NK-cells to recognize and kill 

targets is regulated by a sophisticated repertoire of inhibitory and activating cell surface 

receptors. NK-cell cytotoxicity can occur by natural cytotoxicity, mediated via the 

engagement of the natural cytotoxicity receptors, or by antibodies that trigger antibody 

dependent cell-mediated cytotoxicity (ADCC) through CD16, the potent activating Fcγ 

receptor that is highly expressed by the CD56dim subpopulation of NK-cells.

Studies have shown the ability of scFv reagents to effectively harness the therapeutic 

potential of NK-cell-mediated tumor cytotoxicity through the simultaneous engagement of 

the potent NK-cell activating receptor CD16 and tumor associated antigen (TAA) of interest 

[14, 15]. Thus, we developed a novel bispecific killer cell engager (BiKE) capable of 

targeting CSCs by splicing a gene encoding a human anti-CD16 scFv to a scFv recognizing 

human CD133. Anti-CD16 was derived from a human phage display library [16]. The 

purpose of generating the 16 × 133 BiKE was to facilitate the immunological synapse 

between effector and target cells to enhance NK-mediated killing of CSCs.

In this paper, we show that 16 × 133 BiKE specifically binds and activates resting NK-cells 

inducing degranulation and interferon-γ (IFN-γ)production against CD133+ human 

colorectal cancer cells. In effect, we show that anti-CSC scFv can be genetically modified to 

render them capable of ADCC, engaging and enhancing the ability of the innate immune 

system to kill cancer cells. Thus, these new bispecific agents could possibly be used to 

selectively engage the innate immune system as new alternative therapeutic modalities for 

treating various carcinomas including colon, breast, lung, prostate, ovarian, and others.

2 Methods

2.1 Construction of 16 × 133 BiKE

Synthesis and assembly of hybrid genes encoding the single chain bispecific scFv 16 × 133 

BiKE was accomplished using DNA shuffling and DNA ligation techniques. The construct 

is illustrated in Figure 1A. The fully assembled gene (from 5’ end to 3’ end) consisted of an 

NcoI restriction site, an ATG initiation codon, the VH and VL regions of anti-human CD16 

(NM3E2) derived from a phage display library produced by McCall et al. [16], a 20 amino 

acid segment of human muscle aldolase (PSGQAGAAASESLFVSNHAY) (HMA), the VH 
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and VL regions of CD133, and finally, a SalI restriction site. The resultant 1526bp NcoI/SalI 

fragment gene was spliced into the pET21d expression vector under control of an isopropyl-

β-D-thiogalactopyranoside (IPTG) inducible T7 promoter (Figure 1A). DNA sequencing 

analysis (Biomedical Genomics Center, University of Minnesota) was used to verify that the 

gene was correct in sequence and had been cloned in frame. Genes for monospecific anti-

CD16 scFv and anti-CD133 were created in the same manner.

2.2 Inclusion Body Isolation

For bacterial protein expression, plasmids were transformed into Escherichia coli strain 

BL21(DE3) (Novagen, Madison WI). Following overnight culture, bacteria were grown in 

800 ml Luria broth containing 50 mg/ml carbenicillin. Gene expression was induced when 

culture media reached an OD600 of 0.65 with the addition of isopropyl-β-D-

thiogalactopyranoside (FischerBiotech, Fair Lawn, NJ). Two hours after induction, bacteria 

were harvested (from 4 liters cultured media we isolated 25g bacterial pellet) and then 

homogenized in a buffer solution (50 mM tris, 50 mM NaCl, and 5 mM EDTA pH 8.0). 

Following sonication and centrifugation, the pellets were extracted with 0.3% sodium 

deoxycholate, 5% Triton X-100, 10% glycerin, 50 mmol/L Tris, 50 mmol/L NaCl, 5 mmol/L 

EDTA (pH 8.0) and washed (final pellet weight was 2.4g).

2.3 Refolding and Purification

For refolding proteins from inclusion bodies (IB), IB were dissolved at 20:1 (mg wet 

weight/mL) in solubilization buffer (7 M Guanidine Hydrochloride, 50 mM tris, 50 mM 

NaCl, 5 mM EDTA and 50mM DTT, pH 8.0). Following a 1-hour incubation at 37°C, pellets 

were removed by centrifugation. The supernatant was diluted 20-fold with refolding buffer 

and incubated at 4°C for 2 days. Refolding buffer consisted of 50 mM Tris-HCl, 50 mM 

NaCl, 0.8 mM L-arginine, 20% glycerin, 5 mM EDTA and 1 mM GSSG, pH 8.0. The buffer 

was removed by 10-fold dialysis against 20 mM Tris-HCl, pH 9.0 in 20mM Tris-HCl, pH 

9.0 over four column volumes. SDS-PAGE analysis was performed and the fusion proteins 

stained with Simply Blue life Stain (Invitrogen, Carlsbad, CA). The final yield was 4.27mg.

