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ABSTRACT 

Advances in adoptive T cell immunotherapy have led to several promising 

options for cancer patients in the past decade.  These advances have been made possible 

by targeting tumor-derived T cell epitopes (TCEs) on the surface of cancer cells.  We 

sought to generate MHC-restricted, peptide-specific monoclonal antibodies in order to 

study antigen presentation and retarget immune cells towards specific TCEs of interest.  

High affinity single-chain variable fragments (scFv) were selected for using a human 

phage display library on recombinant HLA-A2-peptide complexes.  Two antibodies 

(EBNA Clone 315 and WT1 Clone 45) specific for HLA-A2-LLDFVRFMGV (derived 

from the Epstein-Barr virus latent protein EBNA3C) and HLA-A2-RMFPNAPYL 

(derived from the transcription factor WT1) were shown to possess TCR-like specificity 

as both scFvs and scFv-Fc fusion proteins (scFv fused to CH2 and CH3 immunoglobulin 

Fc domains of a human IgG1 antibody).  In addition, these antibodies allowed us to 

demonstrate a 10-100 fold increase in affinity over a typical T cell receptor (TCR) and 

the ability to quantitate antigen density on the surface of cells. 

 Subsequently, chimeric antigen receptor (CAR) versions of these antibodies, 

consisting of the 4-1BB and CD3ζ effector-cell activation signaling domains, were 

generated and retrovirally transduced into NK92MI cells.  Using membrane CD107a 

expression and 51Cr target cell release as markers of effector cell activation and target cell 

killing, CAR-equipped NK92MI showed highly specific cytotoxicity towards cells 

bearing their targeted HLA-A2-peptide complex, but not those carrying irrelevant 

complexes or those blocked by their respective scFv-Fc antibodies.  The CAR-mediated 

approach of recognizing antigen was also shown to be far more sensitive at detecting low 
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levels of antigen and far superior at killing target cells versus scFv-Fc-mediated flow 

cytometric staining or antibody dependent cellular cytotoxicity (ADCC).  We conclude 

that TCR-like antibodies can be obtained from naïve human phage display libraries and 

have utility in redirecting immune effector cells towards tumor-derived TCEs. 
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INTRODUCTION 

Monoclonal antibodies 

The initial discovery and characterization of antibodies first began in the 1890s by 

Paul Ehrlich, Emil von Behring and Kitasato Shibasaburo.  These three scientists 

described antibodies as agents which had activity against diphtheria and tetanus toxins 

(1).  Subsequently, several other researchers such as Michael Heidelberger and Oswald 

Avery showed that antibodies were made up of protein (2), and in the 1940s Linus 

Pauling further confirmed Ehrlich’s “lock-and-key” theory which showed that the 

antibody-antigen interaction was dependent on the shape of both proteins.  The next 

major discovery came from Astrid Fagraeus, who discovered that B plasma cells were the 

source of these proteins; this was followed by work from Gerald Edelman and Rodney 

Porter, which lead to the 1972 Nobel Prize for the structure and complete amino acid 

sequence of immunoglobulins. 

The full length immunoglobulin antibody molecule (~150 kDa) is based on a 4-

chain structure consisting of two identical heavy chains and two identical light chains 

(Fig. 1).  The light chain consists of a single constant and single variable domain, while 

the heavy chain consists of several constant domains (depending on the isotype) and a 

single variable domain.  The variable domains of an antibody are responsible for antigen 

recognition.  Antigen recognition is mediated by a combining site in the variable 

fragments (Fab) that requires contributions from both the variable heavy chain (VH) and 

variable light chain (VL).  Within these two domains are three hypervariable regions 

termed complementarity determining regions (CDRs).  Separating the CDRs from one 

another within each chain is a framework region that is more highly conserved.   
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While the Fab portion of the IgG binds to the antigen, most of the effector 

functions and metabolic fate are derived from the Fc fragment.  Depending on the 

specific antibody class, the Fc region of full length immunoglobulin is typically involved 

in Fc receptor and complement binding, inducing antibody dependent cellular 

cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC), respectively (Table 

1) (3).  In mammals, there are five main classes of antibodies, IgA, IgD, IgE, IgG, and 

IgM (Fig. 2).  These vary based on their valency, number of heavy chains, and biological 

properties (Table 2).  IgM is not only the first class of antibody to be presented on the 

surface of a developing B cell, but it’s also the predominant class to be secreted into the 

blood (as a pentameric molecule) during a primary antibody response.  In combination 

with cell surface IgD, both are co-expressed on the surface of mature naïve B cells, with 

both molecules having the same specificity (4).  IgG on the other hand is a monomer 

typically produced in large quantities during a secondary immune response.  Depending 

on the specific subclass, its Fc domain binds to Fc receptors on immune cells as well as 

complement proteins with varying affinities.  IgG are the only antibodies which can pass 

from the mother to the fetus via the placenta, and IgG1 is the most common subclass of 

IgG used for immunotherapy (3).  IgA is either a monomer in the blood or a dimer in 

saliva, tear, milk, respiratory and intestinal secretions.  It is synthesized by plasma cells in 

subepithelial regions of the gastrointestinal and respiratory tracts.  Lastly, IgE is a 

monomer which binds to an Fc receptor located on mast cells and basophils in the blood.  

Once bound, the cells use IgE as a passively acquired receptor, which can trigger 

secretion of a variety of molecules involved in allergic reactions. 
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The original method by which Köhler and Milstein began to produce monoclonal 

antibodies came about in 1975, with the advent of hybridoma technology (5).  This 

technique worked by first immunizing mice against a variety of antigens, isolating their 

spleens, and then fusing their splenocytes with a drug-sensitive multiple myeloma cell 

line.  The resulting hybridomas (fused cells) were then cloned into individual microwell 

plates and selected based on their production of a desired antibody in the culture 

supernatant (Fig. 3).  Since then, researchers have applied hybridoma technology for the 

generation of human monoclonal antibodies using human B cells, specifically those 

which bind to botulinum neurotoxin (6).  In addition, with the advent of transgenic mice 

which have their heavy and light chains replaced with those of a human, these mice are 

able to produce fully human antibodies upon immunization and subsequent hybridoma 

generation (7-9).  Lastly, with the development of a polymerase chain reaction (PCR)-

based method for amplifying immunoglobulin genes, researchers began to generate 

libraries of plasmids which encode heavy chains and light chains, either in the form of a 

Fab or as a single-chain variable fragment (scFv) (Fig. 4).  This led to the development 

and use of phage display technology, which is discussed in greater detail in subsequent 

sections of this thesis. 

More than 25 years after the first patient was treated with the murine antibody AB 

89, considerable progress has been made in the field of cancer immunotherapy (10).  

Since then several monoclonal antibodies have been approved by the Food and Drug 

Administration (FDA) for the treatment of patients with both liquid and solid tumors (3, 

11, 12).  Therapeutic antibodies have been exploited based on their mechanism of action, 

which include the following: 1) killing tumor cells directly by way of ADCC or CDC 
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(e.g. rituximab), 2) blocking or stimulating a cell membrane molecule to induce cell death 

(e.g. cetuximab and trastuzumab), 3) neutralizing a secreted moiety (e.g. bevacizumab), 

4) killing via an attached moiety such as a drug, toxin, radioisotope and 5) modulating the 

immune system via T cell effector functions (e.g. ipilimumab).  In almost all cases, to 

generate a therapeutic benefit, antibodies have to possess critical properties including 

high affinity for their targeted antigen, minimal acute and long-term side effects, minimal 

immunogenicity, and in specific applications, high affinity for human Fc receptors (Table 

3) (13).  In addition, the targeted antigen has to be expressed at high levels on tumors but 

not on normal tissues (specificity or selectivity), consistently expressed in the specific 

tumor among patients and within patients (low heterogeneity), and should either be 

essential for the survival of the cancer cell or unlikely to be down regulated.  To achieve 

these attributes, researchers are now reengineer existing antibodies to make them less 

immunogenic (14), modifying both protein and carbohydrate residues in the Fc regions to 

enhance ADCC and CDC (15), shrinking their sizes for potentially greater tumor 

penetration (16), modifying the variable regions to improve affinity (17), increasing 

avidity by changing antibody valency (18), and constructing novel antibody-fusion 

proteins such as those for multi-step targeting (19, 20). 

Beginning in the mid 1990s, several groups became interested in creating 

monoclonal antibodies which would be specific for an MHC-peptide complex in order to 

study antigen presentation (21-24).  These antibodies were initially obtained using 

standard hybridoma technology involving mouse immunization with recombinant, 

mouse-derived, MHC-peptide complexes (Class I and II).  Some of the early targets 

included the Kk-restricted influenza virus-derived peptide Ha255-262, a hen egg lysozyme 
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(HEL) peptide bound to the MHC Class II molecule I-Ak, and the ovalbumin peptide 

SIINFEKL bound to H-2Kb.  While this work did lead to the discovery of several 

epitope-specific antibodies, subsequent work began to focus on the selection of these 

antibodies using phage display technology (25-35).  This resulted in several scFvs and 

Fabs which bound to human HLA-A1 and HLA-A2-peptide complexes containing 

peptides derived from HER2, Tax, NY-ESO-1, SSX2, MAGE, Melan-A, MUC1, 

telomerase, gp100, TARP and pp65.  Subsequent studies with these antibodies have led 

to several discoveries regarding the differential presentation of T cell epitopes from 

melanoma differentiation antigens (36), quantitation studies looking at the number of 

MHC-peptide complexes on the surface of cells (22, 29, 31, 37), and cytotoxicity studies 

involving full Ig (38-40), antibody-toxin fusion proteins (27, 30, 33, 41), and chimeric 

antigen receptors (42-45).  Furthermore, several crystal structures which show the 

antibodies bound to their targeted complex demonstrate how their interactions are quite 

similar to that of a TCR-MHC-peptide (42, 46). 
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Figure 1. Immunoglobulin structure.  
A. Depicted is the typical structure of a monoclonal antibody, composed of the antibody 
binding fragment (Fab) along with the Fc region which carries out effector mediated 
(biological) functions.  The light chains are linked to the heavy chains via disulfide 
bonds, which are also used for dimerization.  B. A close-up view of the variable light 
chain and constant light chain.  The CDRs are highlighted in red and are exposed so that 
they can interact with antigen.  The figure was obtained from Figure 3-42 in the text book 
Molecular Biology of the Cell. 4th Edition. 
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Figure 2. Immunoglobulin isotypes. 
In mammals, antibodies come in five different varieties (isotypes or classes).  These vary 
in their valency (number of Y units) and type of heavy chains.  Heavy chains of IgG, 
IgM, IgA, IgD, and IgE are known as gamma, mu, alpha, delta, and epsilon, respectively.  
This figure was obtained from a Nature Reviews article (47). 
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Figure 3. Hybridoma technology for making murine monoclonal antibodies.   
Mice are immunized against an antigen of interest, its splenocytes are fused to a myeloma 
cell line, the fused cells are cultured in selective media, and individual clones are tested 
for the production of the desired antibodies.  This figure was obtained from a Human 
Antibodies article (48). 
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Figure 4. Antibody structure and derived fragments.   
A. Full length IgG (~150 kDa).  B. Fab fragment (~50 kDa).  C. Fv fragment (~30 kDa).  
D. scFv fragment (~30 kDa). This figure was obtained from a Briefings in Functional 
Genomics and Proteomics article (49). 
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Table 1. Persistence and immune-mediated functions of IgG. 
 
 

Antibody isotype Human serum 
half-life ADCC CDC 

Human IgG1 3 Weeks +++ 

 
+++ 

 

Human IgG2 3 Weeks ++ 

 
+ 

 

Human IgG3 1 Week +++ 

 
++++ 

 

Human IgG4 3 Weeks + 

 
+ 

 

Mouse IgG1 2 Days _ 

 
+ 

 

Mouse IgG2a 2 Days +++ 

 
+++ 

 

Mouse IgG3 2 Days +++ 

 
+++ 

 
 

ADCC: Antibody-dependent cellular cytotoxicity; CDC: Complement-dependent 
cytotoxicity 

This table was obtained from a Expert Opinions in Biological Therapy article (3).
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Table 2. Properties of the major classes of antibodies in humans. 
 
 

PROPERTIES 
CLASS OF ANTIBODY 

IgM IgD IgG IgA IgE 

Heavy chains μ δ γ α ε 

Light chains κ or λ κ or λ κ or λ κ or λ κ or λ 

Number of four-chain units 5 1 1 1 or 2 1 

Percentage of total Ig in blood 10 <1 75 15 <1 

Activates complement ++++ - ++ - - 

Crosses placenta - - + - - 

Binds to macrophages and 
neutrophils - - + - - 

Binds to mast cells and basophils - - - - + 

 
 
This table was obtained from Table 24-1 in the text book Molecule Biology of the Cell. 
4th Edition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5395/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5313/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5420/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5530/
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Table 3. General binding characteristics of human Fc receptors. 
 
 

Human Fcγ 
receptor Cell types Fc affinity (KD) Antibody isotype 

binding (Human)* 

I Macrophages 10-8 
 

IgG3 > IgG1 > IgG4 >>> 
IgG2 

II 

Monocytes 
Neutrophils 
Eosinophils 
B lymphocytes 

10-5 – 10-6 
 

IgG3 > IgG1, IgG2 >>> 
IgG4 

III 

Macrophages 
Neutrophils 
Eosinophils 
NK cells 
T lymphocytes 

10-5 – 10-7 
 

IgG3, IgG1 >>> IgG4, IgG2 
 

 
 
*Hierarchy based on studies with some, but not all, cell types 

This table was obtained from a Expert Opinions in Biological Therapy article (3). 
 

 

 

 

 

 

 

 

 

 

 



 

13 

Class I major histocompatibility complex (MHC) and antigen presentation 
 
 Unlike immunoglobulins on the surface of B cells, which typically recognize 

soluble antigens derived from pathogens, T cells only recognize foreign or modified 

antigens which are displayed on the surface of the body’s own cells.  These antigens, or T 

cell epitopes (TCE), are presented in the context of the major histocompatibility complex 

(MHC), of which there is a class I (recognized by CD8+ T cells) and a class II 

(recognized by CD4+ T cells).  Unlike the class II MHC, class I is presented on all 

nucleated cells; this allows for CD8+ T cells to survey the body for any modifications to 

its normal protein repertoire.  

 In humans, the MHC is termed the human leukocyte antigen (HLA), of which 

there are many polymorphisms with amino acid modifications.  These polymorphisms 

create different haplotypes, which are determined by the various HLA-A, B, C, DR, DP 

and DQ genes, with HLA-A2 being the most common class I MHC in the human 

population (50).  The structure of the MHC class I molecule (HLA-A2) was determined 

in 1987 (51) and consists of two polypeptides:  The first is composed of three alpha 

domains and the second is a noncovalently associated chain termed β2-microglobulin 

(β2M) (Fig. 5).  Peptides which bind to class I MHC are usually derived from intracellular 

breakdown and processing of the cell’s own proteins.  Early studies using viral peptides 

demonstrated that MHC Class I assembly and stability depend on peptide binding (52, 

53).  Peptides with correct lengths (8-10 amino acids) and sequences bind to MHC class I 

with slower off rates relative to longer peptides (54, 55).  These peptides are products of 

the proteasome (56), which degrade polyubiquitylated proteins via the C-terminus, along 

with a variety of aminopeptidases both in the ER (ERAP1) and the cytosol (57-61). 
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The assembly of the MHC class I molecule involves a variety of proteins and 

cofactors including transporter associated with antigen processing (TAP), tapasin, 

ERp57, calnexin and calreticulin.  TAP is part of a family of ATP binding cassette 

transporter proteins (ABC transporters) and is assembled as a heterodimer of TAP1 and 

TAP2.  The protein transports peptides from the cytosol to the ER in an ATP-dependent 

manner, with some degree of peptide size and sequence specificity (62).  Tapasin on the 

other hand is a protein which stabilizes the MHC class I/ β2M complex until TAP arrives 

(63).  In addition, this protein has also been shown to increase TAP levels and promote 

peptide binding to TAP (64, 65).  ERp57, identified in 1998, is a thiol-dependent oxido-

reductase (66-68).  Its exact function in the ER during the formation of the MHC class I 

complex is unknown; however it has been hypothesized to potentially play a role in the 

formation of disulfide bonds.  Calnexin and calreticulin are chaperone proteins; they have 

been shown to assist in the folding of newly synthesized glycoproteins in the ER.  The 

role of these proteins in the assembly of the MHC class I molecule is also illustrated in 

Figure 6. 
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Figure 5. Structure of the MHC Class I molecule.   
A, B and C. Shown are computer graphical representations of the structure of the human 
HLA-A2 molecule, with B and C being ribbon diagrams.  C.  A top-down view of the 
peptide binding region.  D. A schematic view of the three alpha chains and the β2M, 
which form a heterodimer with an approximate molecular weight of 43 kDa. The figure 
was obtained from Figure 3.20 in the text book Immunobiology, 5th Edition. 
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Figure 6. MHC class I assembly.  
Newly synthesized MHC Class I alpha chain assembles in the ER with calnexin.  Once 
β2M binds to the alpha chain, calnexin dissociates and the MHC class I molecule binds to 
Erp57, calreticulin, tapesin and TAP.  Once a peptide (8-10 amino acids) has been 
transported to the surface of the MHC via TAP and completes the folding process, the 
final complex is transported to the Golgi apparatus and then the cell membrane. The 
figure was obtained from Figure 5.5 in the text book Immunobiology, 5th Edition. 
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Phage display 
 
 Over the past 26 years, beginning with the first report describing the display of 

polypeptides on the surface of bacteriophage particles (69), phage display has evolved to 

help scientists rapidly select for, identify, and optimize proteins based on their structural 

and functional properties.  Conventional phage vectors usually fuse the gene of interest 

(which typically codes for a polypeptide) with a minor capsid protein of a filamentous 

phage (Fig. 7).  When transcribed and translated, the resulting fusion protein will be 

expressed on the phage surface, allowing the phage to act as a vehicle for polypeptide 

transport and a carrier of the polypeptide gene sequence.  In the setting of monoclonal 

antibodies, the polypeptide is usually in the form of a scFv or Fab.  Once a library has 

been created, using PCR-based gene amplification of immunoglobulin variable genes (VH 

and VL), the phage can then be used for screening against antigens of interest.  Phage 

display libraries come in three main varieties, immune, naïve, and semi-synthetic.  

