
1 
 

Targeted Therapy of Melanoma using Smart Drug 
Delivery Systems 

Gerichte therapie van melanoom met behulp van Smart 
Drug Delivery Systems 

 

 

 

 

 

Mesha Saeed 

 

  



2 
 

 

 

 

 

 

 

 

 

 

 

 

© Mesha Saeed, 2022 

No part of this thesis may be reproduced, stored or transmitted in any form by any 

means without prior written permission from the author. 

ISBN: 

The research described in this thesis was performed at the departments of Surgery, 

Lab of Experimental Oncology  and department of Immunology, Lab experimental 

tumor Immunology, Erasmus Medical Center, Rotterdam, the Netherlands. 

Layout and cover: Mesha Saeed, Rotterdam, the Netherlands 

Printing: Optima Grafische Communicatie, Rotterdam, The Netherlands. 



3 
 

Targeted Therapy of Melanoma using Smart Drug 
Delivery Systems 

Gerichte therapie van melanoom met behulp van Smart Drug Delivery 
Systems 

 

Thesis 

 

to obtain the degree of Doctor from the 

Erasmus University Rotterdam 

by command of the 

rector magnificus 

Prof.dr. A.L. Bredenoord 

 

and in accordance with the decision of the Doctorate Board. 

The public defence shall be held on 

 

Tuesday the 29th of November 2022 

at 13.00 hrs 

by 

 

Mesha Saeed 

born in Rawalpindi, Pakistan  



4 
 

Doctoral Committee: 

 

Promotors:   Assoc.Prof.dr. T.L.M. ten Hagen 

Prof.dr. J.E.M.A. Debets 

 

 

Assessment members: Prof.dr. R.M. Schiffelers 

Prof.dr. M. van Egmond 

Prof.dr. T. Lammers 

  



5 
 

 

 

 

 

 

Dedicated to my maternal grandparents 

Mr. M. Iqbal Chohan 

Mrs. Zakia I. Chohan 

 

  



6 
 

  



7 
 

Table of Contents 

 
Chapter 1 General Introduction                                                 10 

Chapter 2 Generation of scFv fragments and pitfalls                24 

Chapter 3 Targeting melanoma with immunoliposomes coupled to anti-
MAGE A1 TCR-like single chain antibody                                  42 

Chapter 4 Liposomes targeted to MHC-restricted antigen improve drug 
delivery and antimelanoma response.                                        80 

Chapter 5 T cells expressing TCR-like antibodies that were selected 
against heteroclitic peptides do not recognize native peptides 120 

Chapter 6 General Discussion                            146 

Summary          166 

Summary and Future Outlook 

Samenvatting en Toekomstvisie 

 

Appendices                                                   174 

Acknowledgements 

Publication List 

About the Author 

 

 
 



8 
 

  



9 
 

 

  



10 
 

Chapter 1 General Introduction 

Mesha Saeed 

  



11 
 

By far, skin cancers are one of the most common cancers and Melanoma accounts for 

1 % of all skin related cancers, yet it is the deadliest (1). It is estimated that in 2022, in 

the US, 6 % new cases of melanoma in men and 5 % in women will be diagnosed of all 

new cancer cases (2). Each year many new cases of melanoma arise and some result 

in fatality. This may be attributed to better diagnosis, however, survival rate has also 

increased in comparison to previous years due to better diagnosis, treatment and, 

prognosis (1). From 2015 to 2019, melanoma mortality rate has been decreased by 4 

% in adults per year (Cancer Facts and Figures:2022). According to the American 

Cancer Society, 197,700 new cases of melanoma, 97,920 in situ and 99,780 invasive, 

will arise in 2022 in the US and of the invasive cases, 7,650 will die (1). 

Prognosis and survival depends on the stage of melanoma, if found early and confined 

in situ or outer layer of skin (stage 0, 1 and 2) five year survival rates are high (1). Stage 

3 of melanoma occurs when cancer has spread into other layers and five year survival 

is still 92 %. Stage 4 and recurrent melanoma, however, have low five year survival 

rates as melanoma spreads to other organs. Five year survival rate for early stages of 

melanoma is high (99 %) whereas for metastatic melanoma, survival rate is very low 

(27 %) (1). First line treatment of melanoma is surgical removal of the tissue, called 

resection and sometimes combined with chemotherapy (1). Melanoma patients have 

a 90 % survival rate after the initial standard treatment for five years or more. 

Dacarbazine is the best established chemotherapeutic treatment for melanoma, 

usually late stages, yet it shows no improved survival rate (2). For recurrent or 

metastatic melanoma, radiotherapy and immune-therapy (FDA approved antibodies) 

are recommended (2). Immunotherapy and targeted therapies are currently on the 

rise for late stages (3 and 4) of the disease. Melanoma represents a most suitable tumor 

type for immunotherapy due to the expression of antigens on the cell surface and their 

easy access (3). It is also a known fact that melanoma models  is easy to establish in 

laboratory settings, hence easy to tissue culture and use in in vitro  and in vivo 

experiments (4). 

Melanoma has been a serious problem for the last 30 years but with the development 

of immunotherapy, it has become possible to combat melanoma effectively (3). Over 

last years, immunotherapy has become very popular, with approved antibodies for 

metastatic and unresectable melanoma. Checkpoint inhibitors (CTLA-4; Ipilimumab, 
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PD-1/PDL-1; Nivolumab, Pembrolizumab, Atezolizumab, Relatimab) and other 

kinase inhibitors (BRAF inhibitors) were approved due to their effective results in 

clinical trials (2) and there has been a decrease in melanoma cases ever since. 

Inhibitors of  CTLA-4, protein on T cells,  re-activate T cells in lymph nodes while 

inhibitors of PD-1/PDL-1 re-activate T cells within tumors (2). BRAF, also called 

switch gene, allows cells to only multiply when required and BRAF inhibitor causes 

apoptosis in melanoma cells with mutated BRAF gene (2) that lets the cells divide 

unchecked. Immunotherapy has shown promising results in clinical trials but is 

expensive and large fraction of patients still do not respond well to the therapy. 

In this research, I looked at combining chemotherapy with immuno carriers to create 

a synergic effect (5). I tried to look if I can find an optimal nano system to deliver 

chemotherapy (6) or immune molecules. Here I combine a hollow lipid based 

nanocarrier with antibodies specific to melanoma cell antigens. This Smart-immuno 

drug-carrier ensures the delivery of a chemotherapeutic drug to the cells safely (6) by 

protecting it inside the lipid nanoparticles. More specifically, we prepare a lipid based 

nano-carrier and decorate it with T Cell Receptor-like (TCR-like) antibodies targeting 

melanoma antigens and the chemotherapeutic drug doxorubicin is encapsulated in 

the core. TCRs are protein present on T cell surface and are responsible for recognizing 

the antigen complexes: peptide-Major Histocompatibility Complex (pMHC). TCR-like 

antibodies recognize the antigens in same manner as TCRs: whole pMHC is 

recognized by the antibody. Combination and targeted immunotherapy is specific and 

can be applied to various types of tumors. 

Liposomes 

Chemotherapeutic drugs need to be systemically administered to tumor cells and face 

certain challenges during this process. In addition to weak tumor targeting, 

chemotherapeutic drugs have severe cell toxicity (7), rapid drug clearance and drug 

resistance (8). To account for these limitations, researchers have developed various 

smart delivery systems (Nanoparticles: micelles, liposomes and inorganic NPs) that 

along with being biodegradable and biocompatible also protect the drug and enhance 

tumor targeting (9). In this research, liposomes are combined with TCR-like scFv 

particles to target antigens on tumor cell surface. 
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Liposomes are lipid based nano sized vesicles formed when suitable lipids come in 

contact with a solvent (10). Liposomes are versatile microscopic particles and 

popularly used as drug delivery systems (10). They were discovered in 60s by 

Bangham and his co-workers (11). Negative staining of phospholipids and their 

structural modification by surface active agents as observed in the electron microscope 

(11). Since then researchers are improving these carriers to make an ideal magic bullet 

(12) and first published research work in a medical setting was by Gregoriadis et al 

1971 (13). Several challenges were faced during experiments, one being accelerated 

blood clearance of these liposomes. By attaching polyethylene glycol (PEG) molecule 

to the surface of these liposomes, their blood circulation time can be increased and at 

the same time their uptake by mononuclear phagocytes can be reduced (14-16). In 

addition to rapid clearances by opsonins and macrophages, reticuloendothelial system 

also proved to be a hindrance. Various moieties such as antibodies  can be attached to 

the distal end of these PEG molecules and direct these carriers to specific cells hence 

delivering the drug at required sites (17, 18). By changing the lipid composition we can 

look into another new regime of the carriers (17). While some liposomes can be 

targeted, others accumulate in tumor area after prolonged circulation in the blood 

(19). Enhanced permeability and retention (EPR) effect is the passive accumulation of 

liposomes in the tumor area (20). The longer these carriers circulate in the blood, 

higher the chances of accumulation in the tumor. Recent research has however shown 

that it is not as true as it was earlier stated (20). Tumor vasculature is not that leaky 

or irregular for liposome transportation to cancer sites on their own. 

Previously liposomes were short circulating and were taken up by macrophages or 

reticuloendothelial system (RES). PEG molecules were then attached and liposomes 

were able to circulate longer and accumulate in tumor areas (21). Since that, research 

has been done to improve the accumulation of these nanoparticles in tumor areas and 

conceal them from RES. Further, research has been done on releasing the cargo of 

liposomes, once desired numbers of liposomes have reached in the tumor area. 

Various characteristics of liposomes can contribute to better release of the cargo. This 

involves changing the lipids from pH sensitive to thermosensitive lipids or even 

cationic and anionic lipids can be used to enhance the accumulation and release as 

desired. Studies have shown that thermosensitive lipids can release their cargo, once 

tumor is heated locally after liposome accumulation (22). 



14 
 

Molecules of interest to target Liposomes to cancer cells 

Specific molecules or moieties have been used in previous studies such as antibodies 

(23, 24), protein, carbohydrates and other radioactive molecules, together with 

liposomes to improve targeting to tumor cells. By attaching glycolipids, sialic acid, 

peptides, or antibodies, liposomes can be specifically targeted to molecules that are 

charged or cells expressing specific antigens. For instance, in a study RGD peptide that 

is a recognition motif for αvβ3, was used to target liposomes to tumor or endothelial 

cells (25). In addition to targeting, these liposomes were also heat controlled. They 

released the content upon heat trigger. 

Complete antibodies have been used in previous studies (26) and have resulted in 

reticuloendothelial system (RES) uptake, Fc signaling or opsonization of particles. 

Several challenges have been listed in coupling antibodies to the liposomes that also 

include orientation of these antibodies and to avoid that controllable-orientation 

approach has been tested (27). Fab fragments (23, 24) have also been used and show 

a certain degree of uptake by RES due to Fc signaling (28, 29).  

In this study,  scFv particles are used (Figure 2 C) that are the smallest fragments of 

antibodies that retain a single antigen binding site. By attaching these scFvs fragments 

to the liposomes we want to target them to specific antigens (5). As they do not have 

the Fc part we expect less or no immunogenicity at all. In a study by Cheng and Allen 

2010, scFv was preferred for targeting liposomes (26). Antibody mediated targeting 

or scFv mediated targeting enhances the accumulation of liposomes in the tumor area 

as also shown in this thesis. By using the whole antibody in previous research there is 

a risk of shorter plasma life and opsonization or macrophage activity, by using scFv 

that risk is lowered (15). 

Targeting Antigens on Melanoma Cells 

Tumor cells express a range of antigens and some selectively presented antigens that 

are capable of eliciting an antitumor response, can be used as target antigens (30). 

These set of tumor-associated antigens (TAAs) can be classified into four groups: 

 Differentiation antigens 
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Antigens expressed in differentiation phases of the cells. Not absent in 

healthy tissue but presented vastly in tumor cells. Examples include MART-

1, Melan-A, and gp100. 

 Over expressed antigens 

These antigens are abundantly expressed on tumor cells in comparison to 

healthy cells. Examples include the epidermal growth factor receptor (HER)2 

or surviving. 

 Neo antigens 

Antigens formed as a result of gene mutations or changes in tumor cells 

which makes them specific to tumor cells. Examples include protein 53 (p53), 

B-Raf kinase. 

 Cancer testis antigens 

Antigens expressed by tumors and selective healthy cells. Examples include 

MAGE-A1, MAGE-C2, and NY-ESO1.  

Melanoma expresses a vast variety of tumor associated antigens (TAAs) on the cell 

surface which are readily accessible by the targeting molecules described in the 

previous section (31). These TAAs include gp100, Melan-A and MAGE antigens, 

among others (30). Apart from the cell surface expression of these antigens on 

melanoma, they are also presented by other cancer types, hence, melanoma models 

can easily be translated to other cancers.  

MAGEs are one of the first melanoma associated antigens that were discovered (32). 

Advantage of using MAGE antigens is that their expression in tumors is selective and 

expressed at the cell surface in context of MHC molecules whereas particular MAGES 

are completely absent in healthy tissues which makes them tumor restricted antigens 

as well. MAGE antigens are present in gonadal organs (testis and placenta) without 

the context of MHC molecule (33). This research focuses on Melanoma AntiGen 

(MAGE-A1) that was the first CTA against which cytotoxic T lymphocyte was 

discovered by van der Bruggen and colleagues (32). In this research TCR-like 

antibodies that recognize MAGE A1 presented by Human Leukocyte Antigen A1 (HLA-

A1), in short M1/A1 were selected via phage display library. MAGE-A1 in context with 

MHC molecule are used and hence limit the anti-tumor response to tumor cells.  
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TCR-like antibodies against M1/A1 were previously selected and produced as Fab 

fragments. For this research these were used as scFv fragments. Extensive validations 

were deployed and their characterization on ELISA and cells by flow cytometry is 

discussed in chapter 2. Pitfalls during the production process and characterization of 

previously selected antibodies are listed. These antibodies are produced in bacteria 

and purified using immobilized metal ion affinity chromatography. Further 

characterization is done by ELISA and flow cytometry on APD cells and native 

melanoma cells. 

In chapter 3 formation of immunoliposomes by combining these antibodies, produced 

in chapter 2 with lipid based nanovesicles and testing these newly formed 

immunoliposomes in vitro is discussed. These immunoliposomes are characterized by 

ELISA and flow cytometry. Produced immunoliposomes specifically target M1/A1 

positive melanoma cells in vitro. 

Chapter 4 details on in vivo efficacy of drug loaded immunoliposomes targeted against 

the M1/A1 positive melanoma cells as used in chapter 3. These immunoliposomes are 

described as a model system here and it is shown that they retain drug (doxorubicin 

used here), specificity and affinity towards the M1/A1 positive melanoma tumors in 

vivo.  

In chapter 5, selection of new antibodies via phage display library that are specific to 

antigens and recognize them in TCR-like manner,  are discussed. An antibody AH5 

was selected against shared epitope among MAGE antigens. A combinatorial phage-

Fab library (diversity: 8.6 x 109 CFU) was constructed, employed various selection 

procedures, characterized antibodies by DNA fingerprinting, ELISA and flow 

cytometry and evaluated antibodies either directly or as CARs expressed by T cells 

using peptide-loaded target cells as well as tumor cells endogenously expressing the 

cognate epitope. 

In chapter 6 we discuss combination therapies, challenges and future perspectives of 

these smart nanovesicles. These nanovesicles can be combined with other therapies 

and used as target systems and transporters. These nanovesciles help improve patient 

health by minimizing side effects of drugs and in addition increase the drug 

accumulation at tumor sites. Immunotherapy has been developing for decades now 
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and with recent advances it looks promising for cancer treatment as also shown by 

efficacy data of this research. However it still faces many technical and manufacturing 

challenges. Combining immunotherapy with nanotechnology may yield new 

treatment options and combat cancers of all sorts. 
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Figures 

 

Figure 1: A non-targeted versus targeted liposome. Lower half: Non-targeted 

Liposomes. Polyethylene Glycol (PEG) molecules are attached to outer membrane and 

enhance blood circulation time. Therapeutic or fluorescent molecules can be attached 

to PEG molecules (blue dots) within the bilayer if lipophilic (green dots) or within the 

aqueous compartment (pink dots) of liposomes if hydrophilic. 

Upper half: Targeted Liposome. To the distal end of PEG molecules, antibodies or 

other molecules of interest can be attached to target liposomes specifically to an 

antigen or charged area (15). Here TCR like scFv is shown attached to PEG molecule. 

 

Figure 2: Antibody Formats. Immunoglobulin antibodies normally comprise of 

two antigen binding sites and constant domains. F(ab)2 fragment comprise a single 

antigen binding site each and constant domain F(ab)2 fragment can be split into two 
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Fab fragments. scFv fragments are the smallest fragments of antibodies that only 

retain a single antigen binding site. 
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Abstract 

In previous studies, it was proposed, and antibodies were used, to target toxins and 

other active compounds to specific molecules. The idea of using antibodies to target 

specific cells or to transport medicine to specific sites has been established with the 

use of immune serum in the late eighteen hundreds. With the isolation of antibodies 

from immunized animals, and later the hybridoma technology, a trusted source of 

specific antibodies became available (1). With technology and research, more and 

more methods were developed to generate antibodies of high specificity and 

sensitivity. Greg Winters and colleagues show that antibodies can be selected via 

phage display method (2), outside the human body. Using phage display method 

ensures the specificity of the selected antibodies towards antigens and multiple clones 

can be selected and processed at the same time. Previously we selected two Fab 

fragments using the phage display library technique. These were converted into scFv 

fragments and used as Chimeric Antigen Receptors (CARs) on T cells to direct them 

specifically to M1/A1 positive cells (3). In our research, antibodies have been used to 

target nanoparticles and therefore we generated melanoma specific antibodies, which 

were tested for specificity and prepared for coupling. Antibodies (scFv) were produced 

in E. coli bacteria, validated on SDS PAGE, western blot and tested by flow cytometry 

and ELISA for specificity. We were eventually able to generate functional antibodies 

which were specific for M1/A1 positive cells. These antibodies recognized the 

melanoma antigen 1 in the context of HLA-A1 molecule hence recognition was T cell 

mannered. Generating antibodies is a laborious process and needs efficient system 

and methods for production. 

Introduction 

Antibodies are used for targeting and therapeutic purposes for decades (4). They can 

be used for targeting various molecules (ranging from radioactive substances to 

carbohydrates and nanoparticles to drugs) to specific antigens. In past, antibodies 

have been used to target radioactive molecules to specific cells for investigational 

purposes (5). Scientists in past have studied antibodies against rodent tumor 

receptors, radiolabeled with iodine, for selective tumor localization and showed 

selective targeting of tumor by measuring higher levels of radioactivity in tumors as 
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compared to normal tissue (6), (7). Antibodies have also been used as vaccines and 

chimeric antigen receptors (CARs) on T cells to enhance the response of T cells against 

tumor cells. For this purpose, specific antibodies against antigens are required. 

Choosing the right target antigens is a crucial step to raise desired antibodies. We 

know that all nucleated cells express MHC class I molecules, which display 

endogenous peptides. In case of alterations due to infections and malignant cells due 

to cancer, these MHC molecules presented the faulty peptide which can be recognized 

by CD8+ T-cells via their T-cell receptors. 

There are mainly four groups among antigens that include peptides derived from 

differentiation antigens (i.e., melanoma antigen recognized by T cells [MART-1], 

glycoprotein 100 [gp100]); developmental antigens (carcinoembryonic antigen 

[CEA]); cancer germline antigens (CGA, such as melanoma antigen A1 [MAGE-A1], 

MAGE-C2, and New York esophageal squamous cell carcinoma 1 [NY-ESO1]); and 

neoantigens (mutated protein p53 and B-raf kinase) (8). 

In this study, we focused on CGAs, in particular MAGE-A1, due to their tumor-

selective expression and absence from mature healthy tissue, and developed 

antibodies that are specifically targeted to an M1/A1 epitope, which constitutes a 

natural target for T-cells and is uniquely expressed on melanoma cells. In previous 

studies by our group, antibody Fab fragments (G8 and Hyb3) were selected via phage 

display library (9, 10) against M1/A1. Fab fragment G8 show positive binding with 

M1/A1 positive tumor cells, however, has a low affinity. It was then affinity matured 

and Fab fragment Hyb3 resulted. These Fab fragments were then converted into scFv 

fragments via GeneArt®. The scFv fragments were put on T cells to form CAR T cells 

specific for M1/A1. 

For this research, selected Hyb3 and G8 antibody DNA was put in pABC4 vector kindly 

provided by Prof. R.E. Kontermann (Germany). When DNA of an antibody is 

incorporated into this vector, resulting antibody when produced as a protein has a HIS 

tag, which can be used for detection and purification, and a Cys tag that is later used 

for coupling to nanoparticles. 

Antibodies were grown in large cultures and purified via Immobilized Metal Ion 

Affinity Chromatograph (IMAC) via Ni+2 column. Purified antibodies were tested 
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with SDS PAGE and western blot for purity and size. Concentration was either 

measured by Braford assay, BCA assay and/ or nanodrop. Further functionality of 

these purified antibodies were tested on ELISA, APD cells and tumor cells by flow 

cytometry. Once these anitbodies were verified with all tests, they were reduced and 

coupled to liposomes. 

Materials and Methods 

Restriction enzymes (NotI and SfiI), NEB buffer, BSA and Nucleobond Xtra Midi from 

Bioke (Leiden, The Netherlands), pABC4 vector was a kind gift by Prof. Kontermann 

(Stuttgart, Germany), DH5α E. coli by Invitrogen (The Netherlands), HB2151 bacteria 

and TG1 bacteria by Bio-connect (Huissen, The Netherlands), BL21 bacteria by NEB 

(Leiden, The Netherlands), DNA clean and concentrating kit and Zymoclean gel DNA 

recovery kit by Baseclear, Tryptone, Yeast, NaCl, Glucose, Sucrose, β-Mercaptanol, 

Imidazole, EDTA, L-Cysteine, HEPES, Choloroform and Methanol by Sigma (The 

Netherlands), Tris Glycine and Bis-Tris pre-casted gels, Tris-glycine buffer and MOPS 

buffer by Novex (The Netherlands), Immobilized Metal Affinity Chromatography 

(IMAC) Ni2+ columns and AKTA FPLC system by GE healthcare (The Netherlands), 

PBS and Amicon filters MWCO 10.000 by Millipore (The Netherlands), Dialysis 

cassettes by Pierce scientific, Tris carboxy ethyl phosphine (TCEP) beads and powder, 

Pierce Spin cups cellulose Acetate filters by thermoscientific (The Netherlands), Other 

chemicals used were HPLC grade. Horse radish peroxidase (HRP) conjugated anti-

HIS-tag antibody by Santa Cruz, Mouse anti-HIS-tag antibody by Santa Cruz, Sanbio 

and Abcam (USA), Goat anti Mouse PE by Southern Biotech (human ads-PE) (The 

Netherlands), 7-AAD by Beckton and Dickinson (The Netherlands), Mouse anti-M13 

antibody and HRP-tagged anti-M13 antibody by GE healthcare (The Netherlands). 

Nucleopore® Track-etched membranes by Whatman. 

Preparation, purification and characterization of scFv  

scFv G8 and Hyb3 were produced as Fab fragments by Willemsen et al. (2001) via 

phage display library, (3) scFv-DNAs were excised from pBullet vector via the 

restriction sites SfiI and NotI and cloned into pABC4 vector. (11) Vector containing the 

scFv were then electroporated into DH5a bacteria and plated. Minicultures were 

grown and tested for the vector ligated scFv. Once these were sequenced and 
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confirmed they were electroporated or transduced into TG1, HB2151 or BL21 bacteria. 

Cultures were grown at various temperatures (30°C, 35°C and 37°C) and time points 

( 1 h, 2 h, and 4 h).  Periplasmic and cytoplasmic fractions were prepared and run on 

SDS PAGE and western blot to observe the binding to anti HIS antibody. Finally, large 

cultures of TG1 and HB2151 bacteria were grown and periplasmic fractions were run 

on IMAC to separate the antibody. Further studies were continued with BL21 bacteria 

due to better yield of antibody. The periplasmic fraction of BL21 bacteria was subjected 

to IMAC (12) over Ni2+ column. 

Protein was produced as described previously, briefly, these BL21 bacteria containing 

vector-scFv were grown in cultures at 37°C for 2.5 hours until the optical density 

(O.D.) measuring at 600 nm was 0.6-0.8. Culture was then induced by 1 mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) and grown at 37°C for an additional 4 hours to 

obtain protein. Cultures were pelleted at 4500×g for 10 minutes at 4°C and frozen 

until further use. Pellets were thawed and re-suspended in ice cold periplasmic 

preparation buffer. (13, 14) The cells were lysed with 50 µg/mL Lysozyme (13) and the 

spheroblasts were stabilized with 5 mM MgSO4. These samples were then centrifuged 

at 10,000×g for 15 minutes at 4°C and the supernatants were collected, re-spun and 

passed over 0.45 µm filters. Upon production of the protein six Histidine molecules 

and a cysteine molecule are present at the C-terminus. Histidine tag was used for 

purification of the molecule via IMAC, while cysteine was used for coupling to 

liposomes later. Protein was purified by IMAC on an AKTA system by Ni+2 columns. 

SDS gel was done to determine the monomer of produced protein and purity. 

Concentration was determined either by nanodrop® by measuring the absorbance at 

280 nm or protein assays like Bicinchoninic acid Assay (BCA) and Bradford assay. 

Fractions with protein were concentrated over Amicon filters (MWCO 10 kDa) and 

concentrated fraction of scFv was kept at 4°C until further use. 

Cell cultures 

Four melanoma cell lines were used of which two cell lines, MZ2Mel43 and G43, are 

M1/A1 positive and two cell lines Mel78 and Mel2A are M1 negative but HLA-A1 

positive (Supplementary Figure 1). Tumor cells were maintained in Dulbecco’s 

Modified Eagles’ Medium (Invitrogen, The Netherlands) supplemented with 10% fetal 

bovine serum, non-essential amino acids, L-glutamine and Penicillin-Streptomycin 
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solution. APD cells (15-18), which are EBV-transfected immortalized B-lymphoblast 

cell line, are HLA-A1 positive. They were maintained in RPMI 1640 medium 

supplemented with 10 % fetal bovine serum, L-glutamine and Penicillin-Streptomycin 

solution. All cells were maintained in sterilized environment at 37 °C under 5 % CO2 

in a humidified incubator. Cells were passaged upon reaching 80-90 % confluency. All 

the media had phenol red as a pH indicator. 

In vitro binding of single chain variable fragments 

A step in characterizing these scFvs was to evaluate their binding to APD cells and 

M1/A1 positive native tumor cells. Purified scFvs were concentrated over amicon 

filters (MWCO 10 kDa) and concentration was determined by nanodrop®. APD cells 

were cultured in suspension at a rate of 500,000 cells per sample and pulsed with 

MAGE A1 peptide (10µg/mL) for 30 minutes at 37 °C. Cells were then subjected to a 

centrifugation at 450×g for 5 minutes, medium was aspirated and various scFv 

concentrations were added to the cells from 0.1 µg/mL to 100 µg/mL in a volume of 

200 µL for 1 hour at 4 °C. For 500,000 tumor cells per sample, a concentration of 50 

µg/mL and 100 µg/mL of scFv was chosen to be incubated for 1 hour at 4°C. Cells were 

washed with 2 mL of ice cold PBS once and incubated for 1 hour at 4 °C with anti HIS 

antibody and secondly incubated with goat-anti-mouse PE antibody for 1 hour at 4 °C. 