2.4 NK-cell Isolation and Purification

Peripheral blood mononuclear cells (PBMC) were isolated from adult blood (Memorial 

Blood Center, Minneapolis, MN) by centrifugation, using a Histopaque gradient (Sigma-

Aldrich, St. Louis, MO), and NK-cells were purified by removing T-cells, B-cells, stem 

cells, dendritic cells, monocytes, granulocytes and erythroid cells via magnetic beads per the 

manufacturer's protocol (Miltenyi Biotec, Auburn, CA). Samples were obtained after 

informed consent and in accordance with the University of Minnesota human subjects 

Institutional Review Board and the Declaration of Helsinki.

2.5 Cell Lines

Caco-2 (human colorectal carcinoma cell line) was obtained from American Type Culture 

Collection (ATCC, Rockville, MD) and grown as a monolayer in tissue culture flasks [17, 

18]. Cells were maintained in DMEM media supplemented with 20% fetal bovine serum, 2 

mmol/L L-glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin. Cell cultures 
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were incubated in a humidified 37°C atmosphere containing 5% CO2. When cells were 

80-90% confluent, they were passaged, using trypsin-EDTA for detachment. All cell counts 

were conducted using a standard hemacytometer, and only cells with viability >95%, as 

determined by trypan blue exclusion, were used for experiments. Daudi (NK-resistant 

human Burkitt's cell line) was also obtained from ATCC and grown in suspension culture 

[19].

2.6 Flow cytometry

For NK-cell analysis, single cell suspensions were stained with antibodies: PE/Cy7-

conjugated CD56 (HCD56; BioLegend, San Diego, CA), PerCP/Cy5.5-conjugated anti-

human CD107a (LAMP-1) (H4A3; BioLegend), Pacific Blue-conjugated anti-human IFN-γ 

(4S.B3; BioLegend, San Diego, CA). Phenotypic acquisition of cells was performed on the 

LSRII (BD Biosciences, San Jose, CA) and analyzed with FlowJo software (Tree Star Inc., 

Ashland, OR). To determine CD133 specificity of 16 × 133 BiKE, the drug was labeled with 

fluorescein isothiocyanate (FITC). CD133 specific binding was evaluated by staining of 

Caco-2 cells with and without fluorochrome-coupled CD133 or AHN-12 (a negative control 

monoclonal antibody binding to CD45 on human leukocytes) in order to measure staining 

intensity on the Acuri™ 6 (BD Biosciences, San Jose, CA).

2.7 Interferon-γ Production and CD107a Degranulation Assay

Our use of this assay has been reported [20]. Purified peripherial blood NK-cells were 

incubated overnight at 37 °C, 5% CO2 in basal medium (RPMI supplemented with 10% fetal 

calf serum and 1% penicillin/streptomycin). Cells were washed in 1X PBS, treated with 

10μg/mL of 16 × 133 BiKE or anti-CD16 scFv (negative control) or anti-CD133 scFv 

(negative control) and incubated for 15 minutes at 37°C. Anti-human CD107a mAb was 

added and further incubated for 1 hour, after which target cells, BD GolgiStop (1:1500) and 

BD GolgiPlug (1:1000; both from BD Biosciences, San Jose, CA) were added, and cells 

were further incubated for 5 hours. Cells were then harvested and stained with mAb CD56 

and CD3, before fixation and permeabilization. Permeabilized cells were then stained for 

intracellular IFN-γ using anti-human IFN-γ mAb. IFN-γ and CD107a expression was 

evaluated by FACS analysis. Recombinant IL-12 (Peprotech, Rocky Hill, NJ) was used at 10 

ng/ml for NK-cells. IL-18 (R&D Systems, Minneapolis, MN) was used at 100 ng/ml.