Immunized libraries are those which are derived from the immunoglobulin genes of an 

immunized organism (e.g. mouse, chicken, human, etc.) while naïve libraries are those 

which are derived from organisms which have not been exposed to the target antigen of 

interest (17, 70-72).  Semi-synthetic libraries are those which take on the framework from 

known antibodies, but have their CDRs randomized using overlap extension PCR (73, 

74).  Regardless of the approach, the ultimate goal is to select for highly specific, high 

affinity antibodies against an antigen of interest. 

There are several advantages in using phage display over standard hybridoma 

technology for obtaining monoclonal antibodies of interest (49).  First, isolation of 

scFv/Fab fragments can be performed within a week if a library is already available.  This 
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is compared to several months after initial immunization of a mouse or rabbit using 

standard hybridoma technology.  Second, antibody sequences can be derived from almost 

any animal species, which allows for the selection of fully human antibodies using RNA 

from human B lymphocytes.  This is in contrast to antibodies typically isolated from 

hybridoma technology since it usually requires immunization and subsequent harvest of 

spleenic lymphocytes.  Third, once a candidate scFv or Fab has been discovered, the 

variable regions can easily be cloned into an expression plasmid for the production of full 

Ig or fusion proteins such as bi-specific T cell engaging antibodies (BiTEs) (75).  While 

class switching of Ig using hybridoma technology is possible, the only way to switch the 

variable regions from one species to another (e.g. mice to man) is by genetic engineering. 

The most important factor in isolating an antibody using phage display 

technology is library diversity (76).  In general, greater library diversity (i.e., the more 

differences in polypeptide sequence) translates to a higher success rate in selecting for 

high affinity antibodies.  Normally, antibody phage display libraries have in the order of 

109 – 1011 unique antibody species.  Typical phage display library screening (biopanning) 

is done either in solution or on a solid surface.  Conventional biopanning on a solid 

surface usually begins with non-specific immobilization of the target antigen (usually a 

purified protein or peptide).  Subsequently, the phage display library is incubated with the 

antigen, the unbound phage are washed off, and the bound phage are eluted from the 

solid support.  This single round of biopanning is then repeated two or three more times 

(after amplification following E. coli infection) to further enrich for phage which present 

the antibody of interest; this entire process is illustrated in Figure 8.  While this selection 

approach is very common and basic, issues regarding epitope accessibility and protein 
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folding after immobilization can arise (77).  Alternatively, solution phase biopanning is 

similar in most respects except that the target antigen is first site-specifically conjugated 

to a tag (e.g. biotin) which can be captured using magnetic beads (78); this allows for the 

target epitope to be fully exposed during biopanning and the protein folded properly in 

the correct buffer.  To prevent nonspecific binding, an irrelavent control antigen (without 

a tag) can be added to the solution of specific antigen and library. Once captured by a 

magnet, the non-specific binding phages can be washed off and discarded.  In addition to 

purified polypeptides, this strategy has also been applied to whole cells using a cell-based 

panning approach (79).  In many cases, a negative selection step is also incorporated so 

that the antibodies which are recovered do not bind to normal cell surface proteins (80).  

This allows for both the identification of new antibodies as well as potentially new 

antibody targets.   
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Figure 7. Display of proteins on filamentous bacteriophage.  
Three different methods by which polypeptides (dark solid symbols) are presented on the 
surface of bacteriophage based on their coat proteins (pVIII versus pIII). Selectively 
infective phage (SIP) is a phage “two-hybrid system” based presentation and selection 
method.  The figure was obtained from Figure 1.6 in the text book Phage Display: A 
Laboratory Manual, 1st Edition. 
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Figure 8. Biopanning using a phage display library. 
A phage display library is first allowed to bind to a target antigen, unbound phage are 
washed away, bound phage are eluted off of the antigen/solid support, and eluted phage 
are amplified overnight in E.coli for a subsequent round of selection.  The figure was 
obtained from a International Journal of Peptide Research and Therapeutics article (81). 
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T cell signaling and activation 
 
 One of the major cell types of the adaptive immune system are T cells.  These 

cells arise from hematopoietic progenitors in the bone marrow and mature within the 

thymus, where a series of positive and negative selection steps result in single-positive 

CD4 and CD8 naïve T cells.  In order to be activated, naïve T cells have to recognize 

antigen as a linear peptide in the context of the major histocompatibility complex (MHC).  

This T cell receptor (TCR) recognition event is not typically sufficient for activation, and 

requires the simultaneous delivery of a co-stimulatory signal.  Once these receptors and 

antigens come in contact with each other on the T cell surface, several intracellular 

phosphorylation signaling events occur, along with phospholipid metabolism, 

cytoskeleton rearrangements, and an increase in intracellular calcium levels, which 

eventually regulate genes involved in proliferation, differentiation, survival and apoptosis 

(82-85). 

 In αβ T cells, the 39-46 kDa α and 40-44 kDa β chains of a TCR form a 

heterodimer (86, 87) which has dual specificity for both a peptide antigen as well as 

polymorphic determinants of the MHC molecule (88, 89).  In addition, several non-

polymorphic proteins have been found to interact with the α and β chains, which 

constitute the CD3 complex (γ, δ, ε, and ζ) (90, 91) (Fig. 9).  Along with the TCR and 

CD3 complex, the CD8 and CD4 membrane glycoprotein co-receptors also play a 

functionally significant role in signaling.  These co-receptors bind MHC class I (CD8) 

and MHC class II (CD4) molecules (92), and function synergistically with the TCR to 

increase response sensitivity and phosphorylate immunoreceptor tyrosine-based 

activation motifs (ITAMs) on the CD3 complex.  Aggregation of the TCR with its 
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corresponding CD4 or CD8 co-receptor leads to T cell activation by bringing the Lck and 

Fyn tyrosine kinases together with the ITAMs on the cytoplasmic domains of the CD3 

complex (93, 94).  Once the ITAMs have been phosphorylated, the zeta-chain associated 

protein of 70 kDa (ZAP-70) can bind to phosphotyrosines via its two SH2 domains; this 

allows ZAP-70 to further phosphorylate LAT (linker of activation in T cells) (95, 96) and 

the SH2-domain-containing leukocyte protein of 76 kDa (SLP-76) (97).  The signal then 

propagates further by way of several protein tyrosine kinases such as MEK and its 

substrate ERK (extracellular-regulated kinase) along with G proteins such as Ras and Rac 

(98).   

Along with kinase activity, phosphatase activity has also been demonstrated to 

play a role in T cell activation, with CD45 being the best characterized transmembrane 

phosphatase in lymphocytes (99).  CD45 has been shown to be involved in 

dephosphorylating negative-regulatory residues on Lck, which results in enhanced kinase 

activity (100, 101).  However, contradictory studies show that removal of a phosphate on 

a tyrosine residue inside the kinase domain of Lck can result in a decrease in kinase 

activity (102).  This discrepancy was later explained using localization studies which 

demonstrate that CD45 functions by moving to different compartments of the cell during 

T cell engagement with an antigen presenting cell (103).  These signaling events will 

ultimately lead to the activation of transcription factors such as NFκB, NFAT and AP-1 

(Fig. 10). 

 Along with signals directly related to the TCR and CD3 complex, several other 

co-stimulatory molecules have been identified and implicated in T cell activation.  CD28, 

initially identified by the monoclonal antibody MoAb 9.3, is the most well characterized 
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and shown to be responsible for T cell activation in the presence of the TCR/CD3 

complex (104, 105).  CD28 binds to B7.1 (CD80) and B7.2 (CD86) on antigen presenting 

cells (APCs) and carries out a necessary co-stimulatory signal (106); these B7 family of 

proteins are upregulated on APCs after stimulation of CD40 on APCs.  TCR activation 

and CD28 engagement together synergize to induce high levels of Vav 1 and PLCγ 

phosphorylation (107, 108), which amplifies TCR signaling.  Thus, CD28 mediated 

signals essentially regulate the threshold of T cell activation and reduce the number of 

TCR engagements needed for activation.  Additional co-stimulatory/ligand pairs have 

since been identified, including ICOS/ICOSL, OX40/OX40L, and 4-1BB/4-1BBL (109-

111), which will be discussed in more detail later in this thesis. 

On the other hand, there have been several molecules which have been shown to 

inhibit T cell signaling and protect against over stimulation.  The most studied of these is 

the inhibitory receptor cytotoxic T lymphocyte associated antigen 4 (CTLA-4).  While it 

is about 30% similar to CD28, CTLA-4 has a much higher affinity to the B7 ligands 

(112).  Its expression is upregulated during CD28 engagement, and once expressed on the 

cell surface, it out competes CD28 for ligand binding (113, 114).  CTLA-4 inhibits IL-2 

production and halts the T cell at the G1 phase of the cell cycle, effectively terminating 

the T cell immune response (115, 116).  Other inhibitory molecules include PD-L1 and 

PD-L2, which bind to PD-1 on activated T cells.  These members of the programmed 

death (PD) family of receptors and ligands have been shown to inhibit T cell activation 

and induce tolerance in mice (117), with PD-1 knockout mice developing spontaneous 

autoimmune diseases (118, 119). 
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Figure 9. Structure of the T cell receptor complex. 
Shown is a schematic view of the TCR α and β chains along with the four invariant 
signaling domains (γ, δ, ε, and ζ) which are collectively referred to as CD3.  The figure 
was obtained from Figure 6.8 in the text book Immunobiology, 5th Edition. 
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Figure 10.  TCR intracellular signaling pathways. 
Shown is a simplified view of the TCR and co-receptor signaling inside of T cells.  The 
figure was obtained from Figure 6.15 in the text book Immunobiology, 5th Edition. 
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Adoptive T cell therapy 
 

Over the past several decades, the adoptive transfer of antigen-specific T cells for 

the treatment of cancer has led researchers to further manipulate these cells using genetic 

engineering.  Since the cloning of the first tumor-associated antigens in the early 1990s, 

tremendous attention has been focused on generating antigen specific T cells against viral 

antigens, differentiation antigens, cancer testis antigens, and other oncogenes.  Currently, 

there are 2 major genetic strategies which redirect effector T cell specificity towards a 

target antigen of interest: T cell receptor (TCR) and chimeric antigen receptor (CAR) 

gene transfer.   

The adoptive T cell therapy field first began using non-gene modified T cells for 

the treatment of viral and non-viral malignancies.  In the early 1990s, researchers 

reported that it was possible to transfer antigen-specific T cell clones into a patient to 

prevent cytomegalovirus (CMV) reactivation after hematopoietic stem cell 

transplantation (120).  This work was made possible by harvesting the donor’s own 

peripheral blood lymphocytes, expanding them in the presence of CMV-infected 

autologous fibroblast, isolating CMV-specific T cell clones, and infusing them back into 

the patient.  The approach was later applied to the prevention of latent Epstein-Barr virus 

(EBV) reactivation in patients who get post-transplant lymphoproliferative diseases (121) 

as well as a variety of other viral-related malignancies (122, 123).  During the same time, 

several reports came out regarding the use of adoptive cell therapy in the non-viral cancer 

setting; this began after a study demonstrated that tumor infiltrating lymphocytes could 

mediate tumor regression in melanoma patients (124).  Subsequently, successful adoptive 

T cell therapy was report for the treatment of chronic myelogenous leukemia in the 
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nonmyeloablative setting (125).  While these initial studies did result in an overall 

response rate of about 30%, further improvements in host preconditioning using 

nonmyleoablative chemotherapy resulted in greater and more durable objective response 

rates (126, 127). 

The first reported TCR gene transfer came in 1986 (128), and by 1989 the FDA 

approved a protocol for the use of TCR gene-modified lymphocytes for the treatment of 

malignant melanoma (129).  One of the earliest reports involved the transfer of a tumor 

associated antigen-specific TCR using gamma retroviral vector transduction (130).  

Subsequently, other groups used a similar approach to target MDM2 (131) and WT1-

derived T cell epitopes (132).  The choice in gene transfer method has been shown to be 

crucial, and includes standard laboratory-based chemical approaches, 

electroporation/nucleofection, and the more widely used viral-based methods.  Virtually 

all clinical trials which involve TCR gene transfer are based on gamma retroviral 

expression vectors such as MFG/SFG, MP71/SF91, and MSGV1 (133-135).  However, 

more recent approaches using lentiviral vectors have improved transduction efficiency 

since T cell activation or proliferation is not absolutely required for genomic integration 

(136, 137). 

While TCR gene transfer has been widely used, proper expression has been a 

major limitation.  First, since the TCR is composed of two separate chains which come 

together via disulfide bonds on the extracellular surface, the TCR genes were initially 

expressed using two individual vectors, or one vector with two separate promoters.  This 

issue was address by incorporating picornavirus ribosomal skip peptides to link both 

chains (138, 139).  In addition, since the transduced TCR molecule has the same structure 
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as that of the T cells endogenous TCR, mispairing between the α and β chains became 

very common.  Currently, one of the most successful approaches to overcome the 

mispairing has been the use of chimeric TCRs, in which the constant regions are mouse-

derived while the antigen binding domains are still human (140-142). 

The chimeric antigen receptor (CAR) strategy of retargeting immune effector 

cells is independent of the MHC-peptide-TCR interaction and allows cells to react against 

a large variety of cell surface antigens (143).  Several methods have been used in the 

design of CARs, with most of them employing the antigen binding domain of a 

monoclonal antibody in the form of a single-chain variable fragment (scFv) for antigen 

recognition.  The initial T cell activating receptors originated from studies which allowed 

researchers to elucidate the role of the CD3ζ chain (144, 145).  In subsequent studies, 

scFvs of interest were fused to the CD3ζ chain (146) or FcεRIγ (147), and both were 

found to be sufficient for T cell activation (Fig. 11).  While this laid the blueprint for 

CAR construction, the incorporation of costimulatory molecules came about after it was 

found that first generation CARs were able to induce T cell proliferation for only up to 2-

3 cell divisions, followed rapidly by cell death (148).  By expressing CD80 on the target 

tumor cell, researchers were able to show that CAR expressing cells could be 

restimulated, leading to further increases in T cell numbers.  The first CARs which 

incorporated the CD28 costimulatory molecule alongside the CD3ζ chain showed vast 

improvements over those which expressed the CD3ζ chain alone (149-151); this included 

an absolute increase in T cell numbers as well as an increase in IL-2 production.  Since 

then, several other groups began to use other costimulatory molecules, either in 

combination with CD3ζ alone or with both CD3ζ and CD28.  These additional signaling 
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molecules include 4-1BB (152-155), DAP10 (153), OX40 (153, 155-158) and ICOS 

(155), and have been applied in the context of T cells as well as NK cells (159-163).  

While first generation CARs are the only ones which have been tested in the clinic up to 

this point, both in vitro and in vivo comparisons have demonstrated a clear superiority 

with second and third generation CARs (150, 153, 164-169). 

 

 

 

 

 

 

 

 



 

31 

 

 
 
Figure 11. Chimeric antigen receptor (CAR) architecture. 
A typical CAR is composed of the variable domains of a monoclonal antibody (in the 
form of a scFv) in combination with an intracellular signaling ectodomain.  The figure 
was obtained from a Journal of Biomedicine and Biotechnology article (170). 
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Introduction to the thesis 
 
 As a proof of principle in determining whether we were able to obtain MHC-

restricted, peptide-specific monoclonal antibodies using phage display, we first selected 

against viral-derived TCEs using a human phage display library with diversity in the 

order of 108.  Our initial screen allowed us to recover a scFv which we termed EBNA 

Clone 315.  This antibody was specific for an EBNA3C-derived peptide 

(LLDFVRFMGV) in the context of HLA-A2.  EBNA3C is an Epstein-Barr virus (EBV)-

encoded nuclear protein demonstrated to interact with the p300 transcriptional 

coactivator, in combination with prothymosin alpha, to regulate transcription and histone 

acetylation (171).  In addition, recent studies have found that EBNA3C is also able to 

repress p16(INK4A) and p14(ARF), crucial cell cycle tumor suppressor proteins (172).  

The virus was discovered using electron microscopy over 40 years ago on cells obtained 

from Burkitt’s lymphoma tissue (173).  As one of the most prevalent viruses in the 

human species (over 90%), EBV-associated diseases range from infectious 

mononucleosis (174) to cancers such as nasopharyngeal carcinoma (175), non-Hodgkin’s 

lymphoma (176) and Hodgkin’s disease (177).   EBNA3C has also been shown to be 

essential for initiation of B-cell growth and conversion of B-cells to immortalized 

lymphoblasts (178).  Furthermore, previous studies using cytotoxic T lymphocytes which 

target EBV-infected cells showed that the peptide LLDFVRFMGV displayed on HLA-

A2 was immunogenic (179).  This allows for EBV-transformed B cell lymphoblastoid 

cell lines (BLCLs) to be useful targets for pre-clinical testing of EBNA3C-directed 

immunotherapies (180). 
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Subsequent screens using the same phage display library against a variety of 

tumor associated HLA-A2-peptide complexes led to the discovery of a scFv which we 

termed WT1 Clone 45.  This antibody targeted the Wilms tumor protein 1 (WT1)-derived 

RMFPNAPYL peptide on HLA-A2.  Wilms tumor protein 1 (WT1) is a zinc-finger 

transcription factor found to play an important role in cell growth and differentiation.  

WT1 is normally expressed in a tissue-specific manner, found mainly in the urogenital 

system of a developing embryo as well as the central nervous and hematopoietic systems 

in adults (181).  In its aberrant state, WT1 expression has been linked to a variety of 

leukemias, lymphomas and solid tumors including astrocytic tumors, head and neck 

tumors, thyroid cancer, esophageal cancer, sarcomas, breast, lung, pancreatic and 

colorectal cancer, mesothelioma, and neuroblastoma (181, 182).  While it was initially 

characterized as a tumor suppressor from studies with osteosarcoma and Wilms tumor (a 

rare pediatric kidney malignancy) (183, 184), recent studies on WT1 in malignant cells 

has led researchers to believe that it acts more as an oncogene (185).  There are currently 

four HLA-A2-restricted WT1 TCEs used for peptide vaccination in humans 

(VLDFAPPGA, RMFPNAPYL, SLGEQQYSV and CMTWNQMNL) (186), of which 

RMFPNAPYL is the most extensively studied.  In fact, the crystal structure of the 

RMFPNAPYL peptide in complex with HLA-A2 has recently been solved (187), further 

demonstrating this epitope’s interest in the field of cancer immunotherapy.  In preclinical 

studies, HLA-A2-RMFPNAPYL-specific T cells could be generated using HLA-A2-

positive donor cells, which could subsequently lyse HLA-A2+, WT1+, CD34+ myeloid 

leukemia blasts in vitro and deplete clonogenic cells capable of transferring leukemia in 

NOD/SCID mice, in vivo (188).  Furthermore, clinical studies involving the 
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RMFPNAPYL peptide have led to durable responses in cancers such as acute myeloid 

leukemia (AML) (189, 190). 