Finally cells were incubated for 10 minutes at room temperature with 10 µL of 7AAD 

per sample to exclude dead cells. Cells were washed with 2 mL ice cold PBS and were 

either measured in 250 µL PBS or fixed in 250 µL of 1 % PFA until measured. All 

samples were measured on BD FACS Canto™ (Becton, Dickinson Company, USA) 

with BD FACS Diva software (USA) and analyzed by FCS Express (De Novo Software, 

Los Angeles, CA, USA). As a control Phage-Hyb3 were taken along and detected by 

anti M13 antibody and a secondary goat-anti-mouse PE. 

Results 

ScFv G8 and Hyb3 were selected in a previous study as Fab fragments and converted 

into scFv and used to redirect T cells to M1/A1 positive melanoma cells (10). For this 

study we used the scFv DNA and put it into pABC4 vector (Figure 1). Vector pABC4 is 

engineered to have a His tag and a Cys tag. When antibody is produced as a protein, 

His tag is used for detection of the scFv for purification purposes or in western blot 
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and ELISA as confirmatory or functional tests. Cys tag can be used to couple these 

scFv fragments to other molecules forming a thioether bond. 

Figure 1 A shows the pABC4 plasmid composition. Figure 1 B shows a schematic 

representation of how scFv DNA is ligated into the pABC4 vector after excision with 

restriction enzymes. Once the expression plasmid has the desired DNA it is transduced 

into DH5a bacteria and colonies are grown on 2 x YT plates. Colonies were then grown 

as minicultures. Plasmid expressing correct DNA were sequenced and electroporated 

or transduced into other bacteria. Periplasmic and cytoplasmic fractions were 

separated and run on SDS and western blots. 

Selected antibodies can be produced in many different ways such as Bacterial 

production and Yeast production. For this research bacterial production was chosen, 

also because previously selected Hyb3 and G8 antibodies have been produced in 

E.coli. We transfected TG1 bacteria with the DNA of Hyb3 and G8 antibodies. They 

were previously produced and purified as Fab fragments, and subsequently into scFv 

fragments for further study and hence we could use the same DNA material here. 

Transfected bacteria were then plated on 2x YT agar plates. Colonies were picked and 

assessed as minicultures, grown overnight at 37 °C or colony PCRs for the vector 

product. These PCR products or minicultures were sequenced and colonies with the 

correct sequence were processed further. Figure 2: Sequence of scFv G8 and Hyb3 and 

their translation including the restriction sites. 

After transfection of the bacteria with Hyb3 or G8 DNA, we let the bacteria grow at 37 

°C for 2 hours and performed a western blot to detect the antibodies via anti HIS tag 

florescent antibody. Initially bacteria were grown in TG1 bacteria and grown for 

standard conditions. To our surprise, we did not get a positive western blot and hence 

changed the temperature and growth conditions. Figure 3 shows that TG1 bacteria 

were grown at 30 °C, 35 °C and 37 °C, for 3 h and overnight. Figure 3 also shows, that 

after growth, cytoplasmic and periplasmic fractions were analyzed by Western blot, as 

shown by Ponceau stain. We also took the whole pellet, not shown here, but the 

antibody was not detectable on the Western blot.  

From TG1 protein production, 37 °C and 4 h condition was taken and applied to 

HB2152 bacterial production. Here purified HB2151 are grown at 37 °C for 4 h in 500 
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mL culture and  Hyb3 is purified and shown on SDS PAGE and western blot. All three 

bacteria are grown at 37 °C for 4 h in 500 mL (BL21 and HB2151) or 200 mL (TG1) 

culture and purified using IMAC technique. Figure 3 shows SDS PAGE and pre 

western blot Ponceau staining. Based on these findings we selected BL21 bacteria for 

further antibody productions and purifications. 

Larger cultures (500 mL, 2 L and 5 L) of BL21 bacteria were inoculated with Hyb3 or 

G8 minicultures, induced by IPTG and pelleted. Periplasmic fraction from BL21 

containing scFv Hyb3 or G8 was put on the column. Antibody was purified via His tag 

over IMAC. Purifications were standardly followed and Ni2+ columns were used in 

immobilized metal ion affinity chromatography. Imidazole gradient was used to 

extract the His tagged antibody bound to the column. Figure 4 shows the results of 

IMAC purification of both scFvs. Concentration was determined by Bradford, BCA or 

nanodrop. On the average, 1 L of bacterial culture produced 1 gram of scFv. 

Purified antibodies were then tested on SDS PAGE and western blot as shown in 

Figure 3 B and C. These fractions were pooled and sometimes concentrated and tested 

by ELISA. Figure 5 shows ELISA of free scFv showing a steady increase in signal with 

increasing protein concentration. Biotynalized pMHC M1/A1 was used to bind and 

immobilized onto streptavidin coated ELISA plates and scFv then bound to pMHC 

molecule. 

Finally, scFvs were tested on APD cells and tumor cells. Flow cytometric evaluation of 

scFv on APD cells and melanoma cells was performed and shown in figure 6. As a 

positive control phages expressing Hyb3 antibody was used that showed a peak shift 

in bound cells. APD cells were pulsed with peptide and then incubated with 10 µg/mL 

scFv, Hyb3 or G8. APD cells show a complete peak shift hence all cells expressed to 

targeted antigen and bound antibodies. G43 cells M1/A1 positive incubated with scFv 

Hyb3 or G8 and treated with IFNγ or without. G43 cells also showed a complete peak 

shift of cells bound to the antibodies, however IFNγ treated cells showed a higher 

percentage of positive cells than without IFNγ. Similarly, percentage of cells bound to 

G8 was not high, however, when G43 cells were IFNγ treated, G8 bound better to the 

cells. MZ2Mel43 cells were also positive for M1/A1, incubated with scFv Hyb3 or G8 

and treated with or without IFNγ. MZ2Mel43 cells showed similar pattern in binding 

where a complete peak shit was seen and cells bound better to IFNγ pretreated cells. 
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Discussion 

Chemotherapeutic agents have been primarily used to treat cancers. However, due to 

their cytotoxicity to normal cells and their chemoresistence (19), alternative methods 

have been studied to target therapy to tumor cells specifically. Paul Ehrlich, used the 

term of “magic bullet” and since then antibody-coated nanoparticles have been used 

for targeting molecules to tumor cells using immune system components. With the 

development of systems that could produce humanized antibodies and easily select 

them against target antigens, use of antibodies in targeted therapies became popular. 

Antibodies are produced by immune cells and they bind to foreign or diseased 

molecules and attract other immune cells and factors to fight against the disease. 

Various antibody formats have been used in previous studies and all formats have 

their advantages and disadvantages. In our study we use the scFv format as these are 

the smallest antibody format that retain complete antigen binding site and lack the Fc 

receptor part that mediates immunogenicity. Recent advances in antibody 

engineering have made it possible to use smaller fragments successfully in targeting. 

Use of monoclonal antibodies or Fab fragments generate immunogenicity hence the 

molecules are cleared from the bloodstream. Recently scFv fragments have been used 

more commonly in targeting due to longer circulation times possible. (20) Therefore 

using these molecules for the specificity can yield in higher accumulation of drug at a 

tumor sites. 

In previous studies, antibodies have been used to target radiolabeled molecules to 

cancer sites (5) and other molecules. Chames et al. (9) and Willemsen et al. (3, 10) 

selected scFv molecules via phage display library and retargeted them as CARs on T 

cells. With antibody engineering, it was successful to produce antibodies with extra 

sequence tags, to isolate them or to bind them with other molecules (21). In our study 

we used such a vector, pABC4, to produce scFv, previously selected via phage display 

library, that contained a HIS tag for purification and Cys tag for binding to other 

molecules. These scFvs were produced after careful and thorough investigations and 

were fully functional, specific antibodies which were used for later study. 
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Tables and Figures 

 

 

Figure 1: A: pABC4 vector showing the restriction site sequence and mapping of 

various regions. B: schematic presentation of insert ligation into pABC4 vector, 

transduction into BL21 bacteria, purification and finally using the purified scFv 

molecule as immune coupling agent on nano particles to form smart drug delivery 

devices. 
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Figure 2: Sequence of scFv G8 and Hyb3 and their translation including 

the restriction sites. 
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Figure 3: Bacterial production of the protein. A: TG1 bacterial production of 

scFv Hyb3 at 30 °C, 35 °C and 37 °C, for 3 h and overnight. Also, cytoplasmic and 

periplasmic fractions are shown as whole. Ponceau stain (before purification). D3 

(purified) is used as a control protein. B: From TG1 protein production, 37 °C and 4 h 

condition is taken and applied to HB2151 bacterial production. Here purified HB2151 

bacteria are grown at 37 °C for 4 h in 500 mL culture and  Hyb3 is purified via IMAC 

on Ni+2 column and shown on SDS PAGE and western blot. C: all three bacteria are 

grown at 37 °C for 4 h in 500 mL (BL21 and HB2151) or 200 mL (TG1) culture and 

purified using IMAC technique. Figure shows SDS PAGE and pre western blot staining 

(ponceau) after purification. 
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Figure 4: IMA Chromatography. A: Periplasmic fraction from BL21 containing 

scFv G8 was put on the column. Green line shows increasing concentration of 

Imidazole and peak hereafter shows the separation of G8 antibody. B: Periplasmic 

fraction of the bacteria BL21 was put on the column and scFv Hyb3 was purified. 

 

Figure 5: ELISA of free scFv showing a steady increase in signal with 

increasing protein concentration. Biotinylated immobilized pMHC was used to 

bind to streptavidin coated ELISA plates and scFv (G8 or Hyb3) was then bound to 

pMHC molecule in various concentrations. Unbound scFv was washed and bound 

scFv signal was read with absorption. 



38 
 

p  

Figure 6: Flow cytometric evaluation of scFv on APD cells and antigen 

positive melanoma cells. A: APD cells incubated with 10 µg/mL scFv, Hyb3 or G8. 

B: G43 cells M1/A1 positve incubated with scFv Hyb3 or G8 and treated with IFNγ or 
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without. C: MZ2Mel43 cells also positive for M1/A1, incubated with scFv Hyb3 or G8 

and treated with or without IFNγ. 
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Abstract 

Therapy of melanoma using T cells with genetically introduced T cell receptors (TCRs) 

directed against a tumor-selective Cancer Testis Antigen NY-ESO1 demonstrated clear 

anti-tumor responses in patients without side-effects. Here, we exploited the concept 

of TCR-mediated targeting through introduction of single chain variable fragment 

(scFv) antibodies that mimic TCRs in binding MHC-restricted Cancer-Testis Antigen 

(CTA). We produced single chain variable fragment (scFv) antibodies directed against 

Melanoma AntiGEn A1 (MAGE A1) presented by Human Leukocyte Antigen A1 (HLA-

A1), in short M1/A1, and coupled these TCR-like antibodies to liposomes to achieve 

specific melanoma-targeting. Two anti-M1/A1 antibodies with different ligand-

binding affinities were derived from a phage-display library, and reformatted into 

scFvs with an added cysteine at their carboxyl termini. Protein production conditions, 

i.e., bacterial strain, temperature, time and compartments, were optimized and 

following production scFv proteins were purified by immobilized metal ion affinity 

chromatography. Batches of pure scFvs were validated for specific binding to M1/A1-

positive B cells by flow cytometry. Coupling of scFv fragments to liposomes was 

conducted employing different conditions and an optimized procedure was achieved. 

In vitro experiments with immunoliposomes demonstrated binding of M1/A1-positive 

B cells as well as M1/A1-positive melanoma cells and internalization by these cells 

using flow cytometry and confocal microscopy. Notably, the scFv with non-enhanced 

affinity of M1/A1, but not the one with enhanced affinity, was exclusively bound to and 

internalized by melanoma tumor cells expressing M1/A1. Taken together, antigen-

mediated targeting of tumor cells as well as promoting internalization of nanoparticles 

by these tumor cells is mediated by TCR-like scFv and can contribute to melanoma 

specific targeting. 

Introduction 

Melanoma patients with metastasized disease are in great need for new treatment 

modalities as survival rates are generally low. Recently important progress has been 

made with the combination of so-called checkpoint inhibitors. (1-4) The improved 

progression free survival in previously untreated melanoma patients, when an 

antibody that blocks CTLA-4, combined with an antibody blocking PD-1 , are 
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administered indicates the potential of immunotherapy in melanoma. (1) Likewise, 

adoptive T cell therapy, in which T cells are administered after expansion outside the 

patient, shows promise. An improvement of that approach was achieved with the 

introduction of a genetically engineered T cell receptor (TCR) in T cells followed by 

expansion and administration. This method of TCR introduction results in T cells 

which can be forced to target specific antigens only expressed by cancer cells. (5-8) To 

mimic the TCR function, antibodies and single chain variable fragments (scFv) were 

produced showing specific binding and cell kill. Previously, Willemsen et al. 

demonstrated T cell targeting to melanoma cells using the G8 Fab fragment. (5) The 

use of antibodies has several advantages compared to TCRs and T cells. Antibodies are 

easier to produce, when introduced on T cell do not recombine with wild type TCRs, 

have a higher affinity and can be used to target nanomaterials. (9) Here we used TCR 

mimicking scFvs to target lipid-based nanoparticles, i.e. liposomes, specifically to a 

melanoma peptide in the context of a major histocompatibility complex (MHC). 

Among common nanosystems as classified by Torchilin (2014) (10), liposomes fall 

under the classification of nanoparticulate pharmaceutical drug delivery systems 

(NDDSs). Rigon et al. (2015) discussed in their recent review the application of these 

nanotechnology based drug delivery system as therapy for melanoma. (11) There have 

been many reported advantages of using  drug delivery system including high drug 

stability, bioavailability, better tissue/ organ distribution, retention, minimized toxic 

effects and better blood circulation time. Li et al. (2015) also discuss targeted 

nanoparticles drug delivery as a concept and how to enhance the effect on melanoma. 

(12) Another review by Chen et al. (2013) discusses liposomes as carriers for 

chemotherapeutic drugs, immunocytokines and siRNA for treatment efficacy of 

melanoma. (13) The review further discusses the use of nanoparticles in detection, 

diagnosis and treatment of melanoma. For this study we focus on liposomes among 

all nanocarrier systems. 

Liposomes are lipid-based hollow nanoparticles which can be used to contain and 

deliver hydrophobic and hydrophilic compounds. Encapsulation of therapeutic 

compounds in liposomes dramatically changes their pharmacokinetics; it extends 

blood residence time and prevents degradation and clearance. For clinical use, and 

especially in the cancer field, these liposomes are around 100 nm in size and are coated 
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with polyethylene glycol (PEG), which prevents opsonization and recognition by 

macrophages and further increases circulation time. (14-16) Because of liposome size 

and their capacity to remain in the blood passive accumulation in tumors is observed, 

which is believed to result from leaky and permeable vessels in tumors also designated 

Enhanced Permeability and Retention (EPR) effect. (17) Modified pegylated 

liposomes can be further used to target antigens by decorating the liposome surface 

with antibodies, (18-20) which results in increased accumulation in tumor cells as 

compared to healthy tissue. (21) Targeting moieties on liposomes can facilitate 

prolonged retention of the nanocarrier in the tumor but may also improve uptake by 

tumor cells. (18, 21) Through careful selection of the target and liposome composition, 

liposomal processing can be manipulated and tuned to need. 

In this study we aimed to formulate immunoliposomes targeting melanoma specific 

peptides when expressed by MHC molecules on the surface of tumor cells. All 

nucleated cells express MHC molecules and present processed protein fragments to 

be recognized by T-cells through their TCR. This peptide-MHC has been used to 

generate TCR-like scFvs, which are coupled to the outside of liposomes. We focused 

on MHC class I to attract CD8+ T cells, which can inflict direct damage to the cells 

they attack. Among the group of MHC Class I presented peptides, we have selected 

peptides derived from Cancer Testis Antigens (CTAs) due to the selective expression 

of certain CTAs by tumors and not healthy cells, except for MHC-negative germ line 

cells. (22-24) CTAs are described to be restricted to human germ line cells but also 

present in certain malignant tumors. (22) Melanoma AntiGEn A1, (MAGE A1), was 

the first CTA against which cytotoxic T lymphocyte was discovered by van der Bruggen 

and colleagues. (25) MAGEs are however not restricted to melanoma but expressed at 

the protein level by a range of tumors, i.e. metastatic melanoma, esophageal 

carcinoma, lung adeno-carcinoma and head and neck carcinoma, (22, 26, 27) making 

it an ideal target for this study. 

In an effort to obtain TCR-like binding molecules, we have selected MAGE A1 

presented by Human Leukocyte Antigen A1 (HLA-A1), in short M1/A1-specific Fab 

molecules via phage display library. (28, 29) Fab fragments used for this study differ 

a log-scale in their affinity for M1/A1 (Fab G8 KD = 250 nM and Fab Hyb3 KD = 14 

nM). (29) The difference in ligand-binding affinity will allow us to compare the 
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importance of this parameter for multivalent nanoparticles. These Fab fragments were 

reformatted into scFvs (5, 29) to facilitate coupling to liposomes. scFv are the smallest 

format of antibodies that retain complete antigen binding site, but lack an Fc-domain 

and a complement-activating region. (19) Notably, scFv retain binding of antigen with 

high-affinity but with a potentially reduced immunogenicity. (19) It is crucial to use 

relatively small targeting moieties as previous studies demonstrated that using whole 

monoclonal antibodies on nanocarriers to target tumors resulted in rapid clearance 

from the blood stream impairing the usefulness of these devices. (19, 30) 

Here we describe the formulation of immunoliposomes that targets uniquely 

expressed M1/A1 antigen on melanoma cells. E. coli bacteria were used to prepare anti 

M1/A1 scFv fragments. These fragments were assessed for their binding of M1/A1 

positive cells by flow cytometry. When binding criteria were met scFv were coupled to 

liposomes and subjected to various characterization steps before using it on cells. 

Characterization included quantitative and qualitative tests to determine the total 

lipid and protein levels, liposome characteristics and assessing binding to M1/A1-

positive cells. Once validated, immunoliposomes batches were released for further in 

vitro testing of their targeting ability towards melanoma cells. We demonstrate that 

immunoliposomes coupled to anti-M1/A1 scFv represent a novel formulation based 

on TCR-mimicry that allows successful targeting to tumor cells. 

Material and methods 

Restriction enzymes (NotI and SfiI), NEB buffer, BSA and Nucleobond Xtra Midi from 

Bioke (Leiden, The Netherlands), pABC4 vector was a kind gift by Prof. Kontermann 

(Stuttgart, Germany), DH5α E.Coli by Invitrogen (The Netherlands), BL21 bacteria by 

Cell Biology department, Erasmus MC, DNA clean and concentrating kit and 

Zymoclean gel DNA recovery kit by Baseclear, Tryptone, Yeast, NaCl, Glucose, 

Sucrose, β-Mercaptanol, Imidazole, EDTA, L-Cysteine, HEPES, Choloroform and 

Methanol by Sigma (The Netherlands), Tris Glycine and Bis-Tris pre-casted gels, Tris-

glycine buffer and MOPS buffer by Novex (The Netherlands), Immobilized Metal 

Affinity Chromatography (IMAC) Ni2+ columns and AKTA FPLC system by GE 

healthcare (The Netherlands), PBS and Amicon filters MWCO 10.000 by Millipore 

(The Netherlands), Dialysis cassettes by Pierce scientific, Tris carboxy ethyl phosphine 

(TCEP) beads and powder, Pierce Spin cups cellulose Acetate filters by 
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thermoscientific (The Netherlands), Other chemicals used were HPLC grade. Horse 

radish peroxidase (HRP) conjugated anti-HIS-tag antibody by Santa Cruz, Mouse 

anti-HIS-tag antibody by Santa Cruz, Sanbio and Abcam (USA), Goat anti Mouse PE 

by Southern Biotech (human ads-PE) (The Netherlands), 7-AAD by Beckton and 

Dickinson (The Netherlands), Mouse anti-M13 antibody and HRP-tagged anti-M13 

antibody by GE healthcare (The Netherlands). The lipids, Hydrogenated Soy L-α-

phosphatidylcholine (HSPC), Cholesterol, 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-PEG2000 (DSPE-PEG2000) were purchased from Lipoid 

(Ludwigshafen, Germany) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

26(ammonium salt) (DSPE-PEG2000Maleimide), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2- 1,3 benzoxadiazol-4-yl) (NBD-PE), 

phosphatidylethanolamine dioleoyl-sulforhodamine B (Rho-PE) were purchased 

from Avanti Polar Lipid Inc. (Alabaster, USA) Nucleopore® Track-etched membranes 

by Whatman. 

Preparation, purification and characterization of scFv  

scFv G8 and Hyb3 were produced as Fab fragments by Willemsen et al. (2001) via 

phage display libray, (5) a technique that employs bacteriophages to study the protein-

protein interactions and connect the protein to genetic information that encodes them. 

Fab fragments were reformatted into scFv for targeting T-cells to M1/A1 cells. (5, 28, 

29) scFv-DNAs were excised from pBullet vector via the restriction sites SfiI and NotI 

and cloned into pABC4 vector, (31) derived from pAB1. In pABC4 vector for 

prokaryotic protein expression, the MYC tag was removed and additional cysteine 

code was added behind the histidine tag. (31) Upon protein production the two tags 

are produced as a part of the scFv at the C-terminus. Histidine tag was used to purify 

scFv from periplasmic fraction (32) of BL21 bacteria. The periplasmic fraction was 

subjected to Immobilized metal ion affinity chromatography (IMAC) (33) over Ni2+ 

column. Briefly, all the protein that holds a histidine tag has affinity for Ni2+ ions and 

hence is adsorbed in the agarose gel matrix. 

Various optimization steps were carried to obtain the protein, (1) including three 

different strains of E. coli bacteria including TG1, HB2151 and BL21, (2) growth at 37°C 

pre induction and different temperatures post induction, at 30°C, 35°C and 37°C, (3) 

conditions such as duration of time after induction such as 4 h or overnight and in 
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addition to these parameters (4) cell compartments such as supernatant, periplasmic 

fraction and cytoplasmic fractions were explored for the protein. In previous studies, 

Messerschmidt et al. (34) and Baum et al. (35) used pABC4 vector in combination with 

TG1 bacteria to grow scFv at room temperature (23°C) for 3 h. (36) 

Protein was produced as described previously by Ruger et al. 2005, (36) briefly, these 

bacteria were grown in cultures at 37°C for 2.5 h until the optical density (O.D.) 

measuring at 600 nm was 0.6-0.8. Cultures were then induced by 1 mM isopropyl β-

D-1-thiogalactopyranoside (IPTG) and grown at 37°C for an additional 4 h to obtain 

protein. Cultures were pelleted at 4500×g for 10 minutes at 4°C and frozen until 

further use. Pellets were thawed and re-suspended in ice cold periplasmic preparation 

buffer (30mM Tris-HCl, 20% sucrose, 1 mM EDTA pH 7). (36, 37) The cells were lysed 

with 50 µg/mL Lysozyme (37) and the spheroblasts were stabilized with 5 mM MgSO4. 

These samples were then centrifuged at 10,000×g for 15 minutes at 4°C and the 

supernatants were collected, re-spun and passed over 0.45 µm filters. Upon 

production of the protein six Histidine molecules and a cysteine molecule are present 

at the C-terminus. Histidine tag was used for purification of the molecule via IMAC 

while cysteine was used for coupling to liposomes later. Protein was purified by IMAC 

on AKTA system by Ni+2 columns. SDS gel was done to determine the monomer of 

produced protein and purity. Concentration was determined either by nanodrop® by 

measuring the absorbance at 280 nm or protein assays like Bicinchoninic acid Assay 

(BCA) and Bradford assay. Fractions with protein were concentrated over Amicon 

filters (MWCO 10 kDa) and concentrated fraction of scFv was kept at 4°C until further 

use. 

Cell cultures 

Four melanoma cell lines were used of which two cell lines, MZ2Mel43 and G43, are 

M1/A1 positive and two cell lines Mel78 and Mel2A are M1 negative but HLA-A1 

positive (Supplementary Figure 1). Tumor cells were maintained in Dulbecco’s 

Modified Eagles’ Medium (Invitrogen, The Netherlands) supplemented with 10 % fetal 

bovine serum, non-essential amino acids, L-glutamine and Penicillin-Streptomycin 

solution. APD cells (6, 8, 38, 39), which is a EBV-transfected immortalized B-

lymphoblast cell line, are HLA-A1 positive. They were maintained in RPMI 1640 

medium supplemented with 10 % fetal bovine serum, L-glutamine and Penicillin-
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Streptomycin solution. All cells were maintained in sterilized environment at 37°C 

under 5 % CO2 in a humidified incubator. Cells were passaged upon reaching 80-90% 

confluency. All the media had phenol red as a pH indicator. 

In vitro binding of single chain variable fragments 

A step in characterizing these scFvs was to evaluate their binding to APD cells and 

native tumor cells. Purified scFvs were concentrated over amicon filters (MWCO 10 

kDa) and concentration was determined by nanodrop®. APD cells were cultured in 

suspension at 500,000 cells per sample and pulsed with MAGE A1 peptide (10µg/mL) 

for 30 minutes at 37°C. Cells were then subjected to a centrifugation at 450×g for 5 

minutes, medium was aspirated and various scFv concentrations were added to the 

cells from 0.1 µg/mL to 100 µg/mL in a volume of 200 µL for 1 h at 4°C. For 500,000 

tumor cells per sample, a concentration of 50 µg/mL and 100 µg/mL of scFv was 

chosen to be incubated for 1 h at 4°C. Cells were washed with 2 mL of ice cold PBS 

once and incubated for 1 h at 4°C with anti HIS antibody and secondly incubated with 

goat-anti-mouse PE antibody for 1 h at 4°C. Finally cells were incubated for 10 minutes 

at room temperature with 10 µL of 7AAD per sample to exclude dead cells. Cells were 

washed with 2 mL ice cold PBS and were either measured in 250 µL PBS or fixed in 

250 µL of 1% PFA until measured. All samples were measured on BD FACS Canto™ 

(Becton, Dickinson Company, USA) with BD FACS Diva software (USA) and analyzed 

by FCS Express (De Novo Software, Los Angeles, CA, USA). As a control Phage-Hyb3 

were taken along and detected by anti M13 antibody and a secondary goat-anti-mouse 

PE. 

Preparation and Characterization of liposomes 

A neutral liposome composition was chosen for this research, typically HSPC, 

Cholesterol, DSPE-PEG2000 and Maleimide-PEG2000 were used in a molar ratio 

55:40:4:1. (31, 40) Liposomes were prepared by film hydration method as previously 

described. (34, 37, 41, 42) Briefly all lipids were mixed in a round bottom flask and 

dissolved in Chloroform: Methanol (9:1 v/v). A thin and uniform lipid film was 

obtained by evaporating the solvents under pressure for 30 minutes at 42°C. This film 

was then flushed for 20 minutes under nitrogen and hydrated with 10 mM HEPES 

buffer pH 6.7 for 20 minutes at 60°C. If necessary the film was sonicated with silica 
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beads for complete dissolution. The mixture was then extruded 17 to 20 times under 

pressure through a series of polycarbonate filters ranging from 200 nm to 50 nm to 

obtain a uniform suspension of particles. Size and polydispersity index (31, 34, 41, 43) 

was determined by dynamic light scattering (43) on a Zetasizer® Nano ZS (Malvern 

Instruments, Worcestershire, UK). Liposomes were subjected to Rouser phosphate 

assay (44) where phospholipid was determined and a total lipid amount was calculated 

after cholesterol correction. For experiments 0.3 % Rhodamine-PE or 0.3 % NBD-PE  

were used as fluorescent probes in either formulations. 