2.8 Chromium-51 Release Cytotoxicity Assay

Caco-2 target cells were labeled for 1 hour with 1μCi of 51Cr per 1×105 target cells at 37°C 

5% CO2. Target cells were washed to remove excess 51Cr, and 5×103 labeled target cells 

were added to the wells of 96-well round-bottom plates. Resting effector NK-cells treated 

with 16 × 133 BiKE or negative controls were added to the plates at E:T cell ratios ranging 

between 20:1 and 0.08:1. Effector-target cells were incubated for 4 hours in a 37°C 5% CO2 

incubator. The amount of 51Cr released, which corresponds to target cell death, was 

measured by a gamma scintillation counter, and the percent target cell lysis was calculated 

as follows: [(experimental lysis - spontaneous lysis)/(maximal lysis - spontaneous lysis)] × 

100. To determine maximal lysis, 51Cr-labeled target cells were treated with 3% Triton X for 

4 hours.
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2.9 Statistical Analyses

Data are presented as mean +/− standard deviation. Differences between two groups were 

analyzed by Student's t test. Analysis and presentation of data was done with Graphpad 

prism 5 (GraphPad Software, Inc., La Jolla, CA, USA)

3 RESULTS

3.1 16 × 133 BiKE enhances resting NK-cell cytotoxicity of Caco-2 tumor targets

The design of the hybrid protein is shown in Figure 1A and the densitometric purity of all 

purified proteins was about 95% when analyzed by SDS-PAGE (Figure 1B). Also, flow 

cytometry studies in which 16 × 133 BiKE was directly labeled with FITC showed that the 

protein bound a very high percentage of the enriched NK-cell population in excess of 80% 

(data not shown). Additionally, we performed a flow cytometry blocking assay (Figure 2) 
with 16 × 133-BiKE-FITC bound Caco-2 cells, but the addition of anti-CD133 antibody 

prevented CD133 specific binding. Addition of control AHN12 antibody showed no ability 

to block.

Carcinoma cell lines, including Caco-2, are known for their resistance to NK-cell mediated 

killing. Therefore, to determine the ability of 16 × 133 BiKE to facilitate the killing of 

CD133-expressing carcinoma cells, Caco-2 cells were co-cultured with resting NK-cells. 

Caco-2 cells tested by flow cytometry are 60-70% CD133 positive. The 51Cr release assay is 

typically used to measure the killing of target cells by NK-cells since the assay measures the 

release of 51Cr from isotope pulsed targets upon their lysis. If the 16 × 133 BiKE was able to 

facilitate NK killing, it would facilitate the release of 51Cr from Caco-2 cells. When Caco-2 

cells were treated with 10 ug/ml of drug, killing was 77% and 83% in two different normal 

donors at a 20:1 E:T ratio (Figure 3). Various controls including anti-CD16 scFv alone, an 

anti-CD3 × anti-133 bispecific antibody and an anti-CD133 targeted toxin (CD133KDEL) 

did not enhance killing (CD133KDEL did not kill because of the short duration of the 

assay). Additionally we found out that washing out the drug during the four hour 51Cr 

release assay diminished drug activity (data not shown). Perhaps these in vitro data indicate 

that sustained drug concentration may be an important issue in vivo. In a separate 

experiment, different 16 × 133 BiKE concentrations and different E:T ratios were more 

extensively tested in two additional NK-cell donors (Figure 4). Data show that even at lower 

doses (1ug/ml) and at very low effector target (E:T) ratios, the drug still enhanced NK 

killing. For example, at an E:T ratio of 0.7:1, about 15% of the cells were still killed. 

Minimal activity was registered with the controls including anti-CD133 alone.

3.2 16 × 133 BiKE is selective and has an effect against Daudi B-cells

Another experiment was performed in which 16 × 133 BiKE treated resting NK-cells were 

tested for their ability to kill Daudi B-cell lymphoma targets. Flow cytometry analysis of 

Daudi, revealed only ~4-6% CD133 expression. In contrast, Caco-2 has high CD133 

expression. NK-cell cytotoxicity against Daudi targets was limited in the presence of 16 × 

133 BiKE. Despite this low expression, about 39% of the Daudi targets were killed at a 20:1 

E:T ratio demonstrating the effectiveness with which this drug facilitates effector-target cell 

interactions and mediates tumor cell cytotoxicity (Figure 5). Negative controls including 
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anti-CD16 scFv, anti-CD133 scFv and no drug did not enhance NK activity. As expected, 

the positive control 16 × 19 greatly enhanced NK-cell targeting of Daudi targets because 

CD19 is widely expressed on B-cells and has 95% expression on Daudi targets.