Once both scFvs were demonstrated to bind well to their target antigens, they 

were reengineered to act as scFv-Fc fusion proteins, in which the scFvs were fused to the 

2nd and 3rd constant domains of a human IgG1 Fc (Fig. 12).  These proteins effectively 

recreate a smaller intact immunoglobulin at approximately 100 kD.  They assembled into 

bivalent molecules and have previously been shown to retain antigen binding, Fc-

mediated cytotoxicity and localization to tumor xenografts (50, 191).  In addition, while 

their serum half-life is shorter than full length immunoglobulins, it is longer than a scFv 

(50, 192) and their larger size allows for chemical conjugation of cargo such as drugs, 

toxins or fluorescent labels.    

Furthermore, after the scFvs were engineered to act as CARs, they were then 

tested in the setting of NK92MI cells, a highly cytotoxic natural killer-derived cell line 

which has been genetically modified to produce high levels of IL-2.  This allowed us to 

take advantage of some of the attributes that CARs can afford us, in regards to 

independence from separate costimulatory molecules, while allowing us to target a TCE 

of interest.  To some respect, these types of CARs have already been generated and 

shown to cause target specific killing (42-45); however these constructs were only 

expressed on T cells and not any other cell type.  We on the other hand were able to 

demonstrate that these CARs were useful in redirecting NK92MI cells towards HLA-A2-

restricted peptide complexes.  In addition, we could also demonstrate that these CARs 

were a very sensitive means of detecting their target complexes under very low antigen 

density settings.   
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We believe the work presented here outlines a systematic approach towards 

isolation of MHC-restricted, peptide-specific monoclonal antibodies, subsequent 

engineering into proteins with Fc effector functions (scFv-Fc), and use as CARs for 

retargeting immune effector cells.  We conclude that MHC-restricted, peptide-specific 

CARs are a highly-specific, highly sensitive approach for retargeting NK92MI cells 

towards tumor associated antigens of interest. 
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Figure 12. Structure of a full immunoglobulin and scFv-Fc fusion protein. 
The scFv-Fc fusion protein consists of the 2nd and 3rd constant domains of an 
immunoglobulin Fc fragment in tandem with the scFv sequence. The figure was obtained 
from a Proceedings of the National Academy of Sciences article (193). 
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MATERIALS AND METHODS 

Production of biotinylated MHC-peptide complexes 
 
 Soluble MHC class I/peptide complexes were generated by overexpression of the 

HLA-A2 heavy chain (HC) and  β2M as recombinant proteins in E. coli and subsequent 

in vitro refolding and assembly in the presence of high concentrations of specific peptide 

(194, 195). To obtain soluble MHC/peptide complexes the HC sequence was 

mutagenized to remove the cytosolic and transmembrane regions. In order to specifically 

biotinylate refolded, monomeric MHC/peptide complexes, the HC was expressed as a 

fusion protein containing a specific biotinylation site at the C-terminus (196, 197). These 

short sequences are sufficient for enzymatic in vitro biotinylation of a single lysine 

residue within this sequence using the biotin protein ligase BirA (198).  This procedure 

was carried out by, and purchased from, the MSKCC Tetramer Core Facility, under the 

direction of Ingrid Leiner and Dr. Eric Pamer. 

 

 

 

 

 

 

 

 

 



 

38 

Selection of phage on HLA-A2-LLDFVRFMGV (EBNA3C) complex 
 
 The Tomlinson I + J human scFv phage display libraries (199) containing 

approximately 2.85 x 108 independent scFv clones, were used for selection according to 

previously published methods (25) with modifications.  7.5 x 1012 Phage, from the 

combination of both libraries, were first preincubated with streptavidin paramagnetic 

Dynabeads (30 μl; Dynal, Oslo, Norway) and 150 μg unbiotinylated HLA-A2-

YVDPVITSI (irrelevant complex) in 1 ml of PBS to deplete the streptavidin and HLA-

A2 binders.  The dynabeads were subsequently captured using a magnet and the 

supernatant (phage and irrelevant complex mixture) transferred to a separate tube 

containing 7.5 μg of biotinylated HLA-A2-LLDFVRFMGV (Epstein-Barr virus 

EBNA3C-derived) and 7.5 μg of biotinylated HLA-A2-NLVPMVATV 

(Cytomegalovirus pp65-derived) and incubated at RT for 1 hour.  The final mixture (1 

ml) was then added to 200 μl of Dynabeads (preincubated with 2% Milk and washed with 

PBS) and the contents were mixed for 15 min. at RT with continuous rotation.  The beads 

were then washed 10 times with PBS/0.1% Tween and 3 times with PBS and the bound 

phage were eluted from the Dynabeads using 1 mg/ml trypsin in PBS (0.5 ml) for 15 min. 

at RT.  The phage were then used to infect TG1 E. coli (growing in log phase) at 37oC in 

20 ml of LB for 1 hour.  1012 KM13 helper phage was subsequently added to the mixture, 

further incubated for an additional 30 minutes, and the cells pelleted using centrifugation 

(3000 rpm for 10 min.).  The resulting cell pellet was resuspended in 200 ml LB + 

Ampicillin (100 μg/ml) + Kanamycin (50 μg/ml) and incubated overnight at 30oC.  On 

the following morning, the overnight cultures were harvested and centrifuged at 3000 

rpm for 15 min. and the supernatant (180 ml) was mixed with polyethylene glycol (PEG) 
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on ice for 1 hour so as to precipitate the amplified phage from the previous round of 

selection.  The PEG/phage mixture was then centrifuged at 3000 rpm for 20 min., and 

some of the resulting phage pellet used for subsequent rounds of panning while the rest 

was frozen down in 15% glycerol at -80oC. Subsequent rounds of panning were done 

using the same protocol as above with an increase in Dynabead washing steps and a 

decrease in the amount of biotinylated complexes used for selection. 

 After the final round of antibody selection (3rd or 4th), the eluted phage were used 

to infect both TG1 and HB2151 E. coli.  TG1 is able to suppress termination and 

introduce a glutamate residue at the TAG stop codon position at the end of the scFv 

sequence and before the gIII sequence.  Unfortunately, since the TAG stop codon 

between the scFv and the gIII gene is also suppressed this leads to co-expression of the 

scFv-pIII fusion protein which tends to lower the overall levels of the scFv expression, 

even in clones where there are no TAG stop codons.  To circumvent this problem, the 

selected phage can be used to infect HB2151 (a non-suppressor strain) which is then 

induced to give soluble expression of antibody fragments.  TG1 cells were cultured 

overnight as mentioned above while the HB2151 cells were plated on TYE + Ampicillin 

(100 μg/ml) agar plates.  The next morning, individual colonies from the agar plate were 

picked and used to inoculate individual wells of a 48-well plate containing 400 μl LB + 

Ampicillin (100 μg/ml)/well.  After incubation for 3-6 hours at 37oC, 200 μl of 50% 

glycerol solution was added to each well and the plates stored at -80oC as monoclonal 

stock cultures. 
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Selection of phage on HLA-A2-RMFPNAPYL (WT1) complex 
 

Selection was done similarly to the method above with slight modifications.  3.7 x 

1012 phage, from the combination of both libraries, were first preincubated with 

streptavidin paramagnetic Dynabeads (50 μl; Dynal, Oslo, Norway) and 20 μg 

unbiotinylated HLA-A2-NLVPMVATV (irrelevant complex) in 1 ml of PBS to deplete 

the streptavidin and HLA-A2 binders.  The dynabeads were subsequently captured using 

a magnet and the supernatant (phage and irrelevant complex mixture) transferred to a 

separate tube containing 5 μg of biotinylated HLA-A2-RMFPNAPYL (WT1-derived) 

and incubated at RT for 1 hour.  The final mixture (1 ml) was then added to 100 μl of 

Dynabeads (preincubated with 2% Milk and washed with PBS) and the contents were 

mixed for 30 min. at RT with continuous rotation.  The beads were then washed 10 times 

with PBS/0.1% Tween and 3 times with PBS and the bound phage were eluted from the 

Dynabeads using 1 mg/ml trypsin in PBS (0.5 ml) for 20 min. at RT.  All subsequent 

steps were performed as above. 
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Expression and purification of soluble scFv from HB2151 
 
 Using the monoclonal glycerol stocks containing individual HB2151 clones, 

separate 48-well plates containing 400 μl LB + Ampicillin (100 μg/ml)/well were 

inoculated in a replica-plate type format using sterile pipette tips.  The 48-well culture 

plates were subsequently incubated at 37oC until the majority of the wells reached an 

OD600 of 0.4.  200 μl LB + Ampicillin (100 μg/ml) + isopropyl-1-thio-β-D-

galactopyranoside (IPTG; 1mM final concentration) was subsequently added to each well 

to induce scFv production and the plates were further incubated overnight at 28oC.  The 

next morning, the plates were centrifuged at 3000 rpm for 15 min. and the supernatant 

used for scFv screening. 

 For large scale expression and purification, monoclonal glycerol stocks were used 

to inoculate 3 ml of Terrific Broth (TB) and incubated at 37oC until an OD600 of 0.8 was 

reached.  Each 3 ml culture was subsequently divided amongst four flasks, each 

containing 250 ml TB + Ampicillin (100 μg/ml).  The cultures were then incubated at 

37oC until an OD600 of 0.4-0.5 was reach, after which IPTG was added to a final 

concentration of 0.5 mM and the cultures incubated overnight at 30oC.  The next 

morning, the overnight cultures were centrifuged at 4000 rpm for 25 min.  The 

supernatant was discarded and the pellets dissolved in 50 ml PBS + 10 mM imidazole.  

The cell suspensions were passed through a cell homogenizer (5000 pounds per square 

inch) and the resulting cell lysates were centrifuged at 12,000 rpm for 15 min.  The 

supernatants were then passed over a 0.22 μm filter pre-layered with diatomaceous earth 

and the resulting filtrates loaded over Vivapure maxiprepMC Nickel affinity columns 

(Sartorius Stedim Biotech, Aubagne, France) using centrifugation (100 rpm for 5 min.).  
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The columns were then washed 4 times using 10ml PBS + 30 mM imidazole (500 rpm 

for 3 min.) and the scFvs eluted using 20 ml PBS + 300 mM imidazole (500 rpm for 3 

min.).  The eluted scFvs were concentrated using 10,000 molecular weight cut-off 

membrane Vivaspin centrifuge tubes at 3000 rpm for 30 min. (Sartorius Stedim Biotech) 

and dialyzed back into regular PBS.  The final scFv products were subsequently stored at 

-80oC. 
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Construction of scFv-Fc fusion protein and expression in DG44 CHO cells  
 

 Initially, we needed to make the scFv sequences compatible for cloning into a 

modified scFv-Fc expression vector.  We did this by using PCR to add the desired 

restriction enzyme sites (NheI and ApaI) to either side of the EBNA Clone 315 and WT1 

Clone 45 scFv sequences.  The PCR reaction was done on the Tomlinson library vector 

which contained the WT1 Clone 45 and EBNA Clone 315 scFv sequences (Fig. 13A).  

After subsequent digestion using NheI and ApaI, the digested PCR products were 

removed from a 1% agarose gel and purified (Fig. 13B). 

With regards to cloning and expression of the scFv-Fc fusion proteins, we decided 

to use a proprietary vector, similar to that of pFUSE—hIgG1-Fc1 (Invivogen; San Diego, 

California), that we obtained from Eureka therapeutics (IgG Vector; Fig. 14A).  For our 

purpose, Hong Xu in our laboratory removed the first constant heavy chain (CH1) from 

this vector, something which is typically done when generating Fc fusion proteins (200).  

Once generated, the vector which Hong Xu made was digested with NheI and ApaI and 

then ligated to the predigested PCR products from Figure 13B.  The ligated products 

yielded a vector which expressed the EBNA Clone 315 or WT1 Clone 45 scFv genes in 

tandem to the CH2, 3 domains of a human IgG1 under a single CMV promoter (scFv-Fc 

Vector; Fig. 14B).  They were then transformed into E.coli, plated on TYE + Amplicilin 

(100 μg/ml), colonies were picked and their plasmids sequenced at the MSKCC 

Sequencing Core Facility.  After further validation using DNA sequencing, the two 

fusion constructs were linearized using HindIII and ran on a 1% agarose gel (Fig. 15).   

Digestion with HindIII also allowed us to block the expression of the light chain that is 

still present in the vector, which for all intensive purposes was undesired.  As expected, 
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both digested plasmids ran at the anticipated size (~11,000 bp) based on their location 

relative to the lambda HindIII marker.  Subsequently, the linearized DNA (5-6 μg) was 

electroporated (Amaxa Nucleofactor; Lonza, Switzerland) into 5 x 106 DG44 Chinese 

Hamster Ovary (CHO) Cells (Invitrogen) using Program U-030 and 100 μl Solution V.  

The cells were then cultured in OptiCHO media (Invitrogen) containing G418 (500 

μg/ml; added 7 days post-electroporation) at a cell density of 1-5 x 106 DG44 per ml of 

media.  The cells were then expanded to approximately 700 ml of culture media, which 

was centrifuged to remove the cells and supernatant used for antibody purification. 
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Figure 13. Tomlinson library vector, PCR reaction and NheI/ApaI digestion. 
A.  The structure of the Tomlinson library vector (4612 bp).  A beta-galactosidase 
promoter drives the expression of the scFv (VH – 15 amino acid Glycine/Serine Linker – 
VL) fused to a myc-tag and gIII by way of an amber codon.  An ampicillin resistance 
gene is also present.  B.  After a PCR reaction was carried out on EBNA Clone 315 and 
WT1 Clone 45 containing plasmids, the PCR products were purified, digested with NheI 
and ApaI, and ran on a 1% agarose gel.  The highlighted bands were determined to be the 
correct size (800 bp, based on the 100 bp marker), excised from the gel, and purified.  
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Figure 14. Full IgG expression vector and proposed scFv-Fc vector. 
A. The structure of the proprietary IgG expression vector (11381 bp).  The vector 
expresses the heavy and light chains under two separate CMV promoters.  The variable 
heavy chain (VH) is fused to the first, second and third constant heavy chains (CH1, 2, 3) 
and expressed under one promoter while the variable light chain (VL) is fused to the 
constant light chain (CL) and expressed under a different promoter.  This vector was 
further modified to lack the first constant region of the heavy chain (CH1), and this vector 
was used for the construction of scFv-Fc fusion proteins.   B.  After excision of the VH 
from the IgG vector using NheI and ApaI, the pre-digested, purified scFv PCR products 
were ligated to the IgG vector to allow for the expression of the scFv fused to the CH2, 3 
domains (Fc). 
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Figure 15. Validation and HindIII digestion of scFv-Fc fusion constructs. 
Along with sequence validation, the scFv-Fc plasmids were ran on a 1% agarose before 
(left) and after (right) HindIII digestion.  Based on the lambda HindIII marker, it was 
determined that the bands after HindIII digestion were the correct sizes (~12,000 bp).  
HindIII digested DNA was subsequently used for electroporation into DG44 cells. 
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Expression and purification of soluble scFv-Fc 
 
 DG44 supernatant containing the soluble scFv-Fc fusion protein was purified 

using the KappaSelect affinity chromatograph resin (GE Healthcare).  First, 1.5 ml of 

KappaSelect resin was loaded onto a column and activated with 20 ml of PBS.  The 

supernatant was loaded onto the column using a peristaltic pump at a flow rate of 

approximately 1 ml/min.  The column was subsequently washed using 40 ml of PBS until 

the flow-thru registered an OD280 of less than 0.05.  The scFv-Fc fusion protein was 

then eluted from the resin using 10 ml citrate buffer (pH 2.0) directly into 10 ml of 1 M 

Tris for neutralization.  The eluted scFv-Fc was subsequently concentrated using a 50,000 

MWCO Vivaspin centrifuge tube (Sartorius Stedim) and tested for its ability to bind to 

recombinant antigen using ELISA and the Biacore T100 (GE Healthcare) as well as 

natively presented peptide on the surface of T2 cells using flow cytometry. 

 

 

 

 

 

 

 

 

 

 

 



 

49 

Monoclonal ELISA with bacterial phage clones, purified scFv and scFv-Fc 
 
 Vinyl flat bottom microtiter plates (Thermo Fisher) were used for ELISA assays.  

Plates were initially coated overnight at 4oC with BSA-biotin (10 μg/ml; 50 μl/well).  The 

next morning, the contents were discarded and the plates incubated at RT with 

streptavidin (10 μg/ml; 50 μl/well) for 1 hour.  The contents were discarded and the 

plates incubated with recombinant biotinylated HLA-A2-peptide complexes (5 μg/ml; 50 

μl/well) at RT for 1 hour.  The plates were then incubated with 2% Milk (150 μl/well) at 

RT for 1 hour.  After blocking, the plates were washed 2 times with PBS and then 

incubated with bacterial supernatant from their respective HB2151 culture plate wells, 

purified scFv, or purified scFv-Fc at RT for 1 hour.  The contents were discarded, the 

plates washed 5 times with PBS, and then incubated at RT for 1 hour with either a 

mouse-anti-myc tag antibody (Clone 9E10; Sigma Aldrich. 0.5 μg/ml; 100 μl/well in 

0.5% Milk) to detect the scFv or a goat-anti-human-HRP (Jackson Immunoresearch 

Laboratories. 0.5 μg/ml; 100 μl/well in 0.5% Milk) to detect the scFv-Fc.  The contents 

were discarded, the plates washed 5 times with PBS, and those receiving the scFv were 

further incubated with a goat-anti-mouse-HRP (Jackson Immunoresearch Laboratories. 