Immunoliposomes formulation and characterization 

Immunoliposomes were produced by post-attachment method of coupling (18, 45) 

also known as conventional coupling to Maleimide-PEG liposomes. (36, 37) Fresh 

preformed liposomes were incubated with pre-reduced scFv. ScFv’s were reduced by 

TCEP (10 mM at a final concentration) (34, 37) under N2 at room temperature for 1 h 

prior to the coupling. We found that reduction of scFv was a necessary step although 

the majority of scFv was present as monomer. Without reduction we observed that the 

binding is greatly reduced (data not shown). TCEP was removed from the mixture by 

washing five times with deoxygenated coupling buffer (10 mM Na2HPO4/ NaH2PO4 

buffer, 0.2 mM EDTA, 30 mM NaCl pH 6.7) and concentrating at the same time over 

amicon filter (MWCO 10 kDa, Millipore) for 10 minutes each washing, at 4000×g and 

4°C. Concentration was determined by nanodrop®. An amount of 340 µg of scFv was 

mixed with 10 µmol of freshly made liposomes for a total of 16 h. The mixture was 

overlaid by N2 and left on a shaker incubator for 2 h at room temperature and 

overnight at 4°C without shaking. After 16 h of total coupling, free maleimide groups 

were quenched with 1 mM Cysteine (31, 34, 36, 37, 42) for 10 minutes at room 

temperature and uncoupled scFv was removed by gel filtration over Sepharose CL4B 

(retailer) column, (34, 36, 37, 42) pre calibrated with 10 mM HEPES buffer pH 7.4. 

Obtained immunoliposomes were subjected to phospholipid determination again and 

total protein coupled was calculated by Lowry-Peterson assay (46). Number of scFv 

molecules attached was deduced using the protein and lipid determinations. Size and 

charge was determined by laser light scattering on Zetasizer®. 
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ELISA 

A concentration range of 1 µg/mL to 100 µg/mL of free scFv and 0.05 µM to 1 µM of 

total lipids was tested on ELISA. Briefly, Nunc 96 flat well plates with streptavidin 

coating were washed three times with 0.1 % Tween-PBS and twice with PBS and 

incubated with biotinylated M1/A1 complex (1 µM) for half hour at room temperature 

or overnight at 4°C. All further steps were carried out at room temperature. Wells were 

blocked with 2 % Milk-PBS for half hour. Dilutions of free scFv and immunoliposomes 

were made in 4 % Milk-PBS in 100 µL volume and incubated per well for 1.5 h after 

which wells were washed. Anti His-Horse Radish Peroxidase (HRP) antibody was 

diluted in 2 % Milk-PBS, added to the wells and incubated for 1 h. Wells were 

subsequently washed with PBS and 0.1 % Tween-PBS and supplemented with ELISA 

substrate. The reaction was stopped with 1 M H2SO4. As a control w6/32 antibody 

was taken along which only showed positive signal if the M1/A1 complex was bound 

to the plate successfully. HRP conjugated anti-His tag antibody was used to recognize 

the His tag on scFv and substrate development was read by TECAN ELISA reader. 

In vitro binding of immunoliposomes 

APD cells were cultured in suspension and pulsed with MAGE A1 peptide (1 µM) for 

30 minutes at 37°C. Cells were then subjected to centrifugation at 450×g for 5 minutes, 

medium was aspirated and liposomes were added to the cells. A range of 

concentrations were incubated from 0.05 µM to 1 µM in a volume of 200 µL for 1 h 

and 2 h at 4°C and 37°C. For tumor cells, a concentration of 0.5 µM and 1 µM was 

chosen to be incubated for 1 and 2 h at 4°C and 37°C. These cells were washed with ice 

cold PBS and incubated for 10 minutes at room temperature with 7AAD to exclude 

dead cells. Cells were again washed with ice cold PBS and were either measured in PBS 

or fixed in 1 % PFA. All samples were measured on BD FACS Canto with BD FACS Diva 

software and analyzed by FCS express software. 

Confocal microscopy 

For confocal microscopy liposomes were formulated with Rhodamine PE  (excitation 

560, emission 583 nm. Glass cover slips were coated with either 500 µL of 0.1 % 

collagen (37) or 0.1 % gelatin for half hour at 37°C and washed with sterile PBS. Tumor 
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cells were harvested and grown on 25 mm sterile cover slips in a concentration of 

5*106 in 6 well plates overnight at 37°C in 5 % CO2. Next day cells were incubated 

with immunoliposomes at a concentration of 1 µM for 2 h at 37°C. They were carefully 

washed with ice cold PBS and overlaid by medium at 37°C until imaged. Cells were 

imaged with confocal microscope (Zeiss LSM 510 META) at 40X (NA 1.3) after 2 h of 

incubation and washing using a 543 nm Helium-Neon laser, and 560-615 band pass 

filter. Images were analyzed with LSM Image browser (Zeiss, Germany). 

Statistical Analysis 

ELISA readings were analyzed using Graphpad prism software. All data was analyzed 

using Kruskal-Wallis and Mann-Whitney tests. Data was processed in GraphPad 

Prism and SPSS software (version 21). 

Results 

Optimized production of Cys-containing and M1:A1 binding 

scFv 

The first step towards obtaining specific immunoliposomes was to produce TCR-

mimicking scFv. An additional cysteine group was required at the 3’ end of scFv to 

facilitate site directed coupling to liposomes (31, 34). As reported by Messerschmidt 

et al. (31) pABC4 vector, derived from pAB1 vector, adds a 3’ cysteine group to scFv 

inserts followed by a His tag to enable protein purification. (31) Various optimization 

steps were carried out to successfully produce scFv molecules. The parameters 

optimized for scFv production included: (1) bacterial strains; (2) duration of bacterial 

growth; (3) temperature post protein-induction and (4) type of cellular compartments. 

Bacterial cultures were induced with Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

and grown either at 30°C, 35°C or 37°C for 4 h or overnight. We observed an increase 

in total protein production when bacteria were grown at 37°C for 4 h. Bacterial strains 

included TG1, HB2151 and BL21, and periplasmic fractions of 4 h cultures of BL21 at 

37°C proved to be most optimal with respect to yield of scFv (Figure 2A). The two 

compartments checked for protein were the periplasmic fraction (pf) and cytoplasmic 

fraction (cf), where pf contained the highest protein yield, which was also reported in 

previous studies. (34) Periplasmic and cytoplasmic fractions were put on gel and 
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subsequently assessed by immune staining. A comparison of Hyb3 containing 

fractions from three bacterial strains grown under similar conditions, pre and post 

induction at 37°C for 4 h show a dense band depicting higher yield (Figure 2A i) from 

the periplasmic fraction of BL21 bacterial culture. Protein content was determined 

photometrically (absorbance at 280 nm) by nanodrop® and reached up to 1 mg per 

liter of BL21 bacterial culture in comparison with a ~250 µg protein yield from HB2151 

, while negligible amount of protein was detected in TG1 cultures (~120 µg). 

Production of scFv G8 obtained from the periplasmic fraction of BL21 bacteria, in 

comparison with scFv Hyb3 from BL21 and HB2151 bacteria grown at 37°C post 

induction for 4 h demonstrating a G8 yield comparable to Hyb3, is shown in Figure 

2A (ii) on 14 % Bis-Tris SDS gel. 

Chromatography resulted in good separation and a single band was detected on SDS-

PAGE gel in the form of monomer at a molecular mass of 27 kDa (Figure 2B). Collected 

fractions were pooled, concentrated and tested for their binding to EBV transformed 

B cells (APD) before proceeding with their coupling to liposomes. B cells have a high 

expression of HLA-A1 surface molecules, (47) and when pulsed with MAGE A1 peptide 

(EADPTGHSY), they are recognized by Fab-Hyb3 and G8 as positve targets. (28, 29) 

Hyb3 and G8, following their reformatting into scFv and used at a concentration of 10 

µg/mL, bound readily to APD cells pulsed with peptide MAGE A1 ( Figure 3). As a 

positive control Phage Hyb3 was used. All cells were gated on their respective control, 

and APD cells without peptide were used and showed almost no binding to scFvs. A 

complete shift in histogram towards the right showed that the complete population of 

APD cells interacted with scFvs. Titrating down scFv G8 and Hyb3 demonstrated a 

comparable binding towards APD cells pulsed with peptide. However Hyb3 showed a 

trend in better binding and specifcity towards these cells (Figure 3B). This binding of 

scFv Hyb3 at lower concentrations is attributed to its affinity maturation and hence 

higher affinity and sensitivity to recognize the peptide:MHC. (28) To guarantee 

efficient availability of cysteine sulfhydryl group of the scFv, fragments were reduced 

prior to coupling. Once scFvs passed this validation, they were subjected to reduction 

with TCEP prior to the coupling with liposomes. 

Optimized generation of scFv-coupled immunoliposomes 

and their binding to M1:A1 
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Liposomes were composed of neutral lipids (31, 34, 35, 42) as shown in Table 1, and 

all formulations were made by the lipid film hydration method. (48) Liposomal 

parameters such as size, polydispersity index (PDI) and surface charge were 

determined. When within set criteria, size between 80 ± 5 nm before coupling, PDI 

below 0.1 and surface charge between -12 and -16 mV, the liposomes were used for 

coupling. Initial immunoliposome validations with flow cytometry were done using 

NBD-PE (0.3%) anchored in the lipid bilayer to determine fluorescence of liposomes 

after binding to cells. Size of particles was measured also post coupling and 

immunoliposomes were only used for subsequent experiments when each batch met 

the set criteria previously mentioned but with a size range between 80 and 95 nm. 

Table 1 summarizes three batches of immunoliposomes as an example before and after 

the coupling out of sixteen batches that met the criteria. 

The generation of immunoliposomes was based on site-directed coupling of scFvs via 

their C-terminal cysteines to maleimide on the outer end of the PEG molecule. 

Immunoliposomes were reduced with β-mercaptoethanol and gel-analyzed to 

determine size change (31) before and after coupling (36) (Figure 4A). The actual 

molecular weight of scFv was around 27 kDa, however, after coupling we observed the 

expected shift to 30 kDa due to attachment of 3 kDa PEG molecule. (31, 49) Size 

change of the scFv after coupling was confirmed by dynamic light scattering, which 

showed an acceptable increase in the liposome size (around 10 nm) and PDI (Table 1). 

Quantification of total lipid and protein levels of immunoliposomes resulted in a 

calculated assessment of the number of scFv (G8 and Hyb3) molecules between 10 

and 20 per liposomes. After coupling, immunoliposomes were stored in 10 mM 

HEPES pH 7.4 buffer, under N2 (vacuum) and dark at 4°C. Post coupling liposome 

sizes and PDI did not change in 2 weeks (Supplementary table S1). 

Immunoliposomes were further subjected to ELISA to determine preservation of scFv 

binding post coupling (Figure 4B). We assessed immunoliposomes binding to 

immobilized M1/A1 complexes covalently bound to ELISA plates. Non targeted 

conventional liposomes show almost no binding whereas immunoliposomes showed 

significant and liposome concentration-dependent binding (Figure 4B). Notably, 

liposomes-scFv Hyb3 (L-scFv Hyb3) showed  improved binding compared to 

liposomes-scFv G8 (L-scFv G8) (P < 0.001) indicating a significant difference between 
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the two targeted formulations (Figure 4B). Free scFv were also tested for pMHC 

recognition on ELISA. A concentration range showed increasing signal hence increase 

in binding to pMHC, however when compared with liposomal scFv it was negligible 

showing that liposomal scFv is a more sensitive system in recognizing pMHC 

complexes. No significant differences were found among free scFvs (Figure 4C). the 

experiment was done as n=6 in triplicate with four independent batches. 

Following above validations, immunoliposomes were tested for their in vitro binding 

to cells. To this end, they were incubated with APD cells pulsed with MAGE A1 peptide. 

Flow cytometry revealed minimal binding of non-targeted liposomes (6%) whereas 

targeted immunoliposomes (L-scFv Hyb3 70%, L-scFv G8 84%) bound to high degree 

at 4°C after 1 and 2 h (Figure 5 A,B). Strikingly, liposomes with scFv Hyb3 showed 

lower binding (51%) compared to liposomes with scFv G8 (68%) when results are 

presented relative to non-MAGE A1 peptide pulsed APD cells at 4°C and 37°C  after 1 

or 2 h (Supplementary Figure S3), while G8 has a lower affinity. In fact, we noted that 

L-scFv Hyb3 showed off-target binding (Supplementary Figure S3), meaning that 

these liposomes demonstrated profound binding already to antigen-negative APD 

cells, but an almost 100% binding relative to control liposomes (Figure 5B). In 

contrast, L-scFv G8 showed specific binding to APD cells pulsed with MAGE A1 

peptide (Supplementary Figure S3), and minimal binding (comparable to control 

liposomes) to antigen negative cells (Figure 5B). It is hypothesized that this off-target 

binding of L-scFv Hyb3 to antigen positive B cells may be attributed to affinity 

maturation of scFv Hyb3. 

We subsequently investigated cellular internalization of fluorescently-labeled 

immunoliposomes by confocal microscopy. These experiments demonstrated that 

immunoliposomes are clearly distributed on the surface of antigen-positive B cells 

(Figure 5C), and some surface distribution was also seen on antigen-negative cells 

which is in line with our flow cytometric data (Figure 5A). Minimal binding to APD 

cells was also observed with non-targeted liposomes. The 3D projection of these cells 

confirms surface distribution of immunoliposomes (supplementary data). There is no 

internalization of immunoliposomes by B cells which may correspond to properties of 

B cells that enhance antigen-presenting, but no antigen uptake by B cells as presented 

in an earlier study by Mommaas et al. (47) which suggests that B cells do not 
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internalize MHC class I molecules. Also the present study suggests that there is no 

MHC-mediated endocytosis in B cells when incubated with scFv-coupled liposomes. 

As discussed earlier, L-scFv Hyb3 show some off-target binding with APD cells 

without peptide (Figure 5C) however positive cells show higher signal in accordance 

with our flow cytometry data (Figure 5A). From ELISA and flow cytometry results we 

observed that activity of scFv after coupling to liposomes was preserved up to one week 

of storage (Supplementary figure S2).  

scFv-coupled immunoliposomes specifically target and are 

internalized by M1/A1-positive melanoma cells 

Following experiments with antigen-high APD cells, we studied in vitro binding of 

immunoliposomes to antigen-low tumor cells, which included two M1/A1-positive and 

two negative cell lines (assessed for MAGE A1 and HLA-A1 expression by PCR 

(supplementary figure S1). The flow cytometric binding experiments were conducted 

at 4°C and 37°C for 1 h and 2 h. Minimal binding was seen with non-targeted 

liposomes to all cell lines, however L-scFvs bound to high degree to the positive 

melanoma cells MZ2Mel43 and G43 (Figure 6A, B), while binding was much lower to 

negative melanoma cells Mel78 and Mel2A. The results also demonstrate that L-scFv 

Hyb3 showed (in contrast to findings with APD cells) improved binding compared to 

L-scFv G8, most likely due to physiological low surface expression of antigen on 

melanoma cells. Again, some off-target recognition was observed using antigen-

negative melanoma with L-scFv Hyb3. Strikingly, binding at 37°C was greatly reduced 

in antigen-positive melanoma cell lines for both immunoliposomes (~6 times lower), 

which we attribute to the internalization and processing of these immunoliposomes as 

shown in figure 6C. 

To complete our analysis immunoliposomes were further tested on melanoma cells 

and imaged with confocal microscopy to visualize binding and internalization at 37°C 

for 2 h (Figure 6C). M1/A1-positive melanoma cells internalized rapidly L-scFv Hyb3 

and L-scFv G8, while internalization by M1/A1-negative melanoma cells was 

negligible (Figure 6C), corresponding to our previous findings with flow cytometry. 

Moreover, M1/A1 negative melanoma cells hardly bound nor internalized both non-

targeted liposomes as well as L-scFv Hyb3 and L-scFv G8. 
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Discussion 

Several antibody mediated immunotherapies are in development or already approved. 

In spite of the relative success most patients with metastasized melanoma do not 

respond to therapy or will progress under treatment. Therefore it is essential that new 

therapies are developed, which need to be specific, can be dosed repeatedly and with 

as little side-effect as possible. A highly specific process is TCR-mediated targeting of 

cancer cells. Previously we showed specific targeting with TCR-engineered T cells 

using G8 Fab fragment to M1/A1 positive melanoma cells, which induces antigen 

specific killing of melanoma cells. (5) These T cells were capable of inducing the 

production of cytokines in cells such as TNFα, IL-2 and INFᵧ. Study by Willemsen et 

al. (2001) showed  the successful production of MHC Class I specific T cells grafted 

with TCR αβ and TCR genes. (5) A dual model TCR re-targeted T cell to M1/A1 and 

other melanoma antigen specific cells was shown by Sebestyen et al. (2008). (6) They 

show a highly specific and enhanced surface expression set of TCRs. Using the TCR as 

a model we proposed to decorate liposomes with TCR mimicking scFv to target 

melanoma cells. This introduces the possibility to establish a clean and tunable system 

for therapy. 

In this article we show that novel TCR-like scFvs, the high and low-affinity, Hyb3 and 

G8, respectively, specific for M1/A1, were successfully produced, characterized and 

coupled to nanoparticles, i.e. liposomes, to produce targetable devices, also called 

immunoliposomes, that allow in vitro targeting of antigen-low melanoma cells. To 

acquire scFv-based immunoliposomes which are of consistent quality and display 

specific binding, the production of scFv had to be optimized by testing several bacterial 

strains, growth time, temperature post induction and bacterial compartments to yield 

a better quality and quantity protein. Finally periplasmic fraction of BL21 bacteria was 

used for protein production at 37°C for 4 h to obtain both proteins. Previously, 

production of scFv by growing bacterial culture at room temperature (23°C) for 3 h 

post induction has been described while others used pABC4 vector but the same 

conditions to produce scFv. (35) Importantly, our optimization results in a better yield 

of the antibodies using pABC4 vector in combination with BL21 bacteria and growing 

cultures at 37°C for 4 h. 
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Since scFv fragments are less stable than whole antibodies (19) or Fab fragments, 

freshly prepared scFvs were used to form immunoliposomes. The produced scFv were 

tested for their activity and then coupled to preformed liposomes and coupling was 

considered successful under strict validation criteria. Immunoliposomes made by 

conventional methods have limitations. (36, 42, 45) In particular, antibodies or scFv 

molecules may randomly bind with liposomal maleimide, and the true number of scFv 

per carrier cannot be accurately determined. We set strict validation criteria in terms 

of size, PDI, quantity of lipids, protein and activity of scFv using easy readouts to 

minimize the errors in calculating the number of scFv molecules per liposome and 

thereby minimizing batch to batch variation of immunoliposomes. Total lipid and 

protein concentration was determined and amount of antibody molecules coupled to 

the liposomes was determined. As a final validation step immunoliposomes were 

tested for binding of M1/A1 complexes by ELISA. Only those batches that met the 

above stated criteria were used for subsequent experimentation, taking into account 

further therapeutic use. A schematic presentation of our conjugation, production and 

used criteria is shown in figure 1. After coupling, the scFv fragments still remained 

functional, which was proven by ELISA and flow cytometry. It was important to 

determine the functionality of these scFv after coupling, before proceeding to further 

advanced experiments. It has been reported in literature that coupling of scFv to 

maleimide groups can result in a shielding effect where scFv cannot access antigen 

due to PEG molecules forming a mushroom-like  barrier (50) and hindering 

interaction with antigens. (30) Here we show via a simple ELISA assay that it can be 

determined whether or not scFv is functional after coupling procedure. 

Importantly, we observed that immunoliposomes showed specific and significant 

binding to peptide-pulsed APD cells whereas negligible binding occurs by peptide 

negative cells. There was no internalization observed in APD cells which corresponds 

with a study by Mommaas et al. (47) where they incubated APD cells and (antigen 

stimulated) T cells with endorphin gold and observed only binding in APD cells and 

uptake in T cells stating that APD cells do not internalize MHC class I molecules. In 

this study we also found that there is no receptor mediated endocytosis in APD cells 

when incubated with anti M1/A1 coupled liposomes. We also showed 

immunoliposomes binding to antigen-positive melanoma cells in comparison with 

negligible binding to antigen negative melanoma cells at 4°C whereas they were 
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internalized by cells at 37°C as determined by flow cytometry and confocal microscopy 

data. Binding to tumor cells depends on many factors, such as the ligand-binding 

affinity of the scFv used, density of scFv on the carriers and quantity of peptide:MHC 

on tumor cells. (30) In spite of a low expression of peptide:MHC complexes on tumor 

cells when compared to peptide-pulsed B cells, we see a pronounced and significant 

binding of immunoliposomes by tumor cells, which was followed by internalization. 

Here, we have generated two recombinant scFvs, which we have used to couple to 

liposomes: G8 and Hyb3. Fab-Hyb3 represents an affinity-matured variant of G8 Fab, 

shows preserved fine peptide specificity, and mediates an increased T cell function 

when constructed into a Chimeric Antigen Receptor and transduced into T cells. (29) 

In the same study, antibody genes were displayed on phages and phage-Fab-G8 

demonstrated binding towards cells pulsed with MAGE-A1 peptide, which was about 

two logs less compared to phage-Fab-Hyb3. In the present study, we produced scFv-

G8 and Hyb3 proteins and showed that both scFvs, used at a concentration ~10 

µg/mL, bind to peptide-pulsed B cells, but only the high-affinity scFv-Hyb3 binds cells 

at lower concentrations. Expectedly, liposomes-scFv Hyb3 always showed enhanced 

binding of antigen-positive cells compared to liposomes-scFv G8. Of note, however, 

liposome-scFv Hyb3 but not G8 demonstrated clear off-target binding to antigen-

negative cells, in particular when using antigen-high B cells, but also noticeable when 

using antigen-low melanoma cells. The unwanted off-target binding mediated by 

scFv-Hyb3 is most likely caused by its high affinity. Interestingly, a study by Mareeva 

et al. (2008) (51) showed that TCR-like antibodies bind to the peptide:MHC complex 

recognizing mainly its canonical structure based on the interaction of the MHC 

molecule with the peptide. Unlike most TCR-like antibodies, however, Fab Hyb3 binds 

via a non-canonical orientation to the peptide:MHC complex recognizing mainly 

MHC. (52) Complementary to these studies, we here demonstrate that liposome-scFv 

Hyb3 not only binds to cells that are M1positive, HLA-A1positive, (MZ2Mel43 and 

G43) but also, however to a low degree, to cells that are M1negative, HLA-A1positive 

(Mel78 and Mel2A). In contrast, liposomes-scFv G8 show no off-target binding at all 

and only bind antigen-positive cells; a binding that is less when compared to Hyb3, 

but in all cases specific for antigen. Our findings with liposomes-scFv G8 are in 

extension to previous studies by our laboratory, which demonstrate that Fab G8 

protein as well as T cells transduced with Fab G8 bind to M1/A1positive cells and not 

HLA-A1positive cells pulsed with peptides that differ from M1 only by a few amino 
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acids. (5, 28) Notably, when gene-engineering T cells with scFv Hyb3 coupled to co-

stimulatory domains showed that such peptide fine-specificity was lost. (38)  

Another line of evidence pointing to the risk of affinity maturation comes from a study 

by Linette et al. (53) which demonstrated off-target toxicity in two patients treated 

with T cells gene-engineered with affinity-enhanced TCRs directed against MAGE-

A3:HLA-A1. Both patients died due to cross reactivity of T cells recognizing a striated 

muscle protein called titin, which is highly similar to the targeted MAGE-A3 peptide. 

Other studies have reported that affinity enhancement may also result in self-

reactivity in T cells. A recent study by Oren et al. report that they used a high affinity 

TCR-like scFv and found that this antibody, once transduced into T cells, resulted in 

loss of antigen specificity, whereas the low affinity antibody maintained T cell 

cytotoxic potential and specificity. (54)  

However, we used two scFv with different affinities to later see their interaction with 

tumor instead of interaction with T cells. It is reported that binding site barrier 

phenomenon is common when proteins with higher affinities are used with higher 

affinity molecules binding to first molecules in line and not penetrating deeper in the 

tissue. (19) Fujimori et al. (1990) reported by a mathematical model that high affinity 

monoclonal antibodies and their interactions with tumor antigens may affect their 

localization in tumors eventually. (55) In a study by Adams et al. (2001), they have 

proved the binding site barrier phenomenon by constructing high affinity variants of 

antibody fragments (scFv) and testing them in vivo. They show that higher affinity of 

scFv towards the tumor antigens limits its localization and diffusion into tumors. High 

affinity of scFv is another factor affecting the scFv movement within tumor in addition 

to its size, avidity and tumor hydrostatic pressure. (56) 

Apart from the potential this novel formulation shows, production of optimal 

conjugated immunoliposomes is a laborious process. Therefore, an optimized protocol 

with robust, reliable and easy to conduct screening as we provide here is imperative. 

We proved that validated batches of immunoliposomes result in consistent in vitro 

targeting performance of such immunoliposomes. In future these immunoliposomes 

can be exploited for delivering compounds to the tumor microenvironment, to tumor 

cells or brought into tumor cells upon internalization. When encapsulating contrast 

agents, these liposomes can be used for imaging and aid in detection of 
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micrometastasis and sentinel nodes during surgery. Upon co-entrapment of 

therapeutic and imaging molecules, these nanocarriers can be used for image-guided 

drug delivery or immunomodulation. 

In this study we have successfully produced and coupled TCR-like antibodies, scFv 

Hyb3 and G8, to liposomes. Antibody fragments maintained their functionality post 

coupling which was proven by ELISA. Further experiments show that these novel 

immunoliposomes can also bind to cells which are M1/A1 positive ADP cells, but also 

bind to and internalized by positive tumor cells hence providing promising data for 

further use of these immunoliposomes. Melanoma specific immunoliposomes can be 

further used in drug delivery by therapeutic molecule entrapment within the liposome. 

They can also be used as imaging agents by entrapping a contrast agent within them. 

These liposomes can also act as carrier moieties for viruses and other molecules that 

are prone to degradation. With these experiments we prove the aim that targeted 

liposomal therapy is promising and these scFv targeted immunoliposomes form a 

novel formulation that can be further exploited for the benefit of science. 
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Table 1: Composition, Measurements of sizes and PDIs. Three independent 

batch characterization regarding size and PDI measurements of the 

immunoliposomes post coupling. 

 

Figure 1: Optimization of bacterial culture conditions to produce scFv. A: 

production of both proteins Hyb3 and G8. (i) BL21, HB2151 or TG1 bacterial cultures 

were grown to obtain scFv Hyb3, which were analyzed by SDS-PAGE and subsequent 

immunostaining on Western Blot. cf is the cytoplasmic fraction of the respective 

bacteria, pf is the periplasmic fraction of the bacteria, D3 is a Fab fragment reduced 

and run in parallel to samples as a positive control. 1: D3, positive control, 2: BL21 cf, 
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3: BL21 pf, 4: TG1 cf, 5: TG1 pf, 6: HB2151 cf at 30°C, 7: HB2151 pf at 30°C, 8: HB2151 

cf, 9: HB2151 pf and protein marker. (ii) BL21 and HB2151 bacteria used for 

production of G8 and Hyb3 at 37°C. 1: D3, positive control, 2, 3 , 4: BL21 produced 

scFv G8 pf, 5, 6, 7: BL21 produced scFv Hyb3 pf, 8, 9: HB2151 produced scFv Hyb3 pf 

and protein marker. B: Purification of scFv G8 and scFv Hyb3 proteins by Immobilized 

Metal ion Affinity Chromatography (IMAC). Chromatogram showing purification of 

BL21 derived scFv Hyb3 from periplasmic fraction (pf) at 37°C post induction 4 h 

growth. Flow-through is defined as all the bacterial protein not bound to Ni2+ column. 

Bound scFv Hyb3 protein is eluted with increasing gradient of Imidazole (green line). 

