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Abstract 
Chondroitin sulfate proteoglycan 4 (CSPG4) is a promising target for cancer 

immunotherapy due to its high level of expression in a number of malignant tumors, and 

its essential role in tumor growth and progression. Clinical application of CSPG4-targeting 

immunotherapies is hampered by the lack of fully human CSPG4 antibodies or antibody 

fragments. In addition, the efficacy of cytotoxic monotherapies, such as the CSPG4-

targeting immunotoxins (ITs), is limited by hyperactive anti-apoptotic pathways prevalent 

in tumor cells. Therefore, there is a need to discover novel, fully human antibodies for 

CSPG4-targeting immunotherapies and to develop new strategies that sensitize resistant 

CSPG4-expressing tumor cells to IT therapies.  

To discover fully human antibodies that can be developed into potential CSPG4-

targeting therapeutics, my first aim is to develop novel human single-chain variable 

fragments (scFvs) with high binding affinity and specificity to the CSPG4 antigen. Affinity 

maturation was performed on a novel, fully human anti-CSPG4 scFv using the random 

mutagenesis approach. A yeast display library was constructed for the mutant clones, and 

screened using a modified whole-cell panning method followed by fluorescence-activated 

cell sorting (FACS). After six rounds of panning and sorting, the top seven mutant scFvs 

were isolated and their binding affinities were characterized by flow cytometry and surface 

plasmon resonance. These mutant clones were highly specific to the CSPG4 antigen, and 

displayed nanomolar to picomolar binding affinities. While each of them harbored only two 

to six amino acid substitutions, they represented approximately 270-3000-fold 

improvement in affinity compared to the parental clone. These affinity-matured scFvs can 
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be potentially developed into diagnostic or therapeutic agents for evaluation and treatment 

of CSPG4-expressing tumors. 

To facilitate the screening of scFv libraries targeting CSPG4, my second aim is to 

develop a cell-based fluorescent assay for high-throughput analysis of antibody affinity 

(KD) in the nanomolar range. In this method, fluorescently labelled antibodies were added 

to antigen-positive and antigen-negative cell lines fixed on 96-well plates. The fluorescent 

signals from nonspecific binding to negative control cell lines is subtracted from the 

specific binding to the antigen-positive cell lines. The results confirmed that the KD values 

obtained using this method were comparable with values obtained by the conventional 

flow cytometry and radioactive (I125) scatchard assays. This demonstrates that the cell-

based fluorescent method allows for accurate and efficient identification of therapeutically 

relevant leads. 

Finally, to improve the efficacy of ITs targeting CSPG4, especially in the IT-

resistant tumor cells, my third aim is to evaluate a multi-pathway therapy that combines 

anti-CSPG4 ITs and small molecule Bcl-2 inhibitors. To enhance sensitivity of cancer cells 

to ITs, we combined ITs (9.2.27-PE38KDEL or Mel-14-PE38KDEL) targeting CSPG4 with 

a Bcl-2 inhibitor (ABT-737, ABT-263, or ABT-199) against patient-derived glioblastoma 

xenografts, melanoma cell lines, and breast cancer cell lines. Results from the in vitro 

cytotoxicity assays demonstrated that the addition of the ABT compounds, specifically 

ABT-737, sensitized all three tumors to the IT treatment, and in some cases improved the 

IC50 values of 9.2.27-PE38KDEL by over 1000-fold. Mechanistic studies using 9.2.27-

PE38KDEL and ABT-737 revealed that the rate of IT internalization and the efficiency of 

cleaved exotoxin accumulation in the cytosol correlated with the enhanced sensitivity of 
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the tumor cells to the combination treatment. Furthermore, the synergistic effect of 9.2.27-

PE38KDEL and ABT-737 combination therapy was confirmed in an orthotopic GBM 

xenograft model and a model of melanoma metastasized to the brain. For the first time, 

our study compares the efficacy of ABT-737 and 9.2.27-PE38KDEL combination therapy 

in GBM and a different brain metastases model, providing insights into overcoming IT 

resistance in brain tumors.  

In conclusion, I discovered novel human scFvs with high binding affinities to 

CSPG4, developed a cell-based fluorescent method for accurate and efficient affinity 

analysis of antibodies, and investigated combination immunotherapies that utilized Bcl-2 

inhibitors to sensitize tumor cells to treatment by CSPG4-targeting ITs. The results from 

these studies helped to facilitate the development of novel antibody-based 

immunotherapies and combination immunotherapies for CSPG4-expressing tumors.  
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1. Introduction 
1.1 Antibody-Based Immunotherapies Targeting Chondroitin 
Sulfate Proteoglycan 4  

Human chondroitin sulfate proteoglycan 4 (CSPG4) is a type I transmembrane 

protein expressed as a 250 kDa glycoprotein or a 450 kDa proteoglycan. It is considered 

a promising therapeutic target due to its high level of expression in a number of malignant 

cancers, including melanoma, glioblastoma, triple-negative breast carcinoma, squamous 

cell carcinoma, and malignant mesothelioma (1-4). CSPG4 is essential for the growth and 

progression of tumors (1). It functions as a scaffold protein and affixes signaling molecules 

to form a complex that facilitates sustained, high-level activation of key survival pathways. 

These pathways involve receptor tyrosine kinases signaling through the mitogen-activated 

protein kinase cascade and integrin signaling through focal adhesion kinase activation (1). 

In addition, the expression of CSPG4 has been detected on stem cell populations in 

melanoma and glioblastoma, and it is believed to be associated with resistance to 

radiation and chemotherapies (1,4,5).  

The clinical potential of CSPG4-targeting immunotherapies has been 

demonstrated by previous studies. In a phase I clinical trial for patients with neoplastic 

meningitis, I131-labeled mouse F(ab)2 fragment was successfully used to treat a 46-year-

old female. The patient exhibited no radiographic evidence of disease four years post-

treatment (6). In addition, administration of the CSPG4-specific murine monoclonal 

antibody, 225.28, reduced lung metastasis in a xenograft model of breast cancer (3), and 

inhibited tumor growth and recurrence in melanoma xenograft models (7). Antibody 

fragments directed towards CSPG4 have also been developed into other forms of 
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cytotoxic agents. These include a mouse α-melanoma-associated chondroitin sulfate 

proteoglycan  Pseudomonas exotoxin A (MCSP-ETA’) immunotoxin (8,9), a cytolytic 

fusion protein, which replaces the toxin portion of the αMCSP-ETA’ immunotoxin with a 

mutated version of the microtubule-associated protein (MAP) tau (αCSPG4(scFv)-MAP) 

(10), and a bi-specific mouse antibody (r28M) targeting CD28 and CSPG4 (11). Multiple 

mouse monoclonal antibodies targeting CSPG4 (e.g., 225.28S, TP41.2, 149.53) have also 

been successfully utilized for the construction of chimeric antigen receptors (CARs) (12).  

Despite the encouraging data these studies have generated so far, clinical 

application of CSPG4-targeting immunotherapies is hampered by the lack of high-affinity 

fully human CSPG4 antibodies or antibody fragments. The use of fully human antibodies 

might be preferable over murine antibodies, since the immunogenic responses to the 

murine antibodies could potentially impact both safety and pharmacokinetic properties, 

resulting in low utility and efficacy of the drugs. Unfortunately, most CSPG4-targeted 

immunotherapies currently available involve the use of murine antibodies and antibody 

fragments. As a result, there is a need to discover human antibodies with high binding 

affinity and specificity to the CSPG4 antigen. In the first part of my research, affinity 

maturation was performed on a human single-chain variable-region antibody fragment 

(scFv) with weak binding affinity to the CSPG4 antigen. The mutant scFv library was 

screened by yeast display, and the top binders were selected, expressed, purified, and 

characterized for their improvements in affinity. 
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1.2 Cell-Based Fluorescent Assays for Antibody Affinity 
Measurement 

One of the challenges in characterizing clones from antibody libraries is the lack 

of simple and accurate methods for high-throughput measurement of antibody affinity. The 

affinity of an antibody binding to the antigen is expressed as the dissociation equilibrium 

constant K (KD), which is determined by the ratio of dissociation to association rate 

constants (koff/kon). Currently, most common techniques employed to assess KD are 

radioimmunoassay, surface plasmon resonance (SPR), flow cytometry, enzyme-linked 

immunosorbent assays (ELISA), and kinetic exclusion assays (KinExA) (13). Compared 

to flow cytometry, Biacore, and conventional ELISA, cell-based fluorescent assays have 

advantages such as its use of intact cells expressing target antigens in their native 

conformation, elimination of the need to purify target antigen, high throughput analysis 

using 96-well plates, conservation of costly reagents due to the small assay volume, and 

relative inexpensiveness of using a plate reader. Despite these advantages no attempt 

has been made yet to utilize a direct fluorescent method for assessing antibody affinity 

and validate it by comparison to other established methods.  

Therefore, in the second part of my research, a modified fluorescent cell-based 

method was developed to facilitate efficient and accurate measurement of antibody affinity 

(KD) in the nanomolar range using a standard fluorescence microplate reader. The KD 

values obtained by this method was compared with those obtained by the I125 scatchard 

assay and flow cytometry. In addition, this method was analyzed for its ability to perform 

competitive binding assays.   
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1.3 Overcoming Immunotoxin Resistance in CSPG4-Expressing 
Tumor Cells through Combination Immunotherapies 

After affinity maturation, library screening, and clone characterization, high-affinity 

scFvs can then serve as scaffolds for further development as diagnostic or therapeutic 

agents. One of the promising immunotherapeutic modalities that are derived from scFvs 

is the immunotoxin (IT). ITs are recombinant proteins produced by fusing scFvs to a 

protein toxin, such as the 38 kDa truncated mutant form of Pseudomonas exotoxin A 

(PE38). One version of PE38, namely the PE38KDEL, was designed with a KDEL peptide 

at its C-terminus region to increase the intracellular retention and cytotoxicity of the IT 

(14,15). ITs bind to cell surface antigens via the scFv portion. Once internalized into 

endosome, the PE38KDEL is processed by furin and cleaved into two fragments. The C-

terminal fragment is transported to the endoplasmic reticulum (ER). From the ER, it further 

translocates to the cytosol, where it inactivates elongation factor 2 by ADP-ribosylation, 

leading to protein synthesis inhibition and apoptosis (14).  

Compared to other immunotherapeutic approaches, ITs are attractive due to their 

good safety profile and potent cytotoxicity in the pM-fM range (14-17). Despite these 

advantages, ITs have been found to be ineffective in some drug-resistant cancer cells. To 

sensitize tumors to ITs, a number of studies have successfully utilized small molecule Bcl-

2 inhibitors (ABT-737, ABT-263, and ABT-199) to overcome IT resistance in cervical 

adenocarcinoma cells, pancreatic cancer cells, and other cancers (18-20). ABT-737, along 

with its analogues ABT-263 and ABT-199, are BH-3 mimetics that target anti-apoptotic 

pathways by binding to and neutralizing the pro-survival members of the Bcl-2 family 
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proteins, such as Bcl-2, Bcl-xL, and Bcl-w, thereby promoting apoptosis via the release of 

Bax and Bak proteins.  

While these ABT/IT combination studies have yielded encouraging results, there 

is a need to compare the synergistic effects of ITs combined with the ABT compounds 

among IT-resistant cells of different cancer types, and to investigate the mechanism 

underlying the differences in response of the cancer cells towards the combination 

treatment. Therefore, in the third part of my research, I determined the in vitro cytotoxicity 

of the ABT/IT monotherapies and combination therapies on a panel of human glioblastoma 

(GBM) xenografts, melanoma cell lines, and breast cancer cell lines. The in vivo efficacy 

of the ABT-737 and 9.2.27-PE38KDEL combination was evaluated in an intracranial 

patient-derived xenograft (PDX) model of GBM, as well as a model of melanoma 

metastasized to the brain. A number of mechanistic studies were performed to investigate 

factors that contributed to the different responses among the GBM, melanoma, and breast 

cancer cells towards the ABT-737/9.2.27-PE38KDEL combination therapy.  
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2. Selection of Novel Affinity-Matured Human CSPG4 
scFvs by Yeast Display  
2.1 Introduction 

This chapter describes the affinity maturation of a parental, fully human anti-

CSPG4 scFv using the random mutagenesis approach, and the screening of a yeast 

display library using a modified whole-cell panning method combined with fluorescence-

activated cell sorting (FACS). Seven unique scFvs, each harboring two to six amino acid 

substitutions, were isolated, expressed in E coli as inclusion bodies, refolded and purified. 

Flow cytometry analysis was utilized to determine their binding specificity to CSPG4 

expressed on H350 cells. Affinities of these mutant scFvs to the CSPG4 antigen were 

characterized by flow cytometry and Biacore. The results demonstrated that these affinity-

matured variants were highly specific and had nanomolar to picomolar binding affinities to 

the CSPG4 antigen. In addition, they exhibited approximately 270-3000-fold affinity 

improvement over the parental clone. The results from the study in this chapter have been 

published by Yu, et al in an article in 2017 (21).  

2.2 Materials and Methods 

2.2.1 Yeast strains, cell lines, and plasmids 

The S. cerevisiae EBY100 (ATCC, Manassas, VA) yeast strain was utilized for the 

surface display of the anti-CSPG4 scFvs. H350, a human melanoma cell line expressing 

CSPG4, was maintained in our laboratory. HEK293, a cell line derived from human 

embryonic kidney cells, which lacks expression of CSPG4, was obtained from ATCC. 

pYD1 plasmid (Thermo Scientific, Waltham, MA) was used for cloning the random 

mutagenesis scFv library to be displayed on the yeast surface. scFvs selected from the 
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yeast display library were subcloned into a pET28a(+) vector (EMD Millipore, Billerica, 

MA) for expression of the scFvs as inclusion bodies in the E. coli strain One Shot BL21 

Star (DE3) (Thermo Scientific). 

2.2.2 CSPG4-D2A antigen preparation 

The extracellular domain of CSPG4 was divided into smaller subdomains to 

facilitate the preparation of the soluble CSPG4 antigen for the development of a fully 

human CSPG4 scFv (1). The gene for subdomain D2A (CSPG4-D2A), corresponding to 

amino acids 641-1233, was synthesized and cloned into the EcoRI and NotI sites of 

pET43.1a(+) vector (EMD Millipore) by Genewiz (South Plainfield, NJ). The plasmid was 

transformed into E. Coli BL21 Star (DE3). Proteins accumulated in the inclusion bodies 

were solubilized and refolded using a previously described protocol (22). The refolded 

protein sample was dialyzed and loaded on to a Ni Sepharose Excel column (GE 

Healthcare Bio-Sciences, Pittsburgh, PA) and proteins were eluted with a gradient from 

100 mM-500 mM imidazole using an AKTAPurifier (GE Healthcare Bio-Sciences). The 

target protein was further purified by size exclusion chromatography on a TSKgel 

SuperSW3000 column (TOSOH Bioscience, Tokyo, Japan) to greater than 95% purity, as 

determined by SDS-PAGE.  