0.5 μg/ml; 100 μl/well in 0.5% Milk) at RT for 1 hour while the plates receiving the 

scFv-Fc were developed using o-phenylenediamine (OPD) buffer (150 μl/well), which 

was made by combining 20 mg of OPD tablets in 40 ml of citrate phosphate buffer with 

40 μl 30% hydrogen peroxide.  The color reaction was stopped by adding 30 μl of 5N 

sulfuric acid to each well and the plates read using the Dynex MRX ELISA plate reader 

at 490 nm.  Lastly, the contents of the scFv plates were discarded, the plates washed 5 

times with PBS, and developed according to the method above. 
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Cell lines and peptides 
 
 Tap-deficient HLA-A2+ T2 cells, 6268A, GKO, (both HLA-A2-), DIMT, LUY 

and JG19 (all three are HLA-A2+) B-cell lymphoblastic cell lines (BLCLs) were used for 

antigen presentation studies.  697 and OVCAR-3 cells were also used for WT1-related 

killing studies.  Cells were normally cultured in RPMI 1640 + 10% Fetal Bovine Serum 

(FBS).  For antigen presentation, T2 cells were harvested and transferred to serum-free 

IMDM + 10-20 μg/ml β2M.  The T2 cells would then be incubated with 20-40 μM or less 

of RMFPNAPYL, LLDFVRFMGV or any number of irrelevant peptides at 37oC for 3-5 

hours.  Studies with BLCLs were done in the same manner as with T2 cells with the 

occlusion of β2M in the media.  The Pulse-Chase experiment with DIMT BLCLs was 

done by first incubating the BLCLs in serum-free IMDM with 20 μM LLDFVRFMGV 

for 5 hours at 37oC.  The cells were then washed with fresh RPMI 1640 + 10% FBS, 

transferred back into this culture medium and cultured further at 37oC for 5 and 24 hours, 

followed by flow cytometric analysis at each time point using EBNA Clone 315 scFv. 
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Binding kinetics using surface plasmon resonance 
 

Kinetic measurements were performed by surface plasmon resonance using the 

BIAcore T100 (GE Biosciences).  Briefly, the first two flow cells of a CM5 chip (GE 

Biosciences) were activated using the standard amine coupling reagents in HBS-EP 

running buffer (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005% Tween 20) with 

flow cell 2 immobilized with the purified EBNA Clone 315 scFv-Fc fusion protein using 

10 mM Acetate (pH 5).  Subsequently, the target HLA-A2-peptide monomer (222 nM-

13.875 nM) was injected over both the 1st (reference) and 2nd flow cells at 20 μl/min. for 

120 sec., followed by the addition of running buffer for an extra 180 sec. Kinetics values 

were determined using the BIAcore T100 Evaluation Software 2.0 and 1:1 binding model 

(local Rmax). 
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Flow cytometry   
 

Peptide-pulsed and unpulsed cells were transferred to plastic polystyrene round-

bottom tubes (Becton Dickinson Labware) and washed with PBS.  The cells were 

subsequently incubated with 5 μg of either targeted or non-specific purified scFv or scFv-

Fc on ice for 40 min.  The cells were washed with PBS and then incubated with 1 μg of 

biotinylated mouse-anti-myc antibody (Clone 9E10; Sigma Aldrich) to target the scFv or 

PE-conjubated goat-anti-human IgG Fc-specific (Jackson Immunoresearch Laboratories) 

on ice for 30 min.  The cells were washed with PBS and then the scFv-treated cells 

incubated with streptavidin-PE (BD Biosciences) on ice for 20 min.  Lastly, the cells 

were washed once more with PBS and analyzed on the BD FACS Calibur. 

For CD107a cytotoxicity assays, transduced-NK92MI cells and target T2 cells or 

BLCLs were cocultured in a 1:1 effector:target (E:T) ratio (2.5-5.0 x 105 cells each) in 

200 μl complete Alpha Essential medium (12.5% horse serum and 12.5% FBS) 

(Invitrogen) + 10-15 μl anti-CD107a-PE at 37oC for 5 Hours.  The cell mixture was then 

washed with PBS and analyzed on the BD FACS Caliber. 

For FACS sorting experiments, retrovirally-transduced NK92MI cells were sorted 

based on GFP intensity using the BD Aria Flow Cytometer under the guidance of the 

MSKCC Flow Cytometry facility.   
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Quantitation of HLA-A2-LLDFVRFMGV complexes on peptide-pulsed T2 cells 
 
 For MHC-peptide complex quantitation, the EBNA Clone 315 scFv-Fc was first 

directly conjugated to Alexa Fluor 647 using the APEX Alexa Fluor 647 Antibody 

Labeling Kit (Invitrogen).  The kit yields about 10-20 μg of labeled antibody. 

For quantitation, the Quantum Simply Cellular anti-Human IgG kit was used 

(Bangs Laboratories) along with the technical assistance of Hong-fen Guo in our 

laboratory.  Briefly, the kit is comprised of five microsphere populations; one blank and 

four labeled with increasing amounts of anti-human IgG.  The beads and the peptide 

pulsed T2 cells (37oC for 5 hours) were then labeled with the same fluorescently 

conjugated EBNA Clone 315 scFv-Fc on ice for 30 minutes.  The cells were then washed 

with PBS and analyzed on the BD FACS Calibur along with the labeled beads.  The 

Excel-based QuickCal analysis template that’s provided with each kit aids in correlating 

fluorescence intensity with antigen density on the T2 cells.  Each of the 4 data points are 

the average of duplicates.   
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Construction of the WT1 Clone 45 chimeric antigen receptor 
 

In order to generate a CAR specific for the HLA-A2-RMFPNAPYL complex, the 

WT1 Clone 45 scFv would typically be fused to intracellular signaling domains of 

immune-modulatory proteins found in immune effector cells.  Through collaboration 

with Dr. Dario Campana at St. Jude Children’s Hospital, we were able to obtain a CAR 

expression vector in which a CD19-specific scFv was fused to the CD8α 

hinge/transmembrane region, 4-1BB (a tumor necrosis factor-receptor family member 

which has been shown to prevent activation-induced cell death, induction of T cell 

expansion, and enhanced T cell response (201, 202) and the CD3ζ chain (one of five CD3 

invariant polypeptide chains which play an important role in coupling antigen recognition 

to several intracellular signaling pathways) on the inside of the cell (154).  In addition, 

due to an internal ribosome entry site (IRES; derived from the encephalomyocarditis 

virus (ECMV) (203) downstream of the CAR and directly upstream of the green 

fluorescence protein (GFP), both genes can be translated from a single bicistronic 

mRNA, allowing for direct correlation between fluorescence and CAR expression. 

For our purpose, we wanted to replace the anti-CD19 scFv with our WT1 Clone 

45 scFv.  However, due to restriction enzyme incompatibility issues between the St. Jude 

CAR vector and our Tomlinson vector, we decided to have the entire CAR gene, 

containing the WT1 Clone 45 scFv, synthesized by Genescript.  The resulting WT1 

pUC57 vector contained the desired WT1 Clone 45 CAR sequence flanked by a CD8α 

signal peptide at the N-terminus and a hinge region on the C-terminal side (pUC57 vector 

from Genescript; Piscataway, NJ) (Fig. 16A).  Next, we digested the WT1 pUC57 vector 

and St. Jude CAR vector (Fig. 16B) using EcoRI (37oC for 2 hours) and XhoI (37oC for 2 
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hours).  Afterwards, the digested and undigested plasmids were run on a 1% agarose gel 

along with the lambda HindIII and 100 bp markers (Fig. 17).  The highlighted bands 

corresponded to the anticipated sizes of the St. Jude plasmid lacking the CAR sequence 

(~6500 bp) and the WT1 Clone 45 CAR sequence lacking the pUC57 plasmid (~1500 

bp).  These bands were excised from the gel, and after DNA purification, the two were 

ligated together and the ligation products transformed into NEB 5-alpha competent E. 

coli (New England Biolabs).  The bacteria were then plated on TYE + Amplicilin (100 

μg/ml), 8 colonies were picked and cultured in LB + Amplicilin (100 μg/ml) and their 

plasmids sequenced using the reverse primer 788A (5'-

CCCTTGAACCTCCTCGTTCGACC-3') by the MSKCC Sequencing Core Facility.  In 

addition, the plasmids were also digested with EcoRI and XhoI and ran on a 1% agarose 

gel along with lambda HindIII and 100 bp markers to validate their sizes (Fig. 18A).  

After demonstrating that both bands from each plasmid yielded their expected sizes, it 

was determined that the cloning was successful (Fig. 18B). 
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Figure 16. WT1 pUC57 and St. Jude CAR vectors. 
A. The structure of the WT1 pUC57 vector (4277 bp).  A gene containing a 
transmembrane signal peptide, WT1 Clone 45 scFv sequence, CD8α hinge region, 4-1BB 
and CD3ζ chain was ordered from Genescript and provided to us inside of this pUC57 
vector.  B.  The St. Jude CAR vector (8013 bp) provided to us by the Campana laboratory 
has a similar structure to the pUC57 vector with the addition of an IRES-GFP sequence 
directly downstream of the CAR gene.  This allows for direct correlation between CAR 
expression and GFP fluorescence without the need for the two to be attached to each 
other.  Both vectors also contained an ampicillin resistance gene. 
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Figure 17. EcoRI and XhoI digestion of the WT1 pUC57 and St. Jude CAR vectors.   
Both the WT1 pUC57 and St. Jude CAR vectors were digested with EcoRI and XhoI and 
ran on a 1% agarose gel, along with undigested plasmid, a lambda HindIII marker and a 
100 bp marker.  As highlighted, the larger of the two bands (~6000 bp) was removed 
from the St. Jude CAR vector digestion while the smaller band (~1500 bp) was removed 
from the WT1 pUC57 digestion; these two bands were the sizes which were anticipated 
for the St. Jude vector and WT1 CAR insert.  After purification, the vector and insert 
were ligated together. 
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Figure 18. EcoRI and XhoI digestion validation of the WT1 Clone 45 CAR vector. 
 A. Along with sequence validation, plasmids isolated from 8 different bacterial colonies, 
after ligation, transformation and EcoRI and XhoI digestion, were run on a 1% agarose 
gel.  Based on the lambda HindIII and 100 bp markers, it was determined that the bands 
were the correct size (~1500 bp and ~6000 bp).  B.  The structure of the resulting WT1 
Clone 45 CAR vector has the same components as the original St. Jude CAR vector with 
the only difference being the scFv sequence. 
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Construction of the EBNA Clone 315 chimeric antigen receptor 

 Since the WT1 Clone 45 CAR required us to purchase the WT1 pUC57 vector, 

additional restriction sites were added to this construct for greater ease when swapping 

different scFvs (Fig. 19B).  As a result, the EBNA Clone 315 scFv sequence could 

directly be cloned out of the Tomlinson vector in which it was derived from (Fig. 19A). 

The first cloning step involved the removal of the WT1 Clone 45 scFv from the 

WT1 pUC57 vector using SfiI (50oC for 2 hours) and NotI (37oC for 2 hours).  The same 

digestion was done to the Tomlinson vector containing the EBNA Clone 315 scFv 

sequence.  Once digested, both plasmids were run on a 1% agarose gel along with lambda 

HindIII and 100 bp markers (Fig. 20A).  The highlighted bands corresponded to the WT1 

pUC57 vector without a scFv, and the EBNA Clone 315 scFv from the Tomlinson vector.  

These bands were excised from the gel and ligated together, resulting in a predicted 

structure illustrated in Figure 20B.  After ligation, the product was transformed into E. 

coli, plated on TYE + Amplicilin (100 μg/ml), 10 colonies were picked, cultured 

overnight, their plasmids were purified, and each DNA digested with EcoRI alone or 

EcoRI and XhoI.  As anticipated, due to an inherent XhoI site within every scFv 

sequence derived from the Tomlison vector (with the exception of WT1 Clone 45 scFv in 

the context of pUC57 since the site was removed when purchased as a CAR from 

Genescript), the double digestion yielded three separate bands (Fig. 21).  To overcome 

this issue, a partial digestion of the EBNA pUC57 vector using XhoI was necessary.  The 

EBNA pUC57 plasmids isolated from the 10 colonies above were combined and digested 

with XhoI at room temperature for 1 minute.  The reaction was quickly stopped by 

adding it to 4 separate wells of a 1% agarose gel and running the DNA along with uncut 
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plasmid, lambda HindIII and 100 bp markers (Fig. 22A).  The highlighted bands were 

determined to be the expected size of the linearized EBNA pUC57 plasmid (~4300 bp); 

this linearized plasmid is a result of a random cut at either of the two XhoI sites.  

Subsequently, to obtain the complete CAR sequence (~1500 bp), the linearized plasmid 

was isolated from the gel and digested completely with EcoRI.  The resulting double and 

single digests were run on a 1% agarose gel along with the lambda HindIII and 100 bp 

markers (Fig. 22B).  The highlighted band corresponded to the anticipated size of the 

EBNA Clone 315 CAR gene, and as a result was excised from the gel, DNA purified, and 

ligated to the predigested (EcoRI and XhoI) St. Jude CAR vector.  After insertion into the 

vector provided to us by the Campana laboratory, the ligation products were then 

transformed into E.coli as above, plated on TYE + Amplicilin (100 μg/ml), 10 colonies 

were picked and their plasmids sequenced using the reverse primer 788A (5'-

CCCTTGAACCTCCTCGTTCGACC-3') at the MSKCC Sequencing Core Facility.  

Once the isolated plasmids were validated to contain the EBNA Clone 315 scFv sequence 

in the context of the CAR, the plasmids were digested with EcoRI and ran on a 1% 

agarose gel along with the lambda HindIII marker to validate their sizes (Fig. 23A).  

After demonstrating that the bands yielded the expected sizes, it was determined that the 

cloning was successful (Fig. 23B). 
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Figure 19. Tomlinson and WT1 pUC57 vectors. 
 A. The structure of the Tomlinson library vector (4612 bp).  A beta-galactosidase 
promoter drives the expression of the EBNA Clone 315 scFv (VH – 15 amino acid 
Glycine/Serine Linker – VL) fused to a myc-tag and gIII by ways of an amber codon.  An 
ampicillin resistance gene is also present.  B. The structure of the WT1 pUC57 vector 
(4277 bp).  A gene containing a transmembrane signal peptide, WT1 Clone 45 scFv 
sequence, CD8α hinge/transmembrane region, 4-1BB and CD3ζ chain was ordered from 
Genescript and provided to us inside of this pUC57 vector.  The vector also contained an 
ampicillin resistance gene.  
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Figure 20. SfiI and NotI digestion of the WT1 pUC57 and Tomlinson vectors. 
Both the WT1 pUC57 and Tomlinson (containing the EBNA Clone 315 scFv) vectors 
were digested with SfiI and NotI and ran on a 1% agarose gel, along with a lambda 
HindIII marker and a 100 bp marker.  As highlighted, the larger of the two bands (~3500 
bp) was removed from the WT1 pUC57 digestion while the smaller band (~800 bp) was 
removed from the Tomlinson digestion; these two bands were the sizes which were 
anticipated for the WT1 pUC57 vector and EBNA Clone 315 scFv insert.  After 
purification, the vector and insert were ligated together.  B. The predicted structure of the 
resulting plasmid after the EBNA Clone 315 scFv was cloned into the pUC57 vector 
(EBNA pUC57). 
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Figure 21. EcoRI and XhoI digestion validation of the EBNA pUC57 vector. 
After ligation and transformation, EBNA pUC57 plasmids isolated from 8 different 
bacterial colonies were digested with EcoRI alone (left) or EcoRI and XhoI together 
(right).  The sizes of the bands were as anticipated based on the predicted structure of the 
EBNA pUC57 vector. 
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Figure 22. XhoI partial and EcoRI complete digestion of the EBNA pUC57 vector. 
 A. The EBNA pUC57 vector was digested at room temperature for 1 minute with XhoI 
and subsequently loaded onto 4 separate wells of a 1% agarose gel, along with the uncut 
vector, a lambda HindIII marker and 100 bp marker.  The highlighted bands were excised 
from the gel since they were predicted to represent the linearized vector (~4200 bp).  B. 
After the partially digested XhoI bands were isolated and DNA purified, it was then 
completely digested with EcoRI and loaded onto a 1% agarose gel along with some of the 
partially digested vector, a lambda HindIII marker and 100 bp marker.  Since the partial 
digestion randomly cut at either of the two XhoI sites, the EcoRI digestion allowed us to 
resolve the correct XhoI digest by selecting for a DNA fragment which is around 1200 bp 
long (highlighted).  This fragment was then excised from the gel, purified, and ligated to 
the pre-digested St. Jude CAR vector. 
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Figure 23. EcoRI digestion validation of the EBNA Clone 315 CAR vector. 
A. Along with sequence validation, plasmids isolated from 10 different bacterial colonies, 
after ligation, transformation and EcoRI digestion, were run on a 1% agarose gel.  Based 
on the lambda HindIII marker, it was determined that all but one of the bands were the 
correct size (~8000 bp).  B.  The structure of the resulting EBNA Clone 315 CAR vector 
has the same components of the original St. Jude CAR vector with the only difference 
being the scFv sequence. 
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Retroviral production, DNA packaging, and infection of NK92MI cells 
 
 To produce CAR-containing retrovirus, the following procedure was employed 

which used a 293T-based retroviral production cell line (GP2).  Briefly, 7 μg of CAR 

DNA was combined with 3.5 μg of PCLAmpho helper construct and 3.5 μg pVSVg in 1 

ml of serum-free DMEM.  This mixture was then combined with 1 ml serum-free DMEM 

containing 36 μl of Lipofectamine 2000 (Invitrogen) and incubated at RT for 20 min.  