The inserts show SDS PAGE and Western Blot analysis of purity and size of purified 

scFv proteins. Fractions 7 and 8 consist of the peak fractions from the chromatogram 

and were run on SDS PAGE and followed by a western blot using anti-HIS mAb HRP. 
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Figure 2: Single chain Fv G8 and Hyb3 specifically recognize M1/A1 on 

cells. Flow cytometry of HLA-A1+ B cells (APD) with or without MAGE-A1 peptide 

with scFv G8 or Hyb3. A: Histograms showing binding of scFv G8 and Hyb3 at a 

concentration of 10 µg/mL to APD cells pulsed with peptide MAGE-A1. Phage Hyb3 

(purple filled) were used as a positive control for binding to APD cells, red filled 

histogram are APD + peptide with scFv G8 at a concentration of 10 µg/mL, green filled 

histogram is APD + peptide with scFv Hyb3 at a concentration of 10 µg/mL, solid line 

represents APD cells without peptide as a control. B: Binding of scFv G8 and Hyb3 at 
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concentrations ranging from 0.1 µg/mL to 10 µg/mL to APD cells. The data is 

represented as mean of n=3 with standard deviation. 

 

 

Figure 3: Validation of Immunoliposomes post-coupling by SDS-PAGE 

and ELISA. A: Denatured SDS-PAGE gel analysis showing liposomes post-

coupling, 1: scFv Hyb3 pre-coupling, 2: Liposomes-scFv Hyb3 post-coupling, 3: 

control liposomes, 4: Protein marker, 5: control liposomes, 6: scFv G8 pre-coupling, 

7: Liposomes-scFv G8 post-coupling. B: Binding of Liposomes-scFv G8 and Hyb3 to 

immobilized M1/A1 peptide on ELISA to assess the post-coupling activity of scFvs. 

This experiment is result of n=6 for liposomes and liposomes-scFv G8 and n=3 for 

liposomes-scFv Hyb3 with P value <0.001 among liposomes and liposomes-scFv G8 

and Hyb3 at all concentrations. 
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Figure 4: Binding of immunoliposomes to APD cells. Flow cytometry analysis 

showing binding of non-targeted liposomes, liposomes-scFv G8 and Hyb3 to APD 

cells. A: Binding of liposomes-scFv G8 and Hyb3 at a concentration of 1 µM at 4°C and 
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37°C for 1 h and 2 h. This experiment is a representation of n=4 with a P value < 0.05 

between non-targeted liposomes and immunoliposomes bound to APD + M1 cells, B: 

Histograms showing binding of liposomes to APD + M1 cells at a concentration of 1 

µM at 4°C 2 h as an example, blue filled histogram represents non-targeted liposomes 

bound to APD + M1 cells, green filled histogram represnts liposomes-scFv Hyb3 and 

red filled histogram represents liposomes-scFv G8 bound to APD + M1 cells, solid 

black line represents unstained APD – M1 cells as background. C: Confocal Images of 

APD cells pulsed with peptide and incubated with immunoliposomes for 2 h at 37°C. 

As compared to non-targeted liposomes, immunoliposomes show much higher 

binding to APD cells, 1: unstained APD cells-M1, 2: APD-M1: Liposomes, 3: APD+M1: 

Liposomes, 4: APD-M1: Liposomes-scFv G8, 5: APD+M1: Liposomes-scFv G8, 6: 

APD-M1: Liposomes-scFv Hyb3, 7: APD+M1: Liposomes-scFv Hyb3. 
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Figure 5: In vitro binding and internalization of immunoliposomes by 

tumor cells. A: Flow cytometry analysis showing binding and partly internalization 

of immunoliposomes by tumor cell lines. This data is a representation of n=4. (i) 

MZ2Mel43 (+), (ii) G43 (+), (iii) Mel78 (-) and (iv) Mel2A. B: Histograms of all cell 

lines at 4°C for 2 h showing binding of liposomes and immunoliposomes. Blue filled 

are non-targeted liposomes, green filled are liposomes-scFv Hyb3 bound cells, red 

filled are cells bound with liposomes-scFv G8 and solid line represents the unstained 

cells for each cell line; upper row represents both positive cell lines and lower row 

shows the negative cell lines. C: Confocal Images of positive and negative cell lines 

after incubating with immunoliposomes for 2 h at 37°C. 
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Figure 6: Schematic presentation of the optimal protocol for generation 

and validation of TCR-mimicking immunoliposomes. scFv DNA of Hyb3 or 

G8 were transformed into BL21 bacteria, bacterial cultures were grown at 37°C for 4 

h and followed by Immobilized metal ion affinity chromatography to obtain scFv. 

These resulting scFvs were characterized for their purity by SDS-PAGE and activity by 

flow cytometry on target positive cells. Once validated, these scFvs were subjected to 

reduction and then coupled to liposomes. Immunoliposomes formed were also strictly 

validated through a number of criteria, mainly a size range of 85 ± 5 nm, PDI below 

0.1, total lipid content was determined along with a total protein content to deduce the 

number of scFv molecules per liposome. If and when this number was found to be 

below 10, the batch was discarded. As another validation step ELISA was performed 

to determine the activity of scFv molecule post coupling. If the formulation met all the 
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criteria it was subjected to binding and internalization experiments assessed by flow 

cytometry and confocal microscopy. 

 

Supplementary Figure 1: pMHC expression on tumor cell lines. 

We determined the expression of MAGE-A1 and HLA-A1 individually on the 
melanoma cell lines in use by PCR. Expression of HLA-A1 is prevalent in all 
cell lines shown in upper gel row whereas the lower row shoes MAGE-A1 
peptide expression. 

 

Supplementary Table 1: Stability of immunoliposomes over two week. 

Size and PDI measurements were made right after the production of 
liposomes, separation of unbound antibody from bound and post one and 
two weeks of storage at 4°C. 
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Batch 1 Post 1 week Post 2 weeks
Size (nm) 1 PDI2 Size (nm) PDI Size (nm) PDI

Liposomes 80.34 0.048
Liposomes-scFv G8 93.62 0.072
Liposomes-scFv Hyb3 94.77 0.078
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Supplementary Figure 2: Stability of immunoliposomes over two week 
by flow cytometry. 

A: First experiment done with a batch of liposomes, one week post 
preparation, showing a binding of upto 60% with tumor cells at 37C for 2 
hours. B: Same batch of liposomes tested on same cells one week later, two 
weeks post preparation, showing a decreased binding to cells. 
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Supplementary Figure 3: Off target binding of Liposomes-scFv Hyb3 on 
APD cells by flow cytometry. 

A: This panel shows Liposomes incubated with APD cells pulsed with peptide 
gated against APD cells without peptide incubated with liposomes at 4ºC for 
2 hours. Solid black line in each histogram are APD cells without peptide 
incubated with respective sample. Blue filled histogram represents APD cells 
pulsed with peptide incubated with non targeted liposomes, green filled 
histogram represents APD cells pulsed with peptide incubated with 
liposomes-scFv Hyb3, red filled histogram represents APD cells pulsed with 
peptide incubated with liposomes-scFv G8. B: This panel shows the same 
samples gated against un stained APD cells. Solid black line in each histogram 
are unstained APD cells without peptide incubated. Blue filled histogram 
represents APD cells pulsed with peptide incubated with non targeted 
liposomes, green filled histogram represents APD cells pulsed with peptide 
incubated with liposomes-scFv Hyb3, red filled histogram represents APD 
cells pulsed with peptide incubated with liposomes-scFv G8. 
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Abstract 

Melanoma is the most aggressive form of skin cancer. Chemotherapy at a late stage 

fails due to low accumulation in tumors, indicating the need for targeted therapy. To 

increase drug uptake by tumor cells, we have targeted doxorubicin-containing 

liposomes using a TCR-like antibody (scFv G8 and Hyb3) directed against Melanoma 

AntiGEn A1 (MAGE-A1) presented by Human Leukocyte Antigen A1 (M1/A1). With 

use of flow cytometry and confocal microscopy, we have tested our formulation in 

vitro. In vivo pharmacokinetics was done in tumor free nu/nu mice while 

biodistribution and efficacy study was done in xenograft nu/nu mice. We 

demonstrated ~ 2-5 times higher binding and internalization of these 

immunoliposomes by M1+/A1+ melanoma cells in vitro in comparison with non-

targeted liposomes. Cytotoxicity assay showed significant tumor cell survival. In vivo, 

pharmacokinetics of non-targeted and targeted liposomes were similar, while 

accumulation of targeted liposomes was ~ 2-2.5-fold and 6.6-fold enhanced when 

compared to non-targeted liposomes and free drug, respectively. Notably, we show a 

superior anti-tumor activity of MAGE A1 targeted DXR liposomes towards M1+/A1+ 

expressing tumors in mice compared to treatment of M1-/A1+ tumors. Our results 

indicate that targeted liposomes showed better cytotoxicity in vitro and 

pharmacokinetics in vivo. Liposomes decorated with TCR-mimicking scFv antibodies 

effectively and selectively target antigen positive melanoma. We show that DXR-

loaded liposomes (DXR-L) coupled to anti-M1/A1 scFv inflict a significant anti-tumor 

response. Targeting tumor cells specifically, promotes internalization of drug-

containing nanoparticles and, may improve drug delivery and ultimately anti-tumor 

efficacy. Our data argue that targeting MAGE in A1 context, by nano-sized carriers 

decorated with TCR-like antibodies –mimicking scFv, can be used as a theragnostic 

platform for drug delivery, immunotherapy, and potentially imaging, and diagnosis of 

melanoma. 

Introduction 

Melanoma is the deadliest and most aggressive among all skin cancers with increasing 

incidence rates (1). According to estimations of the American Cancer Society, there 

will be 91,270 cases of Melanoma in 2018 (2) in the US and 9,320 deaths will occur 
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from melanoma alone this year (2). If diagnosed at an early stage and excised by 

surgery, the five year survival rate of melanoma is 98 % (3, 4), whereas the survival 

rate decreases to 62 % if melanoma is metastasized to lymph nodes and to 18 % if it 

spreads to other body parts (2, 4). Currently, treatment for recurrent or metastatic 

melanoma comprises chemotherapy, radiotherapy and immune-therapy with 

enhanced clinical responses in melanoma (Immune checkpoint inhibitors: Nivolumab 

and Pembrolizumab) (5, 6); yet a large fraction of patients still does not respond. In 

some cases of patients with BRAFV600 Wild-Type unresectable or metastatic 

melanoma, checkpoint inhibitors are a first choice of treatment and are approved by 

FDA. While chemotherapy is the first choice of treatment in case of primary and 

contained melanoma and is met with severe, dose-limiting side-effects, while 

accumulation in tumors is low. 

Drug pharmacokinetics, as well as side-effects, can be changed by encapsulation into 

nanoparticles like liposomes. Liposomes are hollow lipid-based vesicles, with a watery 

core. Hydrophilic drugs can be encapsulated within the vesicle and hydrophobic drug 

in the bilayer. Liposomes are sterically stabilized by attaching polyethyleneglycol 

(PEG), at the outer membrane and shielded from opsonization, liver uptake (7, 8) and 

sequestration by the reticuloendothelial system (RES) (9). By escaping the RES, 

liposome circulate longer in blood and eventually tumor specific accumulation of 

liposomes is increased (10). These pegylated liposomes can be further functionalized 

by decorating the surface with antibodies (8, 11) specific to tumor cells. For example, 

targeted liposomes show increased accumulation in tumor cells overexpressing the 

corresponding target antigen in previous studies (12-15). However, in order to 

increase number of cellular target antigens (including intracellular antigens) and 

selectivity (with antigens being absent in healthy tissues), liposomes could be covered 

by antibodies that recognize peptide-major histocompatibility complex (pMHC) Class 

I molecules. MHC class I molecules are encoded by classical HLA A, B, and C genes 

and are highly polymorphic surface glycoproteins with a key function in antigen 

presentation (16). All nucleated cells express MHC class I molecules which display 

endogenous peptides, which in case of alterations due to infections of cancer can be 

recognized by CD8+ T-cells via their T-cell receptors. Among MHC Class I presented 

peptides, there are mainly four groups: peptides derived from differentiation antigens 

(i.e., MART-1, gp100); developmental antigens (CEA); Cancer Germline Antigens 
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(CGA, such as MAGE-A1, MAGE-C2, NY-ESO1); and neo antigens (mutated protein 

p53 and B-raf kinase) (17). In this research we show specific melanoma targeting using 

a novel liposomal formulation using TCR-like antibodies G8 and Hyb3 targeting 

MAGE A1/ HLA A1 (M1/A1)antigen. The novelty concerns the recognition, by scFv-

decorated liposomes, of a target consisting of a specific tumor antigen together with 

the presenting MHC molecule, mimicking as such the T-cell receptor. 

In the current study, we focused on CGAs, in particular MAGE-A1, due to their tumor-

selective expression, and absence from mature healthy tissue, and developed dynamic 

drug-loaded liposomes that are specifically targeted to an M1/A1  epitope, which 

constitutes a natural target for T-cells and is uniquely expressed on melanoma cells.  

Barrow et al (18) show that MAGE A1 has an expression of 20 % in primary tumors, 

whereas, the expression increases to 51 % in distant metastases. Likewise Brasseur et 

al (19) report that 48 % of the metastatic melanoma has MAGE A1 expression in 

comparison to 16 % in primary tumors (20). It is also known that higher expression of 

CGA is correlated with worst outcome (20). Additionally, other MAGEs are known for 

which targeting can be adapted increasing the coverage for specific therapy of 

melanoma. 

In previous studies whole monoclonal antibodies have been used to target liposomes, 

with the Fc part of the molecule often being recognized by macrophages and other 

immune cells, resulting in rapid clearance (8, 10) from the blood stream. To address 

this issue, we used scFv fragments without Fc parts. These scFv fragments are the 

smallest fragments of antibodies (25-30 kDa) that retain complete antibody binding, 

but with potentially reduced immunogenicity, as a consequence of their small size, 

lack of Fc-domain and complement-activating region (8, 21). We have derived M1/A1-

specific scFv’s (G8 and Hyb3) from Fab fragments that were originally selected from 

a phage display library (22), and have successfully converted these scFv’s into a 

chimeric antigen receptors (CARs) and used to retarget T cells (23). Additional library 

engineering and selections yielded antibodies with different M1/A1 affinities (24), 

which enabled studies into the relevance of antibody affinity for the binding and anti-

tumor efficacy of multivalent nanoparticles. We investigated scFv G8 and Hyb3 

because they are specific to pMHC complexes and have previously (25) shown 

promising results in vitro. 
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Targeted nanoparticles were loaded with DXR as a proof of principle. DXR is a widely 

used chemotherapeutic, with a broad spectrum of activity, which makes it a good 

candidate for cancer therapy (26). It is a widely studied and established anthracycline, 

cytotoxic in nature and optimized for encapsulation in liposomes. The amphiphilic 

nature of DXR enables relatively easy passage through lipid bilayers of cells (27). 

Moreover, DXR can be encapsulated by a so-called remote loading mechanism 

resulting in a near 100 % efficiency (28). For these reasons DXR is the most studied 

chemotherapeutic in lipid-based carriers. In fact, Doxil is a commercially available 

liposomal formulation encapsulating DXR stably (29). We hypothesized that by 

decorating DXR encapsulating liposomes with scFv’s we can target M1+/A1+ 

melanoma cells specifically and eventually increase the drug accumulation in tumors. 

To test this, we used melanoma cells with antigen expression on the cell surface in 

vitro and in a xenograft mouse model. By targeting specific receptors on cells, we 

investigate if the accumulation of nanoparticles on the cells increases and in turn will 

promote the delivery of cargo to the cells thereby improving anti-tumor efficacy (10). 

Adding chemotherapy as the cargo of targeted liposomes as proof of principle we want 

to show if the delivery of cargo and its anti-tumor effect after liposomes have 

accumulated in the tumor area based on specific targeting. 

Materials and Methods 

Materials 

pABC4 vector was a kind gift by Prof. Kontermann (Stuttgart, Germany), BL21 

bacteria by NEB (Leiden, The Netherlands), Tryptone, Yeast, NaCl, Glucose, Sucrose, 

β-Mercaptoethanol, Imidazole, EDTA, L-Cysteine, HEPES, Chloroform, Methanol 

and Triton X-100 were all purchased from Sigma (Zwijndrecht, the Netherlands). 

Immobilized Metal Affinity Chromatography (IMAC) Ni2+ columns and AKTA FPLC 

system were obtained from GE healthcare (Hoevelaken, the Netherlands), PBS and 

Amicon filters MWCO 10.000 from Millipore (Amsterdam, the Netherlands). Tris 

carboxy ethyl phosphine (TCEP) beads and powder, Pierce Spin cups cellulose acetate 

filters were provided by Thermoscientific (Bleiswijk, the Netherlands). All chemicals 

used were HPLC grade. Horse radish peroxidase (HRP) conjugated anti-HIS-tag 

antibody were obtained from Santa Cruz (Dallas, TX, USA), Mouse anti-HIS-tag 
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antibody from Santa Cruz, Sanbio (Mountain View, CA, USA) and Abcam (Cambridge, 

MA, USA), Goat anti Mouse PE from Southern Biotech (human ads-PE) (Uithoorn, 

the Netherlands). Mouse anti-M13 antibody and HRP-tagged anti-M13 antibody were 

purchased from GE Healthcare. The lipids Hydrogenated Soy L-α-

phosphatidylcholine (HSPC), Cholesterol (Ch), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-PEG2000 (DSPE-PEG2000) were purchased from Lipoid 

(Ludwigshafen, Germany) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

26(ammonium salt) (DSPE-PEG2000Maleimide), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2- 1,3 benzoxadiazol-4-yl) (NBD-PE), 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein) (ammonium salt) (CF-

PE) were purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA). Nucleopore® 

Track-etched membranes were from Whatman (Maidstone, UK). Doxorubicin-HCl 

was purchased from Pharmachemie (Haarlem, the Netherlands). 

Methods 

Immunoliposome formulation 

Preparation, purification and characterization of scFv 
proteins  

scFv G8 and Hyb3 were produced by our research group and collaborators as 

described previously (25). Both scFv-DNAs were cloned into the pABC4 vector (adding 

a HIS-tag and Cysteine) and put into BL21 bacteria. Bacteria were grown at 37 °C until 

optical density of 0.6-0.8 at 600 nm was reached. Cultures were induced with 1 mM 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) and grown for an additional 4 hours at 

37 °C. The periplasmic fractions of BL21 bacteria were subjected to Immobilized Metal 

ion Affinity Chromatography (IMAC) (30) using a Ni2+ column to remove proteins 

with a histidine (HIS) tag. Fractions with protein were concentrated over Amicon 

filters (MWCO 10 kDa) and concentrated fractions of scFv were kept at 4 °C until 

further use. Protein content was measured by Nanodrop™. Both scFv’s were 

characterized and evaluated for in vitro binding to APD cells before coupling to 

liposomes as has been shown previously (25). 
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Preparation and characterization of liposomes 

A neutral liposome composition, typically HSPC, Ch, DSPE-PEG2000 and DSPE-

PEG2000 Maleimide was used in a molar ratio of 55:40:4:1, respectively (31, 32). 

Liposomes were prepared by a film hydration method as previously described (25). 

Briefly, lipids were dissolved in Chloroform: Methanol (9:1 v/v), and solvents removed 

by evaporation. The film was flushed with nitrogen and hydrated with 250 mM 

Ammonium Sulfate buffer (pH 5.5), and liposomes of correct sizes were produced by 

extrusions through polycarbonate membranes. Size and PDI were determined with a 

Zetasizer (Malvern Instruments, Worcestershire, UK) and PD10 columns were used 

to exchange the buffer to HEPES saline buffer (pH 7.4; 10 mM HEPES, 150 mM NaCl, 

5 mM EDTA). DXR was loaded with an active gradient of ammonium sulfate pH 5.5 

and HEPES pH 7.4 (33, 34) for 1h at 60 °C at a drug to lipid a ratio of 0.1: 1 (mol/mol). 

Unincorporated DXR was separated by ultracentrifugation at 29000xg (Ti 50.2 rotor) 

for 2 hours at 4 °C. Liposomes were resuspended at slow rotation overnight at 4 °C in 

10 mM HEPES buffer (pH 6.7) and preserved at 4 °C until use within two weeks. 

Phospholipid content was determined before and after loading DXR by Rouser 

Phosphate assay and total lipid amount was calculated after Ch correction (35). DXR 

was quantified by fluorometry (Ex 482 nm/ Em 594 nm) and loading efficiency (%) 

was calculated as (Da/ Db)x100, where Da is the DXR to lipid ratio after loading and 

Db is DXR to lipid ratio before loading (36). For flow cytometry and in vitro imaging 

experiments, 0.3 % CF-PE or 0.3 % NBD-PE were used in the bilayer as fluorescent 

probes together with encapsulated DXR. For in vivo experiments DXR liposomes 

without fluorophores were used. 

Immunoliposomes formulation and characterization 

Liposomes were linked to scFv proteins by the post-attachment method of coupling 

(11, 37) using preformed Maleimide-PEG liposomes (38, 39) as described previously 

(25). Briefly, purified scFv’s were pre-reduced using TCEP (10 mM) for 1 hour at room 

temperature (RT). An amount of 340 µg of scFv was coupled to 10 µmol total lipids. 

Obtained immunoliposomes were subjected to phospholipid determination, and total 

protein coupled was calculated by Lowry-Peterson assay (40). Number of scFv 

molecules attached, was deduced using protein and lipid determinations as follows: 
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a: Moles of protein x Avogadro’s number = molecules of protein 

b: (Amount of total lipids x Avogadro’s number) / molecules of PEG = number of 

carriers 

c: Molecules of protein (a) / number of carriers (b) = number of molecules per carrier 

 

Finally, sizes and charges were determined and preservation of scFv was assessed by 

ELISA (25). Briefly, streptavidin-linked M1+/A1+ complexes were incubated with 

biotinylated ELISA plates for 1 hour at RT. Plates were washed and incubated with 

immunoliposomes at titrated concentrations for 1 hour, and plates were read 

according to the manufacturer’s instructions. 

In vitro validation of immunoliposomes 

Stability of Immunoliposomes 

Immunoliposomes’ stability was evaluated under conditions that mimicked the in vivo 

setting. Thus, 50 µL of immunoliposome sample was added to a quartz cuvette and 

HEPES or 100 % FBS were added up to 3 mL. Sample fluorescence was measured 

under continuous stirring every second for 1 hour in a Hitachi F4500 florescence 

spectrometer (Ex 472 nm / Em 590 nm) at 37 °C, after which 10 % Triton X100 was 

added and the total DXR signal was measured. Immunoliposome stability was 

calculated as DXR released:  

DXR (%) = (It - Iº) / (I∞ – Iº) x 100,  

where It  is the fluorescence of sample at a certain time point, Iº is the blank 

fluorescence, and I∞ is the maximum DXR fluorescence (36). Likewise, longer time 

stability and DXR retention in liposomes aliquoted at 37 °C was evaluated at various 

time points up to 24 hours. 
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Cellular targeting with immunoliposomes 

Four human melanoma patient-derived cell lines were used: two M1+/A1+ 

(MZ2Mel43 and G43), and two M1-/A1+ (Mel78 and Mel2A), with all cell lines being 

HLA-A1+. These cell lines were provided as a gift by P. van der Bruggen. The 

MAGEA1+ and HLA-A1+ melanoma cell line MZ2-MEL43 were kindly provided by T 

Boon and P Coulie, Ludwig Cancer Research Institute, Brussels, Belgium (23). Use of 

these cell line had ethical and institutional review board approval. Tumor cells were 

maintained in Dulbecco’s Modified Eagles’ Medium (Invitrogen, The Netherlands) 

supplemented with 10 % fetal bovine serum, 1 % non-essential amino acids, 1 % L-

glutamine and 1 % Penicillin-Streptomycin solution. APD cell line (41-44), which is an 

Epstein barr virus- immortalized B-lymphoblast cell line being M1-/A1+ and used for 

M1 peptide (EADPTGHSY) loading, were maintained in RPMI 1640 medium 

supplemented with 10 % fetal bovine serum, 1 % L-glutamine and 1 % Penicillin-

Streptomycin solution. All cells were grown at 37 °C under 5 % CO2 in a humidified 

incubator. Cells were passaged upon reaching 80 to 90 % confluency. All media were 

phenol red free and cells were regularly tested for mycoplasma by PCR. To assess cell 

binding of immunoliposomes, 500,000 melanoma cells were non-pulsed, or 500,000 

APD cells were pulsed with M1 peptide (1 µM) for 30 min at 37 °C (25). Cells were then 

subjected to a centrifugation at 450xg for 5 minutes and resuspended in 200 µL of 

liposomes encapsulating DXR, for 2 hours at 37 °C, in case of melanoma at 10 µM or 

APD cells at a concentration of 1 µM. Cells were washed and resuspended in PBS prior 

to data acquisition on a BD FACS Canto™ (Becton, Dickinson Company, USA). 

Analysis of flow cytometry was performed with BD FACS Diva software (USA), using 

the FCS Express 4 Flow Research Edition (De Novo Software, Los Angeles, CA, USA). 

Interaction of immunoliposomes with cells by Confocal 

microscopy 

Immunoliposomes were formulated with 0.3 % CF-PE (45) enabling detection at 488 

nm excitation and 500-550 nm emission. Glass cover slips were coated with 500 µL of 

0.1 % collagen (39) or 0.1 % gelatin for 30 minutes at 37 °C and washed with sterile 

PBS. Tumor cells were harvested and grown on the coated cover slips in a 

concentration of 0.5x106 cells in 500 µL medium. Twenty four hours later, cells were 
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incubated with 10 µM of DXR in immunoliposomes for 1 hour at 37°C, carefully 

washed and overlaid with medium incubated for 24 hours at 37 °C. For imaging the 

cell nuclei were stained with Hoechst for 10 minutes at 37ºC. Non-treated cells and 

free DXR were used as negative and positive control, respectively. Cells were imaged 

with a confocal microscope (Zeiss LSM 510 META) equipped with a 405 nm, 488 nm 

Argon, 543 and 633 nm Helium-Neon laser. Images were acquired and analyzed with 

LSM AIM software (Zeiss, Germany). 

Toxicity 

Melanoma cell lines were grown in 96 well plates for 24 hours at a seeding 

concentration of 10,000 cells per well, washed and exposed to free DXR, DXR-Ls and 

DXR-L scFv’s at 0.001, 0.01, 0.1, 1, 10, 20, 30, and 50 µM of DXR for 10, 30, 60 and 

120 minutes. Liposomes were removed by washing cells twice. Cells were cultured 

with fresh medium for additional 72 hours, and cell survival was determined by SRB 

assay (46). Cell viability was calculated as percentage of growth of control or untreated 

cells. 

In vivo validation of immunoliposomes 

Pharmacokinetics and Biodistribution of immunoliposomes 

Animal experiments were approved by the “Instantie voor Dierenwelzijn” Erasmus 

MC and conducted with permissions granted by the “Nederlandse 

Dierexperimentencommissie”. The experiments were performed according to the 

European directive 2010/63/eu on the protection of animals used for scientific 

purposes. NMRI nu/nu mice were housed at temperatures between 20-22 °C and 50-

60 % humidity (36). Mice were fed with standard laboratory diet ad libitum (Hope 

Farms, Woerden, the Netherlands). Pharmacokinetics was studied in tumor-free mice. 