2.2.3 Random mutagenesis by polymerase chain reaction  

A random mutagenesis library was constructed by error-prone PCR using a clone 

that we have previously isolated, which bound to CSPG4 with low affinity. The gene of this 

parental clone was PCR-amplified using PfuUltra high-fidelity DNA polymerase (Agilent, 

Santa Clara, CA) with pYD1-EcoRI-F-1H10 and pYD1-NotI-R-1H10 primers listed in Table 

1. The amplification product was digested with EcoRI and NotI (New England Biolabs, 
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Ipswich, MA) and ligated into the pYD1 vector linearized by the same restriction enzymes, 

resulting in the pYD1-1H10 recombinant plasmid. Next, a DNA library of diverse, randomly 

mutated scFv sequences was generated by error-prone PCR using the Diversify PCR 

random mutagenesis kit (Clontech, Mountain View, CA) following the manufacturer’s 

protocol. Polymerization was performed by the low-fidelity Taq polymerase with the 

primers pYD1-EcoRI-F-1H10 and pYD1-NotI-R-1H10. The product recovered from the 

error-prone PCR was further amplified using PfuUltra high-fidelity DNA polymerase with 

the same pair of primers. To verify the mutation rate and initial library diversity before yeast 

transformation, the amplified mutant DNA library was double digested by EcoRI and NotI, 

and ligated to the pYD1 vector. An aliquot of the ligation reaction was used to transform 

Max Efficiency DH5α chemical competent E. coli cells (Thermo Scientific). Twenty 

colonies were randomly picked up from the LB agar plates (5 g NaCl, 5 g Tryptone, 2.5 g 

yeast extract, 7.5 g agar in 1 L dH2O containing 100 µg/ml ampicillin). Plasmids were 

extracted using the Qiagen plasmid miniprep kit (Qiagen, Germantown, MD) and were 

subsequently sequenced (Genewiz). 

Table 1. Primers used in the study 

 

2.2.4 Construction of the yeast display library 

The pYD1 vector linearized by EcoRI and NotI double digestion was mixed with 

the random mutagenesis DNA library at a molar ratio of 1:5, and transformed into EBY100 

yeast cells using the LiAc/SS carrier DNA/PEG (polyethylene glycol) method described by 

	

Name Nucleotide Sequence (5’-3’) 

pYD1-EcoRI-F-1H10 5’-CAGGATCCAGTGTGGTGGAATTCGAGGTGCAGCTGGTGGAGTC 

pYD1-NotI-R-1H10 5’-CTCTAGACTCGAGCGGCCGCCAACCTAAAACGGTGAGCTGGGTC 

pET28a-EcoR-F-UC8  5’- CAGGATCCAGTGTGGTGGAATTCGAGGCGCAGCTGGTGGAGTC 

pET28a-NotI-R-UC 5’-CTCTAGACTCGAGCGGCCGCAACCTAAAACGGTGAGCTGGGTC 
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Gietz et al (23). The transformed yeast cells were pooled into SDCAA media (20 g 

dextrose, 6.7 g Difco yeast nitrogen base without amino acid, 5 g bacto casamino acids, 

5.4 g Na2HPO4, 8.56 g NaH2PO4-H2O in 1 L dH2O containing 50 µg/ml kanamycin and 30 

µg/ml tetracycline). The library was cultured at 30°C and 250 rotations per minute (rpm) 

from a starting optical density of 0.2 at 600 nm (OD600=0.2) for 48-72 h to amplify yeast 

clones successfully transformed with plasmids containing the library sequences. To 

estimate the initial library size, an aliquot of the SDCAA culture (OD600=0.2) was serially 

diluted and plated onto an SDCAA agar plate (1 L SDCAA media plus 182 g D-sorbitol 

and 15 g agar). The over-grown library (round 0 library) was stored in 15% glycerol at -

80°C, with at least 10-fold more cells than the library size calculated from colony counting.  

2.2.5 Selection by whole-cell panning 

A frozen aliquot of the round 0 library was inoculated to 0.2 at OD600 in the SDCAA 

medium. The amount of yeast cells inoculated was 10- to 100-fold more than the library 

size. The culture was allowed to grow overnight and passaged again to ensure the 

complete elimination of dead cells. The next day, the SDCAA culture was diluted in 

SGCAA media (galactose instead of dextrose in SDCAA media) to 0.5 at OD600 for an 

induction of the scFv display on yeast cells. The yeast cells were incubated at 18°C and 

180 rpm for 48-72 h for full display of the scFv on the yeasts. A fraction of the culture was 

then pelleted and incubated with a 10 nM soluble, purified CSPG4-D2A protein at room 

temperature (RT) for 1 h, and then with a mouse anti-Nus tag IgG1 antibody for another 

hour at 4°C. After three rounds of washes, a mouse anti-V5 tag antibody conjugated to 

allophycocyanin (APC) (Abd Serotec, Raleigh, NC), which detected the V5 tag at the 3’ 

end of the scFv displayed on the yeast surface, and a goat anti-mouse IgG1 cross-

adsorbed secondary antibody conjugated to R-phycoerythrin (PE) (Pierce, Waltham, MA), 
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which detected the anti-Nus tag antibody on the yeasts that bound to the CSPG4-D2A 

protein, were added to the yeast cells and incubated for 1 h at 4°C. FACSCalibur (GE 

Healthcare Bio-Sciences) was used to analyze the fluorescent PE and APC signals from 

the labeled yeasts to confirm the expression of scFvs on the yeast surface and binding of 

the library clones to the CSPG4-D2A antigen.  

After induction in SGCAA media, the round 0 library was used to perform whole-

cell panning. H350 and HEK293 cells were seeded in tissue culture flasks with a growth 

area of 175 cm2 and cultured overnight. The next day, the cells were fixed with 0.25% 

glutaraldehyde (Sigma, St. Louis, MO). An aliquot of the induced round 0 library covering 

40 times of the library size was pelleted and resuspended in PBSF buffer (8 g NaCl, 0.2 g 

KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, 1 g bovine serum albumin in 1 L dH2O, pH 7.4). 

The resuspended yeast cells were added to the HEK293 cells fixed on the flask and 

incubated at RT for 1 h with gentle shaking. The supernatant was removed and added to 

the fixed H350 cells for a 2 h incubation at RT with gentle shaking. After discarding the 

supernatant, the cell layer was washed five times with phosphate-buffered saline (PBS; 

1x PBS, pH 7.4) by gently rocking the flask 20 times for each wash cycle. The H350 cells 

and the yeasts bound to them were harvested using a cell scraper. The mixture was 

resuspended in SDCAA media and incubated at 30°C, 250 rpm until OD600 reached around 

4. Then the culture was passaged again before it was diluted in SGCAA media for 

induction at 18°C, 180 rpm for 48-72 h. The process was repeated for the second and 

third rounds of biopanning, except at the end of the third round, in which the wash step 

with 1xPBS was extended to an overnight wash at 4°C on a shaker. After each round, a 

fraction of the library after induction was pooled, incubated with 10 nM CSPG4-D2A 
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protein and stained with the antibodies described earlier for detection of the scFv 

expression and binding to the antigen.  

2.2.6 Selection by FACS 

The yeast library recovered from the third round of the whole-cell panning (round 

3 library) was incubated with the soluble, purified CSPG4-D2A protein and anti-Nus tag 

IgG1 antibody, and then labeled with the anti-V5 antibody and anti-mouse IgG1 antibody 

as described above. Yeast clones exhibiting higher signals from both APC and PE 

channels (top 0.8% of the population for the first round of sorting, 0.6% for the second 

round of sorting, 0.2% for the third round of sorting) were sorted on FACSCalibur using a 

published protocol (24). The sorted yeasts were collected and pooled down to SDCAA 

media and incubated at 30°C, 250 rpm. The culture was passaged once before it was 

used for the next round of FACS screening. FACS screening progressed with decreasing 

concentrations of CSPG4-D2A proteins (from 2.5 nM to 0.5 nM). The final screened library 

(round 6 library) was plated on SDCAA plates, and individual colonies were randomly 

selected for DNA sequencing. Yeast clones with unique DNA sequences were identified 

and their binding to CSPG4-D2A proteins was validated by flow cytometry. 

 2.2.7 Expression, refolding, and purification of clones 

The genes of selected mutant scFvs with unique DNA sequences were PCR-

amplified from the pYD1 vector using the forward primer pYD1-EcoR1-F-1H10 and 

reverse primer pET28a-NotI-R-UC (Table 1). In the case of the mutant clone UC8, forward 

primer pET28a-EcoR-F-UC8 was used instead of pYD1-EcoR1-F-1H10. The mutant 

scFvs were sub-cloned into a pET28a(+) vector, and plasmids were transformed into BL21 

Star (DE3) E. Coli. The scFvs were expressed as inclusion bodies, solubilized, refolded, 
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and purified using the method described in section 2.2. The purity of the scFvs was 

determined by SDS-PAGE analysis.  

2.2.8 Affinity measurement by FACS 

Purified scFvs were directly conjugated to Alexa Fluor 488 (AF488) using the 

AF488 TFP ester (Thermo Fischer Scientific), and excess dye was removed using 

MagneHis magnetic beads (Promega, Madison, WI). 3x105 cells (H350 or HEK293) were 

resuspended in 500 ul of 1xPBS containing 5% fetal bovine serum (FBS) (5%FBS-PBS). 

Serially diluted antibodies were incubated with the cells and analyzed on FACSCalibur. 

Mean fluorescent intensity values were obtained from the histograms and were used to 

plot the binding curves. A standard approach of nonlinear regression using the one-site 

binding hyperbola available in Graphpad Prism 5 (Graphpad Software, La Jolla, CA) was 

used to fit the curves, and KD values were calculated by the program. The binding 

specificity of the scFvs were determined by incubating the AF488-labeled scFvs with 

HEK293 cells. 

2.2.9 Affinity measurement by Biacore 

Binding kinetics and affinity of purified scFvs against soluble CSPG4-D2A antigens 

were determined by surface plasmon resonance using Biacore 3000 (Biacore, Pittsburgh, 

PA). Each antibody was assayed at three different concentrations (75, 150, 300 nM) 

against immobilized CSPG4-D2A proteins at a flow rate of 30 µl/min in binding buffer (10 

mM HEPES, 0.15 M NaCl, 3.4 mM EDTA, and 0.005% p20 surfactant at pH 7.4). The 

curves were fitted using the 1:1 Langmuir binding model, and rate constants were 

calculated with BIAevaluation Software (Biacore). 
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2.3 Results 

2.3.1 Construction of the anti-CSPG4 human scFv random 
mutagenesis library  

The parental clone 1H10 is a fully human anti-CSPG4 scFv previously isolated in 

our lab from a naive phage display library against the subdomain D2A, corresponding to 

amino acids 641-1233 of the human CSPG4 protein (CSPG4-D2A). Due to its relatively 

weak binding to the antigen (KD=3.83*10-6 M; Table 2), we performed random 

mutagenesis to improve its affinity. Mutations were introduced randomly throughout the 

full length of the scFv using low-fidelity Taq polymerase. We restricted the complexity of 

the mutagenesis library by performing error-prone polymerase chain reaction (PCR) at a 

targeted mutation rate of approximately three to five nucleotide changes (or two to four 

amino acid changes) per scFv. To verify the quality of the initial random mutagenesis, the 

amplified mutant library was transformed into E. Coli and 20 clones were randomly picked 

up for sequencing (data not shown). All clones displayed unique sequences different from 

1H10. The average number of nucleotide mutations and non-synonymous amino acid 

substitutions per scFv was determined to be 3.55 and 3.18, respectively. Both numbers 

were within the targeted range. The ideal ratio of A/T bases converted to G/C bases and 

vice versa is 1.0, and in our experiment, the conversion ratio had a value of 1.33. This 

confirmed that the diversity of the random mutagenesis DNA library was well within the 

desired range. 
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Table 2. Affinity of selected mutant scFv clones from round 6 random 
mutagenesis yeast display library 

 

2.3.2 Selection of clones with improved affinity for CSPG4 by whole-
cell panning and FACS  

After transformation of the mutant DNA library into the yeast, the initial yeast library 

size was determined to be 3*107. All further passages of the yeast culture were performed 

 

a. Non-synonymous amino acid mutations compared to the parental 1H10 scFv 

b. Total number of non-synonymous amino acid mutations in each clone 

c. Region where mutation was found 

d. Position of the mutation 

e. Specific amino acid mutation at each position, presented in the format of “before-after”. Single-letter amino 

acid codes were used.   

f. Incidence among 28 mutant clones randomly picked up and sequenced from round 6 library, all of which had 

fluorescent signal stronger than the parental clone 1H10. 	