Afterwards, the DNA-Lipofectamine complex (2 ml) was mixed with GP2 cells (3-5 x 

106) in 10 ml of DMEM + 10% FBS and cultured at 37oC for 72 hours.  Subsequently, 

the supernatant (12 ml) was depleted of GP2 cells during recovery and incubated with 3 

ml Lenti-X Concentrator solution (Clontech) at 4oC for 12-16 hours.  Afterwards, the 

solution was centrifuged at 3000 rpm for 15 min., the supernatant discarded, and the 

pellet dissolved in 1 ml complete Alpha Essential medium containing 5 x 105 NK92MI 

cells.  The cells were then incubated for 72 hours and checked by flow cytometry for 

CAR expression via GFP (the CAR gene is expressed under a CMV promoter which is 

followed by IRES-GFP). 
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51Cr release cytotoxicity assay 
 

The capacity of CAR-equipped NK92MI cells to lyse target cells was evaluated 

using a 51Chromium release assay.  Peptide pulsed or unpulsed 51Cr-labeled cells (100 

μCi/sample in 50 μl at 37oC for 1 hour) were plated in round-bottom 96-well plates (5 x 

103 cells/well) in RPMI 1640 with 10% FBS.  Subsequently, CAR-equipped NK92MI 

cells were added to the labeled target cells at different effector (E)/target (T) ratios and 

incubated for 2-4 hours at 37oC, with or without blocking antibodies (scFv-Fc fusion 

proteins; 10-30 μg/ml. Anti-HLA-A2 and irrelevant IgG2b antibodies; 5-10 μg/ml), after 

which the cultures were depleted of cells and 51Cr-release was measured in the 

supernatants.   

The capacity of EBNA Clone 315 scFv-Fc to lyse peptide-pulsed target cells was 

also evaluated using a 51Chromium release assay.  LLDFVRFMGV-pulsed DIMT or 

LUY BLCL (20 μM at 37oC for 2-3 hours) were labeled with 51Cr (100 μCi/sample in 50 

μl at 37oC for 1 hour) and plated in round-bottom 96-well plates (5 X 103 cells/well) in 

RPMI 1640 with 10% FBS.  Subsequently, CD16(V)-equipped NK92MI cells were 

added to the labeled target cells at different E:T ratios and incubated for 3-4 hours at 

37oC with or without EBNA Clone 315 scFv or an irrelavent scFv at varying 

concentrations.  Afterwards, the cultures were depleted of cells and 51Cr-release was 

measured in the supernatants. 

All E:T ratios were done in triplicate, with the average plotted on the graphs.  

Percent (%) 51Cr Release was determined using the following formula: ((Sample Release 

– Spontaneous Release) / (Total Release – Spontaneous Release) x 100). 
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CHAPTER 1 

SELECTING HLA-A2-RESTRICTED, PEPTIDE-SPECIFIC MONOCLONAL 

ANTIBODIES USING PHAGE DISPLAY TECHNOLOGY 

1.1 Introduction 

 Recombinant antibodies against a variety of MHC-peptide complexes have been 

isolated over the past several decades.  While hybridoma technology is still used by some 

groups since the turn of the century, the majority of these antibodies have been isolated 

using human phage display libraries.  To date, the size of the human phage display 

libraries used for selection have been in the order of 1010 in diversity, with the most 

common being an Fab library of 3.7 x 1010 (204).  The majority of these libraries have 

been derived from the immune repertoires of non-immunized healthy donors, however 

there has been a report of a phage library derived from an HLA-A2 transgenic mouse 

which was immunized with a gp100-derived peptide on HLA-A2 (205); the resulting 

library was determined to have 1 x 108 independent clones.  Selections have typically 

been done on recombinant, biotinylated single-chain MHC-peptide complexes using a 

solution-phase biopanning approach without negative selection (25).  Initial screening for 

TCR-like specificity is first done using an ELISA assay on recombinant MHC-peptide 

complexes. Subsequently, antigen presenting cells expressing the restricted HLA 

haplotype are incubated with the target peptide and the antibodies are then tested for their 

ability to stain the cells using flow cytometry or fluorescence microscopy. 

 In our study, we decided to use a commercially available naïve scFv human phage 

display library of relatively small diversity (~3 x 108) (199) to select for antibodies with 
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TCR-like specificity against both viral and non-viral HLA-A2-peptide complexes using a 

solution-phase biopanning approach with an irrelevant HLA-A2-peptide complex for 

negative selection.  We believe that antibody sequences which can recognize MHC-

peptide complexes are relatively common in the human immune repertoire, and 

hypothesize that such antibodies can be recovered from non-immunized phage display 

libraries with 100 fold less diversity than what has been previously published. 
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1.2 Affinity selection of phage on virally-derived recombinant HLA-A2-peptide 

complexes 

Biotinylated and non-biotinylated recombinant HLA-A2-peptide complexes 

presenting various different peptides previously shown to bind to HLA-A2 were obtained 

from the MSKCC Tetramer Core Facility.  For selection purposes, the Tomlinson I and J 

phage display libraries were combined and first preincubated with non-biotinylated, 

irrelevant HLA-A2-YVDPVITSI complex along with streptavidin paramagnetic beads so 

that any phage which expresses an antibody that may bind to the general framework of 

HLA-A2, or the streptavidin beads themselves, are eventually discarded during the 

washing steps.  Subsequently, the contents (phage and irrelevant complex) were 

incubated with biotinylated HLA-A2-LLDFVRFMGV (EBNA3C) and biotinylated 

HLA-A2-NLVPMVATV (pp65) simultaneously in equimolar ratios and captured using 

streptavidin paramagnetic beads.  Once the beads were bound to the biotinylated 

complexes, the beads were washed with PBS containing Tween 20 and the bound phage 

were eluted from the beads using trypsin.  After two additional rounds of selection, the 

recovered phage were used to infect HB2151 E. coli and plated on ampicillin-containing 

agar.  The next morning, individual colonies were picked, cultured overnight in 48-well 

culture plates, and their supernatants tested for the presence of scFv on 96-well ELISA 

plates pre-coated with recombinant HLA-A2-peptide complexes.   

The first three rounds of selection resulted in a 55-fold increase in phage 

recovery, based on output/input ratio, and scFvs which only bound to the HLA-A2-

EBNA3C complex (Table 4).  These results were somewhat surprising since both of the 

peptides on HLA-A2 were derived from viral-related proteins, which are not seen in the 
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human protein repertoire.  To confirm these findings, an additional round of selection 

was undertaken on just the HLA-A2-EBNA3C complex alone which resulted in a further 

amplification of recovered phage (109-fold) and a similar percentage of clones which 

bound to the HLA-A2-EBNA3C complex (83% positive after Round 3 and 77% after 

Round 4).  During the screening processes, several different scFv were found to bind to 

the targeted HLA-A2-EBNA3C complex, however only a few scFv sequences resulted in 

absolute specificity and did not bind to HLA-A2-peptide complexes of different origins 

(Fig. 24A).  Of those clones which were tested, EBNA Clones 315 and 327 had the same 

peptide sequence and were further characterized.  After scFv purification, a subsequent 

validation ELISA demonstrates that EBNA Clone 315 maintained its specificity towards 

the targeted HLA-A2-EBNA complex, in addition to failing to bind to the 

LLDFVRFMGV peptide by itself (Fig. 24B).  These initial binding assays demonstrate 

the TCR-like binding ability of this antibody. 
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Table 4. Phage display selection results on recombinant HLA-A2-LLDFVRFMGV and 
HLA-A2-NLVPMVATV complexes. 
 
 

 Round 1* Round 2* Round 3* Round 4** 

Input 7.5 x 1012 4.9 x 1012 2.4 x 1012 1.8 x 1012 

Output 4.7 x 106 6 x 106 8.4 x 107 1.25 x 108 

Output/Input 6.3 x 10-7 1.22 x 10-6 3.5 x 10-5 6.9 x 10-5 

Fold Enrichment  
(From Rd 1) ___ 2 55.5 109.5 

HLA-A2-EBNA3C  
Peptide-Specific Clones*** ___ ___ 40/48 (83%) 37/48 (77%) 

HLA-A2-pp65  
Peptide-Specific Clones*** ___ ___ 0/48 (0%) 0/48 (0%) 

 
 
* Rd 1-3: Panning against Biotinylated-HLA-A2-pp65 Peptide + Biotinylated-HLA-A2-
EBNA Peptide  
** Rd 4: Panning against Biotinylated HLA-A2-EBNA3C Peptide Only 
*** Relative signal at least 2-fold greater than background. 
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Figure 24. EBNA Clone 315 scFv is highly specific for the recombinant HLA-A2-
LLDFVRFMGV complex. 
A.  Bacterial supernatant from individual clones after 3 rounds of phage selection were 
tested for binding to recombinant, biotinylated-HLA-A2-peptide complexes on vinyl 
microtiter plates.  While several clones resulted in cross-reactivity to more than just the 
targeted HLA-A2-LLDFVRFMGV complex (Clones 335 and 345), Clones 315 and 327 
were found to have the desired specificity.  B.  Purified EBNA Clone 315 scFv was 
retested against a similar panel of recombinant, biotinylated HLA-A2-peptide complexes.  
Purified EBNA Clone 315 scFv maintained its specificity over a panel of HLA-A2-
peptide complex in addition to its inability to bind to the native peptide by itself.  The 
anti-HLA-A2 antibody BB7.2 was included to demonstrate that all HLA-A2-peptide 
complexes are adherent and presented properly on the plate. 
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1.3 Affinity selection of phage on WT1-derived recombinant HLA-A2-peptide 

complex 

Antibody selection using phage against biotinylated HLA-A2-RMFPNAPYL 

(WT1-derived) was done in a similar manner to that which was described above.  Briefly, 

the Tomlinson I and J phage display libraries were first combined and preincubated with 

non-biotinylated, irrelevant HLA-A2-NLVPMVATV complex and streptavidin 

paramagnetic beads.  Subsequently, the contents (phage and irrelevant complex) were 

incubated with biotinylated HLA-A2-RMFPNAPYL and captured using fresh 

streptavidin paramagnetic beads.  Once bound to the biotinylated complex, the beads 

were washed with PBS containing Tween 20 and the bound phage were eluted from the 

beads using trypsin.  After two additional rounds of selection, the recovered phage were 

used to infect HB2151 E. coli and plated on ampicillin-containing agar.  The next 

morning, individual colonies were picked, cultured overnight in 48-well culture plates, 

and their supernatants tested for the presence of scFv on 96-well ELISA plates pre-coated 

with recombinant HLA-A2-peptide complexes.   

The first three rounds of selection resulted in a 90-fold enrichment in phage when 

comparing the output/input ratios (Table 5).  After screening 48 clones for binding to the 

specific HLA-A2-RMFPNAPYL complex, three clones were found to bind specifically 

to their targeted complex but failed to bind to complexes which displayed an irrelevant 

peptide (Fig. 25A).  Of the clones which were tested, all of them were found to have the 

same peptide sequence and WT1 Clone 45 was chosen for further characterization.  After 

scFv purification, a subsequent validation ELISA demonstrates that WT1 Clone 45 

maintained its specificity towards the targeted HLA-A2-WT1 complex, in addition to 
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failing to bind to the RMFPNAPYL peptide by itself (Fig. 25B).  These initial binding 

assays demonstrate the TCR-like binding ability of this antibody. 
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Table 5. Phage display selection results on recombinant HLA-A2-RMFPNAPYL 
complex. 
 
 

 Round 1* Round 2** Round 3** 

Input 3.7 x 1012 5.6 x 1011 1.55 x 1011 

Output 4.0 x 106 3.2 x 106 1.52 x 107 

Output/Input 1.08 x 10-6 5.7 x 10-6 9.8 x 10-5 

Fold Enrichment (From Rd 1) ___ 5.3 90.7 

HLA-A2-RMFPNAPYL-Specific Clones*** ___ ___ 3/48 

 
 
* Rd 1: Panning against 5 μg Complex.   
** Rd 2-3: Panning against 2.5 μg Complex. 
*** Relative signal at least 3-fold greater than background (Irrelevant HLA-A2-
Complex). 
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Figure 25. WT1 Clone 45 scFv is highly specific for the recombinant HLA-A2-
RMFPNAPYL complex. 
A.  Bacterial supernatant from three individual clones after three rounds of phage 
selection were tested for binding to recombinant, biotinylated-HLA-A2-peptide 
complexes on vinyl microtiter plates.  All three clones which were tested had the 
necessary specificity to only recognize the HLA-A2-RMFPNAPYL complex.  It was 
discovered that all three clones had the same DNA sequence.  B.  Purified WT1 Clone 45 
scFv was retested against a similar panel of recombinant, biotinylated HLA-A2-peptide 
complexes.  Purified WT1 Clone 45 scFv maintained its specificity over a panel of HLA-
A2-peptide complex in addition to its inability to bind to the native peptide outside of the 
context of MHC.  The anti-HLA-A2 antibody BB7.2 was included to demonstrate that all 
HLA-A2-peptide complexes are adherent and presented properly on the plate. 



 

78 

1.4 Binding kinetics and specificity of purified scFv (EBNA Clone 315 and WT1 

Clone 45) on peptide-pulsed T2 cells 

To demonstrate that the isolated EBNA Clone 315 and WT1 Clone 45 scFvs are 

able to recognize and bind to their native complexes on the surface of peptide-pulsed 

antigen presenting cells (APCs), the TAP-deficient T2 cell line was used.  T2 cells were 

first incubated for 5 hours at 37oC with either LLDFVRFMGV (EBNA3C-derived), 

RMFPNAPYL (WT1-derived) or irrelevant peptide KLQCVDLHV in serum-free 

medium containing β2M.  The cells were subsequently washed and stained with the 

purified WT1 Clone 45, EBNA Clone 315 or an irrelevant scFv.  In addition, peptide 

pulsed and unpulsed T2 cells were also incubated with an anti-HLA-A2-FITC (BB7.2) 

antibody.  This BB7.2 staining control was included due to previous studies which 

demonstrate that if a peptide is able to bind HLA-A2 on the T2 cell surface, the HLA-A2 

molecule is stabilized, and the stabilization can be visualized by an increase in 

fluorescence intensity (206).  As shown in Figure 26A, T2 cells which have been pulsed 

with either the LLDFVRFMGV or KLQCVDLHV peptides resulted in a fluorescence 

shift, consistent with their binding to the HLA-A2 pocket.   However, EBNA Clone 315 

was only able to stain T2 cells pulsed with its specific target peptide LLDFVRFMGV and 

not an irrelevant peptide (Fig. 26B).  Similar results were obtained when T2 cells were 

pulsed with either the RMFPNAPYL or LLDFVRFMGV peptides and stained with WT1 

Clone 45 scFv.  While both peptides were able to stabilize the HLA-A2 molecule (Fig. 

27A), WT1 Clone 45 scFv was only able to detect the T2 cells pulsed with the 

RMFPNAPYL peptide (Fig. 27B).  This further validates their utility in detecting the 

native complex on the surface of cells. 
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Next, we became interested in the detection sensitivity of the EBNA Clone 315 

scFv using flow cytometry.  This data will become useful in the subsequent chapter of 

this thesis when we correlate sensitivity with antigen density using flow cytometric 

quantitative beads.  By titrating down the amount of peptide used for incubation with the 

T2 cells, it was determined that concentrations as low as 78 nM were still able to produce 

a fluorescence signal above background when stained with EBNA Clone 315 scFv (Fig. 

26C).  With decreasing concentrations of peptide used for loading, there was a 

corresponding reduction in overall HLA-A2 intensity (data not shown) as one would 

expect.   
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Figure 26. EBNA Clone 315 can recognize HLA-A2-LLDFVRFMGV on peptide-pulsed 
T2 cells. 
A. TAP-deficient T2 cells were pulsed with (solid, unfilled lines) or without (dashed, 
unfilled lines) LLDFVRFMGV (left panel) or KLQCVDLHV peptides (right panel) at 20 
μM in serum-free IMDM media at 37oC for 5 hours.  The cells were then stained with a 
mouse-anti-human HLA-A2-FITC conjugated antibody (unfilled lines) or a control 
mouse IgG1-FITC conjugated antibody (filled lines) and analyzed on the FACS machine.  
B.  Peptide-pulsed T2 cells from A were stained with EBNA Clone 315 scFv (unfilled 
lines) or a control scFv (filled lines).  Only T2 cells which had been pulsed with the 
LLDFVRFMGV peptide (left panel), but not ones which had been pulsed with 
KLQCVDLHV (right panel), could be stained by the EBNA Clone 315 scFv.  C. T2 cells 
were incubated with decreasing concentrations of the LLDFVRFMGV peptide and 
subsequently stained with EBNA Clone 315 scFv as above.   
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Figure 27. WT1 Clone 45 can recognize HLA-A2-RMFPNAPYL on peptide-pulsed T2 
cells. 
A. TAP-deficient T2 cells were pulsed with (solid, unfilled lines) or without (dashed, 
unfilled lines) RMFPNAPYL (left panel) or LLDFVRFMGV peptides (right panel) at 40 
μM in serum-free IMDM media at 37oC for 5 hours.  The cells were then stained with a 
mouse-anti-human HLA-A2-FITC conjugated antibody (unfilled lines) or a control 
mouse IgG1-FITC conjugated antibody (filled lines) and analyzed on the FACS machine.  
B.  Peptide-pulsed T2 cells from A were stained with WT1 Clone 45 (unfilled lines) or a 
control scFv (filled lines).  Only T2 cells which had been pulsed with the RMFPNAPYL 
peptide (left panel), but not ones which had been pulsed with LLDFVRFMGV (right 
panel), could be stained by the WT1 Clone 45. 
 
 

 



 

82 

1.5 Demonstrating HLA restriction of the LLDFVRFMGV peptide and EBNA Clone 315 

using peptide-pulsed BLCLs 

 We next examined the expression of these peptides on BLCLs, especially since 

BLCLs are used routinely as APCs (207).  Two BLCL lines were used, one HLA-A2+ 

(DIMT) (Fig. 28A) and one HLA-A2- (6268A) (Fig. 28B).  The BLCLs were incubated 

in serum-free IMDM media for 5 hours at 37oC with either the specific LLDFVRFMGV 

or irrelevant KLQCVDLHV peptides.  When incubated with the specific peptide, only 

the HLA-A2+ DIMT BLCL could be stained by EBNA Clone 315.  Similarly to results 

seen with T2 cells, DIMT cells loaded with the irrelevant peptide, or 6268A loaded with 

the specific/irrelevant peptide, could not be stained with EBNA Clone 315.  It is 

interesting to note that without peptide pulsing we were unsuccessful at staining DIMT.  

While our staining approach has been optimized to detect low levels of antigen through 

signal amplification involving secondary and tertiary reagents to detect the scFv, the 

amount of peptide that the cell naturally presents seems to be below our level of 

detection. 