To this end, mice were injected with 4 mg/kg DXR-Ls and DXR-L scFv’s, and 100 µL 

blood was drawn from the tail vein in heparin tubes at 5, 15, 30 minutes, 2, 4, 6 and 

24 hours post injection. Blood was centrifuged at 14000xg for 10 minutes at RT, and 

plasma aliquots (50 µL) were distributed in a black plate and DXR fluorescence was 

quantified using a fluorescence plate reader (Wallac Victor2, PerkinElmer). The total 

signal of DXR was measured after adding 1 % Triton X100 to the wells. One control 

mouse was sacrificed to subtract background signal of only plasma, without DXR. 
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Biodistribution was studied in subcutaneous tumor-bearing mice that were 

subcutaneously implanted with tumor. Two cell lines were selected to induce tumors 

in the mice: G43 which is M1+/A1+ and Mel78 which is M1-/A1+. A bulk tumor for 

transplantation was generated by injecting 5x106 cells in 100 µL PBS subcutaneously 

in the flank region. Upon reaching a volume of 300 mm3, the tumor was excised and 

pieces (2x2 mm) were implanted subcutaneously into new mice. Tumors were 

monitored every two days with a caliper. Tumor volume (mm3) was calculated by the 

formula: 0.4 x a x b2, where “a” represents the largest diameter and “b” is 

perpendicular to “a” [44]. When serially implanted tumor reached a volume of 300-

500 mm3 size, mice were administered a dosage of 4 mg/kg DXR-Ls and DXR-L 

scFv’s, 6 hours after administration mice were sacrificed, and tissues (Tumor, Liver, 

Kidney, Spleen, Heart and Lungs) were harvested and snap frozen in liquid N2 until 

further analysis. DXR content was determined as previously described (47). Briefly, 

tissue was treated with acidified isopropanol (0.075 N HCl in 90 % isopropanol) for 

24 hours at 4 °C, homogenized (Bio-Gen PRO200 homogenizer with 10-mm 

generator; Pro Scientific, Oxford, CT), centrifuged for 20 minutes at 15000xg, and 

supernatants were harvested. DXR fluorescence was determined in supernatants 

using a Hitachi F4500 fluorescence spectrometer (Ex 472 nm/ Em 590 nm). All 

measurements included an internal DXR standard and calculations were done against 

a standard curve of DXR in acidified isopropanol. The amount of fluorescence was 

calculated and presented as µg of DXR per gram of tissue. Organs from a non-treated 

mouse as well as PBS controls, were used to correct for background values. 

Anti-melanoma efficacy 

When tumors reached a volume of 100 mm3, mice were treated as follows: control 

(PBS), free DXR, DXR-L (non-targeted), DXR-L linked to low affinity scFv G8 (DXR-

L scFv G8) and DXR-L linked to high affinity scFv Hyb3 (DXR-L scFv Hyb3). A 

minimum of 6 and maximum of 7 mice were used for all groups except for PBS where 

5 mice were used for G43 group and 3 mice were used for Mel78 group. Two different 

treatment protocols were used: 2 mg/kg DXR dose was injected 8 times or 4 mg/kg 

DXR dose was injected 4 times every five days, resulting in an accumulated dose of 16 

mg/kg of DXR for both groups. Weight of mice was monitored daily and therapeutic 

efficacy was evaluated by measuring tumor size every other day. Classification of 
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tumor response to the treatment was reported previously (48). Briefly, tumor size was 

measured every two days with a caliper and represented as tumor size index (TSI: the 

tumor volume in relation to initial tumor volume at the start of treatment). TSI of 5 

was selected as a cut-off. 

Survival was plotted for same number of mice as used for efficacy and was monitored 

for 3 weeks post injection or until the tumors started to relapse. Mice were sacrificed 

either due to weight loss, if exceeded more than 20 % of the starting weight, ascites or 

when the tumor volume reached the humane endpoint 

Statistical Analyses 

All results were processed using GraphPad prism (Version 5) and SPSS software 

(Version 21), and analyzed by Kruskall-Wallis H tests followed by Mann Whitney U 

tests for pair-wise comparisons. Survival data was analyzed by log rank (Mantel-Cox) 

test. 

Results 

Linkage to scFv does not affect liposomal zeta potential or 
DXR encapsulation 

DXR-Ls were produced and used as described previously and adhering to the 

following quality criteria: size (between 80-100 nm), PDI (below 0.1), zeta potential 

(slightly negative) and encapsulation efficiency (above 70 %) (25). These formulations 

remained stable in HEPES and at 4 ºC for up to 4 weeks, while only slight changes in 

size and PDI were observed without aggregation (Supplementary Table 1). However, 

based on our previous results regarding scFv coupling to liposomes and its stability 

and functionality of scFv fragment for up to two weeks (25), freshly made DXR-Ls 

were used for all in vivo studies. DXR encapsulation was 98 % for non-targeted DXR-

Ls, and 95 % for DXR-L scFv G8 and 80 % DXR-L scFv Hyb3 (Supplementary Table 

1), while on average more than 90 % of the drug remained encapsulated during 4 

weeks of storage at 4 °C in HEPES buffer (pH 7.4). Between 30 to 50 scFv molecules 

were detected on DXR-L scFv G8 and Hyb3 as previously determined by size change 

of 10 nm immunoliposomes, SDS PAGE (not shown but previously reported) (25) and 

protein measurement of immunoliposomes. 
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Next, short-term stability of liposomal preparations was determined in HEPES buffer 

to mimic storage conditions and FBS to mimic in vivo conditions at 37 °C. DXR 

remained stably encapsulated (less than 10 % of leakage) at physiological temperature 

(37 °C) for up to 1 hour in HEPES Buffer or 100 % FBS in all formulations (Figure 1). 

A similar result was obtained when formulations were incubated in HEPES buffer for 

up to 24 hours at 37 °C. However, a 20 % leakage was observed for both 

immunoliposomes when incubated in 100 % FBS at 37 °C for 6 hours or longer (Figure 

1 B), and a 10 % leakage was observed at 24 hours for DXR-L, the latter being 

comparable to previous results (49, 50). As in patient circulation times are expectedly 

shorter than 6 hours after injection, results indicate that our immunoliposome 

formulations are suitable for in vivo use. 

Immunoliposomes bind to, become internalized and 
effectively kill melanoma cells expressing cognate antigen. 

Binding of anti-M1/A1 scFv-coupled DXR-Ls was studied by flow cytometry using 

antigen-positive M1+/A1+ (MZ2Mel43 and G43) and negative M1-/A1+ (Mel78 and 

Mel2A) melanoma cells (Figure 2 A and B). Antigen expression of these cells lines was 

previously established on cDNA level (Saeed et al, Supplementary Figure 1)(25) and 

rechecked by us (Supplementary Figure 1) on protein level by flow cytometry assay. T 

cells expressing anti M1/A1 TCR, were incubated with melanoma cells and they could 

bind only when M1 was expressed in HLA A1 context. DXR-Ls had green 

carboxyfluorescein (CF-PE) a fluorochrome inserted in the lipid bilayer of liposomes 

and the signal showed almost equal binding /internalization when compared to DXR 

signal (Figure 2 A). According to DXR signal, some binding and internalization at 37 

°C of DXR-Ls was observed, while DXR signal was quenched due to liposomal 

retention (Figure 2 B). In the M1+/A1+ MZ2Mel43 melanoma cell line, we observed 3 

and 5 times higher uptake of DXR-L scFv G8 (p value= 0.013) and DXR-L scFv Hyb3 

(p value= 0.012), respectively, in comparison with non-targeted DXR-Ls (Figure 2 B). 

Interestingly, DXR-L scFv Hyb3 was taken up 1.5 to 1.7-times higher in antigen-

positive cells in comparison to DXR-L scFv G8 (p value= 0.001). In case of M1+/A1+ 

cells compared to M1-/A1+ cells, DXR-L scFv G8 (p value= 0.013) and Hyb3 (p value= 

0.013) uptakes were 6-15 and 8-25 times higher, respectively (Figure 2 B). These 

liposomes were pre tested on APD cells pulsed with M1 peptide and signals were 

compared to APD cells without peptide (Supplementary Figure 2). Data showed 
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enhanced binding of DXR-L scFv G8 and Hyb3 in comparison to DXR-Ls and APD 

cells without peptide. 

Confocal images confirmed low binding and internalization of non-targeted DXR-Ls 

in both antigen positive and negative cell lines (Figure 2C). Moreover, green (CF-PE) 

and red fluorescence (DXR) co-localize/overlap confirming retention of DXR in the 

liposome after cellular binding and internalization. We observed slightly more uptake 

of control DXR-Ls by antigen-positive cells versus antigen-negative cells (Figure 2 C), 

similar to the flow cytometry data, which may be due to differences in cell membrane 

molecules and/or cell activity. Importantly, DXR-L-scFv G8 and Hyb3 were 

significantly more internalized by the M1+/A1+ G43 cells than M1-/A1+ cells (Figure 

2C, ii and iii). DXR-L-scFv G8 binding and/or internalization by MZ2Mel43 and G43 

cells was higher compared to control DXR-Ls. Regarding Mel78 and Mel2A cells, some 

binding and/or internalization of DXR-Ls was observed, but no clear visible 

differences between liposomal formulations was observed. At 24 hours of exposure, 

most DXR was still present in liposomes and not released (Figure 2 C), indicating 

intracellular entrapment of DXR. However, some leakage occurred over time resulting 

in DXR accumulation in the nucleus of all cell lines. Thus, M1+/A1+ cells preferentially 

bind to and internalize DXR Ls decorated with anti-MAGE scFv’s. 

The overlay and confocal microscopy images explicitly show accumulation of the 

liposomes in the antigen positive and negative cell lines to a certain extent non 

targeted liposomes do attach to the cells, this could be caused by the interaction of 

antigens on cell surface. We agree, uptake by cells, magnitude of difference, stealth 

liposomes also show uptake. Degree and speed is different. 

When extending our findings to in vitro toxicity towards melanoma cells, we observed 

that both anti-M1/A1 scFv-coupled DXR-L formulations showed higher cytotoxicity 

when compared to DXR-Ls at a concentration of 10 µM liposomes or higher when 

incubated with M1+/A1+ melanoma cells for all exposure time points (10, 30, 60 and 

120 minutes) (Figure 3 A, I and ii). However, when M1-/A1+ cell lines were used, no 

difference in cytotoxicity was observed among all tested liposomal formulations 

(Figure 3 A, iii and iv). As expected, free DXR shows higher toxicity due to direct 

availability of the drug resulting in faster uptake by cells. IC50 values extracted from 

the cytotoxicity curves confirm our observations, showing a 2 to 5-times lower IC50 
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value for scFv coupled versus non-coupled liposomal formulations towards their 

exposure towards antigen positive cells (Figure 3 B). In fact, Kruskal-Wallis test shows 

significant differences among the groups (MZ2Mel43 p=0.005, G43 p=0.005, Mel78 

p=0.02 and Mel2A p=0.04) and Man-Whitney U test shows enhanced viability for 

antigen-positive cell lines when free DXR or DXR-L were compared to either of the 

DXR-L scFv formulations (p=0.03 for both cell lines MZ2Mel43 and G43). When 

DXR-L scFv’s were compared to each other there were no significant differences 

found. For both antigen-negative cell lines, no significant differences were found 

among all the liposomal formulations. However when free DXR was compared to 

DXR-L and DXR-L scFv formulations, it was significantly different (p=0.03 for both 

cells lines Mel78 and Mel2A). This data show that uptake of liposomes by antigen-

positive cells was directed by scFv coupled to DXR-L, and this resulted in antigen-

specific killing. 

Pharmacokinetics and biodistribution of anti M1/A1 DXR-
Liposomes in NMRI nu/nu mice 

To evaluate pharmacokinetic profiles of our experimental liposomal formulations, 

NMRI nu/nu non tumor-bearing mice were treated, which revealed that, DXR-Ls have 

a longer time of circulation as compared to anti M1/A1 scFv-coupled DXR-L (Figure 

4). These data confirmed previous findings of Allen et al 2002 (Use of the post-

insertion method for the formation of ligand-coupled liposomes) where they show 

targeted formulations are cleared faster from blood stream due to possible binding to 

targeted cells.  

Ratio’s of DXR (encapsulated) to CF (liposomal bilayer) over time suggest overall 

stability of DXR-L (0.5 hour = 0.48) and possible drug release from DXR-L scFv G8 

(0.5 hour =0.94) and Hyb3 (0.5 hour =0.95) at 4 hours (DXR-L scFv G8= 3.78 and 

Hyb3= 2.69). The correlation between liposome and DXR, considered as a more 

robust measure of stability, (p=0.4). No significant differences among the groups were 

found during blood circulation, when DXR-L was compared either with DXR-L scFv 

G8 or DXR-L scFv Hyb3. Half-life of DXR-L was ~7.03 hours, DXR-L scFv G8 was 

5.243 hours and DXR-L scFv Hyb3 was 5.413 hours (Figure 4). Of note, DXR-L scFv 

G8 and Hyb3 showed similar circulation times indicating identical clearance 

properties and stability after injection. 
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To evaluate biodistribution of our experimental liposomal formulations, NMRI nu/nu 

mice with tumors derived either from the G43 (M1+/A1+) or Mel78 (M1-/A1+) cell 

line were treated. DXR-L scFv G8 and Hyb3 accumulated similarly in tumors; 

however, their accumulation was significantly higher in comparison to DXR-L and 

free DXR (Figure 5). In tumor tissue, DXR-L scFv Hyb3 accumulates 2.3 times more 

than non-targeted formulation DXR-L, even in the M1-/A1+ negative cell line, 

pointing to some off target binding that has been discussed earlier (25) and may be 

due to HLA-A1 antigen. DXR-L scFv G8 tends to accumulate at higher concentrations 

in all healthy organs in mice bearing G43 positive tumors in comparison to DXR-L 

scFv Hyb3 (Figure 5). This accumulation could be due to physiology of G43 cells and 

how these cells interact or affect other organs. 

In mice bearing Mel 78 tumors, DXR-L scFv G8 is accumulated higher than DXR-Ls 

but similarly as compared to DXR-L scFv Hyb3. Accumulation of DXR-L scFv G8 on 

the whole was higher in G43 tumor tissue than all organs except lungs. DXR-L scFv 

Hyb3 accumulation was the highest in tumor tissue in comparison with other organs. 

For Mel78, accumulation of DXR-L scFv Hyb3 was high in all organs. Both DXR-L 

scFv’s accumulated higher in kidneys, spleen, lungs and heart. 

Efficacy of anti M1/A1 DXR-Liposomes and survival 

Finally, mice bearing human melanoma tumors were treated with the 

immunoliposomes using two dosage schemes: either 4 injections of 4 mg/kg DXR 

(Figure 6 A and C) or 8 injections of 2 mg/kg (Figure 6 B and D) in free form or 

liposomal encapsulated with an interval of 5 days. For treatment of G43 and Mel78 

tumors, a minimum of 6 and maximum of 7 mice were used for all groups except for 

PBS where 5 mice were used for G43 group and 3 mice were used for Mel78 group. A 

dose of 2 mg/kg free DXR resulted in a transient inhibition of tumor growth for about 

14 days (Figure 6 A and B). Treatment of G43 tumor with 2 or 4 mg/kg non-targeted 

DXR-Ls had an intermediate effect, where 3 and 4 out of 6 tumors had a growth delay. 

In these groups no true anti-tumor responses were observed, such as tumor shrinkage 

or disappearance was observed. We observed tumor inhibition from the start in G43 

tumors when treated with 4 mg/kg DXR-L scFv’s (Figure 6 A and E). Notably, we 

observed 5 out of 7 antigen-positive tumors treated with 4 mg/kg DXR-L scFv G8 that 

went into complete remission and 4 remained undetectable until the end of 
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experiment, 1 went back into recurrence and was palpable at day 42 (Figure 6 A and 

E). Furthermore, 6 out of 7 antigen-positive tumors showed clear growth inhibition 

following treatment with DXR-L Hyb3 4 mg/kg (figure 6 A and E) while 2 went into 

complete remission and remained undetected until the end of the experiment.  

Administration of 2 mg/kg dose resulted in prolonged anti-tumor response in G43 

tumor-bearing mice for both immunoliposome formulations DXR-L scFv G8 and 

Hyb3 (Figure 6). When treated with 2 mg/kg DXR-L scFv G8, 2 tumors showed 

profound growth inhibition out of 5 (Figure 6 B and E). We observed 7 out of 7 antigen-

positive tumors treated with DXR-L scFv Hyb3 2 mg/kg showed growth inhibition 

while 2 went into remission and remained undetectable. In G43 tumor bearing mice 

superior activity of targeted treatment (DXR-L scFv G8 and Hyb3) became apparent 

after fourth dose (Figure 6 B and E). 

Interestingly, in Mel78 tumor bearing mice, following a treatment dose of 4 mg/kg 

DXR-L-scFv Hyb3, a prolonged anti-tumor response was observed in 5 out of 6 mice 

(Figure 6 C and E). DXR-L-scFv G8 administration only had a transient effect on these 

antigen-negative tumors with 2 out of 7 mice showing stable disease. Repeated 

administration of 2 mg/kg of both DXR-L-scFv formulations resulted in comparable 

(non-significant) tumor growth reduction towards the antigen-negative tumor Mel78 

(Figure 6 D). 

An overview of normalized tumor growth values, at day 6 (after single dose), 20 (4 

doses) and 36 (towards end of experiment) are given calculated against initial tumor 

measurement at the start of the experiment (Figure 6 E). We observed that at day 6 

after single dose, all mice had a TSI below 5 %. At day 20, in both treatment schedules, 

none of the M1+/A1+ G43 bearing animals treated with both targeted formulations 

showed a TSI above 5. We also observed that non targeted DXR-L already had quite 

an effect over G43 tumors which could be explained by higher uptake of DXR-L by 

G43 tumor cells as previously observed (Figure 2 ii) in combination with a higher 

sensitivity of these cells to DXR as seen in in vitro (Figure 3). This in contradiction to 

M1-/A1+ Mel78 bearing animals showed more DXR-Ls, non-targeted as well as 

targeted, treated animals with a TSI exceeding 5.  
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Survival data, log rank test (Mantel-Cox test), shows significantly extended survival in 

all the groups (G43 4 mg/kg p= 0.0006, G43 2 mg/kg p= 0.001, Mel78 4 mg/kg p= 

0.02 and, Mel78 2 mg/kg p= 0.0006) (Supplementary Figure 3). Treatment with 4 

mg/kg dosage of DXR-L scFv G8 (p= 0.0004) and DXR-L scFv Hyb3 (p=0.005) 

enhanced life span, almost doubled, when comparing mice with G43 tumors (mean 

survival of 93 days) versus those with Mel78 tumors (mean survival of ~41.5 days) 

(Supplementary Figure 3 A, C and E). Treatments compared within G43 tumor group 

4 mg/kg dosage showed significant differences when DXR-L scFv’s were compared to 

either controls (Supplementary Figure 3 A and E). When non targeted DXR-L was 

compared to DXR-L scFv G8 (p=0.02) or DXR-L scFv Hyb3 (p=0.04) significant 

differences were found (Supplementary Figure 3 A and E). However, when mice were 

treated with 2 mg/kg dosage, only DXR-L scFv Hyb3 showed a better survival for G43 

tumors (mean survival of 71 days and p=0.0042 in comparison with DXR-L) 

(Supplementary Figure 3 B and E). No significant differences were found among the 

DXR-L scFv’s in all groups. When Mel78 2 mg/kg group treatments were compared, 

significant differences were only found against PBS group, rest of the treatments 

showed no significant differences (Supplementary Figure 3 D and E). 

To monitor toxicity body weight and other signs of toxicity, such as diarrhea, lethargy, 

less appetite or improper gait were also recorded. Body weight measurements showed 

that mice treated with free DXR or DXR-L did not lose weight but became slow and 

lost appetite as a consequence of prolonged tumor growth (Supplementary Figure 4) 

and were taken out of the experiment as mandatory by the regulations in animal 

welfare. Treatment with DXR-L scFv’s 4 mg/kg dosage lowered weight after injection 

in both antigen-positive and negative tumor-bearing mice, rebounced to normal levels 

a few days later, and stayed at normal levels till the end of the experiments 

(Supplementary Figure 4). Animals treated with 2 mg/kg dose of DXR did not lose 

weight or showed other discomfort due to treatment. Two G43 tumor holding mice 

treated with DXR-L Hyb3 4 mg/kg had diarrhea for two days after the first dose. Three 

mice with G43 tumors developed ascites (one in PBS group and two treated with 4 

mg/kg DXR-L scFv G8). Two mice with G43 tumors became lethargic and eventually 

were sacrificed (one 2 mg/kg DXR-L scFv G8 and one free 4 mg/kg DXR). Five mice 

with Mel78 tumors developed ulcers (three PBS group, two 2 mg/kg DXR-L group). 

Two mice with Mel78 tumors had weight loss over 20 % of starting weight (both 4 
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mg/kg dose: one DXR-L scFv G8 and one DXR-L scFv Hyb3) and therefore had to be 

sacrificed. 

Discussion 

Previously we showed that melanoma cells can be targeted with antibodies mimicking 

TCRs (23, 25). These antibodies recognize tumor-specific peptides expressed by MHC-

I molecules on tumor cell surfaces and, compared to classical antibodies, cover a 

higher number of cellular target antigens. In case, tumor antigens are targeted that 

are absent in healthy tissues, the coupling of TCR-like antibodies coupled to nano-

sized carriers, such as liposomes, enhances the tumor selectivity of liposome targeting. 

However, the making of immunoliposomes is challenged by liposome, opsonization as 

well as recognition by macrophages (51, 52), mainly due to the Fc part of antibodies 

causes these challenges. Therefore, we and others exploit scFv antibodies to generate 

immunoliposomes, the smallest fragment which still retains full binding capacity (53, 

54). The TCR-like scFv G8 and Hyb3 coupled to liposomes mediate specific binding 

and internalization by M1/A1-positive melanoma cells in vitro (25). Here, we have 

built on these earlier data and linked M1/A1 targeting, using scFv’s with different 

binding affinities, to DXR-based liposomal chemotherapy, and included a series of 

appropriate tests, including those related to stability, pharmacokinetics, 

biodistribution and in vitro and in vivo anti-tumor efficacy. Steric stabilization of 

liposomes with PEG renders these liposomes stealth-like, i.e. due to PEG on the 

outside liposomes are not recognized by opsonins and circulate therefore relatively 

long after systemic injection (55). Here we use a unique antibody as it recognizes a 

peptide/MHC-I complex (23, 56). Moreover, the antigen, MAGE, is only expressed on 

tumor cells in this context, providing a melanoma specific target. Thus, in short, we 

have showed that when anti M1/A1 antibodies are coupled to liposomes carrying DXR 

as cargo, uptake of these liposomes is enhanced which leads to enhanced cell specific 

killing. In vivo, we show that these targeted DXR-Ls show better efficacy and survival 

when compared to non-targeted treatments and antigen negative tumors. 

Decoration of DXR-L with TCR-like scFv’s did not affect long-term DXR 

encapsulation, which is in line with findings for other targeted formulations (57). In 

addition, flow cytometry and confocal microscopy revealed higher binding of DXR-L-

scFv’s to M1+/A1+ cells compared to M1-/A1+ cell and DXR-Ls. It is noteworthy that 
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liposomal binding to antigen-negative cells was lower but present for both DXR-L 

scFv’s, however, we observed minimal binding of targeted liposomes DXR-L scFv G8 

and Hyb3 to antigen-negative melanoma cells in vitro, indicating excellent specificity. 

We postulate that this could be result from more rapid processing of DXR-L scFv’s 

followed by a higher degree of degradation compared to DXR-Ls. 

Confocal Microscopy data revealed slightly higher uptake of DXR-L scFv G8 and 

binding site barrier (BSB) effect could be responsible for this high uptake of DXR-L 

scFv G8 in comparison to Hyb3 (58, 59). This BSB effect was proposed for antibodies 

and a study by Saga et al 1995 showed that BSB effect could be seen in small 

micrometastases of size 300 µm. They also showed that increasing the dose of 

antibody partially overcame the BSB effect but lost antibodies lose their specificity. 

We hypothesize here that DXR-L scFv Hyb3 is possible to have been saturated by 

antigens first encoutered and due to the high affinity of Hyb3 it is not possible to 

escape it. DXR-L scFv G8 having the low affinity can penetrate deeper and may be that 

contributes to a higher signal in confocal. Based on previous findings (25) we had the 

impression scFv Hyb3 has a high affinity and binding to MHC molecule: HLA-A1. G8 

and Hyb3 scFv’s are both selected against M1 only when presented by HLA A1 (22), 

yet a higher affinity of Hyb3 scFv may render enough binding force to enable sufficient 

interaction with HLA-A1 alone. 

Besides due to PEG on the outside liposomes are not recognized by opsonins and 

circulate therefore relatively long up to 6 h after systemic injection (55). However, 

encapsulation of DXR in such sterically stabilized liposomes, as we use here, impairs 

in vitro cytotoxicity (55). Likewise, we observed a more than 100-fold higher 

cytotoxicity of free DXR versus DXR-Ls. But importantly, DXR-L-scFv G8 and Hyb3 

were significantly more toxic towards M1+/A1+ melanoma cells, but not antigen-

negative melanoma cells, as compared to non-targeted DXR-Ls. This results from 

antigen-specific binding and internalization mediated by the attached scFv. 

Generally, circulation time of PEGylated liposomes becomes compromised when 

moieties are attached on the outside (56). Although our cytotoxicity data argues that 

coupling liposomes to TCR-like scFv’s enhances efficacy of liposomes, which extends 

data from earlier studies with liposomes coupled to classical scFv’s (60, 61), faster 

clearance, instability and off-target binding are observed as well with scFv-coupled 
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liposomes (56). Indeed, our scFv decorated liposomes exhibit shorter circulation time 

as compared to non-targeted DXR-L. Especially in the first hour after injection in 

mice, a drop in blood levels of immunoliposomes is observed followed by a second 

phase of clearance which runs parallel to that of DXR-L. Although the initial faster 

clearance of targeted DXR-L will affect accumulation in tumor tissue, we argue that 

specificity of targeting enhances safety of immunoliposomes and is able to compensate 

for any potential compromise towards efficacy of these liposomes (i.e., enhanced 

delivery at tumor and less/negligible delivery at other tissues). MAGE-A1 is only 

expressed on tumor cells, and our biodistribution experiments indeed demonstrated 

that our immunoliposomes liposomes preferentially accumulated in antigen-positive 

tumors, while DXR-L and free DXR accumulated at lower levels and in accordance to 

previous observations (56). scFv G8 and Hyb3 differ in affinity towards M1/A1 (scFv 

G8 KD is 250 nM and scFv Hyb3 KD is 14 nM). In spite of a higher affinity, DXR-L-

scFv Hyb3 localized to the same extent in antigen-positive G43 tumors when 

compared to DXR-L-scFv G8. However, due to yet unknown reasons accumulation of 

DXR-L scFv G8 was highest in all examined healthy tissues. We could hypothesize 

there is some effect of G43 tumor cells on other organs and more experiments are 

needed to prove this interaction. 

Although, in vivo, accumulation of targeted liposomes in antigen negative tumors was 

about 3-fold lower when compared to accumulation in antigen positive tumors, 

localization of DXR-Ls and free DXR in the former tumors was also lower, making 

interpretation of targeting specificity difficult. Possible explanations could include: 

difference in vascular density and tumor perfusion between G43 and Mel78 tumors, 

sensitivity to DXR or low expression of M1 in vivo by the otherwise antigen negative 

melanoma Mel78. In vivo however, treatment of antigen-negative melanoma with 

DXR-L scFv Hyb3 did result in a better tumor response when compared to DXR-L 

scFv G8 treated mice. These results may argue that besides antigen specificity, other 

tumor-related factors as those mentioned above may be responsible. 

A dominating hurdle in cancer therapy with systemically injected compounds is the 

lack of local accumulation (62). Whether chemotherapeutics, immune-modulating 

agents or small molecules are used, systemic distribution results in dose-limiting 

toxicity to vital organs. The architecture of a tumor, specifically poor perfusion 
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resulting from low vascular density, sluggish blood flow, elevated interstitial pressure 

and abundance of intra-tumoral stroma, works against drug delivery (63, 64). 