	

Clone Amino Acid Change(s) a Inc.f Affinity by Flow 
Cytometry 

KD (M) 

Affinity by Biacore 
Num.b Reg.c Pos.d Mut.e KD (M) kassoc 

(1/Ms) 
kdissoc 

(1/s) 
1H10  - - - - 0 (3.83±0.46)*10-6 (2.57±0.43)*10-6 2.02*104 5.20*10-2 

UC3 2 VH FR4 113 L-R 3 (8.31±0.56)*10-9 (3.45±0.07)*10-9 3.28*106 1.13*10-2 
VL CDR3 239 Y-H  

UC4 6 VH CDR2 57 E-V 1 (3.70±0.45)*10-9 (2.51±0.24)*10-9 4.58*105 1.15*10-3 
  VH FR3 77 S-G  
  VH FR3 78 T-A  
  Linker 131 S-P  
  VL CDR1 166 S-R  
  VL FR3 226 D-V  

UC5 5 VH FR1 25 S-F 3 (8.18±2.06)*10-9 (4.56±1.00)*10-9 7.08*105 3.23*10-3 
  VH FR3 77 S-G  
  Linker 132 G-S  
  Linker 139 T-A  
  VL CDR3 239 Y-H  

UC8 3 VH FR1 2 V-A 1 (1.17±0.35)*10-8 (5.64±0.73)*10-9 5.18*105 2.92*10-3 
 VH FR4 113 L-P 
 VL CDR3 239 Y-H 

UC10 2 VH FR3 59 T-S 3 (7.15±1.44)*10-9 (9.31±0.67)*10-9 3.22*105 3.00*10-3 
VL CDR3 239 Y-H  

UC12 3 VH CDR2 57 E-V 3 (3.37±1.55)*10-9 (7.25±0.15)10-10 4.59*105 3.33*10-4 
VL FR3 201 N-K      
VL CDR3 239 Y-H      

UC16 3 VH FR2 39 Q-L 2 (7.97±0.34)*10-9 (3.72±0.80)*10-9 1.46*106 5.43*10-3 
VH FR3 79 A-V 
VL CDR3 239 Y-H 
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by 10-100 fold of oversampling of the yeast library size in order to reduce the probability 

of losing unique clones. Three rounds of whole-cell panning were performed against the 

human melanoma cell line H350 expressing the target antigen, CSPG4, followed by three 

rounds of FACS. Results before and after each selection round were monitored by labeling 

an aliquot of the yeast library and analyzing its binding to 10 nM of the soluble, purified 

CSPG4-D2A protein by flow cytometry. As screening progressed, the population of scFv 

clones exhibiting higher phycoerythrin (PE) fluorescence signals (which demonstrate the 

affinity to CSPG4-D2A proteins) increased gradually, as represented by the percentage 

of yeast clones within the gated region (Figure 1). Whole-cell panning generated a 

relatively minor increase in the percentage of high-affinity clones, from 0.59% for the round 

0 library (yeast library prior to panning, Figure 1A), to 2.46% for the round 2 library (yeast 

library after round 2 whole-cell panning, Figure 1C). Even with an extensive overnight 

wash performed during round 3 panning, high-affinity clones only accounted for 8.17% of 

the total population after the third round (Figure 1D). However, after the first round of FACS 

(round 4 library) using 2.5 nM of CSPG4-D2A antigens, the high-affinity clones were 

significantly enriched from 8.17% to 26.30% (Figure 1E), demonstrating the efficiency of 

single-cell sorting to isolate the top binders of very low abundance (<1%) in the population. 

For the next two rounds of FACS, an increased stringency of selection was applied by 

using 1 nM and 0.5 nM of antigens, respectively. Substantial enrichment of high-affinity 

clones occurred after the second round of sorting, after which the percentage of high-

affinity clones increased to 77.12% (Figure 1F). Sorting was stopped after the third round, 

with an overall enrichment of 86.15% of high-affinity binders in the final library (Figure 1G). 

An aliquot of the round 6 library was then plated and 28 yeast clones were randomly 

selected for sequencing. We identified 14 unique sequences from these clones, each 
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containing one to six non-synonymous amino acid substitutions (Figure 2). Yeasts 

displaying the single clones of each of these 14 variants all showed improved binding to 

the CSPG4-D2A protein by flow cytometry, compared to the parental clone 1H10 (Figure 

3). 

 

Figure 1. Bivariate dot-plot of random mutagenesis library screened by 
whole-cell panning and FACS.  

Figure legend: total of 10,000 yeasts were recorded by FACSCalibur for each 

analysis plot. 10 nM of soluble, purified CSPG4-D2A protein was used as the antigen. The 

pink diagonal window represents the population of yeasts displaying scFvs from the library 

and showing improved binding affinity to the CSPG4-D2A antigen. Pink numbers indicate 

the percentage of yeasts within the gated region, as compared to the whole population 

analyzed. (A) Round 0: initial yeast library before whole-cell panning. (B-D) Yeast library 

after 1st (B), 2nd (C), and 3rd (D) round of whole-cell panning. (E-G) Yeast library after 

the 1st (E), 2nd (F), and 3rd (G) round of FACS. 
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Figure 2. Amino acid sequence alignment of 14 affinity-matured anti-CSPG4 
scFv variants with parental clone 1H10.  

Figure legend: framework regions (FR) and complementarity-determining regions 

(CDR) are indicated on the top in blue. The different residues are presented as one letter 

amino acid code and the same residues are presented as dots (.). The two most common 

mutations (Y239H in the VL CDR3 region, and E57V in the VH CDR2 region) are 

highlighted in red.   
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Figure 3. Flow cytometry histogram plot showing antigen binding of yeasts. 

Figure legend: yeasts displaying the parental anti-CSPG4 clone 1H10 and single 

clones of the 14 mutated scFvs, each of which had a unique DNA sequence, were shown 

on Figure 3. The concentration of the CSPG4-D2A antigen used in the analysis was 10 

nM. The top seven clones, indicated by red asterisks (*), were selected for further 

characterization. 

2.3.3 Binding affinity and specificity analysis of the CSPG4 scFv 
variants by flow cytometry 

We selected the top seven mutant scFv yeast clones (UC3, UC4, UC5, UC8, 

UC10, UC12, and UC16) based on their mean PE intensity values for further 

characterization (Figure 3). The parental and mutant scFvs were expressed in E. Coli as 

inclusion bodies, reduced, refolded, and purified using Ni Sepharose Excel affinity 

chromatography and size exclusion chromatography to at least 90% purity by SDS-PAGE 

(Figure 4).   
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Figure 4. SDS-PAGE analysis of purified scFvs.  

Figure legend: Lane M: molecular weight marker (kDa). Lane 1 to Lane 8 indicate 

purified mutant scFvs or parental scFv 1H10 (molecular weight: 32.6 kDa). 

To demonstrate the specificity of the mutant scFvs binding to CSPG4, flow 

cytometry analysis was performed using 350 nM of the mutant scFvs directly labeled with 

AF488 against H350 (CSPG4 antigen-positive) or HEK293 (CSPG4 antigen-negative) 

cells. A significant increase in the AF488 mean fluorescence intensity was observed 

against H350 cells expressing high levels of CSPG4. No binding was seen against the 

antigen-negative HEK293 cells, demonstrating that the binding of the mutant CSPG4 

scFvs was highly target-specific (Figure 5). 
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Figure 5. Binding of soluble, purified mutant anti-CSPG4 scFvs to H350 and 
HEK293 cells by flow cytometry.  

Figure legend: grey areas represent the cell-only samples without addition of the 

scFvs. Colored lines represent cells incubated with 350 nM mutant anti-CSPG4 scFvs. 

A summary of the position and the amino acid substitutions for each of the seven 

selected mutant clones, the number of incidences of each variant among the 28 clones 

randomly picked from the round 6 yeast display library, and the average affinity values 

(KD) measured by flow cytometry is presented in Table 2. The sequencing results showed 

that each of the top seven mutant scFvs incorporated two to six non-synonymous amino 

acid substitutions. In addition, the binding affinities of all seven mutant clones were 

significantly improved by approximately 300-1000 folds compared to the parental clone 

1H10, which had a KD value of 3.83*10-6 M by flow cytometry analysis. Except for UC8, 

which had a binding affinity of 1.17*10-8 M, all other mutant clones had KD values in the 

nanomolar range. Clone UC12 displayed the highest affinity, with a KD value of 3.37*10-9 

M. A representative plot of affinity analysis and the average KD values are presented for 

the parental 1H10 clone and each mutant scFv in Figure 6. 



 

21 

 

Figure 6. Apparent affinity analysis of soluble, purified 1H10 and mutant anti-
CSPG4 scFvs by flow cytometry.  

Figure legend: a representative plot is presented for each scFv, and the average 

KD values derived from at least three independent experiments are indicated on the 

graphs. 

2.3.4 Affinity analysis of the CSPG4 scFv variants by Biacore 

The binding kinetics of the parental and mutant scFvs were also determined by 

Biacore. The purified scFvs were applied to sensor chips coated with the purified CSPG4-

D2A antigen. The KD values for individual scFvs are summarized in Table 2, and a 

representative sensorgram for each clone is presented in Figure 7. Biacore gave similar 

values of KD compared to the results from flow cytometry affinity analysis. The parental 

clone 1H10 had a weak binding affinity of 2.57*10-6 M, as determined by Biacore, due to 

its slow association rate and fast dissociation rate. Significantly, the mutant clones 

exhibited 270-3000 folds of improvement in KD values compared to the parental clone 
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1H10 by Biacore. All seven mutant clones had KD values in the nanomolar range except 

for the clone with the highest affinity, UC12, which had a KD of 7.25*10-10 M. Due to the 

high response units (RU) observed in the sensorgrams of UC8 and UC12, we repeated 

the analysis of these two clones by decreasing the immobilization level of the surface 

antigen and increasing the concentration titration of the scFvs from three concentrations 

to nine concentrations ranging from 300 nM to 1.17 nM (Figure 8). Under these 

experimental conditions, the affinity values of UC8 and UC12 remained similar to the KD 

values obtained at high Rmax (RU>>100); KD = 5.67*10-10 M for UC12 (compared to 

7.25*10-10 M at RU>>100), and a KD= 9.02*10-9 M for UC8 (compared to 5.64*10-9 M at 

RU>>100).   

 

Figure 7. Affinity analysis of soluble, purified 1H10 and mutant anti-CSPG4 
scFvs by Biacore.  

Figure legend: purified CSPG4-D2A antigen was immobilized on the chip, while 

anti-CSPG4 scFvs were serially diluted in the solution. A representative sensorgram was 

shown for each scFv, and the average kinetic values from at least two individual 
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experiments were indicated on the graphs. Blue, green, and red lines indicate 300 nM, 

150 nM, and 75 nM of scFvs. 

 

Figure 8. Biacore analysis of UC8 and UC12 scFvs, at concentration titrations 
from 300 nM to 1.17 nM.  

Figure legend: purified CSPG4-D2A antigen was immobilized on the chip, while 

the scFvs were serially diluted in the solution. A representative sensorgram is shown for 

each scFv, and the average kinetic values from at least three individual experiments are 

indicated on the graphs. 

2.4 Discussion 

Due to its high expression levels on the cell surface and its essential role in growth 

and progression of tumors, CSPG4 is a promising therapeutic target for a variety of 

cancers. The clinical potential of antibody-based therapies targeting CSPG4 in cancer 

treatment has been demonstrated by various studies. One of the most critical 

requirements for an effective CSPG4-targeted immunotherapy is a good antibody or 

antibody fragment (e.g., an scFv) with high binding affinity and specificity. These 



 

24 

antibodies or antibody fragments can then be combined with peptides, proteins, or drugs 

to be developed into various formats, including bispecific antibodies, fusion antibodies, 

and antibody-drug conjugates. They can also be utilized to direct CARs to cancer cells 

expressing the antigen. In these scenarios, the use of fully human antibodies might be 

preferable over murine antibodies, since the immunogenic responses to the murine 

antibodies could potentially impact both safety and pharmacokinetic properties, resulting 

in low utility and efficacy of the drugs. Unfortunately, most CSPG4-targeted 

immunotherapies currently available involve the use of murine antibodies and antibody 

fragments. There is a lack of fully human high affinity CSPG4 antibodies. As a result, we 

aimed to develop fully human scFvs with high affinity and specificity against CSPG4 using 

the random mutagenesis approach for affinity maturation.  

 In the current study, we performed affinity maturation on a parental anti-CSPG4 

scFv using the random mutagenesis approach and screened the yeast display library 

using a modified whole-cell panning method combined with FACS. Seven unique scFvs 

harboring two to six amino acid substitutions were isolated and characterized by flow 

cytometry to determine their binding specificity to CSPG4 expressed on H350 cells. We 

further determined the affinity of these mutant scFvs by flow cytometry and surface 

plasmon resonance. The affinity-matured scFv variants were highly specific and had 

nanomolar to picomolar binding affinities to the CSPG4 antigen. The mutant scFvs 

exhibited approximately 270-3000-fold affinity improvement over the parental clone. 

Random mutagenesis has become an increasingly important tool in optimizing 

protein properties. A critical aspect of a random mutagenesis library is its mutational 

frequency. The optimal mutation rate is a tradeoff between accumulating enough 

beneficial mutations and avoiding too many deleterious mutations (25). While 
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hypermutated libraries might give rise to clones exhibiting greatest affinity improvements 

(26), since our yeast display library only had a small size of 3*107, we targeted a mutation 

rate of 0.4% to 0.7% (three to five DNA mutations per gene) during random mutagenesis. 

Indeed, the final seven unique clones with improved binding affinities all harbored two to 

six DNA mutations per 750kb gene, corresponding to an actual mutational frequency of 

0.26%-0.8%. The highest affinity clone, UC12, had four nucleotide mutations (a mutational 

rate of 0.53%), which resulted in three non-synonymous amino acid substitutions and 

more than 1000-fold improvement of KD. These results demonstrate that significant affinity 

improvement can be achieved by targeting at this mutational frequency range.  

Both FACS and whole-cell panning have been successfully utilized to screen 

yeast-display libraries (24,27). Flow cytometry allows for a quantitative assessment of 

antigen binding and scFv expression on the yeast cell. In situations where soluble antigens 

are not readily available, yeast-display scFvs can be panned against monolayers of 

mammalian cells, or incubated with mammalian cells in solution and separated by density 

centrifugation (27). Previous attempts have been made to combine both whole-cell 

panning and soluble target-based screening to ensure that the isolated scFvs are genuine 

binders for the intact cellular target (28). In this study, we utilized a modified cell panning 

method and combined it with FACS. The cell panning performed in our study is different 

from previous studies in several aspects. First, we started whole-cell panning before cell 

sorting. Due to the large size of the CSPG4 protein, which resulted in difficulty of 

expression, we only used a truncated part of the extracellular domain of CSPG4, namely 

CSPG4-D2A, as the antigen. The CSPG4-D2A antigen was expressed and purified from 

bacterial inclusion bodies. Since the soluble CSPG4-D2A antigen prepared in bacteria 

lacked glycosylation and could have had a conformation different from the membrane-
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bound CSPG4 protein, we proceeded with cell panning first on antigen-negative HEK293 

cells, followed by panning on CSPG4-positive H350 cells. This helped to ensure that the 

library contained mostly true binders to the native CSPG4. Second, we utilized cell culture 

flasks with 175cm2 growth area, which allowed for a greater volume input of the library 

instead of using a 6-well plate described in the original whole-cell panning protocol (27). 