 Subsequently, in an attempt to study the duration of peptide presentation on HLA-

A2, a pulse-chase experiment was set up to monitor the levels of the HLA-A2-EBNA3C 

complex on DIMT cells over time.  Initially, DIMT cells were incubated in serum-free 

IMDM media for 5 hours at 37oC with the LLDFVRFMGV peptide.  Afterwards, the 

cells were washed twice with RPMI + 10% FBS and further cultured in this media for an 

additional 5 hours and 24 hours.  At each of these three time points, cells were harvested 

and stained with either the purified EBNA Clone 315 scFv or an irrelevant scFv.  The 

results show that after pulsing, the HLA-A2-EBNA3C complex could easily be detected 
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on the cell surface (Fig. 29).  Furthermore, even after the cells were transferred to fresh 

media and cultured for an additional 5 and 24 hours, the MHC-peptide complex could 

still be detected, signifying that peptide-pulsed BLCLs are able to hold onto and present 

antigen for at least a day after the peptide had been removed from the media.  This data 

further supports the use of autologous BLCLs in the generation of antigen specific T cells 

and the utility of TCE-specific antibodies like EBNA Clone 315 in precise visualization 

of TCE expression on APCs or target cells. 
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Figure 28. EBNA Clone 315 is LLDFVRFMGV peptide specific and HLA-A2-
restricted. 
 A and B.  In the left panels, DIMT (A) and 6268A (B) BLCLs were stained with an 
HLA-A2-FITC conjugated antibody (unfilled lines) or an isotype control (filled lines).  
The BLCLs were then incubated with LLDFVRFMGV (middle panel) or KLQCVDLHV 
peptides (right panel) with 20 μM in serum-free IMDM media at 37oC or 5 hours.  
Subsequently, the peptide-pulsed BLCLs were stained with EBNA Clone 315 scFv 
(unfilled lines) or a control scFv (filled lines).  Only the HLA-A2-positive DIMT BLCLs 
which had been pulsed with the LLDFVRFMGV peptide could be stained. 
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Figure 29. The HLA-A2-LLDFVRFMGV complex is stable on the cell surface. 
DIMT BLCLs were incubated with LLDFVRFMGV at 20 μM in serum-free IMDM 
media at 37oC for 5 hours (left panel), washed twice with RPMI + 10% FBS, and then 
further incubated for 5 hours (middle panel) or 24 hours (right panel) in fresh RPMI + 
10% FBS.  At each of these time points, the BLCLs were stained with EBNA Clone 315 
scFv (unfilled lines) or an irrelavent scFv (filled lines).  Incredibly, even 24 hours after 
removal from the medium, the BLCLs are still able to present a detectable amount of 
peptide. 
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1.6 Conclusions 

 Traditionally, the MHC-peptide complex could only be recognized by a TCR, 

limiting our ability to detect an epitope of interest to a T cell-based readout assay.  In this 

work, we demonstrate that monoclonal antibodies, in the form of scFvs, can be selected 

for using recombinant HLA-A2-peptide complexes after 3-4 rounds of selection by way 

of a human scFv phage display library.  It is interesting to note that our library was 

relatively small (100-fold) compared to previously published reports which used far more 

diverse human naïve scFv and Fab libraries.  Our scFvs demonstrated exquisite 

specificity, with EBNA Clone 315 and WT1 Clone 45 recognizing only the HLA-A2-

LLDFVRFMGV and HLA-A2-RMFPNAPYL complexes, respectively.  In addition, 

along with their inability to bind to HLA-A2 complexes which carried other peptides, the 

scFvs were also unable to bind to the free peptides themselves, further demonstrating 

their TCR-like specificity.   

Next, the scFvs were tested for their ability to bind to peptide presented on the 

surface of HLA-A2-positive cells.  After T2 cells and BLCLs were incubated in the 

presence of peptide, the cells could selectively recognize them using flow cytometry.  In 

addition, in the case of LLDFVRFMGV, the complex which it formed with HLA-A2 

could be detected on the surface of a BLCL even 24 hours after pulsing, further 

demonstrating the utility of these antibodies for the study of antigen presentation.  As a 

result, we believe that these antibodies have potential implications in the field of vaccine 

development, as others have demonstrated before us. 
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CHAPTER 2 

GENERATING SCFV-FC FUSION PROTEINS FOR ANTIGEN QUANTITATION, 

AFFINITY DETERMINATION AND ANTIBODY-DEPENDENT CELL CYTOTOXICITY 

 
2.1 Introduction 

Most antibodies in clinical development are full length IgGs (~150 kD).  The 

main advantages of these immunoglobulins are their long serum half-lives (persisting in 

the patient for weeks depending on their specific IgG subclass) and their ability to induce 

ADCC and CDC.  In the setting of TCR-like antibodies, the majority have been isolated 

using scFv and Fab phage display libraries; these fragments were subsequently 

engineered to act as toxin fusion proteins and/or chimeric antigen receptors.  While the 

Fabs have proven useful in several settings, other groups have began to isolate full length 

immunoglobulins and gone onto show that they are capable of inducing ADCC and/or 

CDC in cell lines which express the targeted MHC-peptide complex (38-40).  In addition, 

these antibodies were also useful in quantifying antigen density on the surface of antigen 

presenting cells (29, 31, 33, 37, 38) and cancer cell lines (31, 36), with similar detection 

sensitivities when fluorescence was correlated with number of cell surface MHC-peptide 

complexes (100-400 complexes (29, 31, 33)). 

In our study, we decided to go one step further and determine whether we can test 

ADCC using engineered scFvs.  In addition, we hypothesized that scFv-Fc fusion 

proteins would allow us determine antibody affinity, study antigen presentation and gain 

a better understanding of antigen density.  These fusion proteins allow for the conversion 

of monovalent scFvs into dimers, increasing the overall avidity and stability of our scFvs.  
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We believe the Fc portion will also allow us to directly conjugate the antibody to 

fluorescent dyes for antigen quantitation studies, immobilize the antibody for affinity 

measurements using surface plasmon resonance (SPR), and test for Fc-mediated 

cytotoxicity using CD16-expressing NK cells.  To date, there has not been any 

documentation in which MHC-restricted, peptide-specific scFv-Fc fusion proteins have 

been engineered and tested for their ability to carry out the studies that we undertake in 

this work. 
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2.2 Binding kinetics and sensitivity of EBNA Clone 315 scFv-Fc on recombinant 

HLA-A2-peptide complex and peptide-pulsed T2 cells 

To further understand the affinity of the interaction between EBNA Clone 315 

and the HLA-A2-EBNA3C complex, surface plasmon resonance was used to determine 

the binding kinetics between these two proteins.  First, the EBNA Clone 315 scFv-Fc was 

constructed, expressed in DG44 CHO cells, purified, and its binding ability was tested 

using ELISA (Fig. 30A) along with flow cytometry via peptide-pulsed T2 cells at varying 

concentrations (Fig. 30B and C).  These initial studies demonstrate that the antibody 

maintains its binding characteristics when expressed as a fusion protein  In addition, it is 

important to note that the flow cytometric sensitivity of the scFv and scFv-Fc were very 

comparable (20–200 nM), further highlighting the utility of the scFv as a monomeric 

binding fragment.   

Next, using the Biacore T100 (GE Healthcare), a CM5 chip (flow cells 1 and 2) 

was initially activated for amine coupling based on manufacturer recommendation.  The 

purified EBNA Clone 315 scFv-Fc was subsequently immobilized onto the second flow 

cell and the purified HLA-A2-EBNA3C complex passed over both flow cells as part of 

the soluble phase.  After background subtraction (signal from flow cell 2 minus that of 

flow cell 1), the association rate (kon) and dissociation rate (koff) were determined (2.361 

x 105 M-1s-1and 6.891 x 10-2 s-1, respectively), resulting in an overall KD (koff/kon) of 291 

nM using a 1:1 binding model (Fig. 31); these kinetic rates were very similar to 

previously isolated Fabs against different MHC-peptide complexes (26, 35).  Relative to 

published TCR:MHC Class I-peptide KD measurements, which typically range in the 

neighborhood of 2-50 μM (208), our scFv:MHC Class I-peptide interaction seems to be 
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at best 150-fold stronger, with the most significant improvement attributed to a slower 

koff.  Previous studies which support an affinity-based T cell activation model argue that a 

greater overall affinity or slower dissociation rate leads to higher interferon-gamma 

release and target cell lysis (209, 210). 

Lastly, in an attempt to quantify the amount of HLA-A2-LLDFVRFMGV 

complex on the surface of peptide-pulsed T2 cells, we decided to use flow cytometric 

quantitation beads.  This data will also be useful in determining the detection threshold of 

EBNA Clone 315 scFv and scFv-Fc.  First, purified EBNA Clone 315 scFv-Fc was 

conjugated to a fluorescent label, Alexa Fluor 647, using a commercially available kit.  

Subsequently, T2 cells were pulsed with 20, 10, 5, or 0 μM of LLDFVRFMGV peptide at 

37oC for 5 hours.  After pulsing, the peptide-pulsed T2 cells, along with beads containing 

known quantities of anti-human IgG1 antibodies, were incubated with the fluorescently-

labeled EBNA Clone 315 scFv-Fc.  Once the cells and beads were analyzed on the FACS 

machine, the fluorescence intensities were correlated to each other, resulting in an 

estimation of the number of complexes on the surface of the T2 cells relative to the 

quantity of peptide used for pulsing.  These four values (337,091 sites with 20 μM, 

149,688 sites with 10 μM, 76,040 sites with 5 μM, and no sites with 0 μM) were plotted 

on a graph and a trendline was used to create a standard curve (R2 = 0.9948) (Fig. 32A).  

Furthermore, when looking at the lower end of the spectrum, we have determined that an 

amount less than 40 nM of peptide will correspond to less than 100 complexes on the 

surface of the cell (Fig. 32B), placing the detection level of the EBNA Clone 315 scFv-Fc 

fusion within that range. 
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Figure 30. Binding studies using EBNA Clone 315 scFv-Fc. 
 A.  Purified EBNA Clone 315 scFv-Fc was tested for binding on an ELISA plate coated 
with or without HLA-A2-LLDFVRFMGV.  The scFv-Fc maintained its binding ability 
towards the recombinant complex.  B.  Purified EBNA Clone 315 scFv-Fc was tested for 
binding on T2 cells pulsed with or without the LLDFVRFMGV peptide (20 μM) in 
serum-free IMDM media at 37oC for 5 hours.  The scFv-Fc was only able to recognize 
peptide-pulsed T2 cells (unfilled lines).  C.  T2 cells were incubated with decreasing 
concentrations of the LLDFVRFMGV peptide in serum-free IMDM media at 37oC for 3 
hours and subsequently stained with EBNA Clone 315 scFv-Fc as above.  Based on 
geometric mean fluorescence, the lower limit of detection seems to be in the same range 
as the scFv (200 nM- 20 nM).   
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Figure 31. Kinetics determination of EBNA Clone 315 to HLA-A2-LLDFVRFMGV. 
Affinity measurements were done using surface plasmon resonance by way of the 
Biacore T100 and a CM5 sensor chip.  EBNA Clone 315 scFv-Fc was amine coupled to 
flow cell 2 using 10 mM Acetate (pH 5) while an empty flow cell 1 was used as a 
reference.  Subsequently, different concentrations (222 nM – 13.875 nM) of the 
recombinant HLA-A2-LLDFVRFMGV complex were injected at 20 μl/min over both the 
target and reference flow cells and the affinity determined using the Biacore T100 
Evaluation Software Version 2.0.  Affinity measurements were calculated using all 5 
separate concentrations curves. 
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Figure 32. Quantitation of HLA-A2-LLDFVRFMGV complex on T2 cells. 
A.  Fluorescently-conjugated EBNA Clone 315 scFv-Fc was tested for binding on T2 
cells pulsed with (20, 10, or 5 μM) or without (0 μM) the LLDFVRFMGV peptide in 
serum-free IMDM media at 37oC for 5 hours.  The cells, in addition to beads containing 
known amounts of anti-human IgG1 antibodies, were stained with the scFv-Fc and the 
cell’s fluorescence intensity was correlated to that of the beads and their number of 
binding sites.  Using these four peptide concentrations and corresponding number of 
complexes, a standard curve was created with an R2 value of 0.9948.  B.  A close-up view 
of the lower end of the peptide and complex spectrum allows for the determination of 
antigen detection threshold, with 40 nM of peptide resulting in the formation of 
approximately 100 complexes. 
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2.3 Binding and specificity studies of WT1 Clone 45 scFv-Fc on recombinant 

HLA-A2-peptide complex and peptide-pulsed cells 

 In order to do further studies regarding the presentation of the RMFPNAPYL 

peptide on the surface of APCs, the WT1 Clone 45 scFv-Fc fusion protein was also 

constructed, expressed in DG44 CHO cells, purified, and validated for binding to its 

targeted recombinant HLA-A2-peptide complex (Fig. 33A).  As was shown with the 

scFv, the fusion protein maintained its binding ability on the ELISA plate.  Next, we 

decided to check and see if the scFv-Fc maintained its binding ability and specificity on 

peptide-pulsed T2 cells.  T2 cells were pulsed with the RMFPNAPYL peptide or an 

irrelevant peptide in serum-free media with β2M at 37oC for 5 hours.  Using flow 

cytometry, the scFv-Fc was able to detect T2 cells which had been pulsed with the 

RMFPNAPYL peptide, but failed to recognize the cells pulsed with an irrelevant peptide 

(Fig. 33B).  These two assays further validated that the fusion protein acts in the same 

way as the original scFv. 

 Subsequently, we decided to test whether the binding of the RMFPNAPYL 

peptide and scFv-Fc fusion protein were restricted to HLA-A2.  HLA-A2+ and HLA-A2- 

BLCLs (DIMT and 6268A, respectively) were pulsed with the RMFPNAPYL peptide in 

serum-free media at 37oC for 5 hours.  Similarly to EBNA Clone 315, the WT1 Clone 45 

scFv-Fc fusion protein was only able to recognize the peptide pulsed DIMT and not the 

HLA-A2- 6268A BLCL (Fig. 34).  These results demonstrate that the RMFPNAPYL 

peptide is restricted to HLA-A2 and WT1 Clone 45 is only able to recognize it in the 

context of this complex. 
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Figure 33. Binding and specificity studies of WT1 Clone 45 scFv-Fc. 
A.  Purified WT1 Clone 45 scFv-Fc was tested for binding on an ELISA plate coated with 
or without HLA-A2-RMFPNAPYL.  The bound scFv-Fc was detected using a goat-anti-
human-HRP-conjugated antibody.  The scFv-Fc maintained its binding ability towards 
the recombinant complex.  B.  Purified WT1 Clone 45 scFv-Fc was tested for binding on 
T2 cells pulsed with the RMFPNAPYL or RLTRFLSRV peptide (40 μM) in serum-free 
IMDM media at 37oC for 5 hours.  The scFv-Fc (unfilled lines) was only able to 
recognize RMFPNAPYL-pulsed T2 cells. 
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Figure 34. WT1 Clone 45 is RMFPNAPYL peptide specific and HLA-A2 restricted. 
Purified WT1 Clone 45 scFv-Fc was tested for peptide recognition on BLCLs.  In the left 
panels, DIMT (top) and 6268A (bottom) BLCLs were stained with an HLA-A2-FITC 
conjugated antibody (unfilled lines) or an isotype control (filled lines).  The BLCLs were 
incubated with RMFPNAPYL (right panel) at 40 μM in serum-free IMDM media at 37oC 
for 5 hours.  Subsequently, the peptide-pulsed BLCLs were stained with WT1 Clone 315 
scFv-Fc (unfilled lines) or a control scFv (filled lines).  Only the HLA-A2-positive DIMT 
BLCLs which had been pulsed with the RMFPNAPYL peptide could be stained.  
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2.4 Antibody-dependent cellular cytotoxicity (ADCC) of EBNA Clone 315 scFv-Fc 

on peptide-pulsed cells 

 In addition to using the scFv-Fc for antigen presentation studies, we tested 

whether the truncated human IgG1 Fc region is capable of inducing antibody-dependent 

cellular cytotoxicity (ADCC).  In order to avoid variability amongst human donor 

lymphocytes, and in an effort to increase the chances of observing cytotoxicity, Hong-fen 

Guo in our laboratory generated a CD16(V)-transduced NK92MI cell line.  This NK92 

cell variant is transduced with both IL-2 and the human CD16 activating Fc receptor 

(FcγRIIIA) containing a high affinity polymorphism (valine instead of phenylalanine at 

position 158 on CD16) responsible for an enhancement in ADCC and clinical response to 

antibody-based immunotherapy (211, 212).   

We used this cell line in combination with the EBNA Clone 315 scFv-Fc or an 

irrelevant, isotype-matched scFv-Fc to test whether the fusion protein can induce 

NK92MI-mediated ADCC against LLDFVRFMGV-pulsed LUY (HLA-A2+) BLCL.  At 

an E:T ratio of 42:1, EBNA Clone 315 scFv-Fc led to greater killing over background 

(with or without an irrelevant scFv-Fc) at the two highest concentrations tested (27-32% 

versus 13-15%) (Fig. 35).  A similar magnitude of killing (over background) was also 

observed with other peptide-pulsed, HLA-A2+ target BLCLs (DIMT and JG19; data not 

shown).  This data demonstrates that these truncated scFv-Fc fusion proteins maintain 

their Fc-mediated effector functions, despite being about 33% smaller than a full 

immunoglobulin. 
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Figure 35. EBNA Clone 315 scFv-Fc mediates ADCC of peptide-pulsed cells. 
LUY BLCL was incubated with 20 μM LLDFVRFMGV peptide in serum-free IMDM 
media at 37oC for 3 hours.  The peptide pulsed cells were then labeled with 51Cr and 
cocultured with CD16(V)-expressing NK92MI cells (E:T ratio of 42:1), in addition to 
varying concentrations of EBNA Clone 315 or an irrelevant scFv-Fc, at 37oC for 4 hours.  
EBNA Clone 315 scFv-Fc is able to lyse the peptide pulsed target cells better than 
effector cells alone or in combination with an irrelevant scFv-Fc. 
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2.5 Conclusions 

 While antibodies in the form of scFvs were sufficient for most binding and 

specificity studies (as demonstrated in Chapter 1), generating scFv-Fc fusion proteins 

became necessary for several reasons:  1)  The scFv-Fc fusion proteins are bivalent, 

which increases the overall avidity of the antibodies by a factor of two.  This 

enhancement also correlated with a slightly better detection sensitivity of peptide-pulsed 

T2 cells, were the EBNA Clone 315 scFv-Fc fusion protein could detect fewer MHC-

peptide complexes than the scFv using flow cytometry.  The increase in binding 

strengthen will also become useful in CAR blocking assays discussed in the subsequent 

chapter due to the necessity to out compete a monovalent scFv-based receptor.  2)  The 

scFv-Fc fusion proteins are larger, allowing for direct conjugation to fluorescent dyes 

without destroying the binding ability of the antibody.  This became useful in helping us 

quantify the number of complexes on the surface of peptide-pulsed cells based on the 

amount of peptide used for pulsing.  3)  The Fc region of the fusion proteins is 

functionally useful.  First, we were able to demonstrate that these Fc fusion proteins can 

induce ADCC using CD16(V)-transduced NK92MI cells.  Second, the Fc domain 

allowed us to determine the monovalent interaction affinity of EBNA Clone 315 through 

immobilization of the scFv-Fc to the gold dextrane surface of a CM5 Biacore chip.  