3.3 Resting NK-cell degranulation against Caco-2 targets is enhanced in the presence of 
16 × 133 BiKEs

To determine if 16 × 133 BiKE induced NK-cell degranulation, resting NK-cells were co-

cultured with Caco-2 targets in the presence or absence of the 16 × 133 BiKE (10 ug/ml) and 

CD107a expression, a marker of degranulation, was analyzed by flow cytometry. Figure 6 
shows that 16 × 133 BiKE, but not anti-CD133, caused a precipitous elevation in CD107a 

expression. Treatment with anti-CD16 slightly elevated CD107a expression levels, which is 

not unexpected give that CD16 ligation alone can deliver a mild activation signal. However, 

16 × 133 BiKE induced superior degranulation that combined with 51Cr release data in 

Figures 3 and 4, further confirming the ability of the drug to mediate ADCC. In a second 

experiment (not shown), we found that the activity of 16 × 133 BiKE did not diminish until 

the drug was diluted to 0.5 ug/ml correlating with our findings in the 51chromium release 

assay.

3.4 16 × 133 BiKE enhances resting NK-cell IFN-γ production against Caco-2 targets

NK-cells mediate their activity by direct cell-cell mediated killing but also by their ability to 

produce cytokines after target cell recognition. Therefore the ability of the 16 × 133 BiKE to 

induce IFN-γ production in resting NK-cells when co-cultured with Caco-2 targets was next 

evaluated. As expected, Interleukin (IL)-12 and IL-18 activation induced high levels of IFN-

γ production. In contrast, NK-cells exposed to targets and drug (16 × 133 BiKE) had only 

moderate increases of IFN-γ production in a dose dependent manner compared to untreated 

controls, shown in Figure 7.

4 Discussion

Engaging T cells with bispecific antibodies to kill cancer cells by signaling through the CD3 

complex shows promise but also NK-cells show potential in cancer defense binding them 

through CD16.

There are several opportunities achieving the goal of activation of immunological effector 

cells and at the same time targeting a cancer cell. Tetravalent diabodies as well as duovalent 

triplebodies show high anti-cancer reactivity [21-23]. Evidence grows revealing beneficial 

properties in treatment with scFv including lower immunogenicy, rapid blood clearance and 

improved tumor penetration compared to larger molecules with high efficacy in cancer 

therapy when targeting immune effectors like T-cells or NK-cells [21, 22].

Here we studied NK-cells because they contain the same toxic granzyme and perforin 

granules and can also be recruited to kill tumor cells but by themselves have been marginally 

effective against carcinomas.

By using a bispecific scFv platform that we call BiKEs, engaging CD16 on NK-cells can be 

effectively recruited to kill carcinomas that have shed Major Histocompatibility Complex 
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(MHC) class I markers to avoid T-cell killing [24]. Our institution is particularly interested 

in enhancing NK-cell killing of carcinomas because of our experience in NK-cell adoptive 

transfer were hundreds of patients have been treated over the past 15 years. Although NK-

cells are triggered through ligands expressed on tumors, their activity is potentially limited 

by lack of specificity. Our goal is to increase efficacy of NK-cell therapy by making them 

antigen specific.

The original contribution of this work is the engineering of a new anti-cancer molecule that 

selectively engages NK-cells to attack what might be one of the most important targets in 

carcinoma therapy, the drug resistant CSC. CD133 is a well-established marker on CSC 

verified by sorting CD133+ cells from various tumor types and then demonstrating that these 

sorted cells have enhanced tumor initiation and self-renewal capabilities. Furthermore, our 

group has used this same anti-CD133 scFv in the construction of targeted toxins that have 

impressive anti-tumor affects in treating human breast [25], head and neck [26] and ovarian 

cancer [27] in xenograft models. Tumor free status in these studies was achieved despite the 

fact that only 5% of the tumor cells express CD133. Additionally relevance of CD133 

targeting was seen in a murine model were pancreatic (SW1990) hepatic (Hep3B) cancer as 

well as glioblastoma bearing mice were treated with anti-CD3/anti-CD133 bispecific 

antibody. Data showed the drug caused significantly enhanced tumor inhibition [28, 29].

Evidence shows that CSC play a key role in tumor development and progression in a variety 

of different cancers [30, 31]. It is now believed that CSC comprise a minority population 

within a tumor that is able to self-renew and produce the heterogeneous lineages of cancer 

cells that develops into the bulk of the tumor mass [25]. Tumorigenic CSCs have proven to 

be highly resistant to conventional chemotherapy, so these cells are believed to be at the root 

cause of tumor relapse. Thus, 16 × 133 BiKE may provide a powerful method of directing 

non-selective NK-cells to specifically kill CSCs associated with drug resistance in a variety 

of different cancers.