Third, prior to adding the yeast library, we fixed the mammalian cells on the flask using 

glutaraldehyde. This ensured that the native CSPG4 would not degrade during the 

incubation and washing steps. It also facilitated the use of more vigorous washing 

procedures, while reducing the possibility of losing clones that bound the antigen-

expressing cells that were detached during the washing process. Fourth, during the round 

three panning, instead of gently washing the plates by rotating them to eliminate the 

unbound yeasts, we applied a more stringent method which included an overnight wash 

at 4°C on a shaker. In our case, an overnight wash only modestly improved the enrichment 

of high-affinity clones from 2.5% to 8.2% (Figure 1). It is possible that the avidity effect 

might have played a role in cell panning, potentially leading to modest enrichment of high-

affinity clones. Therefore, to overcome the avidity issues, we continued the affinity 

maturation with FACS after three rounds of cell panning. Unlike cell panning, one 

advantage of using FACS for screening yeast display libraries is that the variations in the 

expression levels of scFvs on individual yeasts can be normalized using fluorescent 

signals from antibodies binding to the epitope tag (e.g., V5 tag), thus eliminating artifacts 

due to host expression bias and allowing for a fine discrimination between the mutants. In 

addition, the sorting stringency of FACS can be easily manipulated by lowering the 

concentration of the soluble antigen and using a smaller sorting gate. Indeed, three rounds 

of sorting significantly enriched the percentage of high-affinity clones from 8.17% to 
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86.15% (Figure 1). These results demonstrated that the yeast clones enriched from our 

newly developed screening process were able to bind to both the intact CSPG4 antigen 

on the cell surface and the truncated, soluble CSPG4-D2A antigen prepared from bacteria. 

Compared to the binding kinetics of the parental clone, the enhanced affinities of 

the seven mutant clones (Table 2) resulted from significant improvements in both the 

association rate constants (faster on-rate) as well as the dissociation rate constants 

(slower off-rate)  (Table 3). For the mutant clones UC3, UC5, UC8, and UC16, the fold 

improvement of the association constant was higher than that of the dissociation constant, 

suggesting that the increased association constant had a greater contribution to the 

enhanced affinity (Table 3). On the other hand, for UC4, UC10, and UC12, the fold 

improvement of the dissociation constant was greater than that of the association 

constant, demonstrating that the improved dissociation constant had a greater contribution 

to the increased affinities of these three mutant clones. Especially in the case of UC12, 

the best binder among the mutant clones, there was a 156-fold improvement in its 

dissociation constant, but only a 23-fold improvement in its association constant. 



 

28 

Table 3. Analysis of the Binding Kinetics of the Parental and Mutant scFvs 

 

Analysis of the sequences of the 14 unique mutant anti-CSPG4 scFvs isolated 

from the round six yeast library identified the top two predominant mutations among the 

14 unique mutant clones to be: (1) tyrosine to histidine at position 239 in the VL CDR3 

region (Y239H) in 12/14 clones (at an occurrence rate of 86%) and (2) glutamic acid to 

valine at position 57 in the VH CDR2 region (E57V) in 4/14 clones (at an occurrence rate 

of 29%) (Figure 9). Interestingly, none of the 20 clones picked from the initial random 

mutagenesis DNA library prior to cell panning contained the Y239H mutation, indicating 

that this specific mutation was initially of very low abundance in the mutant library, but was 

subsequently enriched during the screening process. This suggested that the Y239H 

mutation might have played a significant role in the improved binding affinity of the mutant 

clones. In addition, the mutant clone UC1 only had the single amino acid mutation, Y239H 

scFv K
D
  

(M) 
k

assoc
  

(1/Ms) 
k

dissoc 
(1/s) 

Fold of Improv1. 
of k

assoc
  

Fold of Improv2. 
of k

dissoc
 

1H10 (parental) 2.57E-06 2.02E+04 5.20E-02 - - 
UC3 3.45E-09 3.28E+06 1.13E-02 162 5 
UC4 2.51E-09 4.58E+05 1.15E-03 23 45 
UC5 4.56E-09 7.08E+05 3.23E-03 35 16 
UC8 5.64E-09 5.18E+05 2.92E-03 26 18 
UC10 9.31E-09 3.22E+05 3.00E-03 16 17 
UC12 7.25E-10 4.59E+05 3.33E-04 23 156 
UC16 3.72E-09 1.46E+06 5.43E-03 72 10 

	
1: Fold of improvement of the association constant kassoc of the mutant clones, as compared to that of the parental 

clone. (Fold=kassoc of mutant/ kassoc of 1H10) 

2: Fold of improvement of the dissociation constant kdissoc of the mutant clones, as compared to that of the parental 

clone. (Fold=kdissoc of 1H10/ kdissoc of mutant) 

1&2:  Yellow blocks indicate that the fold of improvement of the kassoc was greater than that of the kdissoc. Blue 

blocks represent the reverse trend.  
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(Figure 2) and displayed apparently improved binding to the soluble CSPG4-D2A protein 

compared to the parental clone, 1H10 (Table 2), confirming the importance of the Y239H 

substitution in the affinity maturation of 1H10 scFv. UC4 and UC9 were the only two mutant 

scFvs that did not harbor the Y239H mutation among the 14 mutant clones. Instead, they 

shared the second-most frequent mutation, E57V in the VH CDR2 region. Unfortunately, 

among the 14 mutant clones, we did not find an scFv with the E57V mutation alone, thus 

further study is needed to confirm the contribution of this specific mutation in affinity 

maturation. Compared to UC12, UC4 had a similar KD by flow cytometry analysis, but had 

a 3.4-fold weaker binding to the CSPG4-D2A protein by Biacore. These results suggested 

that while the Y239H mutation was important for the increased affinity of mutant anti-

CSPG4 scFvs, other mutations or combinations of mutations could also enhance the 

affinity of the parental scFv.  

 

Figure 9. Sequence analysis of the 14 mutant clones isolated from round 6 
yeast display library. 

 Figure legend: left Y axis and colored bars: counts of a specific substitution that 

occurred within the 14 clones. Right Y axis and orange line: percentage of the clones with 
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a specific substitution, among the 14 clones. Amino acid substitutions and their positions 

were indicated. Single-letter code for amino acids was used. Regions of the mutations 

were indicated by the colors of the bars and the descriptions of the corresponding colors 

beneath the graph. Percentages of the most abundant mutations were labeled on the 

graph. 

Wang et al. have described a fully human anti-CSPG4 antibody (scFv-FcC21) with 

its affinity characterized by a kinetic binding assay using flow cytometry (KD=5*10-8 M) 

(29). While the UC12 antibody fragment reported in our study is monovalent, it exhibited 

increased affinity (KD=3.37*10-9 M measured by flow cytometry, and KD=7.25*10-10 M 

measured by Biacore) compared to the bivalent antibody scFv-FcC21.  In this regard, the 

mutant anti-CSPG4 scFvs described herein are novel antibody fragments with greater 

affinity against CSPG4-expressing tumors. 

In conclusion, fully human, high-affinity anti-CSPG4 scFvs were obtained through 

effective utilization of random mutagenesis and yeast-display selection. These affinity-

matured anti-CSPG4 scFvs have the potential to be developed into diagnostic agents or 

targeted therapeutics for the clinical evaluation and treatment of CSPG4-expressing 

tumors. 
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3. Development and Validation of a Cell-Based 
Fluorescent Method for Measuring Antibody Affinity 
3.1 Introduction 

To be successful therapeutic candidates monoclonal antibodies (mAbs) need to 

recognize native epitopes on target antigens. Cell-based fluorescent assay (e.g. cell-

based ELISA) offers a rapid and sensitive way to measure antibody affinity utilizing a 

monolayer of cells adhering to a 96-well plate to comprise the solid phase of a 

conventional assay, in which the protein of interest is immobilized (30). Advantages of a 

cell-based fluorescent assay include its use of intact cells expressing target antigens in 

their native conformation, excluding the need to purify target antigen, high throughput 

analysis using 96-well plates, conservation of costly reagents due to the small assay 

volume, and relative inexpensiveness of using a plate reader. Despite these advantages 

no attempt has been made yet to utilize a direct fluorescent method for assessing antibody 

affinity and validate it by comparison to other established methods.  

This chapter describes the development and validation of a fluorescent cell-based 

immunosorbent assay that can accurately measure antibody affinity (KD) in the nanomolar 

range. This method involves the addition of fluorescently labelled antibodies to antigen-

positive and antigen-negative cell lines fixed on 96-well plates. The fluorescent signals 

from nonspecific binding to negative control cell lines is subtracted from the specific 

binding to the antigen-positive cell lines. The KD values obtained by this method were 

comparable with values obtained by the flow cytometry and radioactive (I125) scatchard 

assay. The results demonstrate that this modified cell-based fluorescent method allows 

for a convenient and efficient identification of therapeutically relevant leads. This study 

has been published in an article by Yu, et al in 2017 (31).  
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3.2 Materials and Methods 

3.2.1 Antibodies 

Development, production, and purification of the Mel-14 monoclonal antibody 

targeting human chondroitin sulfate proteoglycan 4 (CSGP4), the D2C7 monoclonal 

antibody targeting human wild-type epidermal growth factor receptor (EGFRwt) and 

human mutant EGFR variant III (EGFRvIII), and the NZ-1 monoclonal antibody targeting 

human podoplanin have been previously described (32-34). The purity of Mel-14 (mouse 

IgG2a), D2C7 (mouse IgG1), and NZ-1 (Rat IgG2a) were determined to be greater than 

90% by SDS-PAGE (data not shown). 

3.2.2 Cell lines 

H350 is a human melanoma cell line expressing CSPG4 maintained in our 

laboratory. The human embryonic kidney cells, HEK293 (ATCC, Manassas, VA), which 

lacks expression of CSPG4, and murine Swiss 3T3 fibroblast cell line, NR6 (kindly 

provided by Dr. Harvey Herschman, University of California, Los Angeles, CA), which 

lacks expression of murine or human EGFRwt, EGFRvIII, or human podoplanin, were 

used as negative controls. NR6EGFRwt is the murine NR6 cell line transfected with 

human EGFRwt (35). All cells were cultured in an incubator at 37°C, 5% CO2, and 

passaged at confluence with Accutase Cell Detachment Solution (BD Biosciences, San 

Jose, CA). HEK293 cells were cultured in DMEM media supplemented with 10% heat-

inactivated fetal calf serum (FBS) (Thermo Fisher Scientific, Waltham, MA). All other cell 

lines were grown in 1x MEM ZINC Option media with 10% FBS (Thermo Fisher Scientific).   
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3.2.3 Dissociation of xenograft 

D-341 MED, medulloblastoma xenograft tissue was obtained from mice under 

sterile conditions from the Duke animal facility, and prepared for cell culture in a laminar 

flow hood using sterile techniques. The tumor was finely minced and digested with 100ug 

Liberase (Roche, Indianapolis, IN) at 37°C for 20 min. The dissociated cells were filtered 

through a 70-μm cell strainer (BD Biosciences), and red blood cells were removed with 

ACK Lysing Buffer (Thermo Fisher Scientific). The tumor cells were then washed with 

phosphate-buffered saline, (1x PBS, pH 7.4), and treated with Ficoll-Paque Plus (GE 

Healthcare Bio-Sciences, Pittsburgh, PA) to remove residual red blood cells, debris, and 

dead cells. The cells were finally washed twice with 1x MEM Zinc Option media before 

they were transferred to tissue culture-treated flasks. The cells were cultured and 

passaged until sufficient numbers were obtained.  

3.2.4 Labeling of antibodies 

Mel-14, D2C7, and NZ-1 antibodies were directly conjugated with Alexa Fluor 488 

(AF488) fluorescent dye using the amine-reactive agent tetrafluorophenyl esters (Thermo 

Fisher Scientific) according to the manufacturer’s protocol. Briefly, AF488 dye was added 

to the purified antibody at a 10:1 molar ratio and incubated in 0.1 M Na2HCO3, pH 8.2 

buffer for 1 h at room temperature. The excess dye was removed by overnight dialysis 

using Slide-A-Lyzer cassettes (Thermo Fisher Scientific). Protein concentrations were 

calculated from measurements of absorbance at 280 nm and 494 nm obtained using 

Nanodrop 1000 (Thermo Fisher Scientific). The fluorophore to protein ratio was calculated 

to be for 4.6 for Mel-14-AF488, 4.0 for NZ-1-AF488, and 1.2 for D2C7-AF488. 
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3.2.5 Affinity measurement by flow cytometry 

To test antigen specificity, flow cytometry analysis was performed by incubating 

66.7nM of Mel-14-AF488, NZ-1-AF488, and D2C7-AF488 antibodies, or the 

corresponding AF488 labeled isotype control antibodies with both the antigen-positive and 

antigen-negative cell lines. To measure antibody affinity by flow cytometry, the cells were 

first prepared as described below. 3x105 cells (H350, HEK293, NR6, NR6EGFRwt, or D-

341 MED) were resuspended in 500 ul of 1x PBS containing 5% FBS (5%FBS-PBS). 

Serially diluted Mel-14-AF488, D2C7-AF488, and NZ-1-AF488 antibodies were added to 

their corresponding antigen-positive cell lines at concentrations ranging from 100 pM to 

500 nM. Cells were incubated for 45min at 4°C, washed 3 times with 1xPBS, and analyzed 

on a Becton Dickinson FACSCalibur instrument (BD Biosciences). Mean fluorescent 

intensity values were obtained from the histograms and were used to plot the binding 

curves. A standard approach of nonlinear regression using the one-site binding hyperbola 

available in Graphpad Prism 5 (Graphpad Software, La Jolla, CA), was used to fit the 

curves, and KD values were calculated by the program. 

3.2.6 Radioactive scatchard affinity analysis   

Mel-14, D2C7, and NZ-1 antibodies were conjugated with I125 as previously 

described (22). Then, antigen- positive cells (H350 for Mel-14, NR6EGFRwt for D2C7, 

and D-341 MED for NZ-1) and antigen-negative cells (HEK293 for Mel-14, NR6 for D2C7, 

and NZ-1) were seeded in 24-well plates at 2x105 cells/well in triplicates, and cultured 

overnight. The next day, the cells were fixed in 0.25% glutaraldehyde (Sigma, St. Louis, 

MO) for 5 min at room temperature, washed three times with incubation buffer (115 mM 

PO4 [KH2PO4 + K2HPO4], 0.05% BSA, 0.05% gelatin), and blocked with the same buffer 
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at room temperature for 1 h. I125 labeled antibodies were serially diluted from 10 pM to 80 

nM with the incubation buffer. Diluted antibodies were added to the corresponding 

triplicate wells plated with their antigen-positive cells (Ag Pos wells) and antigen-negative 

cells (Ag Neg wells). The same series of antibody dilutions, in the same concentrations as 

the antibody solutions added to the wells, were prepared and added directly to 2ml screw-

cap tubes at 200 µl/tube in triplicates. These tubes were used as standard samples. The 

cell plates and the standard sample tubes were incubated at 4°C overnight. The next day, 

the free radioactive antibodies were removed from the plates. Then the plates were 

washed four times with the incubation buffer. After that, 500 µl 2N sodium hydroxide was 

added to each well, and the plates were incubated overnight at 37°C. The following day, 

the cells were completely re-suspended in 500 µl 2N sodium hydroxide and transferred 

into new 2 ml screw-capped tubes. The test tubes (containing intact cells and cell debris 

bound to antibodies) as well as standard sample tubes were then placed in a gamma 

counter. The readout values (counts per min, cpm) were recorded. Equation 1 presented 

below was used to calculate the average amount of antibodies bound to cells (molar 

bound) at each antibody concentration. Molar bound values were plotted against the molar 

input values, to determine the average amounts of antibody added to each well. The 

curves were fitted with one-site binding hyperbola in Graphpad Prism 5, and KD values 

were calculated by the Prism 5 program. 