Compared to previously previous studies, our EBNA Clone 315 seemed to have a better 

affinity than a typical TCR (1-50 μM (208)) yet comparable affinity to other TCR-like 

scFv or Fab fragments (2-300 nM).   
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CHAPTER 3 

ENGINEERING AND USE OF HLA-A2-RESTRICTED, PEPTIDE-SPECIFIC 

CHIMERIC ANTIGEN RECEPTORS 

3.1 Introduction 

 While the majority of the CAR field focuses on targeting conventional 

transmembrane proteins, several groups have been successful in generating constructs 

which target the MHC-peptide complex.  The first study which used such a CAR came in 

2001, where a Fab fragment (specific for an MAGE-A1-restricted peptide presented on 

HLA-A1) was fused to the FcεRI-γ signaling molecule (43).  This first generation 

construct was expressed in primary human T lymphocytes and was able to confer tumor 

specificity by inducing cytokine production (TNF-α and IFN-γ) and target specific 

cytotoxicity.  Furthermore, when the Fab was affinity matured, researchers were able to 

demonstrate an improvement in CAR-mediated target cell lysis (44).  In a subsequent 

study by the same group, researchers compared the first generation construct to one 

which contained both the FcεRI-γ and CD28 signaling domains (45).  The researchers 

were able to show that the addition of the CD28 signaling domain to the CAR resulted in 

substantially greater IL-2, TNF-α and IFN-γ production, in addition to an increase in 

cytolytic activity, compared to the FcεRI-γ alone. 

 The CARs which were used in this thesis are based off of a 2nd generation 

construct in which signaling is provided by CD3ζ and 4-1BB (154).  4-1BB is a member 

of the tumor necrosis factor receptor (TNFR) family of proteins which signal through 

specific TNFR-associated factors (TRAFs).  TRAF1 and TRAF2 are recruited to TRAF-
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binding motifs on the cytoplasmic region of 4-1BB upon aggregation, which results in 

activation of NF-κB and downstream signaling involving extracellular signal regulated 

kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 mitogen-associated protein (MAP) 

kinase (213-219).  In T cells, this has been shown to induce survival through the 

upregulation of prosurvival members of the Bcl-2 family (214) and downregulation of the 

proapoptotic molecule Bim (215).  While most studies which incorporate 4-1BB as a 

signaling molecule in the context of a CAR use it in the T cell setting, one study 

examined the function of a 2nd generation CAR (containing both CD3ζ and 4-1BB) in 

CD56+CD3- NK cells (220).  In that study, researchers showed that the addition of 4-1BB 

to CD3ζ not only increased NK cell activation (as measured by IFN-γ and GM-CSF 

production), but also led to greater cytotoxicity when compared to CD3ζ alone; 

coincidentally, this same construct was used for the generation of the CARs used in this 

thesis.   

In this work, we decided to test whether our scFvs, in the form of chimeric 

antigen receptors (CARs) have the ability to activate NK92MI cells.  We hypothesized 

that converting scFvs to chimeric antigen receptors (CARs) would be a very sensitive 

method of detecting low level of antigen due to previous work showing the sensitivity of 

T cell activation requires interaction with as few as 10 MHC-peptide complexes on the 

target cell surface (221).  In addition, we believe that NK92MI cells are ideal effector 

cells for CAR-based immunotherapy due to their strong cytolytic activity combined with 

their ease of maintenance in cell culture. 
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3.2 EBNA Clone 315 CAR-equipped NK92MI cells can detect cells bearing the 

specific HLA-A2-LLDFVRFMGV complex via CD107a expression 

 After the EBNA Clone 315 CAR was generated, the DNA was packaged into 

retrovirus using the 293T-based GP2 cell line.  Once the retrovirus was generated in the 

culture media, it was recovered and concentrated using a polyethylene glycol solution.  

The concentrated virus was then used to infect 500,000 to 1,000,000 NK92MI cells in 

NK92MI growth media.  After 3-4 days of culture, the NK92MI cells infected with the 

CAR-containing retrovirus were compared to mock-infected cells (infected with empty 

retrovirus) by detecting GFP expression using flow cytometry.  While the infection 

efficiency was approximately 27.5%, flow assisted cytometric cell sorting (FACS) 

allowed us to enrich the GFP-positive population to more than 98% positive (Fig. 36). 

Once the NK92MI cells were enriched for EBNA Clone 315 CAR expression, 

they were tested for their ability to recognize the targeted HLA-A2-EBNA3C complex.  

As an initial readout of NK92MI activation by target cells, we assayed for cell surface 

expression of CD107a, a marker of NK cell and T cell degranulation (222, 223).  T2 cells 

were loaded with 20 μM of the targeted peptide (LLDFVRFMGV), an irrelevant peptide 

(YMFPNAPYL) or no peptide.  Using a 1:1 E:T ratio, the T2 cells were cocultured with 

EBNA Clone 315 CAR-expressing NK92MI cells in the presence of an anti-CD107a-PE 

conjugated antibody at 37oC for 5 hours.  As shown in Figure 37A, NK92MI cells 

equipped with the EBNA Clone 315 CAR did not react to unpulsed T2 cells or T2 cells 

pulsed with the irrelevant peptide, showing CD107a levels comparable to those of 

NK92MI cells cultured in the absence of targets.  On the other hand, when the CAR-

equipped NK92MI cells were cocultured with T2 cells that had been pulsed with the 
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LLDFVRFMGV peptide, 27% of GFP+ cells expressed CD107a above background 

levels.  These results show that after scFv engineering, the CAR is able to maintain its 

specificity towards the targeted HLA-A2-peptide complex. 

 Next, in order to get a quantitative measurement of how sensitive this CAR is at 

activating NK92MI cells, we titrated down the LLDFVRFMGV peptide concentration 

used to pulse T2 cells and measured their ability to activate the CAR-equipped NK92MI 

cells.  As can be seen in Figure 37B, the lower limit of response by the CAR-equipped 

NK92MI was at a peptide concentration of 10 nM, with a clear dose response curve 

beginning at the 600 nM concentration.  Based on our earlier quantitation studies, this 

peptide concentration corresponds to approximately 25 complexes on the cell surface.  

Compared to the levels necessary for epitope detection using the EBNA Clone 315 scFv 

or scFv-Fc (20-200 nM), the CAR seems to be a more sensitive approach at detecting low 

levels of MHC-peptide complex on the surface of APCs using flow cytometric analysis. 

While T2 cells can present any peptide of interest, BLCLs naturally present their 

own peptides on their MHC Class I molecules.  Similarly to T2, these endogenous 

peptides can be replaced by simple incubation with a substitute peptide of high enough 

affinity.  Using a 1:1 E:T ratio, HLA-A2+ (DIMT) and HLA-A2- (6268A) BLCLs were 

pulsed with serum-free IMDM medium or medium containing the LLDFVRFMGV, 

cocultured with EBNA Clone 315 CAR-expressing NK92MI cells as discussed above, 

and assayed for CD107a expression using flow cytometry.  Peptide pulsed DIMT (HLA-

A2+) induced 25% of GFP+ NK92MI cells to express CD107a (Fig. 38), in contrast to 

0.54% for peptide pulsed 6268A (HLA-A2-) and 1.09% for unpulsed DIMT.  This data 
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further demonstrates both peptide specificity and HLA-A2 exclusivity of the EBNA 

Clone 315 CAR. 
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Figure 36. Retroviral transduction of EBNA Clone 315 CAR into NK92MI cells. 
After retroviral packaging using 293T GP2 cells and transduction into NK92MI cells, 
approximately 24% of the NK92MI cells contained the construct based on GFP 
expression (left panel; unfilled lines) when compared to mock transduced (empty 
retrovirus) NK92MI cells (left panel; filled lines).  Of the GFP-positive cells, the top 20% 
were flow cytometrically sorted and expanded to yield a population of stably transduced 
cells which were greater than 90% GFP positive (right panel). Retroviral transduction 
was done on three separate occasions, with 24% being the highest efficiency. 
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Figure 37. EBNA Clone 315 CAR-expressing NK92MI cells can specifically detect the 
HLA-A2-EBNA3C complex on peptide-pulsed T2 cells via CD107a expression. 
T2 cells were pulsed with or without LLDFVRFMGV or YMFPNAPYL peptides at 20 
μM in serum-free IMDM media at 37oC for 5 hours.  CAR-equipped NK92MI cells were 
then cultured in media containing an anti-CD107a-PE conjugated antibody at 37oC for 5 
hours with or without peptide pulsed or unpulsed cells.  A.  CAR-equipped NK92MI cells 
were gated based on GFP fluorescence and analyzed for CD107a expression.  NK92MI 
cells which were cultured without any T2 cells or those which were cocultured with 
unpulsed and YMFPNAPYL-pulsed T2 cells were unreactive while NK92MI cells which 
were cocultured with LLDFVRFMGV-pulsed T2 cells led to a 27% increase in CD107a 
expression above background levels.  B.  T2 cells were pulsed with decreasing 
concentrations of LLDFVRFMGV and subsequently cocultured with CAR-equipped 
NK92MI cells.  NK92MI cells presented noticeable amounts of CD107a on their cell 
surface even when T2 cells were pulsed with only 10 nM of peptide. 
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Figure 38. EBNA Clone 315 CAR-expressing NK92MI cells can specifically detect the 
HLA-A2-EBNA3C complex on peptide-pulsed BLCLs via CD107a expression. 
HLA-A2+ (DIMT) and HLA-A2- (6268A) BLCLs were pulsed with LLDFVRFMGV at 
20 μM in serum-free IMDM media at 37oC for 5 hours.  CAR-equipped NK92MI cells 
were then cultured in media containing an anti-CD107a-PE conjugated antibody at 37oC 
for 5 hours with or without peptide pulsed or unpulsed cells.  CAR-equipped NK92MI 
cells were gated based on GFP fluorescence and analyzed for CD107a expression.  
NK92MI cells which were cultured without any BLCL or those which were cocultured 
with LLDFVRFMGV-pulsed 6268A BLCL were unreactive while NK92MI cells which 
were cocultured with unpulsed DIMT BLCL or LLDFVRFMGV-pulsed DIMT BLCL 
led to a 0.5% and 25% increase in CD107a expression above background levels (pulsed 
6268A). 
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3.3 EBNA Clone 315 CAR-equipped NK92MI cells can destroy cells bearing the 

specific HLA-A2-LLDFVRFMGV complex via 51Cr release 

While CD107a expression on NK cells and T cells reflect their activation, target 

cell lysis can also be measured using a conventional 51Cr cytotoxicity assay.  First, to get 

an idea of how sensitive the 51Cr cytotoxicity assay is with regards to killing HLA-A2-

EBNA3C expressing targets, T2 cells were pulsed with decreasing concentrations of the 

LLDFVRFMGV peptide at 37oC for 3 hours and subsequently labeled with 51Cr as 

described in the Materials and Methods.  The labeled T2 cells were then cocultured with 

EBNA Clone 315 CAR-expressing NK92MI cells at 37oC for 2 hours at a 3:1 E:T ratio.  

Similar to the results seen in the CD107a assay (Fig. 37B), EBNA Clone 315 CAR 

expressing NK92MI cells were able kill T2 cells in a peptide-dependent manner, with 

13.2% of 2 nM peptide-pulsed T2 cells being killed compared to 10.1% with unpulsed T2 

cells (Fig. 39).  This relationship between antigen density and cytolytic sensitivity is 

similar to what has been seen previously using antigen-specific T cells directed at a 

HER2-derived peptide on HLA-A2 (224).  Relative to that which can be detected using 

flow cytometric antibody staining, the level of sensitivity is in the order of 10-100 fold 

greater in favor of the CAR using two separate assays (CD107a and 51Cr). 

Next, DIMT and 6268A BLCLs pulsed with the LLDFVRFMGV peptide (20 

μM) in serum-free IMDM (Fig. 40A and B) were used as targets in the 51Cr release assay; 

this experiment was carried out by Ming Cheng in our laboratory.  Similar to the results 

from the CD107a assay (Fig. 38), only the HLA-A2+ DIMT BLCL was lysed by the 

CAR-equipped NK92MI cells (Fig. 40A), which could be blocked using the purified 

EBNA Clone 315 scFv-Fc (Fig. 40B).  In addition, the ability to block cytotoxicity was 
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not restricted to the scFv-Fc protein since a commercial anti-HLA-A2 (BB7.2) antibody 

also possessed blocking ability (Fig. 41).  This blocking data recapitulates results seen 

with other MHC-restricted, peptide-specific antibodies on antigen-specific cytolytic T 

cells (28, 34). 

Although the lytic potential of the CAR-equipped NK92MI cells was clearly 

evident when targets were artificially pulsed with the relevant peptide, cytotoxicity 

against naturally processed HLA-A2-peptide complexes is of clinical relevance. Here, 

CAR-equipped NK92MI cells were tested against a panel of HLA-A2+ (DIMT and JG19) 

and HLA-A2- (6268A and GKO) unpulsed BLCLs.  While the level of cytoxicity was 

low, 23.0% for DIMT and 8.9% for JG19 (30:1 E:T ratio), this was highly significant 

when compared to 3.6% for GKO and 1.8% for 6268A (Fig. 42A).  In addition, when the 

cytotoxicity assay was performed in the presence of EBNA Clone 315 scFv-Fc, the 

killing capacity could be reduced by approximately 46% when compared to that with an 

irrelevant scFv-Fc or in the absence of antibody (Fig 42B). These findings demonstrate 

the utility and specificity of TCR-like CARs in reprogramming effector immune cells to 

engage antigen whose expression is below the detection limit using conventional flow 

cytometry. 

Lastly, since both the EBNA Clone 315 CAR and scFv-Fc fusion protein have the 

same variable sequences used for detecting the HLA-A2-LLDFVRFMGV complex, we 

decided to directly compare CAR-mediated cytotoxicity with ADCC since both 

approaches are currently being used independently for the treatment of cancer patients.  

First, the DIMT BLCL was pulsed with the LLDFVRFMGV peptide at 20 μM in serum-

free IMDM media at 37oC for 2 hours.  The pulsed BLCL was then labeled with 51Cr and 
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cocultured with either EBNA Clone 315 CAR or CD16(V)-expressing NK92MI cells 

along with EBNA Clone 315 scFv-Fc or an irrelevant scFv-Fc at an E:T ratio of 15:1 for 

3 hours at 37oC.  At a EBNA Clone 315 scFv-Fc concentration of 0.5 μg/ml, CD16(V) 

NK92MI cells were able to kill about 30-35% of cells, compared to 10-15% with an 

irrelevant scFv-Fc or no antibody at all (Fig. 43A).  When the ADCC experiment was 

carried out using higher scFv-Fc concentrations, the cytotoxicity percentage did not 

change (data not shown).  On the other hand, at the same E:T ratio, EBNA Clone 315 

CAR-equipped NK92MI cells were able to kill 80-90% of the same peptide-pulsed target 

cells; the EBNA Clone 315 scFv-Fc was included as a blocking control (Fig. 43B).  