An important mechanism by which immune engagers function involves the facilitation of an 

efficient immunological synapse between the effector NK-cell and the tumor target of 

interest. The direct triggering through CD16 mediates an ADCC-like response. In additional, 

the juxtaposition of NK-cells and targets likely facilitates other activating receptors to 

enhance CD16 signaling such as LFA-1/ICAM interactions. A better understanding of these 

events at the molecular level will undoubtedly help us to better use this drug and show 

whether dual targeting to the NK-cell is of additional value.

Besides expression on CSC, CD133 is known to be expressed on normal stem cells [7-9]. 

One unique aspect of our anti-CD133 is that it crosses different species because it recognizes 

framework elements common to mouse and human CD133 [32]. This is attributed to the 

unique manner in which the monoclonal antibody was produced. CD133 consists of two 

extracellular domains and one intracellular domain. A fusion protein was prepared by fusing 

DNA fragments encoding the two extracellular domains. The resulting protein was used to 

immunize mice [12]. In a different study by our group, targeted toxin made with this same 

anti-CD133 scFv was very well tolerated in mice arguing that there is little lethal non-target 

toxicity [27]. In fact, safety studies of this drug in a mouse model revealed no significant 
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CD133 related toxicity in either the nervous nor vascular systems despite the fact that anti-

tumor efficacy was achieved. Furthermore, studies showed no drug-related toxicity against 

human pluripotent stem cells in colony assays [26]. Interestingly, despite low CD133 

expression (4-6%), 39% of Daudi cells were killed. We believe this bystander effect is 

related to the ability of our drug to form an immunological synapse and activate NK-cells 

triggering the release of cytotoxic granules and inflammatory cytokines. Perhaps, loss of 

HLA upon cancer cell transformation causes NK-cell activation as dictated by the “missing 

self theory”. Together, these findings indicate that a biologically active dose of drug may be 

achieved in vivo prior to dose limiting toxicity.

Other factors may impact drug toxicity. Antibodies that activate lymphocytes are known to 

have the potential to cause adverse events due to sudden and extensive cytokine release. We 

focused on IFN-γ since it is prominent in cytokine toxicity. While we found that 16 × 133 

BiKE mediated IFN-γ release by NK-cells in this study, we were encouraged by the low 

level induced. Papadakis et al. showed the ability of IL12/IL18 to markedly enhance 

production of INF-γ, a hallmark cytokine, in cell cultures with NK-cells [33]. In a different 

study, we compared CD56 enriched NK-cells stimulated with an anti-CD16 BiKE to cells 

stimulated with supraphysiologic levels of IL-12/18. BiKE coincubation led to IFN-γ 

release, but in a lower amount compared to IL-12/18 cultures [34]. Together, these data 

suggest that CD16 stimulation via 16 × 133 BiKE therapy will induce antigen specific IFN-γ 

release needed to eradicate tumor and this might be controlled with pharmacologic dosing 

by simple discontinuation of drug administration allowing rapid elimination due to short 

half-life of scFvs.

No one to date has created a bispecific antibody that recruits the innate immune response to 

kill CSC. In this paper we demonstrate that our 16 × 133 BiKE is a potent engager of the 

innate immune system capable of inducing NK-cell degranulation and IFN-γ production and 

mediating selective targeting of CD133+ tumor cells. Our data suggest the 16 × 133 BiKE 

may have therapeutic potential in a clinical NK-cell therapy program for carcinomas, as it 

could serve as an alternative therapy for drug resistant CSCs by its unique mechanism of 

action.
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Key Points

• Bispecific single chain fragment against CD16 and CD133 (BiKE) was 

synthesized

• BIKE treatment engages NK-cell activity against CD133+ cancer stem cells
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Figure 1. 
(A) Construction of bispecific hybrid protein 16 × 133 bispecific NK-cell engager (BiKE). 

From left to right, the plasmid contains VH and VL regions of anti-CD16 spliced to VH and 

VL regions of anti-CD133 by the linker, human muscle aldolase (HMA), to form 16 × 133 

bispecific engager. (B) The protein is about 95% pure and is shown by SDS-PAGE and 

Coomasie Blue staining (MWS=molecular weight standard; NR=non-reduced; R= reduced). 