Previous studies have already demonstrated a possible benefit for nanosized carriers 

as these may impair side-effects and augment accumulation in tumors (62, 63). Here, 

we clearly demonstrate stability, specificity and effectiveness of anti-tumor therapy 

with liposomes coupled to TCR-like scFv. Therapeutic efficacy was recorded by tumor 

growth inhibition, weight loss and survival percentage of mice. We showed that DXR-

L scFv’s inhibited tumor growth significantly as compared to other groups. These 

liposomes are specifically targeted to tumor cells and deposit large quantities of drug 

in tumor proximity or within cells. In addition, we would like to develop these further 

for imaging purposes, when loaded with contrast agents they can assist in the 

detection of micro metastases. In future, these can be ultimately used to study the 

possibilities of targeting various compounds and coencapsulating them together 

leading to image guided drug delivery. 
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Tables and Figures 

 

Figure 1: Stability of liposomal formulation in HEPES and 100 % FBS at 37 

°C over time. Figures show the leakage of encapsulated DXR from liposomes (DXR-

L, DXR-L scFv G8 and DXR-L scFv Hyb3) in different media and incubation times. In 

black, measurements in HEPES are shown and in color, measurements done in FBS, 

blue, DXR-L, purple, DXR-L scFv G8 and green, DXR-L scFv Hyb3. A: Stability of 

DXR liposomes during one hour of incubation in HEPES and 100 % FBS at 37 °C. 

Lines represent the continuous drug fluorescence measured (at every second); and B: 

Stability of DXR liposomal formulations up to 24 hours in HEPES and 100 % FBS at 

37ºC. Dots correspond to sampling time points and bars to the standard error mean. 

These experiments were done with 3 independent batches of each formulation. 
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Figure 2: Interaction of liposomal formulations with tumor cells in vitro. 

Fluorescence signal of liposomes on cells is shown. A and B: Flow cytometry was 
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performed on all four cell lines at 37 ºC for 2 hours and CF signal (lipids) (A) and DXR 

signal (B) was recorded. Cells were incubated with DXR-Ls and allowed to bind and/ 

or internalize. Bars represent the average and standard error mean of 3 independent 

experiments of all cell lines tested. C: Live cell confocal imaging of cells exposed to all 

the DXR-L formulations for one hour and incubated for additional 24 hours with 

medium. (i) MZ2Mel43 (M1+/A1+), (ii) G43 (M1+/A1+) (iii) Mel78 (M1-/A1+) (iv) 

Mel2A (M1-/A1+) cells. Nuclei are stained with Hoechst and shown in blue, liposomes 

had CF-PE in the bilayer and are shown in green, DXR in red and bright field in black 

and white contrast. 
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Figure 3: Melanoma cell survival after exposure to liposomal 

formulations. M1+/A1+ (MZ2Mel43 and G43) and M1-/A1+ (Mel2A and Mel78) 

melanoma cell lines were exposed to free DXR and DXR-L formulations (non-targeted 

and targeted) for 10, 30, 60 and 120 minutes. Medium was refreshed and cells were 

incubated until 72 hours. Data is presented as the mean percentage and standard error 

mean of 3 independent batches (i) MZ2Mel43 (M1+/A1+) cells, (ii) G43 (M1+/A1+) 

(iii) Mel78 (M1-/A1+) (iv) Mel2A (M1-/A1+) cells. DXR concentration (µM) is on x-

axis and cell survival in percentage is on y-axis. Mann Whitney U test was used to 
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compare treatments with each other. E: Cellular viability curves from (A) were used to 

calculate IC50 values (µM) for various melanoma cell lines and treatments. The 

concentration >50 is indicated in case if IC50 was not reached even at 50 µM. 

 

Figure 4: Blood circulation profile of immunoliposomes in non-tumor 

bearing mice. Mice were systemically injected with DXR-L formulations at 4 mg/kg 

DXR dose. Blood was drawn from tail vein at different time intervals depicted in dots. 

Amount of DXR (µM) as determined in plasma after liposome injection (as a measure 

of loss of liposome integrity). DXR release (y-axis) over 24 hours is presented against 

time in hours (x-axis). Data is presented as mean value and standard error mean of 

n=6 mice. 
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Figure 5: Tissue distribution of immunoliposomes in tumor-bearing mice. 

Quantification of DXR in different organs at 6 hours following treatment with free 

DXR or DXR-L formulations at 4 mg/kg DXR dose in tumor-bearing mice. Tumors 

were derived from G43 (M1+/A1+) or Mel78 (M1-/A1+) cell lines. Data is represented 

as mean values and standard mean error of n=3-6 and displayed per organ. A: Tumor, 

B: Liver, C: Kidney, D: Spleen, E: Lung and F: Heart. 
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Figure 6: DRX-L scFv’s show significant and sustained anti-melanoma 

effect. Tumor growth in tumor bearing mice derived from melanoma cell lines 

following treatment with PBS, free DXR or DXR-Ls. A and B: G43 (M1+/A1+) tumors 

were treated with 4 mg/kg (A) and 2 mg/kg (B) DXR dose. C and D: Mel78 (M1-/A1+) 

tumors were treated with 4 mg/kg (C) and 2 mg/kg (D) DXR dose. Mice were injected 

4 times with 4 mg/kg DXR-L treatments or 8 times with 2 mg/kg DXR-Ls .Data is 

represented as mean tumor size index values (tumor volume at any given point in 

comparison to initial tumor volume) and standard deviation of n=4-7. Starting size of 
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all tumors was 100 mm3. E: Tumor size indexes after treatment with 

immunoliposomes, summary of tumor responses from A to D per tumor type and 

treatments (PBS, free DXR and DXR-L formulations). Data is represented as average 

of tumor size index values ± SD of n=4-7individual mice after first treatment and 4rth 

treatment. The percentage of mice with a tumor size index above 5 are listed (%). 

Statistical significance was calculated by Mann-Whitney U test comparing G43 tumor 

data versus Mel78 tumor per treatment, dose and time point. 

Supplementary Figures 

 

Supplementary Table 1: Linkage to scFv does not affect liposomal zeta 

potential or DXR encapsulation. Three independent batches of three liposome 

formulations (DXR-L, DXR-L scFv G8 and DXR-L scFv Hyb3) were characterized for 

size, poly dispersity index (PDI), surface charge and encapsulation efficiency for up to 

4 weeks (stored in HEPES buffer pH 6.7, at 4 °C temperature). Measurements were 

done in triplicate and are given as average and standard deviation (n=3). 
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Supplementary Figure 1: Anti MAGE A1/ HLA A1 TCR T cells show 

activation after binding to MAGE A1/ HLA A1 positive melanoma cells. T 

cells were incubated with APD and melanoma cells. Data is shown as dot plots for 

CD107a-PE fluorescence and CD8-APC signal on APD cells pulsed with M1 peptide 

and without, in comparison to signal on melanoma cells. T cells incubated in medium 

only were used as controls. Dot plots show all cells positive for CD8 but only when 

MAGE A1 is expressed in HLA A1 context, CD107a signal appears. Hence showing the 

expression of MA1/A1 on MZ2mel43 and G43 cells. 
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Supplementary Figure 2: Immunoliposomes bind to cognate peptide. 

DXR-L formulations were incubated with APD cells. Data is shown as histograms for 

NBD fluorescence and DXR signal on APD cells pulsed with M1 peptide, in comparison 

to signal from NBD and DXR on APD cells without M1 peptide. Percentage 

fluorescence of positive cells is given as measured by flow cytometry. Empty 

histograms represent APD cells with M1 peptide, red filled represents free DXR used 

as positive control, filled blue histograms represent NBD labelled DXR-Ls, green filled 

histograms represent NBD labelled DXR-L scFv Hyb3 and purple filled represent NBD 

labelled DXR-L scFv G8. 
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Supplementary Figure 3: Survival. Survival of tumor bearing mice derived from 

melanoma cell lines following treatment with PBS, free DXR or DXR-Ls. A and B: G43 

(M1+/A1+) tumors were treated with 4 mg/kg (A) and 2 mg/kg (B) DXR dose. C and 

D: Mel78 (M1-/A1+) tumors were treated with 4 mg/kg (C) and 2 mg/kg (D) DXR 

dose. Data is represented as % survival (n=4-7) and standard error. Significance was 

calculated by Mantel Cox test for tumor data and compares the tumors treated with 
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same dose of various treatments. E: Mean survival in Days, days of survival of mice 

bearing tumors derived from melanoma cell lines following treatment with PBS, free 

DXR or DXR-Ls. G43 (M1+/A1+) tumors were treated with 4 mg/kg and 2 mg/kg DXR 

dose and showed a higher survival than Mel78 (M1-/A1+) tumors treated with 4 mg/kg 

and 2 mg/kg DXR dose. Data is represented as mean values. Significance was 

calculated by Mantel Cox test and p (value) represents statistical significance for G43 

tumor data and Mann Whitney U test compares the tumors treated with same dose of 

various treatments. 

 

 

Supplementary Figure 4: Weight Loss. Weight of tumor bearing mice derived 

from melanoma cell lines following treatment with PBS, free DXR or DXR-Ls. A and 

B: G43 (M1+/A1+) tumors were treated with 4 mg/kg (A) and 2 mg/kg (B) DXR-L 

dose. C and D: Mel78 (M1-/A1+) tumors were treated with 4 mg/kg (C) and 2 mg/kg 

(D) DXR-L dose. Data is represented as mean weight index values (n=4-7) and 

standard deviation. 
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Abstract 

Antibodies recognizing peptides bound to the Major Histocompatibility Complex 

(pMHC) represent potentially valuable and promising targets for chimeric antigen 

receptor (CAR) T cells to treat patients with cancer. Here, a human phage-Fab library 

has been selected using HLA-A2 complexed with a heteroclitic peptide variant from 

an epitope shared among multiple melanoma associated antigens (MAGEs). DNA 

restriction analyses and phage ELISAs confirmed selection of unique antibody clones 

that specifically bind to HLA-A2 complexes or HLA-A2-positive target cells loaded 

with native or heteroclitic peptide. Antibodies selected against heteroclitic peptide, in 

contrast to native peptide, demonstrated significantly lower to even negligible binding 

towards native peptide or tumor cells that naturally expressed peptides. The binding 

to native peptide was not rescued by phage panning with antigen-positive tumor cells. 

Importantly, when antibodies directed against heteroclitic peptides were engineered 

into CARs and expressed by T cells, binding to native peptides and tumor cells was 

minimal to absent. In short, TCR-like antibodies, when isolated from a human Fab 

phage library using heteroclitic peptide, fail to recognize its native peptide. We 

therefore argue that peptide modifications to improve antibody selections should be 

performed with caution as resulting antibodies, either used directly or as CARs, may 

lose activity towards endogenously presented tumor epitopes. 

Introduction 

T cells are key players in the adaptive immune response, also in cancer, and are 

equipped with T cell receptors (TCRs) that recognize short peptide complexes 

presented by MHC molecules. CD8 cytotoxic T lymphocytes (CTLs) play a critical role 

in the eradication of tumour cells and recognize peptides in the context of MHC class 

I molecules (MHCI). Adoptive T cell therapy (AT), a well-tested and promising 

approach to treat cancer, relies on the infusion of autologous tumour-specific T cells. 

Besides the use of non-modified T cells, such as tumour-infiltrating lymphocytes 

(TILs) or peripheral T cell clones, there is a clear shift towards the use of T cells that 

are gene-engineered to express chimeric antigen receptors (CARs). These CAR-

engineered T cells recognize a chosen tumour antigen, and are redirected to selectively 

destroy cells expressing this antigen. The use of CARs has shown impressive results in 

B cell leukaemia with response rates up to 94% (1), which culminated in FDA 
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approvals of Kymriah (2) and Yescarta (3). The success of CAR T cells in the treatment 

of solid tumours, however, lags behind its success in haematological tumours. TCRs 

have a natural ability to recognize the full spectrum of tumour cell-derived peptides, 

whereas CARs only recognize extracellular peptides, and may provide T cells with a 

therapeutic advantage when treating solid tumours. Indeed, TCR-engineered T cells 

have demonstrated clinical benefit in patients with multiple myeloma, but also 

metastatic melanoma and metastatic synovial sarcoma with response rates varying 

between 55 and 80% (4). 

Antibodies specific for peptide: MHC complexes (pMHC) with the intent to target 

tumor cells either directly or via CAR-engineered T cells would potentially widen the 

therapeutic window to treat solid tumors. It has been shown previously that, using 

phage antibody display technology, it is possible to obtain antibodies that recognize 

tumor-derived peptides in an MHC restricted manner (5-9). These so-called ‘TCR-like’ 

antibodies harbor the same specificity as a TCRs, while binding affinities are generally 

higher. Such antibodies may serve as improved reagents for imaging or immune 

therapies, including CAR T cell therapies. In order to increase the efficacy of antibody 

selections, heteroclitic peptides have been used to improve binding to and stability of 

MHC. Heteroclitic peptides are generally peptides that contain favorable residues at 

positions that anchor into the peptide-binding groove of MHC. Over the past years, 

vaccinations using heteroclitic peptides from tumor-associated antigens, such as RAS 

{Gjertsen, 1996 #34}, melanoma antigen recognized by T cells 1 (MART1) and 

glycoprotein 100 (gp100), have been widely employed with the intent to treat cancer 

patients {Rosenberg, 1998 #12160;Graff-Dubois, 2002 #27;Borbulevych, 2005 

#1166;Chen, 2005 #12170}. Following treatment, patients often did show enhanced 

frequencies of anti-vaccine T cells, yet these changed T cell frequencies were mostly 

not accompanied by clinical responses. Despite the fact that the use of heteroclitic 

peptides is a recognized strategy for vaccinations, recent studies have shown that 

anchor residue-modified peptides can be less effective than their cognate counterparts 

(10, 11), or do not result in enhanced immune responses (12). With respect to 

underlying mechanism of action, there is still discordance among various studies, as 

some argue that anchoring amino acids to the MHC molecule do not affect recognition 

by T cells as only centrally located, extending amino acids in the peptide, are 
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recognized, whereas others argue that buried or anchoring peptides do affect 

recognition by the TCR (13). 

We questioned whether MHC-restricted antibodies selected against heteroclitic or 

native peptides improve the therapeutic potential of gene-engineered T cells without 

loss of tumor specificity. It is now well established that tumor cells express antigens 

that are presented via MHCI molecules, and are recognized by CTLs derived from 

cancer patients (14-16), such as gp100, melanoma associated antigen (MAGE), New 

York esophageal squamous cell carcinoma (NY-ESO), carcinoembryonic antigen 

(CEA) and cell tumor antigen (p53) (17-20). Antibodies that are selected against 

peptide:MHC complexes have been reported to display TCR-like functionality, limited 

off-target binding and increased target specificity (21, 22). Here, we study novel 

antibodies that recognize HLA-A2-restricted peptides that are shared among multiple 

MAGEs. MAGEs may provide antigen targets with therapeutic potential as the 

expression of some MAGEs are silenced in healthy adult tissues, while in testis, these 

antigens are present in the absence of MHC (23). A multi-MAGE (mMA) epitope was 

first described by Graff-Dubois et al. (24) and constitutes a heteroclitic peptide 

(p248V9) that is shared by multiple MAGE-A genes (Figure 1A) and would provide a 

target for multiple tumor types. In the current study, we have used a large human 

phage-Fab library to select TCR-like antibodies against the heteroclitic multi-MAGE 

peptide p248V9 as referred in (24), and demonstrate that these antibodies show 

binding towards the modified pMHC complex but are not able to recognize native 

peptides nor antigen-positive tumor cells neither directly nor as a CAR that is 

expressed on the surface of T cells. These findings do not warrant general use of 

heteroclitic peptides to establish immune therapies. 

Materials and Methods 

Cell lines 

The EBV-transformed B cell line BSM and LCL/T-lymphoblastoid hybrid cell line T2 

were maintained in RPMI supplemented with 10 % FBS, 1 % Penicillin/Streptomycin 

and 1 % L-Glutamine. The melanoma tumor cell lines DAJU, MZ2Mel43, the 

esophageal carcinoma cell line TE-4 and the bladder carcinoma cell line OBR were 

maintained in Dulbeco’s Modified Eagle’s medium (DMEM) supplemented with 1 % 

Penicillin/Streptomycin, 1 % L-Glutamin and 1% non-essential amino acids. DAJU 
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and MZ2Mel43 were kindly provided by Pierre van der Bruggen (Ludwig Institute of 

Cancer Research, Belgium) and OBR was a kind gift from Graff Dubois (Institut 

National de la Sante et de la Recherche Medicale, Institut Gustave Roussy, France). 

Tumor cells were checked for gene-expression of MAGE-A3, A6, A10, A12 and HLA-

A1 and A2 (primer sequences are provided upon request), as well as surface expression 

of MAGE-A3(FLW) peptide in the context of HLA-A2.  

Peptides and pMHC complexes 

To evaluate the quality of the human phage-Fab library (see below), the following 

proteins have been used for selections: negative regulatory factor (NEF56-205), latent 

membrane protein 1 (LMP1e), and prostate specific membrane antigen (PSMA) 

(sequences listed in Supplementary figure 3). All pMHC complexes (biotinylated HLA-

A2 monomers,) and peptides were obtained from Sanquin (Amsterdam, The 

Netherlands). Peptides used are: multi-MAGE wild-type peptide (mMA-wt, 

YLEYRQVPG); mMA heteroclitic peptide (mMA-GV, ELEYRQVPV); and Influenza 

peptide (INF, CTELKLSDY). HLA-A2-complexed peptides used are: heteroclitic 

multi-MAGE peptide (mMA-GV/A2); prostate specific antigen-derived peptide 

(PSA/A2, KLQCVDLHV); and prostate specific membrane antigen- derived peptide 

(PSMA/A2, LLHETDSAV). 

T2 assay 

T2 cells were used to assess peptides for their binding by cellular HLA-A2 as described 

previously (11, 13). In short, T2 cells were pulsed with peptides at concentrations 1 and 

50 mM, incubated at 26 °C for 14-16 h and then at 37 °C for 2h. HLA A*0201 surface 

expression was determined through staining with a PE-labeled antibody (BB7.2, BD 

Biosciences, San Jose, CA, USA). All samples were processed in duplicate and analyzed 

for Mean Fluorescence Intensity (MFI) of HLA-A2 using FlowJo Software (TreeStar, 

Ashland, OR, USA) on BD FACSCanto™ II flow cytometer (Becton, Dickinson Com-

pany, Franklin Lakes, NJ, USA). MFI values of mMA and other peptides were 

normalized against those observed with Influenza peptide. 
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Construction of phage-Fab display library 

Unless mentioned otherwise, Fab libraries were built according to the procedure 

previously described by de Haard et al. (25). Two different antibody sources were used, 

namely peripheral blood lymphocytes (PBLs) derived from buffy-coats from 4 healthy 

donors and isolated using Ficoll–Paque gradient centrifugation as well as a human 

spleen cDNA library already containing 5x109 clones (Superscript human spleen 

cDNA library, Invitrogen). Total RNA from PBLs was isolated using TRIzol 

(Invitrogen), and variable region genes were reverse-transcribed and amplified by 

PCR, followed by digestion of VH as well as VC and VC amplicons and their 

cloning into the pCES1 phagemid vector. Subsequently, the spleen-derived V and V 

libraries were sub-cloned into the pCES1 vector that already contained the spleen-

derived VH library, and the PBL-derived VH library was sub-cloned into the pCES1 

vector that already contained the PBL-derived V or V libraries. In parallel, the VH 

library derived from spleen was combined with the V and V libraries from PBL, and 

the VH library derived from PBL was combined with those of V and V from spleen. 

In all sub-clonings, vector fragments were gel purified using Zymoclean (Baseclear, 

Leiden, the Netherlands). Ligations were performed O/N at 16 °C, after which 

mixtures were ethanol precipitated, and introduced into Escherichia coli TG1 cells by 

electroporation. Phagemid particles were rescued on a large scale using M13K07 

helper phages as explained elsewhere (5, 26). Phages were precipitated and 0.45 µm 

filter sterilized and stored at -80 °C in PBS containing 15 % glycerol. Prior to each 

selection, phages from Fab libraries and combinatorial Fab libraries were pooled in 

relation to their library size to ensure that the diversity of each library was covered and 

each clone was represented at least 100 times (see Supplementary Table 1). 

Selection of TCR-like antibody-expressing phages 

Phages (1013 colony forming units; CFU) were pre-incubated for 1h at RT in PBS 

containing 2 % non-fat dry milk (PBSM). In parallel, 200 l streptavidin-coated beads 

(Dynal) were equilibrated for 1h in PBSM. For subsequent panning rounds, 100 l 

beads were used. To deplete the phage-Fab library for pan-MHC binders, 200 nM of 

biotinylated pMHC complexes containing an irrelevant peptide were added prior to 

each selection round and incubated for 30 min under rotation, after which, 100 l of 
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the equilibrated beads were added, and the mixture was incubated for another 15 min 

under rotation. Beads were magnetically removed, and the remaining phage-Fab 

fraction was used for first round selections with 200 nM of biotinylated pMHC and 

incubations of 1h at RT under continuous rotation. For the second and third selection 

rounds, 20 nM of pMHC was used. A depletion step against an HLA-A2 complex 

bearing an irrelevant peptide (irrelevant pMHC) was included in each panning round 

with the intent to remove any HLA-A2-binding Fabs. 

To limit the isolation of phages only binding to HLA-A2, a soluble HLA-A2 binding 

Fab, named D3, previously isolated from the same library, was added to the phage-

pMHC mixture during incubation (50, 10, and 5 µg for rounds 1-3, respectively). Non-

bound phages were removed by 5 washing steps with PBSM, PBS and 0.1 % Tween 

(PBST), and again PBS. Phages were eluted from the beads by adding 500 l freshly 

prepared 100 mM triethylamine (TEA) and incubating for 10 min under rotation. 

Neutralization was performed by addition of 500 l 1 M Tris pH 7.5. Following 

selection, eluted phages were incubated with exponentially growing E. Coli TG1 cells 

for 30 min at 37 °C and infected TG1 cells were plated on YT-agar plates. Next day, 

colonies were harvested, and an inoculum, with volume representing the size of the 

selected library, was used for a subsequent selection. For phage library selections 

using biotinylated proteins, the same procedure was followed except for the depletion 

step with irrelevant pMHC and addition of soluble Fab D3. For selections using 

MAGE-A positive, HLA-A2 positive DAJU cells, 1x106 cells were harvested and pre-

blocked for 1h at RT in PBSM containing 10% FBS (PBSM/FBS) while rotating. 

Simultaneously, phages were also pre-incubated in PBSM/FBS. After 1h, cells were 

spun down and re-suspended with pre-incubated phages and mixed for 1h at RT while 

rotating. The cell-phage mixture was then washed 10 times with PBSM/FBS, followed 

by two washing steps with PBS. Phages were eluted with TEA for 10 min and the 

mixture was neutralized with Tris. After neutralization, lysed cells were spun down 

and the supernatant was used to re-infect E. Coli TG1 cells. 

Testing phages for pMHC binding, clonality and binding to 
target cells 

Randomly selected phage clones were assessed for pMHC binding via ELISA. To this 

end, phages were produced in 96-wells plates using M13 k07pIII (hyperphage; 
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Progen, Heidelberg, Germany). Streptavidin pre-coated 96-well ELISA plates 

(SanBio, Uden, The Netherlands) were coated overnight (40 °C) or 1h at RT with 0.1 

g/ml biotinylated pMHC in PBS. MHC complexes with irrelevant peptide served as 

negative controls. Plates were blocked with PBSM for 30 min at RT and incubated with 

supernatant of single phage clones in PBSM for 1h at RT. After extensive washing with 

PBST, plates were incubated with horseradish peroxidase-conjugated anti-M13 

antibody (Thermo Scientific, Waltham, Massachusetts, United States), and detection 

was performed using TMB reagent (Sigma, Zwijndrecht, The Netherlands) (5). DNA 

fingerprinting was used to assess the diversity of antibody clones that specifically 

bound to mMA-GV/A2 (OD ratio between mMA-GV and irrelevant pMHC > 30). 

Briefly, DNA of individual phage clones was digested with BstN1 for 1h at 37 °C, run 

on 2 % agarose gel at 100 V for 60 min, and visualized under UV light. Lastly, phages 

containing unique clones were tested for binding towards pMHC-expressing target 

cells. In short, 0.5 x 106 target cells were incubated with 1x1010 cfu of phages. T2 and 

BSM cells were loaded with 10 M peptide for 30 min at 37 °C prior to staining. Next, 

cells were washed and incubated with 100 l of 1 µg/ml mouse anti-M13 antibody and 

detected with PE-conjugated goat anti-mouse antibody using FACSCalibur (Becton, 

Dickinson, Franklin Lakes, NJ, USA), and analysis was done by FCS express 4.0 (De 

Novo Software, Los Angeles, CA, USA). 

Generation of CAR T cells 

VH and VL chains of the AH5 antibody clone, specifc for mMA-GV/A2, were 

genetically fused via a flexible linker and were provided SfiI and NotI restriction sites 

(products were gene-synthesized at Geneart, Regensburg, Germany). The resulting 

single-chain Fv (scFv) was cloned into the retroviral vector pBullet (27), thereby fusing 

the scFv to the CD28 transmembrane domain and the intracellular Fc(γ)RIγ signaling 

domain as described previously (27). The resulting AH5 CAR:28γ was sequence 

verified, retrovirally introduced into human T lymphocytes from 2 healthy donors as 

described before (28) and sorted with FACSAria II (Becton, Dickinson Company, 

Franklin Lakes, NJ, USA) using mMA-GV/A2 tetramers, resulting in >90 % of T cells 

expressing mMA-GV/A2 CAR (as determined by flow cytometry). 
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Testing CAR T cells for specificity and responsiveness 

CAR T cells (6x104) were cultured for 24 h either in the presence or absence of target 

cells (2x104) that were or were not loaded with peptides as described (27). Culture 

medium was supplemented with 360 IU/ mL rIL-2. Supernatants were harvested and 

levels of IFNɣ were measured by ELISA according to the manufacturer’s instructions 

(Sanquin, Amsterdam, The Netherlands). 

Statistical analyses 

All experiments were performed at least in duplicate or triplicate, and data was 

processed using GraphPad Prism. Statistical analysis was done using Kruskal-Wallis 

and Mann-Whitney U tests. Outcomes with p-values less than 0.05 were considered 

significantly different. 

Results 

Combinatorial phage-Fab library with high level of 
diversity enables selection of TCR-like antibody clones 

Using sequential cloning, we have combined PBL and spleen-derived heavy and light 

chain libraries and created a non-immunized Fab library with 5.6 x 109 individual 

clones of which 78 % have a full-length Fab insert. An overview of the size of both 

single chain as well as Fab libraries, and percentage of inserts is given in 

supplementary Table 1. In addition, combinatorial libraries were generated by 

exchanging VH and VL chains from PBL and spleen-derived repertoires. The sizes of 

these combinatorial Fab libraries are about 3x109 individual clones of which 87 % 

have a full-length Fab insert. Finally, when PBL, spleen and combinatorial libraries 

were all combined, a single Fab library was created with a size of 8.6x109 individual 

clones (corrected for percentage of full-length Fab inserts). Selections with various 

control proteins (NEF, LMP1e, and PSMA) were performed to test the applicability of 

our newly generated phage-Fab library (Supplementary Table 2). Already after two to 

three rounds of selection against these proteins we obtained multiple ELISA-positive 

binders and unique clones (the latter according to DNA restriction patterns). We then 

used wild type and heteroclitic mMA peptides for further experiments (see also Figure 

1A). As shown in Figure 1B, binding of mMA-wt to HLA-A2 is equal to the setting with 

no external peptide, whereas mMA-GV shows clear and titratable binding to HLA-A2. 
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Due to none to negligible binding of mMA-wt towards HLA-A2, (Figure 1B) this 

complex could not be produced as a stable soluble pMHC, yet we did include 

melanoma cells natively expressing mMA-wt in our library selections (see below and 

Table 1). 