𝑀𝑜𝑙𝑎𝑟	𝑏𝑜𝑢𝑛𝑑	(𝑀) 	

=
∑ 𝑐𝑝𝑚	𝑜𝑓	3	𝐴𝑔	𝑃𝑜𝑠	𝑤𝑒𝑙𝑙𝑠		 − ∑ 𝑐𝑝𝑚	𝑜𝑓	3	𝐴𝑔	𝑁𝑒𝑔	𝑤𝑒𝑙𝑙𝑠

∑ 𝑐𝑝𝑚	𝑜𝑓	3	𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑠𝑎𝑚𝑝𝑙𝑒𝑠	𝑡𝑢𝑏𝑒𝑠	

∗ 𝑚𝑜𝑙𝑎𝑟	𝑖𝑛𝑝𝑢𝑡 

(Equation 1) 
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3.2.7 Affinity measurement by cell-based fluorescent assay 

Antigen-positive and negative cells were seeded in duplicates in flat clear bottom 

black 96-well plates (Corning, Corning, NY) at 2x104 cells/well, and cultured overnight. For 

each antibody, its antigen-positive and antigen-negative cell line pair were cultured on the 

same plate to avoid differences between individual 96-well plates. The next day, the cells 

were fixed in 0.25% glutaraldehyde (Sigma) for 5min at room temperature, and washed 

three times with 1x PBST buffer (1x PBS, 5% FBS, 0.05% Tween 20). The wells were 

then blocked with 5% FBS-PBS buffer for 1h at room temperature. Serially diluted Mel-14-

AF488, D2C7-AF488, and NZ-1-AF488 antibodies ranging from 40 pM to 400 nM were 

added to the corresponding antigen-positive and antigen-negative cells. The plates were 

incubated at 4°C in dark for 1 h, and then washed six times with 1x PBST buffer. Then 5% 

FBS-PBS buffer was added to each well at 100 µl/well. The excitation and emission 

wavelengths on the Tecan Infinite 200Pro plate reader (Tecan, Morrisville, NC) were set 

at 490 nm and 525 nm, respectively. Gain, the amplification factor for the photomultiplier 

tube, was set to optimal so that its value was calculated automatically by the instrument 

according to the highest signal within the selected wells. Integration time was set to 20 µs. 

Relative fluorescence units (RFU) was recorded. RFU for specific binding was calculated 

using Equation 2 shown below and plotted against molar concentrations of antibody input. 

The curves were fitted with sigmoidal dose response algorithm and KD was calculated by 

the Prism 5 program.  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝐵𝑖𝑛𝑑𝑖𝑛𝑔	𝑅𝐹𝑈

= (𝐴𝑣𝑔	𝑅𝐹𝑈	𝑜𝑓	𝐴𝑔	𝑃𝑜𝑠	𝑊𝑒𝑙𝑙𝑠 − 𝐴𝑣𝑔	𝑅𝐹𝑈	𝑜𝑓	𝐵𝑙𝑎𝑛𝑘	𝐴𝑔	𝑃𝑜𝑠	𝑊𝑒𝑙𝑙𝑠)

− (𝐴𝑣𝑔	𝑅𝐹𝑈	𝑜𝑓	𝐴𝑔	𝑁𝑒𝑔	𝑊𝑒𝑙𝑠𝑠 − 𝐴𝑣𝑔	𝑅𝐹𝑈	𝑜𝑓	𝐵𝑙𝑎𝑛𝑘	𝐴𝑔	𝑁𝑒𝑔	𝑊𝑒𝑙𝑙𝑠) 
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(Equation 2) 

3.2.8 Competitive binding assay using the cell-based fluorescent 
format   

Competitive binding assay was carried out using NR6EGFRwt cells. Ninety-six-

well plates containing fixed NR6EGFRwt cells were prepared and blocked as described in 

section 2.7. In parallel duplicate tubes, 40 nM of D2C7-AF488 solution was incubated with 

increasing concentrations (2 nM to 1 µM) of truncated human EGFRwt protein (amino 

acids 25-645 with a C-terminus polyhistidine tag) (ACROBiosystem, Newark, DE), or with 

an unlabeled negative control protein (purified truncated CSPG4 protein [amino acids 641-

1233 with a C-terminus 6xhistidine tag]) in 5% FBS-PBS buffer. The mixture (100 µl/tube) 

was incubated at 4°C for 1 h. At the end of the incubation period, 90 µl of the mixture was 

transferred to the corresponding wells in a 96-well plate. The plates were incubated at 4°C 

for 1 h, and washed 6 times with the 1x PBST buffer. Then 100 µl 5% FBS-PBS buffer 

was added to each well. The plates were read by the Tecan plate reader using the same 

settings as before, and RFU was plotted against the molar concentrations of the EGFRwt 

protein. The curves were fitted with sigmodal dose response equation and KD was 

calculated by the Prism 5 program.  

3.3 Results 

3.3.1 Affinity measurement by flow cytometry, I125 scatchard, and cell-
based fluorescent assay method  

Measurement of antibody affinity by cell-based fluorescent assay requires the use 

of antigen-positive and antigen-negative cell lines. The NR6EGFRwt cell line expressing 

EGFRwt, D-341 MED xenograft cells expressing podoplanin, and H350 cell line 

expressing CSPG4 were chosen as antigen-positive cell lines for D2C7, NZ-1, and Mel-
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14, respectively. The NR6 (D2C7 and NZ-1) and HEK293 (Mel-14) cells were used as 

negative controls. A flow cytometry analysis was conducted to validate the binding of the 

antibodies to the antigen-positive cell lines and antigen-negative cell lines. The results 

demonstrated strong binding of Mel-14-AF488, NZ-1-AF488, D2C7-AF488 antibodies to 

the CSPG4 positive H350 cell line, podoplanin positive D-341 MED cells, and EGFRwt 

positive NR6EGFRwt cell line, respectively (Figure 10B). No binding of Mel-14-AF488, 

NZ-1-AF488, D2C7-AF488 antibodies to the antigen-negative cell lines HEK293 and NR6 

was observed (Figure 10A). Similarly no binding was observed with the isotype control 

antibodies on all the cell lines tested (Figure 10A and 10B). 

The cell binding affinities of Mel-14, D2C7, and NZ-1 mAbs were determined using 

conventional approaches such as flow cytometry and I125 scatchard analysis, as well as 

by the newly developed cell-based fluorescent method. The results are summarized in 

Table 4 and representative plot of cell-based fluorescent assay for Mel-14, NZ-1, and 

D2C7 are shown in Figure 10C. The KD value of Mel-14 mAb by flow cytometry, I125 

scatchard analysis, and cell-based fluorescent method was 0.56±0.06 nM, 1.16±0.76 nM, 

and 2.18±1.09 nM, respectively (Table 4 and Figure 10C). The KD value of NZ-1 mAb by 

flow cytometry, I125 scatchard analysis, and cell-based fluorescent assay was 2.41±0.89 

nM, 1.78±1.13 nM, and 2.59±1.66 nM, respectively (Table 4 and Figure 10C). The KD 

value of D2C7 mAb by flow cytometry, I125 scatchard analysis, and cell-based fluorescent 

assay was 78.74±3.48 nM, 28.91±8.37 nM, and 39.97±5.27 nM, respectively (Table 4 and 

Figure 10C). For all three antibodies, the KD values obtained from cell-based fluorescent 

assay were similar to those obtained by I125 scatchard and flow cytometry.  
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Figure 10. Binding analysis and affinity measurement of Mel-14, NZ-1, and 
D2C7 antibodies.  

Figure legend: binding of Mel-14-AF488, NZ-1-AF488, and D2C7-AF488 

antibodies to the corresponding antigen-negative (A) and antigen-positive (B) cell lines. 

Histogram labels: grey: cells only; orange: AF488 labeled isotype control antibodies; blue: 

AF488 labeled Mel-14, NZ-1, or D2C7 antibodies. (C) Representative graphs for cell-

based fluorescent assay measurement with KD and R2 values for Mel-14, NZ-1, and D2C7 

mAbs using antigen-positive and antigen-negative cell lines. All experiments were 

repeated at least three times. 

Table 4. Summary of affinity measurements of Mel-14, D2C7, and NZ-1 mAbs by 
flow cytometry, I125-scatchard, and cell-based fluorescent assay 

 

	

Antibody Antigen 
Cell Lines  KD Measurement 

Ag+ Ag- 
 

FACS (nM) I125-Scatchard 
(nM) 

Cell-Based 
Fluor.Assay  

(nM) 
Mel-14 CSPG4 H350 HEK293  0.56±0.06 1.16±0.76 2.18±1.09 
NZ-1 podoplanin D-341 MED NR6  2.41±0.89 1.78±1.13 2.59±1.66 
D2C7 EGFRwt NR6EGFRwt NR6  78.74±3.48 28.91±8.37 39.97±5.27 
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3.3.2 Competitive binding assay using cell-based fluorescent method 

Competitive assays offer advantages such as greater specificity, flexibility, and 

sensitivity. It can be used to validate the specific antibody binding epitope on the antigen. 

To investigate whether the cell-based fluorescent assay approach can be utilized for a 

competitive binding assay, we carried out the competition assay using 40 nM of the D2C7-

AF488 antibody incubated with the serially diluted (2 nM-1 uM), unlabeled EGFRwt protein 

or a negative control protein. The mixtures were incubated and then transferred to plates 

fixed with NR6EGFRwt cells to detect the AF488 signal from the D2C7 antibodies. The 

average KD for the D2C7 antibody measured using a competitive binding assay in a cell-

based fluorescent format is 40.31±8.75 nM (Figure 11), which is very close to the value 

（39.97±5.27 nM） obtained by the direct binding cell-based fluorescent method (Table 

4). Therefore, the cell-based fluorescent method can also be used in competitive binding 

assays.   

 

Figure 11. Competitive binding assay of D2C7 mAb using cell-based 
fluorescent assay format.  

Figure legend: representative graph with KD and R2 values for D2C7 mAb using 

EGFRwt or negative control protein is presented. The experiment was repeated at least 

three times. 
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3.4 Discussion 

Antibodies with optimal affinity to native target antigens is a critical requirement for 

the development of antibody based therapeutics. Therefore, it is essential to have reliable 

and efficient methods for assessing antibody affinity. In this study, we have developed a 

fluorescent cell-based assay for the measurement of the dissociation equilibrium constant 

KD of antibodies. Three mAbs directly labeled with AF488 fluorophore were incubated with 

their antigen-positive cell lines and antigen-negative cell lines on 96-well plates. The non-

specific background binding to antigen-negative cells was subtracted from the binding 

signal from the antigen-positive cells. We validated this method by comparing the KD 

values obtained using this method with the values from the conventional I125 scatchard 

analysis and flow cytometry, and demonstrated that the cell-based fluorescent method 

provides the same accuracy of measurement as the traditional affinity assays. There was 

only a 1.38-1.88 fold difference between KD values obtained by cell-based fluorescent 

assay and by I125 scatchard analysis and a 1.1-3.9 fold difference between the KD values 

obtained cell-based fluorescent method and flow cytometry. 

It would be appropriate to perform KD measurements under equilibrium conditions 

for antigen-antibody interaction. The incubation time required to reach equilibrium during 

KD measurements is dependent upon individual antibody and the corresponding antigen. 

To demonstrate the applicability of the cell-based fluorescent assay in situations where 

extended incubation time is required to reach equilibrium, the binding analysis was 

performed using Mel-14-AF488, D2C7-AF488, or NZ-1-AF488 antibodies under the same 

conditions as described previously, with the following incubation times: 45 min, 1 h, or 

overnight (18 h) at 4°C. For each of the three antibodies, the KD values calculated from 

the 45 min, 1 h, and overnight reactions were comparable, indicating that antigen binding 
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of Mel-14, D2C7, and NZ-1 antibodies had reached a state of equilibrium at 45 min (Figure 

12 and Table 5). This demonstrated that the cell-based fluorescent assay can be utilized 

under wide range of incubation times required for the antigen-antibody interaction to reach 

equilibrium. 

 

Figure 12. Binding analysis of Mel-14-AF488 (A), NZ-1-AF488 (B), and D2C7-
AF488 (C) antibodies. 

Figure legend: experiments were done at 4°C for 45 min, 1 h, or overnight (18 h) 

using the cell-based fluorescent assay. 

Table 5. Summary of affinity measurements of Mel-14-AF488, NZ-1-AF488, 
and D2C7-AF488 mAbs using the cell-based fluorescent assay, with different 

incubation times 

 

A.

B.

C.