(C) Size exclusion data from the fast flow sepharose procedure (arrow marks appropriate 

drug size).
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Figure 2. 
Blocking assay shows specificity of the 16 × 133 bispecific NK-cell engager (BiKE). Flow 

cytometry blocking assay was performed. Graph shows Caco-2 cells (human colorectal 

Carcinoma cell line) without staining (A), with fluorescein isothiocyanate (FITC)-labeled 16 

× 133 BiKE (B), with FITC-labeled 16 × 133 BiKE, blocked with anti-CD133 antibody (C) 

and with FITC-labeled CD16 × CD133 BiKE blocked with negative control AHN12 

antibody (D). Histograms showed positive staining with Caco-2 cells alone and with 16 × 

133 BiKE- (FITC) blocked with AHN12. The anti-CD133 antibody selectively blocked 16 × 

133 BiKE binding.
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Figure 3. 
Testing the activity of the 16 × 133 bispecific NK-cell engager (BiKE) in chromium release 

assays. Freshly isolated Natural killer (NK)-cells were added to Caco-2 cells (human 

colorectal Carcinoma cell line) at the indicated effector:target (E:T) ratios. The engineered 

reagents were added at the concentration of 10 nM. Shown are the results from two donors, 

NK1 and NK2. NK-cells and targets incubated with 16 × 133 BiKE showed precipitously 

higher killing compared to negative controls including NK-cells with no reagent (no Abs), 

the anti-CD16 single chain fragment variable (scFv) alone, CD133 × CD3, or CD133KDEL 

(a targeted toxin has the potential for killing CD133+ tumor cells) (mean specific lysis and 

standard deviation (SD) is shown).
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Figure 4. 
Testing the activity of the 16 × 133 bispecific NK-cell engager (BiKE) at various drug 

concentrations and effector:target (E:T) ratios. Freshly isolated Natural killer (NK)-cells 

were added to Caco-2 cells (human colorectal Carcinoma cell line) at different E:T ratios, 

20:1, 6.6:1, 2.2:1, 0.7:1, 0.24:1, and 0.08:1. The engineered reagents were added at the 

concentration of 1, 5, or 10 nM. The results are shown from two donors, NK1 and NK2. 

NK-cells and targets incubated with 16 × 133 bispecific engagers showed higher killing 

compared to negative controls including NK-cells with no reagent (no Abs), CD16 alone, or 

CD133 alone (mean specific lysis is shown).
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Figure 5. 
Testing the activity of the 16 × 133 bispecific NK-cell engager (BiKE) against Daudi targets 

(NK-resistant human Burkitt's lymphoma cell line). Daudi expresses fewer than 5% CD133+ 

cells. Freshly isolated NK-cells were added to Daudi-cells at different effector:target (E:T) 

ratios. The engineered reagents were added at the concentration of 10 nM. The results are 

shown from two donors, NK1 and NK2. NK-cells and targets incubated with 16 × 133 BiKE 

showed higher killing compared to negative controls (mean specific lysis and SD is shown).
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Figure 6. 
Lytic Degranulation. The 16 × 133 bispecific NK-cell engager (BIKE) was evaluated for 

lytic degranulation using a flow cytometry assay measuring lytic degranulation and CD107a. 

Enriched Natural killer (NK) cells were incubated with Caco-2 targets (human colorectal 

carcinoma cell line). CD107a expressing cells were evaluated within the gated CD56+/CD3− 

NK-cell population. Cells treated with 16 × 133 BiKE showed elevated degranulation while 

cells treated with the negative controls did not (mean percentage of 107a+ NK-cell 

population with SD is shown). When the no treatment group was compared to the 16 X 133 

group, significantly enhanced degranulation was shown.
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Figure 7. 
Interferon-γ (IFN-γ) production. 16 × 133 bispecific NK-cell engager (BIKE) treated cells 

were evaluated for IFN-γ production using a flow cytometry assay. Enriched Natural killer 

(NK)-cells were incubated with Caco-2 targets (human colorectal carcinoma cell line). IFN-

γ producing cells were evaluated within the gated CD56+/CD3− NK-cell population. Cells 

were treated with varying concentrations (μg/ml) of the 16 × 133 BiKE and showed 

moderate IFN-γ elevation. In contrast, cells treated with supraphysiologic levels of 

Interleukin (IL)-12/IL18 as a control showed high levels of IFN-γ production (mean 

percentage of INFγ+ NK-cell population with SD is shown). Comparisons via t-test were 

drawn to the 5μg group.
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