Phage-Fab selections against heteroclitic mMA peptide 
revealed unique AH5 clone 

We used the phage-Fab library to isolate TCR-like antibodies against mMA-GV/A2, 

and after three selections rounds, the output titer showed an enrichment of more than 

2000 times in comparison with the first selection round (Table 1). Of the 282 analyzed 

phage-Fab clones 46 (16 %) specifically bound to mMA-GV/A2 and not to an irrelevant 

peptide/A2 complex. After DNA fingerprinting, 18 out of these 46 binders showed 

unique DNA restriction patterns (Table 1). To identify the best binders, a titration 

ELISA using recombinant mMA-GV/A2 complexes was performed with these 18 

unique clones (Figure 2A). Six binders that still showed clear binding at relatively low 

phage titers (<1x106) were selected for further evaluation using HLA-A2-positive BSM 

cells pulsed with mMA-GV or irrelevant peptide (Figure 2B). Only two clones, AH5 

and CB1 showed clear and reproducible binding to BSM cells when pulsed with mMA-

GV peptide. 

In a next step, we identified HLA-A2-positive tumor cells from various histological 

origins that express MAGE-A3, A6, A10 and/or A12 to establish a panel of tumor cell 

lines with endogenous expression of mMA (Figure 3A). All tumor cells in this panel 

express at least one, but mostly multiple MAGE-A genes. Interestingly, DAJU cells 

express all analyzed MAGE-A genes. To verify whether these tumor cell lines did not 

have a defective antigen processing and presentation machinery, we stained the cells 

using an antibody directed against a MAGE-A3 (FLW) derived peptide in the context 

of HLA-A2. All tumor cell lines, except for the HLA-A2-negative MZ2Mel43, 

demonstrated positive staining, indicating that MAGE-A derived peptides are 

presented via HLA-A2 (Figure 3B). We then adapted the above selection procedure by 

including MAGE-A and HLA-A2-positive DAJU cells at either the second or fourth 

selection round (Table 1). Panning on DAJU cells in the second round followed by two 

additional panning rounds on mMA-GV/A2 led to a strong enrichment in phage 

output titer (>2000) and 5 unique mMA-GV/A2 specific clones were identified. 
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Interestingly, one clone was identical to AH5. Panning on DAJU cells in the final 

fourth round not followed by additional panning rounds on mMA-GV/A2 showed a 

strong drop in phage output titer and yielded 14 mMA-GV/A2 specific binders, from 

which 9 unique clones were identified. Also, here one of these clones was identical to 

AH5. Unexpectedly, these additional clones (besides AH5) obtained after selection 

strategies in which cells were included, did not bind to peptide pulsed BSM cells (data 

not shown). 

mMA-GV/A2-specific AH5 antibody does not recognize 
mMA wt peptide nor mMA-positive tumor cells 

Characterization of phage-AH5 using various pMHC complexes showed that AH5 only 

binds to mMA-GV/A2 and not to any of the other pMHC complexes (Figure 4A). Next, 

TAP deficient T2 cells were pulsed with serially diluted mMA-wt or mMA-GV peptide, 

postulating that when using a TAP deficient cell line, no competition with 

endogenously processed peptides will occur, thereby enhancing the sensitivity of the 

assay. Again, no binding of AH5 was observed towards mMA-wt-loaded T2 cells. In 

contrast, AH5 strongly bound to T2 cells loaded with mMA-GV peptide in a 

concentration dependent manner (EC50 = 1.25 ug/mL or 0.95 mM) (Figure 4B). To 

provide further proof that AH5 is not able to recognize endogenously processed mMA 

peptide displayed by HLA-A2, we extended the flow cytometric experiments using the 

panel of tumor cells described above and BSM cells. No detectable shift in fluorescence 

intensity was observed with any of the tumor cells (Figure 4C); a finding that is 

irrespective of IFNγ pre-treatment to increase HLA-A2 surface expression levels (data 

not shown). In contrast, BSM cells pulsed with mMA-GV but not wt peptide showed a 

complete shift when stained with phage AH5. 

AH5 CAR expressing T cells do not respond to tumor cells 
endogenously presenting mMA 

Finally, we assessed whether a heteroclitic peptide-selected antibody would be able to 

mediate a response towards the cognate epitope in a more sensitive and 

therapeutically applicable system. To this end, scFv AH5 was expressed as a chimeric 

antibody-based receptor (CAR) on the surface of T cells. Upon retroviral transduction 

of AH5 CAR into primary human T lymphocytes, surface expression was determined 
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by staining with mMA-GV/A2 tetramers (Figure 5A). Almost all CAR T cells (94 %) 

expressed AH5 CAR and these T cells did not bind irrelevant gp100-AV/A2 tetramers 

(Figure 5B). T2 loaded with mMA-GV peptide were able to induce a CAR T cell IFNγ 

response in a concentration dependent manner (EC50 = 2.8 ug/mL or 2.2 mM) 

(Figure 5 C). In contrast, no IFNγ response was observed when T2 cells were loaded 

with mMA-wt peptide, even when very high amounts of peptide were used (Figure 5C). 

Additionally, no CAR mediated IFNγ production was observed after stimulation with 

the panel of tumor cell lines expressing mMA (Figure 5D). 

Discussion 

In this study, we obtained a TCR-like Fab antibody AH5 against HLA-A2 complexed 

with a heteroclitic peptide derived from a shared epitope among various MAGE-A 

antigens, and thoroughly assessed this antibody for its ability to recognize the cognate 

(non-mutated) epitope. To this end, we have constructed a combinatorial phage-Fab 

library (diversity: 8.6 x 109 CFU), employed various selection procedures, 

characterized antibodies by DNA fingerprinting, ELISA and flow cytometry and 

evaluated antibodies either directly or as CARs expressed by T cells using peptide-

loaded target cells as well as tumor cells endogenously expressing the cognate epitope. 

AH5 showed clear binding to surface expressed mMA-GV but not wt peptide. 

The lack of observed binding towards native target cells might have a two-fold 

explanation with regard to quantity and quality of the epitope. Regarding the quantity 

of the epitope, we have shown that mMA-wt peptide has a non to negligible affinity for 

HLA-A2, therefore it may be very poorly expressed by tumor cells. Low HLA-A2-

presentation of mMA-wt by tumor cells, combined with low binding affinity of AH5 to 

mMA-wt (as suggested by its identification following phage selections on DAJU cells), 

could have contributed to the negligible detection of AH5 binding to mMA-wt peptide. 

Graff-Dubois and colleagues, however, showed in their study that CTLs raised against 

the same heteroclitic mMA-GV peptide are able to respond to endogenously presented 

peptide (24), indicating that mMA-wt peptide is expressed by tumor cells. One of the 

tumor cell lines used in their study was OBR, also taken along in our assays to 

characterize AH5, but also when testing this cell line, no binding of AH5 was observed. 

Enhancing HLA-A2 expression levels by pre-treatment with IFNγ did not result in 

increased binding nor CAR T cell responses. In an effort to explain why in contrast to 
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our study, the study by Graff-Dubois and colleagues shows that the mMA-GV-elicited 

T cell clones recognize the cognate epitope, we speculate along 2 major lines. First, in 

the current study have generated an mMA-GV-specific CAR:28γ that recognizes and 

mediates T-cell function via an antibody-based receptor coupled to CD28 and 

Fc(γ)RIγ, which is inherently different than epitope recognition and intracellular 

signaling mediated via a natural T cell receptor. In fact, the AH5 CAR may display 

lower affinity for the native peptide and/or mediate suboptimal activation of T cell 

signaling components compared to the TCR of the CTL248 used in the above study. 

Indeed, our observation that AH5 CAR T cells do not respond to mMA-wt peptide 

corresponds with findings from Buhrman and Slansky {Buhrman, 2013 #34} arguing 

that T cells produced against heteroclitic peptide may have lower affinity for the native 

peptide thereby preventing efficient recognition and elimination of tumor cells. 

Secondly, our CAR T cells may display a less differentiated T cell effector phenotype 

compared to CD8 T cell clones, providing a potential other reason for compromised in 

vitro functions of the former T cells towards tumor target cells expressing the native 

mMA epitope. 

Regarding the quality of the epitope, only a single amino acid is changed from the 

mMA-GV peptide sequence at the anchoring site, yet this subtle difference may give 

rise to different antibodies that cannot, or hardly recognize native peptides {Miles, 

2011 #1354;Denkberg, 2002 #1115;Dahan, 2012 #33}. The assumption that anchor 

residues are hidden from a T cell’s view is not necessarily in line with our findings, the 

latter in fact illustrate that the p9 anchor residue is of utmost importance for peptide 

recognition. Alternatively, peptide modification may change the exposed body of a 

peptide resulting in selection of a completely different antibody. Cole and colleagues 

discuss that heteroclitic peptides increase the peptide’s immunogenicity and that 

buried or anchoring peptides are recognized by TCRs (11). The use of anchor-modified 

peptides may alter the binding to MHC and influence T cell recognition (29) and 

consequently raise T cells harboring different TCRs compared to those primed with 

natural peptides (5). Our findings are in concordance with these reports and extend 

these implications to TCR-like antibodies either used directly or in the context of gene-

engineered T cells. 
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With respect to the use of Fabs for the generation of CARs, we would like to put 

forward the importance of CAR building blocks regarding their immunogenicity as 

well as expression and function. Due to the chimeric nature of CARs, one cannot 

exclude the elicitation of an anti-CAR immune response. Already in an early clinical 

study with autologous T cells expressing a CAR directed toward carbonic anhydrase 

IX, an antigen highly expressed in renal cell carcinoma, we have reported distinct 

humoral and cellular anti-CAR  responses in combination with limited peripheral 

persistence of transferred CAR T cells (30, 31). Humoral immune responses were anti-

idiotypic in nature and neutralized CAR-mediated T cell function, whereas cellular 

anti-CAR  responses were directed against murine antibody variable domains. Of 

interest, such immune responses were not detected against boundary regions between 

antibody fragments and co-stimulatory and/or signaling domains from CD28 and/or 

Fc(γ)RIγ. Despite the potential occurrence and consequences of such immune 

responses, reported in multiple studies (32, 33), it is important to note that humanized 

libraries as used in our current study are increasingly being explored to lower the 

immunogenicity of CARs. In addition, CARs do show differences regarding their in 

vivo function due to the CAR’s exact format, i.e., inclusion of linkers to space the 

antigen-recognition unit from the T cell’s plasma membrane, transmembrane 

domains and/or (multiple) intracellular co-stimulatory domains, such as CD28 (as is 

the case in the Yescarta product) or 4-1BB (as is the case in the Kymriah product). The 

varying formats of CARs as well as other aspects of cellular engineering, and their 

consequences for in vitro and in vivo T cell behavior are reviewed elsewhere (34, 35); 

the take home message being that engineering of co-stimulatory CARs into the original 

TCR locus may provide additional safety and efficacy benefits. 

Taken together, we show that heteroclitic peptides provide a non-optimal source for 

selections of TCR-like antibodies. Our outcomes warrant caution as such antibodies 

may show loss of recognition and/or loss of specificity towards wild type peptide, 

which may explain ineffective vaccination and introduces severe caution to use such 

antibodies for adoptive T cell therapies. We conclude that heteroclitic peptides, 

especially when used for clinical purposes, require careful pre-clinical testing to 

ensure that the elicited cellular and humoral immune response is not exclusively 

biased towards these anchor-modified peptides. 
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Tables and Figures 

 

Figure 1. Presence of mMA among various MAGE-A genes and binding of 

wild type or heteroclitic mMA peptide to HLA-A2. A: Shared 9 amino acid 

sequence among MAGE A1 to A12 antigens. B: T2 cells were pulsed with titrated 

amounts of control Influenza (HLA-A*201 restricted influenza M58-66 GILGFVFTL 

peptide), mMA (wt, YLEYRQVPG), mMA (GV, YLEYRQVPV) or no external peptide. 

Flow cytometry was performed as described in the MM section. MFI values were 

normalized against those observed with Influenza peptide. Data is presented as mean 

percentage (at 1 and 50 mM concentrations) and standard error of mean, n=5. 

Statistical significance is calculated with Kruskal-Wallis test among all groups: 1 mM 
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p= 0.007 and, 50 mM p= 0.008. Individual non–parametric significance between 

mMA-GV and mMA-wt is calculated using Mann-Whitney U test; *: p<0.05. 

Table 1. Phage selections against wild type or heteroclitic mMA peptides 

complexed with HLA-A2. 

 

aSee the MM section for a description of the different (combinatorial) libraries. 

Soluble biotinylated pMHC complexes were used to pull out binders. bPhage cfu’s 

determined by titration on E. Coli TG1 cells before and after each round of selection. 

cPhage-Fabs binding to at least two different pMHC complexes. dPhage-Fabs that 

bind only to pMHC complex to which they were selected. fNumber of TCR-like 

antibody clones determined by BstNI restriction analysis. fSecond or fourth selection 

round was performed using MAGE-A/HLA- A2-positive DAJU melanoma cells. 
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Figure 2. Characterization of Phage-antibody clones for binding to mMA 

peptides. A: Streptavidin plates were coated with biotinylated soluble mMA-GV/A2. 

Eighteen phage-antibodies were selected and incubated with titrated amounts of 

pMHC complexes, and binding was detected per ELISA. A representative example is 

shown out of 2 independent experiments. B: Six binders from A were tested for 
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binding towards BSM cells pulsed with mMA-GV or irrelevant peptide by flow 

cytometry. Data is presented as histograms and percentages in plots indicate binding 

towards BSM cells loaded with mMA-GV peptide corrected for irrelevant peptides. 

 

Figure 3. Expression of mMA and HLA by tumor cell lines of different 

histological origins. A: Expression of various MAGE genes and HLA- A1 and A2 

genes are shown together with GAPDH used as a positive control; PCR products were 

put on agarose gel. B: Tumor cell lines from A were tested for expression of MAGE-

A3(FLW)/A2 by flow cytometry. Data is presented as histograms and percentages in 

plots indicate binding towards tumor cells. 
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Figure 4. Anti mMA-GV/A2 phage antibody AH5 recognizes heteroclitic 

peptide but not native mMA-wt/A2. A: Phage Fab-AH5 when tested in ELISA 

specifically recognizes mMA-GV/A2 pMHC but not irrelevant pMHC complexes. Data 

is presented as OD values. B: Phage Fab-AH5 when tested in flow cytometry does bind 

to mMA-GV but not wt-pulsed T2 cells. T2 cells without external peptide served as a 

negative control, and data is presented as % T2 cells expressing HLA-A2. EC50 value 

for mMA-GV/A2 is 1.25 ug/mL or 0.95 mM; calculated by GraphPad Prism and both 

maximum and EC50 values are displayed. C: Phage Fab-AH5 binds to mMA-GV 

peptide-loaded BSM cells. Data is represented as histogram overlay, purple and green 

lines represent HLA-A2-positive BSM cells without external peptide and mMA-GV 

peptide, respectively. D: Phage Fab-AH5 does not bind to tumor cells expressing 

mMA-wt peptide. Data is represented as histogram overlays, purple and green lines 

represent tumor cells stained without or with phage-AH5, respectively. 
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Figure 5. Anti mMA-GV/A2 antibody AH5, when expressed by T cells, 

recognizes mMA-GV but not tumor cell-presented mMA-wt peptide. A: 

AH5-CAR T cells bind specifically to mMA-GV/A2 complexes (green line). Filled 

(purple) histogram shows AH5-CAR T cells not stained with pMHC and were used as 

negative control. B: AH5-CAR T cells do not bind irrelevant gp100/A2 complexes 

(green; filled (purple) histogram shows AH5-CAR T cells not stained with pMHC). C: 

AH5-CAR T cells show increased IFNγ production when stimulated with T2 cells 

loaded with increasing concentrations of mMA-GV peptide. Non-loaded T2 cells yield 

no T cell IFNɣ production. EC50 for mMA-GV is 2.9 ug/mL or 2.2 mM and for mMA-

wt 28.5 ug/mL or 26.1 mM; calculated by GraphPad Prism and both maximum and 

EC50 values are displayed. D: AH5-CAR T cells show no to negligible IFNγ production 

when stimulated with tumor cells expressing mMA-wt peptide. Medium served as the 

negative control.  
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Supplementary Tables 

Supplementary Table 1. Sizes and compositions of the phage-Fab 

libraries. 

 

aSee the MM section for a description of the different (combinatorial) libraries. 

bPercentages of inserts determined by PCR using a minimum of 20 clones per library. 

cSizes of libraries given in clone forming units (cfu) and not corrected for clones 

without a Fab insert. 

dSum of cfu’s of both Fab libraries and combinatorial libraries. 
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Supplementary Table 2. Validation of phage-Fab library following 

selections with a set of control proteins. 

 

a NEF: negative regulatory factor; nt is not tested. 

b LMP1: latent membrane protein 1. 

c PMSA (EKM): prostate specific membrane antigen.  
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Most patients with advanced and recurrent melanoma do not respond to the standard 

radio and chemotherapy. It has become necessary to develop new therapies that can 

help patients remain symptom free for longer period and with as few side effects as 

possible. Due to the toxicity of chemotherapy and the development of chemoresistance 

(1), alternative methods to reduce the side effects have been researched widely. One 

such method comes from the idea of “magic bullet” proposed by Paul Ehrlich and 

targets molecules to cells directly. Several immune therapies that directly target tumor 

cell antigens or pathways have been approved or under development. One such 

therapy is development of T Cell Receptors (TCRs) and their clinical trials. In this 

study we have TCR-mediated targeting of cancer cells by antibodies that enables the 

targeting of intracellular cancer antigens, and this targeting can be further developed 

into immune Smart Drug Delivery Systems (iSDDS).  

Antibodies have been used for decades in the field of drug development (2) for 

targeting and therapy. Antibodies have been widely used for investigational research 

and used to target radioactive compounds (3) to specific antigens that are surface-

expressed by tumor cells. Antibodies have also been used as vaccines and as a primary 

building block for chimeric antigen receptors (CARs) to enhance the response of CAR-

expressing T cells against tumor cells. Previously we showed that melanoma cells can 

be targeted with antibodies mimicking TCRs (4, 5). These antibodies recognize tumor-

specific peptides expressed by MHC-I molecules on tumor cell surfaces and, compared 

to classical antibodies, cover all cellular target antigens, and not just the extracellular 

target antigens as covered by classical antibodies.  

Choosing target antigens is a crucial step to raise required TCR-like antibodies. We 

know that all nucleated cells express MHC class I molecules, which display 

endogenous peptides, which in case of non-self or non-tolerized due to infection of 

cancer can be recognized by CD8+ T-cells via their TCRs. There are mainly four 

antigen groups: peptides derived from differentiation antigens (i.e., melanoma 

antigen recognized by T cells [MART-1], glycoprotein 100 [gp100]); developmental 

antigens (carcinoembryonic antigen [CEA]); cancer germline antigens (CGA, such as 

melanoma antigen A1 [MAGE-A1], [MAGE-C2], and New York esophageal squamous 

cell carcinoma 1 [NY-ESO1]); and neo-antigens (mutated protein p53 and B-raf 

kinase). (6) 
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Among melanoma antigens, MAGEs were the first to be discovered by the group of 

Boon (7). Deploying MAGE antigens in tumor research holds an advantage that apart 

of being present in tumors of various histological origins, these antigens are expressed 

by tumor cells in an MHC restricted manner. When present in normal testis tissue, 

MAGEs are presented without MHC restriction. Hence, we used specific peptide MHC 

antibodies to target these antigens in tumor cells similar to TCRs. In case, tumor 

antigens are targeted that are absent in healthy tissues, the coupling of TCR-like 

antibodies coupled to nano-sized carriers, such as liposomes, enhances the tumor 

selectivity of liposome targeting. 

Previously our group (Willemsen et al 2001) selected two Fab fragments using phage 

display library technique that was developed by Greg Winters and colleagues to select 

antibodies (5). Selected antibodies were converted into scFv fragments and used as 

Chimeric Antigen Receptors (CARs) on T cells to direct them specifically to M1/A1 

positive cells (5). Previously, study by Willemsen et al. (2001) showed specific 

targeting with TCR-engineered T cells using G8 Fab fragment to M1/A1 positive 

melanoma cells, which induces antigen specific killing of melanoma cells  and the 

successful production of MHC Class I specific T cells grafted with TCR αβ and TCR 

genes. (5) These T cells were capable of inducing the production of cytokines such as 

TNFα, IL-2 and INFγ in cells by T cells. Using the TCR as a model we proposed to 

decorate liposomes with TCR mimicking scFv to target melanoma cells. This 

introduces the possibility to establish a clean and tunable system for therapy as scFv 

has minimal or low immunogenicity and high specificity given its antigen recognition 

in TCR like manner.  

In chapter 2, process of TCR-like scFv production is shown for this study. These were 

selected as Fab fragments previously and converted into scFvs for the purpose of this 

study. Here various optimization methods are experimented including, 1, bacterial 

strains, 2, bacterial growth duration, 3, growth temperature after protein induction, 

and 4, cellular compartments where protein is produced. These scFvs were purified by 

immobilized metal ion chromatography and characterized and validated by SDS, 

western blot, ELISA and flow cytometry. Both scFv G8 and Hyb3 showed profound 

binding towards APD cells pulsed with MAGE-A1 peptide but minimal binding on 

antigen positive melanoma cells. APD cells are EBV transformed B cells that have a 
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high HLA-A1 cell surface expression. These can be externally pulsed with purified 

MAGE-A1 peptide and used for assessing functionality of scFvs produced. We show 

that generation of  antibodies is optimized and once produced these are validated 

before attaching them onto liposomes. 

With the development of phage display library to select specific and sensitive 

antibodies, it is possible to use these antibodies to specifically target cancer cells. 

Antibody format used in this thesis is single chain variable fragments (scFv) as these 

retain complete antigen binding site and lack the Fc receptor part that mediates 

immunogenicity. Previously, antibodies have been used to deliver radiolabeled 

molecules to cancer sites (3). Chames et al (8) and Willemsen et al (5, 9) selected scFv 

molecules via phage display library and retargeted them as CARs on T cells. 

In chapter 3, we use, previously selected G8 and Hyb 3 Fab antibodies. Fab G8 is a low 

affinity antibody against M1/A1. In attempt to enhance the affinity of this antibody, 

Fab Hyb3 was created. These Fab fragments were converted into scFvs previously. 

Antibodies with extra sequence tags (6xHIS and MYC), to isolate or detect them from 

other molecules (10) were produced by antibody engineering. In our study we used 

pABC4 vector to produce scFv that contained a HIS tag for purification and CYS tag 

for binding to other molecules. These scFvs were produced and validated for further 

use. 

Chapter 3 demonstrates successful production of TCR-like scFv against M1/A1 

antigens. Following the production, characterization and validation was performed via 

western blots, ELISA and flow cytometry. Both scFv G8 and Hyb3 showed comparable 

binding towards APD cells pulsed with MAGE-A1 peptide. These antibodies were then 

coupled to liposomes and tested for preservation of functionality of antibody on APD 

cells and native melanoma antigen positive and negative cells. Confocal microscopy 

was also performed and data showed internalization of these immunoliposomes by 

antigen positive melanoma cells. 

However, coupling freshly made antibodies to preformed liposomes via conventional 

method has some drawbacks. It is not only a laborious process but maleimide binding 

to scFvs is random and the accurate number of scFv coupled cannot be determined. It 

is previously reported that after liposomal coupling scFv may face shielding effect 
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from PEG molecules whereby resulting in unavailability of antigen binding site (11) 

thus affecting antigen recognition and binding (12). A simple ELISA and flow 

cytometry with APD peptide-pulsed cells showed activity and antigen binding site of 

scFvs was preserved. We further demonstrated the internalization of these 

immunoliposomes by antigen positive melanoma cells via confocal microscopy. 

Binding and internalization of scFv to tumor antigen is dependent on density of those 

antigens on cell surface, number of scFvs on carriers and affinity of scFv for expressed 

antigens. 

In chapter 4, previously made immunoliposomes (chapter 3) were used to encapsulate 

drug (doxorubicin) and show the efficacy of these immunoliposomes as a model 

system and a step towards the development of iSDDS. Attaching a TCR-like antibody 

did not affect the encapsulation of the drug in liposomes. Further, cytotoxicity assays 

showed binding, internalization and apoptosis of antigen positive melanoma cells. In 

vivo experiments show that blood circulation time of non-targeted liposomes was 

longer in non-tumor bearing mice than targeted immunoliposomes. Further in vivo 

experiments demonstrated strong anti-tumor response among mice treated with 

immunoliposomes. Survival data showed significantly extended survival in all groups. 

In chapter 4, coupling of scFv fragments to liposomes was conducted employing 

different conditions and an optimized procedure was achieved. In vitro experiments 

with anti M1/A1 scFv-targeted immunoliposomes demonstrated binding of M1/A1-

positive B cells as well as M1/A1-positive melanoma cells and internalization of 

immunoliposomes by these cells using flow cytometry and confocal microscopy. The 

scFv G8 with low affinity towards M1/A1, was exclusively bound to and internalized 

by melanoma tumor cells expressing M1/A1. Taken together, antigen-mediated 

targeting of tumor cells as well as promoting internalization of nanoparticles by these 

tumor cells is mediated by TCR-like scFv and can contribute to melanoma specific 

targeting. scFv Hyb3 has enhanced affinity towards M1/A1 and when coupled to 

liposomes, a low degree off-target binding was observed. scFv Hyb3 recognizes HLA-

A1 molecule in a noncanonical manner as reported in another study (13) unlike other 

TCR-like antibodies (14) thus explaining its binding to M1 positive/ A1 positive cells as well 

as M1 negative/ A1 positive cells. The purpose of using two antibodies with different 
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affinities towards the target antigen is to observe whether low affinity antibody gets 

the opportunity to bind antigens deeper in the tumor tissue. 

To target cells specifically and increase drug uptake by tumor cells, we have developed 

iSDDS by targeting doxorubicin (DXR)-containing liposomes using a TCR-like 

antibody (scFv G8 and Hyb3) directed against M1/A1. We show that DXR-loaded 

liposomes (DXR-L) coupled to anti-M1/A1 scFv inflict a significant anti-tumor 

response. Our data argue that targeting MAGE-A1 in HLA-A1 context, by nano-sized 

carriers decorated with TCR-like antibodies, can be used as a theragnostic platform 

for drug delivery, immunotherapy, potential imaging, and diagnosis of melanoma. 

In chapter 4 we show that novel TCR-like scFvs, the high and low-affinity, Hyb3 and 

G8, respectively, specific for M1/A1, were successfully produced, characterized and 

coupled to nanoparticles, i.e. liposomes, to produce iSDDS, also called 

immunoliposomes, that allow in vitro targeting of antigen-low melanoma cells. Since 

scFv fragments are less stable than whole antibodies (15) or Fab fragments, freshly 

prepared scFvs were used to form immunoliposomes. The produced scFv were tested 

for their activity with ELISA and flow cytometry and then coupled to preformed 

liposomes and coupling was considered successful under strict validation criteria 

being size and PDI calculation, Western blot and ELISA. Immunoliposomes made by 

conventional methods have limitations. (16-18) For instance, it has been reported that 

coupling of scFv to maleimide groups can result in a shielding effect where scFv cannot 

access antigen due to PEG molecules forming a mushroom-like barrier (11) and 

hindering interaction with antigens. (12) 

Importantly, we observed that immunoliposomes showed specific and significant 

binding to peptide-pulsed APD cells whereas negligible binding occurs by peptide 

negative cells. There was no internalization observed in APD cells which corresponds 

with a study by Mommaas et al. (19) where they incubated APD cells and T cells 

(antigen stimulated) with endorphin conjugated with colloidal gold and observed only 

binding by APD cells and uptake by T cells showing that APD cells do not internalize 

MHC class I molecules. In this study we also found that there was no APD cells 

mediated endocytosis when incubated with anti M1/A1 scFv coupled liposomes. 