Mel-14 IgG on H350 and HEK293
(18h)

1.0×10-11 1.0×10-10 1.0×10-09 1.0×10-08 1.0×10-07
0

10000

20000

30000 KD=7.32*10-10M
R2=0.96

Conc.(Molar)

R
FU

D2C7 IgG on NR6EGFRwt and NR6
(45min)

1.0×10-09 1.0×10-08 1.0×10-07 1.0×10-06
0

5000

10000

15000

20000 KD=5.43*10-8 M
R2=0.99

Conc.(molar)

R
FU

D2C7 IgG on NR6EGFRwt and NR6
(18h)

1.0×10-09 1.0×10-08 1.0×10-07 1.0×10-06
0

10000

20000

30000 KD=3.07*10-8M
R2=0.98

Conc.(Molar)

R
FU

NZ-1 IgG on D-341 MED and NR6
(45min)

1.0×10-10 1.0×10-09 1.0×10-08 1.0×10-07
0

2000

4000

6000 KD=2.88*10-9M
R2=0.95

Conc.(Molar)

R
FU

NZ-1 IgG on D-341 MED and NR6
(18h)

1.0×10-10 1.0×10-09 1.0×10-08 1.0×10-07
0

2000

4000

6000

8000 KD=3.99*10-9M
R2=0.82

Conc.(Molar)

R
FU

Mel-14 IgG on H350 and HEK293
(45min)

1.0×10-10 1.0×10-09 1.0×10-08 1.0×10-07

-5000

0

5000

10000

15000

20000

25000 KD=2.28*10-9M
R2=0.95

Conc.(Molar)

R
FU

Mel-14 on H350 and  HEK293
(1h)

1.0×10-10 1.0×10-09 1.0×10-08 1.0×10-07
0

2000

4000

6000

8000

10000 KD=1.22*10-9M
R2=0.90

Conc.(M)
R

FU

NZ-1 on D-341 MED and NR6
(1h)

1.0×10-11 1.0×10-10 1.0×10-09 1.0×10-08 1.0×10-07
0

1000

2000

3000

4000 KD=1.42*10-9M
R2=0.88

Conc.(M)

R
FU

D2C7 on NR6EGFRwt and NR6
(1h)

1.0×10-10 1.0×10-09 1.0×10-08 1.0×10-07 1.0×10-06
0

1000

2000

3000

4000

5000 KD=3.62*10-8M
R2=0.94

Conc.(M)

R
FU

 

Antibody Antigen 
Cell Lines  KD Measurement by Cell-Based Fluor 

Assay (nM) 

Ag+ Ag-  45 min 1 h Overnight  
(18 h) 

Mel-14 CSPG4 H350 HEK293  2.28 2.18 0.73 
NZ-1 podoplanin D-341 MED NR6  2.88 2.59 3.99 
D2C7 EGFRwt NR6EGFRwt NR6  54.31 39.97 30.70 
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Cell-based fluorescent method offers distinct advantages as a method of antibody 

affinity measurement compared to the traditional approaches such as flow cytometry and 

I125 scatchard. First, the cell-based fluorescent assay does not involve the use of 

radioisotopes and direct labeling of antibodies with fluorophores can be accomplished 

easily in 1-2 h using commercial kits. Secondly, the cell-based fluorescent assay uses 

cells expressing target antigen in their native conformation as opposed to purified protein 

from recombinant sources which might present non-native epitopes. Thirdly, cell-based 

fluorescent does not require the expression and purification of target antigens which is 

especially helpful in situations where the antigen is difficult to produce or purify, or where 

the identity of the antigen is unknown. In this study, CSPG4, the target antigen for the Mel-

14 antibody, has a large extracellular domain which is approximately 237kD. Expression 

and purification of the whole protein (450kD) or the extracellular domain as a recombinant 

or native protein is relatively difficult due to the higher molecular weight as well as the 

complexity of having both chondroitin sulfate glycosaminoglycan-modified and unmodified 

core proteins expressed in the same population of transfected or tumor cells (1). The fourth 

advantage of the cell-based fluorescent assay is its high-throughput assay format and 

efficiency of time and reagents. Unlike flow cytometry, in which only one sample is 

analyzed during each run, cell-based fluorescent assay is fully compatible with 96-well 

plates, so multiple samples can be analyzed at the same time. This offers great 

convenience, especially when characterizing or selecting high-affinity mutant clones from 

a large antibody library. Cell-based fluorescent assay can be easily performed using a 

plate reader with florescent channels, without the need for expensive apparatuses. Finally, 

the cell-based fluorescent assay can also be used in competitive binding assays allowing 

for the possibility of epitope validation studies.  
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Like all assays, the cell-based fluorescent assay does have certain limitations. 

First, it might not be suitable for crude samples or samples with complex compositions, 

since contaminating proteins and antibodies can bind to various receptors on the cell, 

resulting in a false binding signal. Second, while the number of cells plated in each well 

can be controlled, it is difficult to quantify the number of receptors on the cells after the 

fixation step. Third, some receptors are occasionally very sensitive to fixation by 

glutaraldehyde, and need to be tested after fixation using a positive control antibody to 

make sure there is no denaturation or reduction of binding affinity. Finally, fluorescent 

labeling of antibodies might interfere with their ability to bind the target antigens. However, 

in light of the benefits our cell-based fluorescent assay offers, these setbacks are minor.  

In summary, we have developed a simple and efficient fluorescent cell-based 

method for measuring antibody affinity (KD). We validated the method by comparing the 

results with those obtained by I125 scatchard assay and flow cytometry. The results 

obtained by these assays were found to be comparable, demonstrating the potential of 

this method to be utilized as an antibody affinity measurement assay. The advantages of 

the cell-based fluorescent assay include the use of whole cells without the need to purify 

antigens, the ability to differentiate nonspecific and receptor specific cell binding, and a 

high-throughput format compatible with plate readers. Our cell based fluorescent method 

allows for convenient and rapid identification of therapeutically relevant leads.  
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4. Synergistic antitumor effects of 9.2.27-PE38KDEL and 
ABT-737 in glioblastoma and melanoma brain 
metastases models 
4.1 Introduction 

Compared to other targeted therapeutic approaches, ITs are attractive due to their 

excellent safety profile and potent cytotoxicity in the pM-fM range (14-17). Despite these 

advantages, cancer cells usually do not exhibit homogeneous susceptibility to ITs. Small 

molecule Bcl-2 inhibitors (ABT-737, ABT-263, and ABT-199) were proposed to combat 

inherent tumor cell resistance to ITs by studies in cervical adenocarcinoma, pancreatic 

cancer, and small cell lung cancer (18-20). ABT-737, along with its analogs ABT-263 and 

ABT-199, are BH-3 mimetics that target anti-apoptotic pathways by binding to and 

neutralizing the pro-survival members of the Bcl-2 family proteins, such as Bcl-2, Bcl-xL, 

and Bcl-w, thereby promoting apoptosis via the release of Bax and Bak proteins (36-38).  

In this study, we evaluated the synergistic effect of ITs (Mel-14-PE38KDEL or 

9.2.27-PE38KDEL) targeting CSPG4 and one of the three small molecule Bcl-2 inhibitors 

(ABT-737, ABT-263, or ABT-199) in GBM xenograft cells, and melanoma and breast 

cancer cell lines. We determined the in vitro cytotoxicity of the ABT/IT monotherapies and 

combination therapies using a colorimetric cell proliferation assay (WST-1). Further, we 

established the in vivo efficacy of the ABT-737 and 9.2.27-PE38KDEL combination in 

intracranial GBM patient-derived xenograft (PDX) and melanoma brain metastasis 

models. Mechanistic studies revealed the factors contributing to the efficacy of ABT-

737/9.2.27-PE38KDEL combination therapy in GBM, melanoma, and breast cancer cells. 

This project was done in collaboration with Dr. Mikhail Dobrikov from the lab of Dr. 

Matthias Gromeier, where Dr. Dobrikov conducted all of the western blotting studies. 
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Figures presented in this chapter were all obtained from the author’s own experiments. 

Conclusions from Dr. Dobrikov’s experiments were briefly described in the text in order to 

present a whole picture of the study, but his figures were not shown herein. A manuscript 

based on the results from this project has been prepared for submission.  

4.2 Materials and Methods 

4.2.1 Xenografts and cell lines 

Human GBM xenografts (D-10-0021 MG, D-245 MG, and D-08-0326 MG) and 

human melanoma cell lines (DM440, DM443, H350) were maintained in our laboratory. 

Human breast cancer cell lines (SUM159, SUM159-R113, and Hs 578T) were kindly 

provided by Dr. Robin Bachelder at Duke University. All cells were cultured in an incubator 

at 37°C, 5% CO2, and passaged when reached confluence with Accutase Cell 

Detachment Solution (BD Biosciences). All GBM xenografts and the melanoma cell line 

H350 were maintained in 1x MEM ZINC Option media (Gibco) supplied with 10% fetal 

bovine serum (FBS). DM440 and DM443 cells were cultured in DMEM media (Gibco) 

supplied with 10% FBS. SUM159 and SUM159-R113 cells were grown in Ham’s F-12 

base media (Gibco) with the addition of 5% FBS, 1 μg/ml hydrocortisone, and 5 μg/ml 

human insulin. Hs 578T cells were maintained in DMEM media (Gibco) with the addition 

of 10% FBS and 10 μg/ml human insulin.  

4.2.2 Immunotoxins 

Development of the Mel-14 and the 9.2.27 IgG2a antibodies have been previously 

described (32,39). The Mel-14-PE38KDEL and 9.2.27-PE38KDEL ITs were constructed 

by conjugating the Mel-14 scFv and 9.2.27 scFv to the PE38KDEL toxin using a published 

method (40). The ITs were expressed as E Coli inclusion bodies, refolded, and purified 
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using published methods (40). The purity of the Mel-14-PE38KDEL and 9.2.27-

PE38KDEL ITs was determined to be greater than 90% by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE; data not shown). 

4.2.3 Preparation of ABT-737, ABT-263, and ABT-199 for in vitro and 
in vivo studies 

Small molecule Bcl-2 inhibitors ABT-737, ABT-263, and ABT-199 were purchased 

from Selleck Chemicals. For in vitro studies, the compounds were dissolved in DMSO at 

a stock concentration of 10 mM and diluted to working concentrations from 5 μM to 20 μM 

in the cell culture media, with a final concentration of 0.5% DMSO in the cells. For in vivo 

studies, a working concentration of 100 μM ABT-737 was formulated in a phosphate-

buffered saline (PBS)-based vehicle solution containing 5% Captisol and 2% mouse 

serum albumin (MSA), and fully dissolved using an encapsulation protocol recommended 

by the manufacturer of Captisol (Ligand Pharmaceuticals). The pH of the solution was 

adjusted to 7.4 and the osmolality to 280-320 mOsm/Kg H2O, a range isosmotic with the 

cerebrospinal fluid (CSF).  

4.2.4 Flow cytometry analysis of CSPG4 expression on tumor cells 

Dissociation of GBM xenografts, preparation of cells, labeling of Mel-14 IgG 

antibody, and flow cytometry binding assays were performed as described in an earlier 

study (31). To detect the expression of CSPG4, 66.7 nM (equivalent to 10 μg/ml) of 

AF488-labeled IgG2a isotype control antibody, or the same concentration of the AF488-

labeled Mel-14 IgG2a antibody, was used to stain the cells.  
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4.2.5 WST-1 cytotoxicity assay 

The cytotoxicity of Mel-14-PE38KDEL or 9.2.27-PE38KDEL IT on each xenograft, 

and cell line was determined using the WST-1 assay. Briefly, the cells were seeded in 96-

well plates at 1x105 cells/well in triplicates, and cultured overnight. The next day, Mel-14-

PE38KDEL or 9.2.27-PE38KDEL IT were serially diluted from 0.01 pg/ml to 100 ng/ml and 

added to the corresponding triplicate wells. The plates were then incubated at 37°C for 48 

hours and the cell proliferation reagent WST-1 (Sigma) was then added and incubated 

with the cells for another 4 hours at 37°C. The plates were analyzed using a plate reader 

at a measurement wavelength of 440 nm and a reference wavelength of 650 nm. The 

results were plotted by GraphPad Prism (GraphPad Software). The cytotoxic activity was 

defined by IC50, which is the concentration of the IT required to inhibit the growth of the 

cancer cells by 50%.  

The cytotoxicity of ABT-737, ABT-263, or ABT-199 on each xenograft and cell line 

was determined using a similar method as detailed above. The stock ABT solutions in 

DMSO were serially diluted so that the working concentrations of the ABTs ranged from 5 

μM to 20 μM in 0.5% DMSO in the cells. All negative control wells had the same 

concentration of DMSO without the ABTs. The cytotoxicity of the IT+ABT combinations 

was determined by treating the cells with serially diluted Mel-14-PE38KDEL or 9.2.27-

PE38KDEL (0.0001 ng/ml to 100 ng/ml) in combination with one of the ABT compounds 

at a fixed concentration. Combination index (CI) values were established using Chou-

Talalay method as described (41).  

4.2.6 Q-FACS analysis of CSPG4 antigen density on D-10-0021 MG, 
DM440, SUM159-R113, and Hs 578T cells 
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Dissociation of GBM xenografts, preparation of cells, labeling of Mel-14 IgG 

antibody, and flow cytometry binding assays were performed as described in an earlier 

study (31). To detect the expression of CSPG4, 66.7 nM (equivalent to 10 μg/ml) of 

AF488-labeled IgG2a isotype control antibody, or the same concentration of the AF488-

labeled Mel-14 IgG2a antibody, was used to stain the cells.  

Q-FACS were carried out using Quantum Simply Cellular anti-Mouse IgG beads, 

according to the manufacturer’s protocol (Bang Laboratories, IN). The beads were stained 

with 10 μg/ml of an AF488-labeled IgG2a-AF488 antibody or an equal amount of AF488-

labeled Mel-14 IgG antibody. Antibody binding capacity (ABC) was calculated using the 

lot-specific template provided by the manufacturer.  

4.2.7 Flow cytometry analysis of internalization of 9.2.27-PE38KDEL 
on D-10-0021 MG, DM440, SUM159-R113, and Hs 578T cells 

Internalization rates of 9.2.27-PE38KDEL on GBM xenograft D-10-0021 MG, 

melanoma cell line DM440, and breast cancer cells SUM159-R113 and Hs 578T were 

measured at various time points (0-4 h). Briefly, AF488 tetrafluorophenyl (TFP) esters 

were used to label the 9.2.27-PE38KDEL IT using a method in a previous publication (31). 

AF488-labeled 9.2.27-PE38KDEL was then added to 1x105 cells at a protein 

concentration of 15.63 nM (equivalent to 1000 ng/ml). The reactions were incubated at 

4°C for 1 h, washed with 1xPBS, and transferred to a 37°C incubator for different lengths 

of incubation (0, 1, 2, and 4 h). Then the AF488 fluorescent signals on the cell surfaces 

were quenched using the AF488 polyclonal antibody (Thermo Fischer Scientific). Live cell 

populations negative for 7-AAD staining (BD) were analyzed for residual fluorescent 

signals. A vial of reaction kept at 4°C, in the absence of internalization and quenching, 
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was measured as the amount the IT bound to the cell surface at the 0 h time point. The 

percentage of internalization at different time points was calculated using Equation 3.  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	𝑜𝑓	𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛	(%)

=
𝑀𝑒𝑎𝑛	𝐴𝐹488	𝑜𝑓	𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑀𝑒𝑎𝑛	𝐴𝐹488	𝑜𝑓	0ℎ	𝑞𝑢𝑒𝑛𝑐ℎ𝑒𝑑	𝑠𝑎𝑚𝑝𝑙𝑒

𝑀𝑒𝑎𝑛	𝐴𝐹488	𝑜𝑓	0ℎ	𝑛𝑜𝑛𝑞𝑢𝑒𝑛𝑐ℎ𝑒𝑑	𝑠𝑎𝑚𝑝𝑙𝑒 −
𝑀𝑒𝑎𝑛	𝐴𝐹488	𝑜𝑓	0ℎ	𝑞𝑢𝑒𝑛𝑐ℎ𝑒𝑑	𝑠𝑎𝑚𝑝𝑙𝑒

	

∗ 	100% 

(Equation 3) 

4.2.8 Intracranial tumor models 

Nude mice (6–8 weeks, female:male = 1:1, Duke University, Division of Laboratory 

Animal Resources) were anesthetized and mounted onto the stereotactic frame. The 

anterior cranial region was shaved, and an incision ≈1 cm in length was made in the skin 

over the skull. A 25-gauge, 25-μl Hamilton needle was used to pierce through the skull at 

coordinates 2.0 mm left lateral of the sagittal and 0.5 mm anterior to the bregma. The 

needle was inserted vertically to a depth of 2.5 mm from the dura mater. A total of 1x105 

D-10-0021 MG GBM cells freshly dissociated from a subcutaneous mouse xenograft, or 

1x105 DM440 melanoma cells harvested from culture, were injected in 5 μl of 1xPBS 

containing 2% methylcellulose (Sigma).  

Five days post-tumor implantation, the animals were randomized into four 

treatment groups, with 9-10 mice per group: vehicle control, 9.2.27-PE38KDEL, ABT-737, 

and 9.2.27-PE38KDEL/ABT-737 combination therapy. For each mouse in the study, a 

brain infusion cannula (Alzet) attached to a subcutaneously implanted mini-osmotic pump 

(Alzet) was inserted directly into the intracranial tumor site for intratumoral delivery of the 

vehicle solution or the drugs, at a rate of 0.5 μl/h for 72 hours. The vehicle control group 
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received the PBS-based solution containing 5% Captisol and 2% MSA. The IT 

monotherapy group received a total dose of 0.1 μg of 9.2.27-PE38KDEL diluted in the 

vehicle solution. The ABT-737 group received a total dose of 2.93 μg of ABT-737 

(equivalent to 36 μl of the 100 μM of ABT-737 diluted in the vehicle control solution). The 

combination group received both 9.2.27-PE38KDEL and ABT-737 at the doses indicated 

above. The mice were followed to assess the development of neurological symptoms, at 

which point they were euthanized. 

4.3 Results 

4.3.1 Expression of CSPG4 on tumor cells 

Flow cytometry analysis revealed varying levels of CSPG4 expression by GBM, 

melanoma, and breast cancer cells (Figure 13A to 13C). The surface density of CSPG4 

was determined to be the lowest in SUM159-R113 cell line and highest in DM440 cell line 

by Q-FACS analysis (Figure 13D). D-10-0021 MG and Hs 578T cell lines had similar 

densities of the CSPG4 antigen.  
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Figure 13. Flow cytometry analysis of CSPG-4 expression on cells. 

Figure legend: GBM xenografts (A), melanoma cell lines (B), and breast cancer 

cell lines (C) were shown on the figure. D: Quantitative flow cytometry (Q-FACS) analysis 

of CSPG-4 binding capacity on selected xenografts and cell lines. 

4.3.2 In vitro cytotoxicity of IT and ABT monotherapies 

In vitro cytotoxicity assay demonstrated that all of the GBM xenografts, breast 

cancer cell lines and DM443 melanoma cell line were highly resistant to both Mel-14-

PE38KDEL and 9.2.27-PE38KDEL ITs (IC50 >100 ng/ml) (Table 6A and 6B). The 

cytotoxicity (IC50) of Mel-14-PE38KDEL and 9.2.27-PE38KDEL towards H350 melanoma 

cell line was 42.5 and 11.67 ng/ml, respectively. The melanoma cell line DM440 showed 

weak cytotoxicity (IC50 = 68.30 ng/ml) when treated with Mel14-PE38KDEL but was highly 

resistant to 9.2.27-PE38KDEL (IC50 >100 ng/ml). 
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Table 6. In vitro WST-1 cytotoxicity assay of the ABT-737, ABT-163, or ABT-199 
combined with Mel-14-PE38KDEL (A) or 9.2.27-PE38KDEL (B) immunotoxins 

 

A concentration of 5-20 μM was used to determine the sensitivity of the different 

tumor cells to of ABT-737, ABT-263, or ABT-199. Figure 14 lists the IC50 values of the 

different ABT monotherapies. The absorbance of the ABT-treated cells (Test) to that of 

the vehicle-treated cells (0.5% DMSO in media) (Control) was used to calculate the 

percentage of cell viability. A concentration of ABT that yielded at least 70% cell viability 

in all three cell lines from GBM, melanoma, or breast cancer was selected for combination 
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therapy with the ITs. Thus, the concentration of ABT-737 chosen for combination with the 

ITs was 20 μM for GBMs and melanomas, and 10 μM for breast cancers (Figure 14, 1A-

1C). A concentration of 5 μM of ABT-263 was chosen for combination with the ITs for the 

GBMs and breast cancers, and 10 μM for the melanomas (Figure 14, 1D-1F). The 

concentration of ABT-199 chosen for combination with the ITs was 10 μM for the GBMs 

and melanomas, and 5 μM for the breast cancer models (Figure 14, 1G-1I).  

 

 

Figure 14. Cytotoxicity assays of ABT-737, ABT-263, or ABT-199 
monotherapy.  

Figure legend: GBM xenografts (A through C), melanoma cell lines (D through F), 

and breast cancer cell lines (G through I) were shown. IC50 values were labeled beside 

each figure. 
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4.3.3 In vitro cytotoxicity of IT and ABT combination therapies 

The cytotoxicity (IC50) of IT monotherapies or Mel-14-PE38KDEL/9.2.27-

PE38KDEL+ABT combination therapies are summarized in Table 6. In all the cell lines 

tested except for Hs 578T, 9.2.27-PE38KDEL produced stronger synergies with all three 

ABT compounds than Mel-14-PE38KDEL. Of the three ABT compounds tested, ABT-737 

produced the most significant improvement in IC50 values with both the ITs (Table 6). 

9.2.27-PE38KDEL+ABT-737 combination induced varying degrees of synergy among the 

different tumor cells (Table 6B). Within the breast cancers, the most robust synergy that 

resulted from the 9.2.27-PE38KDEL+ABT-737 combination was found in SUM159-R113 

(IC50=5.75 ng/ml), representing a 17.4-fold improvement of cytotoxicity compared to that 

of the IT monotherapy. Within the melanomas, the 9.2.27-PE38KDEL+ABT-737 

combination worked best in DM440 (IC50=0.52 ng/ml), enhancing the cytotoxicity by at 

least 192.3 folds. The most potent synergy among all 12 tumor cells tested was observed 

with GBM xenograft D-10-0021 MG (IC50=0.045 ng/ml), demonstrating over 1000-fold 

improvement of IC50. Furthermore, Combination Index analysis showed that even at the 

lowest concentration tested (0.1 pg/ml), the 9.2.27-PE38KDEL+ABT-737 combination 

demonstrated a strong synergy (CI=0.135) in D-10-0021 MG (Table 7). A moderate 

synergy (CI=0.622 to 0.719) was observed in DM440 cells with the 9.2.27-

PE38KDEL+ABT-737 combination at concentrations 0.1 ng/ml or lower (Table 7). For the 

SUM159-R113 cells, synergy with the combination therapy was observed only at 

concentrations of 10 ng/ml (CI=0.0172) or above (Table 7).  
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Table 7. Combination Index (CI) values of ABT-737 and 9.2.27-PE38KDEL 
combinations on D-10-0021 MG, DM440, and SUM159-R113 cells 

 

4.3.4 Basal expression of furin and selected Bcl-2 family proteins in 
GBM, melanoma, and breast cancer cells 

The following western blotting studies were conducted by Dr.Dobrikov. The basal 

expression levels of furin, Bcl-2, Bcl-xL, and Mcl-1 were analyzed in a panel of GBM, 

melanoma, and breast cancer cells (data not shown). Compared to both GBM and breast 

cancer cells the melanoma cell lines DM440 and DM443 demonstrated higher levels of 

furin expression (data not shown). Pro-survival Bcl-2 family proteins Bcl-2 and Bcl-xL are 

targets of both ABT-737 and ABT-263 while ABT-199 exhibits high specificity to Bcl-2 (37). 

Expression of Bcl-2 was only detected in DM440. Varying levels of Bcl-xL expression was 

observed in all the cells tested (data not shown). Mcl-1 is a pro-survival Bcl-2 protein with 

a short half-life (42). While Mcl-1 is not a direct target of any of the ABT compounds, its 

expression level exhausts rapidly upon agents that induce protein synthesis inhibition such 

Concentratio
n of 9.2.27-
PE38KDEL 

(ng/ml) 

Combination Index (CI)1 

D-10-0021 MG 
(20 uM ABT-737 

+ 9.2.27-
PE38KDEL) 

DM440 (20 uM ABT-
737 + 9.2.27-
PE38KDEL) 

SUM159-R113 (10 uM 
ABT-737 + 9.2.27-

PE38KDEL) 

100 9.71E-08 5.40E-04 8.68E-03 
10 1.20E-07 3.25E-04 1.72E-02 
1 6.29E-07 3.11E-03 NaN2 

0.1 4.50E-04 6.22E-01 NaN 
0.01 6.84E-03 6.84E-01 NaN 

0.001 9.76E-02 7.19E-01 NaN 
0.0001 1.35E-01 6.26E-01 NaN 

1. CI<1: synergism; CI=1: additive effect; CI>1: antagonism.  
2. In cases where neither single nor dual reagents resulted in an inhibitory effect less than 
25% of control levels, CI scores were not determined and reported as “not a number” 
(NaN). 
 



 

57 

as the ITs (42). Mcl-1 expression was noted in all the cells tested with higher levels seen 

in DM440, DM443, and D-10-0021 MG (data not shown). 

4.3.5 Internalization of the 9.2.27-PE38KDEL alone or in combination 
with ABT-737 

Flow cytometry analysis revealed that D-10-0021 MG, DM440, and SUM159-R113 

cells internalized 95.5%, 74%, and 46% of the surface-bound 9.2.27-PE38KDEL by 4 h, 

respectively. 9.2.27-PE38KDEL internalization was the least efficient in the Hs 578T cells, 

with only 11.5% of IT internalized at 4 h (Figure 15).  

 

Figure 15. Time course of internalization of 9.2.27-PE38KDEL on selected 
xenografts and cell lines, analyzed by flow cytometry.  

Figure legend: the percentage of IT internalized into the cells at 4 h was labeled 

for each xenograft or cell line, in its corresponding color. 

The following western studies were done by Dr. Dobrikov. Internalization of 9.2.27-

PE38KDEL was examined by western analysis of D-10-0021 MG cells treated with 9.2.27-

PE38KDEL, ABT-737, or the combination at different time points (data not shown). One 

hour post-treatment, 41% and 61% of the intact IT was internalized with the 9.2.27-

PE38KDEL and 9.2.27-PE38KDEL+ABT-737 therapies, respectively. The maximal level 

(~100%) of intact IT internalization with either the IT monotherapy or the combination, was 
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reached at 4 h post-treatment. An antibody against the ADP-ribosylating catalytic domain 

of Pseudomonas exotoxin was used to determine the rate of intracellular intact IT cleavage 

by furin. The 38 kDa cleaved IT fragment, was detected after 1 h of treatment with 9.2.27-

PE38KDEL alone or in combination with ABT-737 (data not shown). A gradual increase in 

the accumulation of the cleaved exotoxin was observed up to 6 h of treatment. However, 

only 9-12% of total intact IT (~100%) internalized into the cells was cleaved (data not 

shown).  

Since the maximal level (~100%) of intact 9.2.27-PE38KDEL was detected 

intracellularly at 4 h post-treatment, we extended the time course study from 4-24 h to 

examine intact IT and cleaved exotoxin (data not shown). The results confirmed that for 

D-10-0021 MG cells treated with either the IT monotherapy or the combination, the 

intracellular level of intact IT gradually declined 4 h post-treatment. Accumulation of the 

cleaved exotoxin continued to increase till 8 h post-treatment, after which it began to 

decline possibly due to proteasomal or/and caspase-dependent degradation (data not 

shown). 

4.3.6 Inhibition of global translation and PARP cleavage by mono and 
combination therapies 

The following western studies were done by Dr. Dobrikov. Puromycylation assay 

was conducted to assess the rates of global protein synthesis inhibition in D-10-0021 MG, 

DM440, and SUM159-R113 cells. At 8 hours post-treatment of D-10-0021 MG, the 

combination inhibited global translation by 69%, while 9.2.27-PE38KDEL and ABT-737 

monotherapies only inhibited 36% and 13% of the global translation, respectively (data 

not shown). Similarly, at 8 h or 16 h post-treatment of DM440 (62% vs. 17-30%) and 

SUM159-R113 cells (75% vs. 5-25%), respectively, the global translation was reduced to 



 

59 

a much greater extent in the combination therapy group compared to either of the 

monotherapies (data not shown).  

PARP cleavage, a hallmark of apoptosis, was observed as early as 16 hours post 

combination treatment in D-10-0021 MG, where nearly all detectable PARP molecules 

where cleaved. On the other hand, neither monotherapy was able to induce detectable 

PARP cleavage, even at 24 hours post-treatment (data not shown). Likewise, in both 

DM440 and SUM159-R113 cell lines (data not shown), significantly greater extent of 

PARP cleavage was observed in the combination therapy than the monotherapies.   

4.3.7 Relative amount of cleaved exotoxin following the combination 
treatment of 9.2.27-PE38KDEL and ABT-737 

The following western studies were done by Dr. Dobrikov. Relative amounts of the 

intact and cleaved exotoxin following the combination treatment of 750 ng/ml of 9.2.27-

PE38KDEL and 10 μM of ABT-737 were analyzed in D-10-0021 MG, DM440, and 

SUM159-R113 cells. Cleaved exotoxin in D-10-0021 MG cells was detected at 2 h post-

treatment and reached maximum levels (~100%) at 8 h post-treatment. In contrast, 

significantly lower levels (5-20%) or no cleaved exotoxin was observed in DM440 and 

Sum159R113, respectively (data not shown). 

Since furin-processed ITs need to translocate from the ER to cytosol to inhibit 

protein synthesis, the relative amounts of the intact and cleaved exotoxins in the cytosol 

and ER fractions of D-10-0021 MG and DM440 cells were further investigated. For both 

D-10-0021 MG and DM440 cells, intact ITs were predominantly located in the ER 

fractions. In D-10-0021 MG, cleaved exotoxins were detected in both ER and cytosolic 

fractions, whereas in DM440 cells, they were observed only in the ER fraction. Increased 

translocation of the cleaved exotoxin from ER to the cytosol in the D-10-0021 MG GBM 
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cells compared to the DM440 melanoma cell line correlated with the better in vitro efficacy 

seen previously with the 9.2.27-PE38KDEL+ABT-737 combination treatment (Table 6). 