Binding to tumor cells depends on many factors, such as the ligand-binding affinity of 

the scFv used, density of scFv on the carriers and quantity of peptide MHC on tumor 
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cells. (12) In spite of a low expression of peptide MHC complexes on tumor cells when 

compared to peptide-pulsed B cells, we see a pronounced and significant binding of 

immunoliposomes by tumor cells, which was followed by internalization as shown in 

our confocal data (chapter 3 and 4). 

Fab-Hyb3 represents an affinity-matured variant of Fab-G8, shows preserved fine 

peptide specificity as an antibody, and mediates an increased T cell function when 

constructed into a Chimeric Antigen Receptor and transduced into T cells. (20) In the 

same study, antibody genes were displayed on phages and phage-Fab-G8 

demonstrated binding towards cells pulsed with MAGE-A1 peptide, which was about 

two logs less compared to phage-Fab-Hyb3. In the present study, we produced scFv-

G8 and Hyb3 proteins and showed that both scFvs, used at a concentration ~10 

µg/mL, bind to peptide-pulsed B cells, but only the high-affinity scFv-Hyb3 binds cells 

at lower concentrations. Expectedly, liposomes-scFv Hyb3 always showed enhanced 

binding of antigen-positive cells compared to liposomes-scFv G8. 

Liposome-scFv Hyb3 but not G8 demonstrated clear off-target binding to antigen-

negative cells, in particular when using B cells, but also noticeable when using 

melanoma cells. The unwanted off-target binding mediated by scFv-Hyb3 is most 

likely caused by its high affinity. Interestingly, a study by Mareeva et al. (2008) (14) 

showed that TCR-like antibodies bind to the peptide:MHC complex recognizing 

mainly its canonical structure based on the interaction of the MHC molecule with the 

peptide. Unlike most TCR-like antibodies, however, Fab Hyb3 binds via a non-

canonical orientation to the peptide MHC complex recognizing mainly MHC. (13) 

Complementary to these studies, we here demonstrate that liposome-scFv Hyb3 not 

only binds to cells that are M1 positive, A1 positive, (MZ2Mel43 and G43) but also, 

albeit to a lower degree, to cells that are M1 negative, HLA-A1 positive (Mel78 and 

Mel2A). In contrast, liposomes-scFv G8 show no off-target binding at all and only bind 

antigen-positive cells; a binding that is less when compared to Hyb3, but in all cases 

specific for the target antigen. Our findings with liposomes-scFv G8 are in extension 

to previous studies, which demonstrate that Fab G8 protein as well as T cells 

transduced with Fab G8 bind to M1/A1 positive cells and not HLA-A1 positive cells 

pulsed with peptides that differ from M1 only by a few amino acids. (5, 8) 
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Another line of evidence pointing to the risk of affinity maturation comes from a study 

by Linette et al. (21) which demonstrated off-target toxicity in two patients treated 

with T cells gene-engineered with affinity-enhanced TCRs directed against MAGE-

A3:HLA-A1 (22). Both patients died due to cross reactivity of T cells recognizing a 

striated muscle protein called titin, an epitope of which is highly similar to the targeted 

MAGE-A3 peptide. Also other studies have reported that affinity enhancement may 

result in self-reactivity of T cells. A recent study by Oren et al. report that they used a 

high affinity TCR-like scFv and found that this antibody, once transduced into T cells, 

resulted in loss of antigen specificity, whereas the low affinity antibody maintained T 

cell cytotoxic potential and specificity. (23) 

Protein binding site barrier phenomenon has been reported previously and is common 

when proteins with higher affinities are used. Higher affinity protein bind to first 

molecules they come across and not penetrating deeper in the tissue where low affinity 

proteins reach. (15) Fujimori et al. (1990) reported by a mathematical model that high 

affinity monoclonal antibodies and their interactions with tumor antigens may affect 

antibody localization in tumors eventually. (24) In a study by Adams et al. (2001), they 

have proved the binding site barrier phenomenon by constructing high affinity 

variants of antibody fragments (scFv) and testing them in vivo. They show that higher 

affinity of scFv towards the tumor antigens limits the localization and diffusion of 

liposomes into tumors. High affinity of scFv is another factor affecting the scFv 

movement within tumor in addition to its size, density and tumor hydrostatic 

pressure. (25) 

The making of immunoliposomes is challenged by liposome opsonization as well as 

recognition by macrophages (26, 27), mainly due to the Fc part of antibodies. 

Therefore, we and others exploit scFv antibodies to generate immunoliposomes, the 

smallest fragment which still retains full binding capacity (28, 29). The TCR-like scFv 

G8 and Hyb3 coupled to liposomes mediate specific binding and internalization by 

M1/A1-positive melanoma cells in vitro (4). Here, we have built on these earlier data 

and linked M1/A1 targeting, using scFv’s with different binding affinities, to DXR-

based liposomal chemotherapy, and included a series of appropriate tests, including 

those related to stability, pharmacokinetics, biodistribution and in vitro and in vivo 

anti-tumor efficacy. Steric stabilization of liposomes with PEG renders these 
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liposomes stealth-like, i.e. due to PEG on the outside liposomes are not recognized by 

opsonins and circulate therefore relatively long after systemic injection (30). Here we 

use a unique antibody as it recognizes a peptide/MHC-I complex (5, 31). Moreover, 

the antigen, MAGE, is only expressed on tumor cells in this context, providing a 

melanoma specific target. Thus, in short, we have showed that when anti M1/A1 

antibodies are coupled to liposomes carrying DXR as cargo, uptake of these liposomes 

is specifically taken place by antigen-positive tumor cells, resulting in the killing of 

these tumor cells. In vivo, we show that these targeted DXR-Ls show better efficacy 

and survival when compared to non-targeted treatments and antigen negative tumors. 

Targeting tumor cells specifically, promotes internalization of drug-containing 

nanoparticles and improve drug delivery and ultimately anti-tumor efficacy. 

Decoration of DXR-L with TCR-like scFv’s did not affect long-term DXR 

encapsulation, which is in line with findings for other targeted formulations (32). In 

addition, flow cytometry and confocal microscopy revealed higher binding of DXR-L-

scFv’s to M1+/A1+ cells compared to M1-/A1+ cell and DXR-Ls in vitro. It is 

noteworthy that liposomal binding to antigen-negative cells was lower but observed 

for both DXR-L scFv’s, however, we observed minimal binding of targeted liposomes 

DXR-L scFv G8 and Hyb3 to antigen-negative melanoma cells, indicating excellent 

specificity. We postulate that this could be result from more rapid processing of DXR-

L scFv’s followed by a higher degree of degradation compared to DXR-Ls. 

Confocal Microscopy data revealed slightly higher uptake of DXR-L scFv G8 and 

binding site barrier (BSB) effect could be responsible for this high uptake of DXR-L 

scFv G8 in comparison to Hyb3 (33, 34). This BSB effect was proposed for antibodies 

and a study by Saga et al 1995 showed that BSB effect could be seen in small micro 

metastases of size 300 µm. They also showed that increasing the dose of antibody 

partially overcame the BSB effect but most antibodies lose their specificity. We 

hypothesize here that DXR-L scFv Hyb3 have possibly been saturated by antigens and 

due to the high affinity of Hyb3, these liposomes cannot release these bound antigens. 

DXR-L scFv G8 having the low affinity can penetrate deeper and may be that 

contributes to a higher signal in confocal. Based on previous findings (4) we had the 

impression scFv Hyb3 has a high affinity and binding to MHC molecule: HLA-A1. G8 

and Hyb3 scFv’s are both selected against M1 only when presented by HLA A1 (8), yet 
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a higher affinity of Hyb3 scFv may render enough binding force to enable sufficient 

interaction with HLA-A1 alone. 

PEGylated liposomes are not recognized by opsonins and circulate therefore relatively 

long up to 6 h after systemic injection (30). However, encapsulation of DXR in such 

sterically stabilized liposomes, as we use here, impairs in vitro cytotoxicity (30). 

Likewise, we observed a more than 100-fold higher cytotoxicity of free DXR versus 

DXR-Ls. But importantly, DXR-L-scFv G8 and Hyb3 were significantly more toxic 

towards M1+/A1+ melanoma cells, but not antigen-negative melanoma cells, as 

compared to non-targeted DXR-Ls. This result hints towards antigen-specific binding 

and internalization mediated by the attached scFv. 

Generally, circulation time of PEGylated liposomes becomes compromised when 

moieties are attached on the outside (31). Although our cytotoxicity data argues that 

coupling liposomes to TCR-like scFv’s enhances efficacy of liposomes, which extends 

data from earlier studies with liposomes coupled to classical scFv’s (35, 36), faster 

clearance, instability and off-target binding are observed as well with scFv-coupled 

liposomes (31). Indeed, our scFv decorated liposomes exhibit shorter circulation time 

as compared to non-targeted DXR-L. Especially in the first hour after injection in 

mice, a drop in blood levels of immunoliposomes is observed followed by a second 

phase of clearance which runs parallel to that of DXR-L. Although the initial faster 

clearance of targeted DXR-L will affect accumulation in tumor tissue, we argue that 

specificity of targeting enhances safety of immunoliposomes and is able to compensate 

for any potential compromise towards faster clearance of these liposomes (i.e., 

enhanced delivery at tumor and less/negligible delivery at other tissues). MAGE-A1 is 

only expressed on tumor cells, and our biodistribution experiments indeed 

demonstrated that our immunoliposomes preferentially accumulated in antigen-

positive tumors, while DXR-L and free DXR accumulated at lower levels in tumors 

and healthy tissues in accordance to previous observations (31). scFv G8 and Hyb3 

differ in affinity towards M1/A1 (scFv G8 KD is 250 nM and scFv Hyb3 KD is 14 nM). 

In spite of a higher affinity, DXR-L-scFv Hyb3 localized to the same extent in antigen-

positive G43 tumors when compared to DXR-L-scFv G8. However, due to yet 

unknown reasons accumulation of DXR-L scFv G8 was highest in all examined healthy 

tissues in mice bearing M1 positive/ A1 positive tumors. These results may point towards 
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low affinity of scFv G8 and how it can be used to detect micro metastasis. In future, 

we can further study how affinity of scFv G8 plays role in accumulation of related 

targeted immunoliposomal accumulation in healthy tissues of mice bearing M1/A1 

positive tumors. 

Although, in vivo, accumulation of targeted liposomes in antigen negative tumors was 

about 3-fold lower when compared to accumulation in antigen positive tumors, 

localization of DXR-Ls and free DXR in the former tumors was also lower, making 

interpretation of targeting specificity difficult. Possible explanations could include: 

difference in vascular density and tumor perfusion between G43 (M1 positive/ A1 positive) 

and Mel78 (M1 negative/ A1 positive) tumors, sensitivity to DXR or low expression of M1 in 

vivo by the otherwise antigen negative melanoma Mel78. In vivo however, treatment 

of antigen-negative melanoma with DXR-L scFv Hyb3 did result in a better tumor 

response when compared to DXR-L scFv G8 treated mice. These results may argue 

that besides antigen specificity, other tumor-related factors as those mentioned above 

may be responsible. 

A dominating hurdle in cancer therapy with systemically injected compounds is the 

lack of local accumulation (37). Whether chemotherapeutics, immune-modulating 

agents or small molecules are used, systemic distribution results in dose-limiting 

toxicity to vital organs. The architecture of a tumor, specifically poor perfusion 

resulting from low vascular density, sluggish blood flow, elevated interstitial pressure 

and abundance of intra-tumoral stroma, works against drug delivery (38, 39). 

Previous studies have already demonstrated a possible benefit for nanosized carriers 

as these may impair side-effects and augment accumulation in tumors (37, 38). Here, 

we clearly demonstrate stability, specificity and effectiveness of anti-tumor therapy 

with liposomes coupled to TCR-like scFv. Therapeutic efficacy was recorded by tumor 

growth inhibition, weight loss and survival percentage of mice. We showed that DXR-

L scFv’s inhibited tumor growth significantly as compared to other groups. These 

liposomes are specifically targeted to tumor cells and deposit large quantities of drug 

in tumor proximity or within cells. 

Apart from the potential this novel formulation shows, production of optimal 

conjugated immunoliposomes is a laborious process. We proved that validated 

batches of immunoliposomes result in consistent in vitro targeting performance of 
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such immunoliposomes. In future these immunoliposomes can be exploited for 

delivering compounds to the tumor microenvironment, to tumor cells or brought into 

tumor cells upon internalization. When encapsulating contrast agents, these 

liposomes can be used for imaging and aid in detection of micro metastasis and 

sentinel nodes during surgery. Upon co-entrapment of therapeutic and imaging 

molecules, these nanocarriers can be used for image-guided drug delivery or 

immunomodulation. In future, these can be ultimately used to study the possibilities 

of targeting various compounds and co-encapsulating them together leading to image 

guided drug delivery. 

Chapter 5 shows the selection of antibodies via phage display method. A combinatorial 

library with high yield was created and multiple rounds of antigen derived selections 

resulted in several unique clones. AH5 was one such unique clone against heteroclitic 

peptide and was selected for further experiments where it was revealed that AH5 does 

not recognize wt peptide or antigen positive tumor cells. AH5 was expressed on T cells 

as chimeric antigen receptor  (CAR) but failed to recognize endogenous peptide. 

In chapter 5 we emphasize that antibodies that recognize the target antigen in TCR 

like manner are valuable and promising agents to treat all cancer types in patients. We 

show that an antibody can be selected via human phage-Fab library against HLA-A2 

restricted variant of multi MAGE shared epitope. We further show that when these 

antibodies are selected against the heteroclitic peptide, they show low or no 

recognition of naturally occurring peptides presented by tumor cells. During the 

selection process, binding to native peptide present on antigen positive tumor cells 

was should be performed by phage panning in early phases. Thus, binding to native 

peptide and tumor cells was minimal to absent when selected antibodies directed 

against heteroclitic peptide were engineered into CARs expressed by T cells. Thus 

antibody selections against modified peptide should be performed with caution so that 

selected antibodies may not lose their activity against native peptides presented 

endogenously on tumor cells. 

In our study, we obtained a TCR-like Fab antibody AH5 against HLA-A2 complexed 

with a heteroclitic peptide derived from a shared epitope among various MAGE-A 

antigens, and thoroughly assessed this antibody for its ability to recognize the cognate 

(non-mutated) epitope via phage display library. Once the library was obtained, 
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various selection parameters were applied and selected antibodies were characterized 

by DNA fingerprinting, ELISA and flow cytometry. Selected antibodies were further 

evaluated as CARs on T cells against peptide loaded cells as well as tumor cells with 

endogenous peptide expression. AH5 showed clear binding to surface expressed 

mMA-GV but not wt peptide. 

We discussed this inadequate binding to the native peptide as an issue of quantity and 

quality of the epitope. Naturally presented mMA-wt peptide has negligible binding to 

HLA-A2 (EC50 26.1 mM) and thus poorly expressed on cells. Low expression of wt 

peptide combined with low binding affinity of AH5 towards native peptide contributes 

to negligible detection of AH5 binding to mMA-wt peptide. In another study by Graff-

Dubois and colleagues, CTLs against heteroclitic peptide did show specificity against 

endogenous peptide (40). Pretreatment of target cells with IFNγ also did not result in 

increased expression of native peptide nor CAR T cell responses against native 

peptide. Other study by Buhrman and Slansky (41) argues that T cells produced 

against heteroclitic peptide may have lower affinity which is in line with our findings 

of AH5 CAR T cells not recognizing mMA-wt peptide. Lower affinity of T cells against 

native peptides lowers efficient recognition of antigens and hence lowers the overall 

response against tumors. 

In previous studies it was reported that antibodies selected against heteroclitic 

peptides may not recognize native peptides due to a single amino acid difference 

compared to the corresponding heteroclitic peptide (42-44) . Cole and colleagues 

demonstrate that heteroclitic peptides increase the peptide’s immunogenicity and 

facilitate their recognition by TCRs (42). The use of anchor-modified peptides may 

alter the binding to MHC and influence T cell recognition (44), and consequently raise 

T cells harboring TCRs with differential specificity compared to those primed with 

natural peptides (8). We extend these implications to TCR-like antibodies and our 

findings show that antibodies used directly or gene engineered to be expressed by T 

cells also show altered recognition of peptides. Peptide modification may alter the 

exposure of peptide hence resulting in selection of a completely different antibody. We 

conclude that heteroclitic peptides, especially when used for clinical purposes, require 

careful pre-clinical testing to ensure that the elicited cellular and humoral immune 

response is not exclusively biased towards these anchor-modified peptides. 
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Questions and Future Perspectives 

In this thesis, we have successfully demonstrated the production of novel anti M1/A1 

TCR-like scFv targeted immunoliposomes that are stable in retaining the drug, 

actively target the antigen positive cells, are cytotoxic towards antigen positive tumor 

cells and show effective antitumor response in vivo. In the light of this research, 

further investigation towards the differences between scFv G8 DXR-L and scFv Hyb3 

DXR-L should be performed. Why for instance scFV G8 immunoliposomes show high 

accumulation in healthy tissue of antigen positive tumor bearing mice? 

Another line for study would be upscaling the production of these immunoliposomes 

and looking into low dosage for extended period of time. Low dosage schedule gave 

milder toxicity profile and prolonged survival of mice and we should further explore 

the dosage profile for these immunoliposomes. Melanoma specific immunoliposomes 

can be further used in drug delivery by therapeutic molecule entrapment within the 

liposome. They can also be used as imaging agents by entrapping a contrast agent 

within them. These liposomes can act as carrier moieties for viruses and other 

molecules that are prone to degradation. With these experiments we prove the aim 

that iSDDS is promising and these scFv targeted immunoliposomes form a novel 

formulation that can be further exploited. 

ScFv mediated liposomes were still cleared faster than expected and this may be due 

to immunogenicity of these scFvs. Further studies could deploy anti M1/A1 TCR-like 

nanbodies coupled to liposomes. Nanobodies retain half the antigen site but no 

immunogenicity hence it could provide longer circulation time and less clearance from 

the blood stream. 

Translation of this research into clinical trial may start with calculating the maximum 

tolerated dose in patients with M1 positive/ A1 positive and M1 negative/ A1 positive tumors who 

have recurrent melanoma and exhausted all other treatments. It would be interesting 

to explore how scFv G8 and Hyb3 coupled liposomes specifically target native tumor 

cells in humans while maintaining the overall cytotoxicity to minimum. 
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Summary and Future Outlook 

Cancer therapies have been widely studied and measures to develop better therapies 

have been consistently improved. Previously known treatments included surgical 

removal of the tumor followed by radiotherapy and chemotherapy. However, 

chemotherapy often led to enhanced toxicity and patients experienced serious side 

effects from the treatment. With new developments it was possible to lessen the side-

effects of chemotherapy but treatment inconsistencies remained. Recently, 

immunotherapy has yielded significant treatment effects in a range of cancers. 

Interestingly, melanoma represents a prime target for immunotherapy due to the 

expression of certain antigens on the cell surface, the intrinsic immunoresponsive 

nature of the disease and easy access of the primary tumor. 

In my thesis, I have looked at the selection of melanoma antigen-specific antibodies 

via Phage Display technique. Previously selected antibodies were used as targeting 

moieties to develop smart nanoparticles which we coined as immune Smart Drug 

Delivery Systems (iSDDS) that target melanoma (as a tumor model) and show that by 

combining these nanoparticles with drugs, it was possible to successfully deliver 

chemotherapy on site effectively. Our lipid based nanoparticles were combined with 

antibodies, specific to melanoma antigens that were recognized in a TCR-like manner. 

These smart nanoparticles ensured safe and on-target delivery of the cargo such as 

chemotherapeutic drugs that were entrapped. I propose that with the selection of 

these new antibodies, a vast spectrum of melanoma antigens can be targeted according 

to iSDDS. 

This thesis describes the selection of new antibodies, production and characterization 

of pre-selected antibodies, development of iSDDS, and their characterization, in vivo 

efficacy, evaluation and delineation of future perspectives of these smart 

nanoparticles. 

In chapter 2 we demonstrate, once selected, how we generated these TCR-like 

antibodies and the challenges we faced during the production such as low yield of the 

antibodies. Antibody generation and production is a laborious procedure with various 

parameters to consider equally. The parameters optimized for scFv production 

included: (1) bacterial strains; (2) duration of bacterial growth; (3) temperature post 



168 
 

protein-induction and (4) type of cellular compartments. Validation of the yielded 

antibodies were carried with strict criteria and only then antibodies were further used. 

Here we provide guidelines which benefit antibody generation. Once these antibodies 

are produced, upscaling the production can be done. 

In chapter 3 we used these produced TCR-like antibodies and anchored them on 

liposomes to generate iSDDS and tested their performance in vitro using melanoma 

cells. It was shown that a certain density of antibodies is required on the surface of a 

nanoparticle for active targeting. Once targeted, iSDDS are successfully able to release 

the cargo. 

In chapter 4 we show that targeted liposomes using TCR-like antibodies against 

melanoma are used as principal system to transport drug to melanoma tumors in vivo. 

It is demonstrated that our iSDDS are effective and specific towards melanoma tumors 

and are able to transport and release the drug at tumor sites or in vicinity. 

In chapter 5, I show the selection of TCR-like antibodies from a phage display library, 

against heteroclitic peptides. A unique clone was selected against heteroclitic peptide 

and assessed whether a heteroclitic peptide-selected antibody would be able to 

mediate a response towards the cognate epitope in a more sensitive and 

therapeutically applicable system. Our findings show that heteroclitic peptide is a non-

optimal source for selection of antibodies. Our outcomes warrant caution and require 

due precautions and careful pre-clinical testing before accepting these selected TCR-

like antibodies for further experiments. 

In chapter 6 we delineate the use of immunoliposomes for combination therapy where 

these scFv targeted nanoparticles can be used to transport drug or imaging agents or 

co-encapsulate both to catch early metastasis. We conclude that iSDDS can be a 

platform that can be further enhanced and improved to transport immunomodulatory 

or immune-activating agents to tumors specifically and may well form the basis for 

combination therapies or vaccination. At the end, we discuss our research and 

compare it with other studies and some future lines of this research. 
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Samenvatting En Toekomstvisie 

Kankertherapieën zijn uitgebreid bestudeerd en maatregelen om betere therapieën te 

ontwikkelen zijn consequent verbeterd. Eerder bekende behandelingen omvatten 

chirurgische verwijdering van de tumor gevolgd door radiotherapie en chemotherapie. 

Chemotherapie leidde echter vaak tot verhoogde toxiciteit en patiënten ondervonden 

ernstige bijwerkingen van de behandeling. Met nieuwe ontwikkelingen was het 

mogelijk om de bijwerkingen van chemotherapie te verminderen, maar de 

inconsistenties in de behandeling bleven. Onlangs heeft immunotherapie significante 

behandelingseffecten opgeleverd bij een reeks kankers. Interessant is dat melanoom 

een belangrijk doelwit is voor immunotherapie vanwege de expressie van bepaalde 

antigenen op het celoppervlak, de intrinsieke immunoresponsieve aard van de ziekte 

en gemakkelijke toegang tot de primaire tumor. 

In mijn proefschrift heb ik gekeken naar de selectie van melanoomantigeen-specifieke 

antistoffen via de Phage Display-techniek. Eerder geselecteerde antistoffen werden 

gebruikt als gerichte groepen om slimme nanoparticles te ontwikkelen die we 

bedachten als immuun Smart Drug Delivery Systems (iSDDS) die zich richten op 

melanoom (als een tumormodel) en laten zien dat door deze nanoparticles te 

combineren met medicijnen, het mogelijk was om met succes chemotherapie toe te 

dienen effectief ter plaatse. Onze op lipiden gebaseerde nanoparticles werden 

gecombineerd met antistoffen, specifiek voor melanoomantigenen die op een TCR-

achtige manier werden herkend. Deze slimme nanoparticles zorgden voor een veilige 

en gerichte aflevering van de lading, zoals chemotherapeutische medicijnen die 

ingesloten waren. Ik stel voor dat met de selectie van deze nieuwe antistoffen een 

enorm spectrum van melanoomantigenen kan worden gericht volgens iSDDS. 

Dit proefschrift beschrijft de selectie van nieuwe antistoffen, de productie en 

karakterisering van voorgeselecteerde antistoffen, de ontwikkeling van iSDDS en hun 

karakterisering, in vivo werkzaamheid, evaluatie en afbakening van 

toekomstperspectieven van deze slimme nanoparticles. 

In hoofdstuk 2 demonstreren we, eenmaal geselecteerd, hoe we deze TCR-achtige 

antistoffen hebben gegenereerd en de uitdagingen waarmee we werden 

geconfronteerd tijdens de productie, zoals een lage opbrengst van de antistoffen. Het 
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genereren en produceren van antistoffen is een arbeidsintensieve procedure waarbij 

verschillende parameters gelijkelijk in overweging moeten worden genomen. De 

parameters geoptimaliseerd voor scFv-productie omvatten: (1) bacteriestammen; (2) 

duur van bacteriegroei; (3) temperatuur na eiwitinductie en (4) type cellulaire 

compartimenten. Validatie van de verkregen antistoffen werd uitgevoerd met strikte 

criteria en pas daarna werden antistoffen verder gebruikt. Hier geven we richtlijnen 

die het genereren van antistoffen ten goede komen. Zodra deze antistoffen zijn 

geproduceerd, kan de productie worden opgeschaald. 

In hoofdstuk 3 gebruikten we deze geproduceerde TCR-achtige antistoffen en 

verankerden ze op liposomen om iSDDS te genereren en testten we hun prestaties in 

vitro met behulp van melanoomcellen. Er werd aangetoond dat voor actieve targeting 

een bepaalde dichtheid aan antistoffen nodig is op het oppervlak van een 

nanoparticles. Eenmaal gericht, zijn iSDDS in staat om de lading vrij te geven. 

In hoofdstuk 4 laten we zien dat gerichte liposomen die TCR-achtige antistoffen tegen 

melanoom gebruiken, worden gebruikt als voornaamste systeem om geneesmiddelen 

in vivo naar melanoomtumoren te transporteren. Het is aangetoond dat onze iSDDS 

effectief en specifiek zijn voor melanoomtumoren en in staat zijn om het medicijn te 

transporteren en af te geven op tumorlocaties of in de buurt. 

In hoofdstuk 5 laat ik de selectie zien van TCR-achtige antistoffen uit een 

faagdisplaybibliotheek, tegen heteroclitische peptiden. Een unieke kloon werd 

geselecteerd tegen heteroclitisch peptide en beoordeeld of een door heteroclitisch 

peptide geselecteerd antistof in staat zou zijn om een reactie op het verwante epitoop 

te mediëren in een gevoeliger en therapeutisch toepasbaar systeem. Onze bevindingen 

tonen aan dat heteroclitisch peptide een niet-optimale bron is voor de selectie van 

antistoffen. Onze resultaten vereisen voorzichtigheid en vereisen de nodige 

voorzorgsmaatregelen en zorgvuldige preklinische tests voordat deze geselecteerde 

TCR-achtige antistoffen worden geaccepteerd voor verdere experimenten. 

In hoofdstuk 6 schetsen we het gebruik van immunoliposomen voor 

combinatietherapie waarbij deze scFv-gerichte nanoparticles kunnen worden gebruikt 

om geneesmiddelen of beeldvormende middelen te transporteren of om beide samen 

in te kapselen om vroege metastase op te vangen. We concluderen dat iSDDS een 
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platform kan zijn dat verder kan worden verbeterd en verbeterd om 

immunomodulerende of immuunactiverende middelen specifiek naar tumoren te 

transporteren en dat dit de basis kan vormen voor combinatietherapieën of vaccinatie. 

Aan het einde bespreken we ons onderzoek en vergelijken het met andere onderzoeken 

en enkele toekomstige lijnen van dit onderzoek. 
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