Immunoblot analysis of marker protein distributions confirmed the presence of cytosolic 

protein tubulin only in cytosolic fractions, and the ER-membrane protein Mcl-1 only in the 

ER fractions (data not shown), thus establishing the purity of the different cellular fractions. 

4.3.8 In vivo efficacy of 9.2.27-PE38KDEL and ABT-737 combination 
therapy 

An orthotopic mouse model of brain tumor was established using GBM patient-

derived xenograft D-10-0021 MG cells and a model of melanoma metastasized to the 

brain was established using DM440 cell line. Histological analysis of D-10-0021 MG 

(Figure 16B) and DM440 (Figure 17B) brains five days post-tumor implantation 

demonstrated the presence of tumor mass in both models. Thus, day five post-tumor 

implantation was chosen as the ideal time point for treatment initiation.  

 

Figure 16. Intracranial model of GBM xenograft D-10-0021 MG treated by 
9.2.27-PE38KDEL, ABT-737, or a combination of both reagents. 

Figure legend: A: Survive curve and statistical analysis. B: H&E staining of a typical 

mouse brain section harvested on Day 5 post tumor implantation. C: H&E staining of a 
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representative brain section harvested from one of the mice cured by the combination 

therapy of 9.2.27-PE38KDEL and ABT-737. 

 

Figure 17. Intracranial model of melanoma cell line DM440 treated by 9.2.27-
PE38KDEL, ABT-737, or a combination of both reagents.  

Figure legend: A: Survive curve and statistical analysis. B: H&E staining of a typical 

mouse brain section harvested on Day 5 post tumor implantation. 

Convection-enhanced delivery (CED) technique, utilizing osmotic pumps has been 

successfully used to bypass the blood-brain barrier and to deliver the ITs directly into brain 

tumors (43). The toxicity of 9.2.27-PE38KDEL was evaluated by CED at a total dose of 

0.1 μg or 0.3 μg in mice bearing the DM440 intracranial tumors. Toxicity events at an 

occurrence rate of 1-2 mice per every ten mice were observed only in the 0.3 μg 9.2.27-

PE38KDEL group (data not shown). A total dose of 2.93 μg of ABT-737 by CED was found 

to be safe for the mice without causing any toxicity. Therefore, a total dose of 0.1 μg of 

9.2.27-PE38KDEL and 2.93 μg of ABT-737 were chosen for the in vivo combination 

studies.  

In the D-10-0021 MG GBM model, orthotopic delivery of 2.93 μg of ABT-737 had 

no improvement in MS, compared to the vehicle control group (p=0.2871, Figure 16A). 

The 0.1 μg 9.2.27-PE38KDEL monotherapy exhibited a 10.7% increase in MS compared 

to the control group but failed to reach statistical significance (p=0.0716). Compared to 
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the vehicle control, the 9.2.27-PE38KDEL+ABT-737 combination therapy prolonged the 

MS by 60.7% (p=0.0012). The survival benefit of the combination therapy was also found 

to be statistically significant when compared to the 9.2.27-PE38KDEL (p= 0.01) or the 

ABT-737 (p=0.0198) monotherapies. More importantly, 2/9 (22.2%) mice in the 

combination therapy group were tumor-free, as confirmed by the H&E staining of their 

brains (Figure 16C) at the termination of the study (Day 80). 

In the melanoma brain metastases DM440 model, neither 9.2.27-PE38KDEL 

(p=0.1667) nor the ABT-737 monotherapies improved MS (p=0.1822) (Figure 17A). 

However, compared to the vehicle control there was an 18.2% increase in MS for the 

combination group (p<0.0001). The survival benefit from 9.2.27-PE38KDEL+ABT-737 

combination was also statistically significant when compared to the ABT-737 (p=0.0004) 

or the 9.2.27-PE38KDEL (p=0.0002) monotherapies.  

4.4 Discussion 

Brain tumors are highly heterogeneous and develop resistance to the therapeutic 

drug, resulting in incomplete eradication of tumor cells and tumor recurrence. Thus, 

sensitizing tumor cells resistant to therapies is critical to improving the efficacy of IT-based 

therapies. By combining CSPG4 targeting ITs with a panel of small molecule inhibitors, 

ABT-737, ABT-263, or ABT-199, targeting Bcl-2 family members, we were able to 

overcome IT resistant in a panel of GBM, melanoma, and breast cancer cells. Importantly, 

with the IT+ABT-737 combination, the in vitro therapeutic efficacy was improved as much 

as over 1000-fold (Table 6). The ability of ABT-737 to sensitize D-10-0021 MG GBM, 

DM440 melanoma, and SUM159-R113 breast cancer cells to 9.2.27-PE38KDEL was also 

confirmed through western analysis, where the combination therapy induced a higher 
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percentage of global translation inhibition and PARP cleavage than either of the 

monotherapies (data not shown). Finally, only the combination therapy was also able to 

generate significant improvement in survival, and in some cases even cures, in mouse 

models of brain tumors (Figure 16 and 17).  

Factors that are known to contribute to IT-resistance in tumor cells include 

hyperactive anti-apoptotic pathways involving Bcl-2 family proteins (20,36,42) and 

inefficient IT translocation from ER to the cytosol (18,44). Several key findings from 

previous studies provided a rationale for combining an IT with ABT-737. First, ABT-737 

can promote apoptosis by targeting pro-survival members of the Bcl-2 family proteins, 

such as Bcl-2, Bcl-xL, and Bcl-w (45). Second, Mcl-1, another pro-survival Bcl-2 family 

protein which is not directly targeted by ABT-737, has a short half-life. As a result, agents 

that inhibit protein synthesis, such as ITs, can promote the loss of Mcl-1 (20,36,42). Third, 

ABT-737 can potentially increase ER membrane permeability to ER luminal proteins and 

promote the movement of ITs from the ER to cytosol (18). 

ABT-737, ABT-263, and ABT-199 differ in their inhibitory profile against the Bcl-2 

family proteins (46). While the primary targets for both ABT-737 and ABT-263 are Bcl-2, 

Bcl-xL, and Bcl-w, ABT-199, exhibit selective inhibitory activity against only the Bcl-2 

protein (Table 8). Since the tumor cell sensitivity to different ABT compounds varied 

significantly (Figure 14), the concentration of each ABT compound used in combination 

with ITs was selected as the maximum concentration that yielded more than 70% of the 

cell viability when it was used as a monotherapy. While ABT-263 and ABT-199 were used 

at the same concentration of 10 μM, the 9.2.27-PE38KDEL+ABT-263 combinations 

produced significantly stronger cytotoxicity than the 9.2.27-PE38KDEL+ABT-199 

combinations on all three melanoma cell lines. Thus, our in vitro studies suggest that broad 
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range Bcl-2 family inhibitors rather than single Bcl-2 family inhibitors are ideal for IT-based 

combination therapies and overcoming IT resistance in melanoma metastases to the 

brain. 

Table 8. Inhibitory Activity of ABT-737, ABT-263, and ABT-199 against Bcl-2 
family proteins1 

 

The cytotoxicity data also demonstrated the variability in the sensitivity of individual 

cell lines/xenografts to the 9.2.27-PE38KDEL+ABT-737 combination. For example, the 

cytotoxicity (IC50) of the 9.2.27-PE38KDEL+ABT-737 combination therapy was improved 

by more than 1000-fold in the GBM xenograft D-10-0021 MG, more than 200-fold in the 

melanoma cell line DM440, and more than 17-fold in the breast cancer cell line SUM159-

R113 (Table 6). Interestingly, while the melanoma cell line Hs 578T expressed 

approximately the same number of CSPG4 antigens on the cell surface as the D-10-0021 

MG cells did, it failed to show improvement in cytotoxicity with any of the combinations 

tested (Table 6, Figure 13). Thus, the surface CSPG4 density is not a critical determinant 

of the differences in the sensitivity of the cell lines towards the combination therapy. 

Varying basal expression levels of Bcl-2 and Bcl-xL also failed to correlate directly with 

the sensitivity of the cells to the combination therapy (data not shown). However, the flow 

cytometry internalization assay conducted using 9.2.27-PE38KDEL revealed that IT 

internalization was the most efficient in D-10-0021 MG, followed by DM440 and SUM159-

R113. Significantly lower levels of internalization were found in Hs 578T (Figure 15). Thus, 

 Bcl-2 Bcl-xL Bcl-w 
ABT-737 +++ +++ +++ 
ABT-263 ++++ ++++ ++++ 
ABT-199 ++++   

1. Plus sign "+" indicates inhibitory effect. Increased inhibition is marked by a higher "+" 
designation. Data extracted from database on 
http://www.selleckchem.com/products/ABT-737.html  
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the rate of internalization of IT plays a major role in determining the sensitivity of the tumor 

cells to the 9.2.27-PE38KDEL+ABT-737 combination therapy in the in vitro cytotoxicity 

assay.  

Once internalized, ITs need to be cleaved by furin in the endosome, then 

translocate from the ER to the cytosol before they can ADP ribosylate elongation factor 2 

and inhibit protein synthesis. The levels of cleaved exotoxins in the Xe 10-00021 whole 

cell extracts were 10-fold higher than that in DM440 at 8 h post combination therapy (data 

not shown). Moreover, cell fractionation studies revealed that at 4 h post-treatment 

(9.2.27-PE38KDEL or 9.2.27-PE38KDEL+ABT-737), cleaved exotoxins were found in 

both cytosolic and ER fractions of D-10-0021 MG cells, while they were only detected in 

the ER fractions of DM440 (data not shown). Thus, the increased levels of cleaved 

exotoxins in the cytosol of D-10-0021 MG compared to DM440 cells makes them more 

sensitive to the 9.2.27-PE38KDEL+ABT-737 combination therapy. Interestingly, the levels 

of the cleaved exotoxins in the cytosolic (or the ER) fractions of D-10-0021 MG appeared 

to be similar between samples treated with 9.2.27-PE38KDEL only and those treated with 

the 9.2.27-PE38KDEL+ABT-737 combination. The above results also suggest that the 

addition ABT-737 had minimal effect on the cleavage of the ITs. 

In the in vivo studies, ABT-737 is usually administered intraperitoneally at one daily 

dose of 25-50 mg/kg (47,48). Ours is the first study to deliver ABT-737 as a Captisol 

formulation directly into the brain via CED. Additionally, since the ABT-737 was reported 

as having a short half-life and being rapidly metabolized after administration (37), the 72-

hour infusion at a rate of 5 μ/hour also ensures a constant supply of the drug in the tumor 

region. In the D-10-0021 MG model, compared to the vehicle control, the 9.2.27-

PE38KDEL+ABT-737 combination therapy increased MS by 60.7% (p=0.0012). The 
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efficacy of the combination therapy was highly significant when compared to the ABT-737 

monotherapy (p=0.0198) or the 9.2.27-PE38KDEL monotherapy (p=0.0100; Figure 16A). 

Furthermore, the combination therapy generated cures in 2 out of 9 mice, as verified by 

histological staining (Figure 16C). While the combination therapy also improved survival 

in the DM440 mouse model, it was less efficacious than it was in the D-10-0021 MG model, 

which is probably due to the lower sensitivity of the DM440 cell line to the combination 

therapy in vitro. Collectively, these data confirmed that the 9.2.27-PE38KDEL+ABT-737 

combination therapy was able to overcome tumor cell resistance to IT monotherapy in 

vivo, delayed tumor growth, and, in some cases, eliminated the tumors.  

In conclusion, using a panel of GBM xenografts, melanoma cell lines, and breast 

cancer cell lines, we showed that Bcl-2 inhibitors ABT-737, ABT-263, or ABT-199 

sensitized IT-resistant tumor cells to IT treatment. The ability of the 9.2.27-

PE38KDEL+ABT-737 combination to overcome tumor resistance was further confirmed 

in a mouse model of GBM and a melanoma brain metastases model. Mechanistic studies 

using the 9.2.27-PE38KDEL+ABT-737 combination revealed that the rate of IT 

internalization and efficiency of cleaved exotoxin accumulation in the cytosolic fraction of 

the cells correlated with the enhanced sensitivity of the tumor cells to the combination 

treatment. In our case, the addition of ABT-737 had little effect on the internalization of the 

IT or its cytosolic accumulations. Our study provides insights into identifying appropriate 

IT+ABT combinations for overcoming therapy resistance in cancer cells. 
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8. Conclusions and Future Directions 
In conclusion, I discovered novel human scFvs with high binding affinities to 

CSPG4, developed a cell-based fluorescent method for accurate and efficient affinity 

analysis of antibodies, and conducted in vitro and in vivo studies of combination 

immunotherapies that utilized Bcl-2 inhibitors to sensitize tumor cells to treatment by 

CSPG4-targeting ITs. The results from these studies helped to address the issue of the 

lack of fully human CSPG4 antibody fragments in clinics, and to improve the efficacy of 

the CSPG4 targeting ITs in resistant tumor cells, therefore facilitating the development of 

novel antibody-based immunotherapies and combination immunotherapies for CSPG4-

expressing tumors.  

  The high affinity of the human CSPG4 scFvs isolated from the yeast display 

library makes them ideal candidates for further development into anti-cancer therapeutics 

that can be evaluated in the preclinical setting. For example, the anti-CSPG4 clones that 

internalize rapidly into the cells can be developed into ITs by conjugating the scFvs with 

the PE38 protein. In situations where better affinity or cytotoxicity is desired, additional 

rounds of mutagenesis focused on the CDR regions and cell panning can be performed 

using a variation of the phage display to select clones with improved affinity and 

internalization (49,50). The clones that do not internalize rapidly can be developed into 

radioimmunotherapeutic or radiodiagnostic agents by conjugating the scFvs with 

radioisotopes I131 or Zr89, respectively (51,52).  

Recent studies have demonstrated the clinical potential of combining cytotoxic 

agents such as antibody-drug conjugates with immune checkpoint inhibitors such as the 

anti-PD1 and anti-CTLA-4 antibodies (53,54). Furthermore, a role for Bcl-2 inhibitors in 
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enhancing the efficacy of active immunotherapies through the induction of regulatory T 

cell apoptosis and protection of memory T cell function has also been postulated (38,55). 

Therefore, in vivo studies involving anti-CSPG4 ITs, Bcl-2 inhibitors, and immune 

checkpoint inhibitors could be conducted to evaluate the efficacy of the combination 

therapy in syngeneic mouse GBM models, thereby facilitating the development of more 

efficacious therapies for GBM patients. 
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