These results demonstrate that the CAR-mediated killing involving NK92MI cells is a far 

more potent means of target cell lysis compared to ADCC in our setting. 
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Figure 39. EBNA Clone 315 CAR-expressing NK92MI cells can specifically detect the 
HLA-A2-EBNA3C complex on peptide-pulsed T2 cells via 51Cr release. 
T2 cells were pulsed with or without decreasing concentrations of LLDFVRFMGV in 
serum-free IMDM media at 37oC for 5 hours.  CAR-equipped NK92MI cells were 
cocultured for 2 hours with 51Cr-labeled T2 cells at a 3:1 E:T ratio.  Even with 2 nM of 
peptide, peptide-specific cytotoxicity could be observed when compared to unpulsed T2 
cells. 
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Figure 40. EBNA Clone 315 CAR-expressing NK92MI cells can specifically detect the 
HLA-A2-EBNA3C complex on peptide-pulsed BLCLs via 51Cr release. 
A-B.  BLCLs were pulsed with LLDFVRFMGV in serum-free IMDM media at 37oC for 
3-5 hours.  CAR-equipped NK92MI cells were then cultured in RPMI + 10% FBS with 
51Cr labeled target cells at 37oC for 4 hours.  A.  CAR equipped NK92MI cells were able 
to specifically differentiate between peptide pulsed DIMT and 6268A BLCL, with a clear 
difference in cytotoxicity between the two different targets.  B.  CAR-mediated killing of 
peptide-pulsed DIMT BLCL could blocked using the EBNA Clone 315 scFv-Fc fusion 
protein (1.25 μg/ml), but not by an irrelevant, isotype-matched scFv-Fc (1.25 μg/ml), at a 
20:1 E:T ratio.  
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Figure 41. EBNA Clone 315 CAR-mediated cytotoxicity can be blocked using scFv-Fc 
fusion protein and anti-HLA-A2 full immunoglobulin. 
DIMT BLCL was pulsed with LLDFVRFMGV in serum-free IMDM media at 37oC for 
3-5 hours.  CAR-equipped NK92MI cells were then cultured in RPMI + 10% FBS with 
51Cr labeled target cells at 37oC for 4 hours.  CAR-mediated killing of peptide-pulsed 
DIMT BLCL could blocked using the EBNA Clone 315 scFv-Fc fusion protein or a 
commercial anti-HLA-A2 antibody (66.6 nM), but not by irrelavent, isotype-matched 
antibodies (66.6 nM), at a 6:1 E:T ratio. 
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Figure 42. EBNA Clone 315 CAR-expressing NK92MI cells can specifically detect the 
HLA-A2-EBNA3C complex on HLA-A2+ BLCLs via 51Cr release. 
A-B. CAR-equipped NK92MI cells were cultured in RPMI + 10% FBS with 51Cr labeled, 
unpulsed BLCLs at 37oC for 4 hours.  A.  CAR-equipped NK92MI cells were more 
reactive towards the HLA-A2+ DIMT and JG19 BLCL versus the HLA-A2- 6268A and 
GKO BLCL when cocultured in the absence of any exogenous peptide.  B.  CAR-
mediated killing of unpulsed DIMT BLCL could be blocked using the EBNA Clone 315 
scFv-Fc fusion protein (20 μg/ml), but not by an irrelavent, isotype-matched scFv-Fc, at a 
10:1 E:T ratio.  
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Figure 43. CAR-mediated killing is more potent than scFv-Fc-mediated ADCC on 
peptide-pulsed DIMT BLCL. 
A. CD16(V)-expressing NK92MI cells were cultured in RPMI + 10% FBS with 51Cr 
labeled, LLDFVRFMGV-pulsed DIMT BLCL and either EBNA Clone 315 or an 
irrelevant scFv-Fc (0.5 μg/ml) at 37oC for 3 hours.  At an E:T ratio of 15:1, EBNA Clone 
315 scFv-Fc was able to kill 30-35% of target cells.  B. EBNA Clone 315 CAR-
expressing NK92MI cells were cultured with LLDFVRFMGV-pulsed DIMT BLCL as 
above and either EBNA Clone 315 or an irrelevant scFv-Fc (30 μg/ml) at 37oC for 3 
hours.  At the same E:T ratio as in A, the CAR-equipped cells were able to kill 80-90% of 
target cells, with specific inhibition using EBNA Clone scFv-Fc. 
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3.4 WT1 Clone 45 CAR-equipped NK92MI cells can destroy cells bearing the 

specific HLA-A2-RMFPNAPYL complex via 51Cr release 

Once the WT1 Clone 45 CAR was generated, the DNA was packaged into 

retrovirus and used to infect NK92MI cells in the same way as with the EBNA Clone 315 

CAR.  After 3-4 days of culture, the GFP expression level of the infected NK92MI cells 

were compared to mock-infected cells.  The initial infection efficiency was 

approximately 24%, and after flow assisted cytometric cell sorting (FACS), the GFP-

positive population was enriched to more than 90% positive (Fig. 44). 

Along with the EBNA Clone 315 CAR, we decided to test the cytolytic ability of 

the WT1 Clone 45 CAR in the context of NK92MI cells.  First, DIMT and 6268A BLCLs 

were pulsed with the RMFPNAPYL peptide (40 μg/ml) in serum-free IMDM at 37oC for 

3-5 hours.  Subsequently, the target cells were labeled with 51Cr and cocultured with the 

CAR-equipped NK92MI cells at 37oC for 4 hours.  Of the two peptide-pulsed BLCLs, 

only the HLA-A2+ DIMT could be lysed (~70% versus ~5% with 6268A) at a 10:1 E:T 

ratio (Fig. 45A).  In addition, CAR-mediated cytotoxicity could be blocked using a 

commercial anti-HLA-A2 antibody by approximately 45% (Fig. 45B), further 

demonstrating specificity. 

Next, we decided to tested the cytolytic capacity of WT1 Clone 45 CAR-equipped 

NK92MI cells against cell lines which might natively express the HLA-A2-

RMFPNAPYL complex.  Due to previously published data (225), and conversations with 

Dr. Richard O’Reilly’s laboratory here at MSKCC, researchers have demonstrated that 

WT1 can be constitutively activated in all BLCLs derived from EBV immortalization.  

More specifically, O’Reilly’s group was able to show WT1 transcript in the DIMT BLCL 
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(data not shown).  As a result, we first decided to test WT1 Clone 45 CAR-mediated 

killing against unpulsed HLA-A2+ DIMT and HLA-A2- 6268A BLCL.  Similarly to what 

was seen with the EBNA Clone 315 CAR, WT1 Clone 45 CAR-equipped NK92MI cells 

were able to kill unpulsed DIMT at a lower capacity than peptide-pulsed DIMT.  While 

the level of cytotoxicity was lower, ~35% for DIMT at a 20:1 E:T ratio, it was far greater 

when compared to 6268A (~5%) (Fig. 46A).  In addition, when the cytotoxicity assay 

was performed in the presence of the WT1 Clone 45 scFv-Fc, the killing capacity could 

be reduced by approximately 43% relative to an irrelevant scFv-Fc or in the absence of 

antibody (Fig. 46B).  These findings correspond well with what was seen using the 

EBNA Clone 315 CAR and further demonstrate the utility and specificity of TCR-like 

CARs in reprogramming effector immune cells to engage antigen. 

Lastly, we decided to test CAR-mediated cytotoxicity against two cell lines which 

are HLA-A2-positive and previously shown to express WT1.  OVCAR-3 is a cell line 

established from malignant ascites of a patient with progressive adenocarcinoma of the 

ovary (226) and later shown to contain WT1 mRNA (227).  In addition, 697 is a human 

pre-B cell leukemia established from bone marrow cells obtained from a child with 

relapsed acute lymphocytic leukemia (ALL) (228).  Since then, several groups have 

shown that this cell line also expresses high levels of both WT1 transcript and protein 

(229, 230).  WT1 Clone 45 CAR-expressing NK92MI cells were cocultured with 51Cr 

labeled OVCAR-3 and 697 cells at 37oC for 4 hours.  CAR-equipped NK92MI cells were 

able to lyse approximately 20-30% of 697 and OVCAR-3 cells at a 20:1 E:T ratio, which 

decreased with the number of effector cells used in the assay (Fig. 47).  This data 

demonstrates that these two cell types are sensitive to WT1 Clone 45 CAR-equipped 
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NK92MI cells and provides further evidence for their utility in the treatment of HLA-

A2+/WT1+ malignancies. 
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Figure 44. Retroviral transduction of WT1 Clone 45 CAR in NK92MI cells. 
After retroviral packaging using 293T GP2 cells and transduction into NK92MI cells, 
approximately 27.5% of the NK92MI cells contained the construct based on GFP 
expression (unfilled lines) when compared to mock transduced (empty retrovirus) 
NK92MI cells (filled lines).  Of the GFP-positive cells, the top 20% were flow 
cytometrically sorted and expanded to yield a population of stably transduced cells which 
were greater than 98% GFP positive (right panel). 
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Figure 45. WT1 Clone 45 CAR expressing NK92MI cells can specifically detect the 
HLA-A2-RMFPNAPYL complex on peptide-pulsed BLCLs via 51Cr release. 
A-B.  BLCLs were pulsed with RMFPNAPYL in serum-free IMDM media at 37oC for 3-
5 hours.  CAR-equipped NK92MI cells were then cultured in RPMI + 10% FBS with 
51Cr labeled target cells at 37oC for 4 hours.  A.  CAR equipped NK92MI cells were able 
to specifically differentiate between peptide pulsed DIMT and 6268A BLCL, with a clear 
difference in cytotoxicity between the two different targets.  B.  CAR-mediated killing of 
peptide-pulsed DIMT BLCL could blocked using a commercial anti-HLA-A2 antibody (5 
μg/ml), but not by an irrelevant, isotype-matched antibody (5 μg/ml), at a 9:1 E:T ratio. 
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Figure 46. WT1 Clone 45 CAR expressing NK92MI cells can specifically detect the 
HLA-A2-RMFPNAPYL complex on unpulsed DIMT BLCL via 51Cr release. 
A-B.  CAR-equipped NK92MI cells were cultured in RPMI + 10% FBS with 51Cr labeled 
target cells at 37oC for 4 hours.  A.  CAR equipped NK92MI cells were able to 
specifically differentiate between DIMT and 6268A BLCL, with a clear difference in 
cytotoxicity between the two different targets.  B.  CAR-mediated killing of DIMT BLCL 
could be blocked using the WT1 Clone 45 scFv-Fc fusion protein (20 μg/ml), but not by 
an irrelavent, isotype-matched scFv-Fc, at a 2:1 E:T ratio. 
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Figure 47. WT1 Clone 45 CAR expressing NK92MI cells can specifically detect the 
HLA-A2-RMFPNAPYL complex on 697 and OVCAR-3 cells via 51Cr release. 
CAR-equipped NK92MI cells were cultured in RPMI + 10% FBS with 51Cr labeled 
target cells at 37oC for 4 hours.  CAR equipped NK92MI cells were able to kill 20-30% 
of cells at the highest E:T ratio tested (20:1). 
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3.5 Conclusions 

 CARs have previously been shown to have great promise by several groups, in 

both the preclinical and clinical settings (231-235).  In this work, we were able to 

generate two different CARs from two different scFvs derived from the same human 

phage display libraries (Tomlinson I and J).  Unlike conventional CARs which typically 

target the extracellular domain of transmembrane proteins such as CD19 and HER2, the 

CARs discussed here targeted different peptides in the context of HLA-A2 in a similar 

manner to a TCR.  In addition, while other MHC-restricted, peptide-specific CARs have 

only been used in the context of T cells, we were able to reprogram NK92MI cells using 

a 2nd generation CAR containing the CD3ζ and 4-1BB signaling domains. 

 Due to an IRES-GFP sequence downstream of the CAR, the relative protein level 

could be monitored without directly conjugating both proteins.  This allowed us to 

determined that our initial retroviral transduction efficiency was between 20 and 30%, 

which was further enriched using FACS.  Next, we were able to demonstrate that the 

CARs maintained their original specificity towards their targeted HLA-A2-peptide 

complexes via peptide pulsing assays using antigen presenting cells.  This was further 

validated by blocking target cell lysis to similar extents using both a commercial anti-

HLA-A2 antibody (BB7.2) as well as the targeting scFv-Fc fusion protein.  Furthermore, 

we were also able to demonstrate that the CAR in the context of NK92MI cells was a 

very sensitive way of detecting low levels of antigen; resulting in a 10-100 fold more 

sensitive readout using CD107a expression and 51Cr release relative to flow cytometric 

staining using the scFv and scFv-Fc fusion proteins.  Based on antigen quantitation 

studies done in Chapter 2, the level of NK92MI CAR-mediated detection was in the order 
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of 25 HLA-A2-peptide complexes.  Even more so, we could show that CAR-mediated 

cytotoxicity was far better at killing target-expressing cells than scFv-Fc-mediated 

ADCC. 

 Lastly, we were able to demonstrate peptide-specific, CAR-mediated killing of 

both peptide-pulsed and unpulsed DIMT BLCL through antigen blockage on the target 

cells using the purified scFv-Fc fusion proteins.  This specificity experiment could be 

seen using both EBNA Clone 315 CAR and WT1 Clone 45 CAR-expressing NK92MI 

cells and their respective antibody fragments.  While the magnitude of killing was far 

greater in the peptide-pulsed setting (due to high levels of antigen on the cell surface), it 

is important to note that unpulsed cells were also sensitive.  These results further justify 

the use of these CARs to retarget NK92MI cells towards a desired TCE. 
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DISCUSSION 

T-cell based cancer immunotherapy gained momentum from studies which 

showed a correlation of increased numbers of tumor infiltrating lymphocytes (TILs) in 

surgical specimens and patient outcome (236, 237).  It is generally believed that tumor 

specificity underlined this infiltration of TILs and that this was mediated through the 

expression of tumor associated peptides in the context of MHC.  These findings 

eventually led researchers to try and take advantage of antigen-specific T cells for the 

treatment of cancer.  Antigen-specific T cells have been generated in several ways, either 

by ex vivo stimulation with APCs, in vivo sensitization using dendritic cell-based 

stimulation, or TCR gene transfer using retroviral or lentiviral vectors.  When generated 

ex vivo, these cells are expanded by culturing with IL-2 or other cytokines before 

adoptively transferring them back into the patient.  While these procedures are feasible, 

they can be laborious and time consuming.  On the other hand, TCR gene transfer is a 

more efficient means of generating antigen-specific T cells; however, the antigen specific 

population of cells still need to be selected for and expanded, in addition to issues 

regarding the mispairing of the exogenous TCR proteins with those of the endogenous.  

An alternative adoptive cell therapy approach would be to engineer the targeting TCR 

into NK cells.  NK cells have well known cytolytic properties but limited growth and 

longevity when adoptively transferred into a host (238).  To further improve the longevity 

of killer cells, cytokine genes (e.g. IL-2) can be transduced, as was the case for using 

NK92MI in our studies.  NK92MI is a human NK cell line derived from a non-Hodgkin’s 

lymphoma and transduced with human IL-2 cDNA; previous studies have demonstrated 

its strong cytotoxic abilities in mouse models (239, 240).  In addition, NK92 cells have 
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also been used in the clinical setting and proven safe after a number of Phase I studies in 

patients with renal cell carcinoma and melanoma (241).  Because of their ease of 

maintenance in vitro and relatively short doubling-times, these cells are ideal effectors for 

various cytotoxicity assays to test a variety of targeting approaches. 

MHC-restricted, peptide-specific antibodies have been studied for over a decade.  

In addition to their value in studying antigen presentation, researchers have used these 

antibodies as targeting agents in the form of full length immunoglobulin, antibody-toxin 

fusions and chimeric antigen receptors.  In this thesis, we detail the generation of two 

MHC-restricted, peptide-specific antibodies and their ability to function as CARs.  As a 

proof of principle, we first focused our efforts on a scFv which bound to a peptide 

derived from EBNA3C.  While most EBV-related tumors do not express EBNA3C (176), 

and as a result may not be candidates for therapy, targeting the LLDFVRFMGV TCE 

was chosen for the following reasons:  1)  The peptide binds very tightly to HLA-A2 and 

does not bind to other HLA molecules; this has been established based on the peptide’s 

ability to displace naturally presented peptides on HLA-A2+ but not HLA-A2- BLCLs.  2)  

The recovered scFv was highly specific for its targeted complex and had the necessary 

affinity to allow us to carry out flow cytometric cell staining assays.  3) EBNA3C has 

previously been shown to be essential for B cell transformation after EBV infection 

(242), allowing us to look at natural peptide presentation and specific cell lysis using 

EBV-transformed BLCLs.   

In addition to viral TCEs, we focused our efforts on a scFv which was able to 

specifically recognize a known WT1-derived peptide in the context of HLA-A2.  The 

significance of such an antibody, especially in the context of adoptive cell therapy, is 
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highlighted by the large number of T cell-based clinical trials currently being carried out 

which target this antigen.  WT1 overexpression has been demonstrated in leukemias, 

lymphomas and a wide variety of solid tumors including astrocytic tumors, sarcomas, 

breast, lung and colorectal cancer, and neuroblastoma (181, 182).  The EBNA Clone 315 

and WT1 Clone 45 CARs were introduced into NK92MI cells.  These CAR-equipped 

effector cells were shown to have the capacity to specifically lyse peptide-pulsed HLA-

A2+ APCs in a peptide specific, HLA-restricted manner using CD107a effector cell 

expression and 51Cr target cell release as markers of activation and cytotoxicity, 

respectively.  More importantly, CAR-equipped NK92MI cells were shown to be able to 

recognize and kill BLCLs even when the targeted MHC-peptide complex is below the 

detection limit of the specific scFv or scFv-Fc fusion protein using flow cytometry.  In 

support of killing being specific towards their targeted HLA-A2-peptide complexes, the 

scFv-Fc fusion proteins and anti-HLA-A2 antibodies could substantially inhibit CAR-

mediated cytotoxicity.  While the inhibition of killing of the unpulsed BLCL was not as 

complete as the peptide-pulsed BLCL, we interpreted that as residual nonspecific 

cytolytic activity of NK92 cells particularly at high E:T ratios.  When expressed in T 

cells, we expect that they will have lower background killing, especially when the 

therapy is applied to the autologous setting. 

In this thesis, we have explored CARs directed at the class I MHC-peptide 

complex.  We believe that there are several advantages of using this targeting approach 

over a typical TCR or CAR directed at cell surface antigens: First, unlike CARs, 

mispairing between transduced and endogenous TCR α and β chains can lead to impaired 

T cell functionality.  This TCR chain mispairing has also been linked to changes in 
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receptor specificity which has previously been shown to lead to autoimmunity (243).  

Second, to build CARs, scFvs can be selected from naïve and immunized phage display 

libraries with diversities of more than 1010, which is not routinely feasible since TCR 

libraries are not available.  Third, while TCR signaling requires a variety of other adapter 

and costimulatory molecules, 2nd and 3rd generation CARs come equipped with these 

signaling domains, allowing for costimulation of the effector cell without depending on 

the corresponding ligand on the target cell, which in the cancer setting is typically 

unavailable.  Fourth, most CARs are built from scFvs directed at surface antigens; 

however, this repertoire is quite limited.  Through the MHC class I window, peptide 

antigens derived from proteins inside the cytoplasm and the nucleus become exposed, as 

is the case with EBNA3C and WT1.  MHC-peptide complexes offer a huge opportunity 

to identify the next generation of tumor-specific TCEs, which include mutations (e.g. 

HER2/neu) (244), fusion transcripts from chromosomal translocations (e.g. the bcr-abl 

translocation-derived TCE) (245), overexpressed oncoproteins (e.g. WT1), or viral 

antigens from virus-associated malignancies (e.g. EBV, HPV).  Depending on the 

stringency used in selecting the scFv, the affinity for the targeted complex can be 

modified from 20 to 1000-fold, which can have profound influence on effector functions 

based on previously published work comparing CAR affinity and cytotoxicity at different 

antigen densities (44, 246).   

A finding of potential importance is the ability of MHC-restricted, peptide-

specific antibodies to efficiently block CAR-mediated killing.  While the presence of 

such natural antibodies in normal or diseased individuals has yet to be proven, the B 

lymphocyte immune repertoire does appear to have the capacity to generate them, as 
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demonstrated by the human scFv phage display library used in our studies.  In addition, 

due to a recent study which looked at maternal immunoglobulins towards the fetus’ HLA, 

peptide-specificity seems to be present against specific TCEs, at least in the allogeneic 

settings (256).  If these antibodies do exist naturally, they may function in inhibiting T 

cell mediated cytotoxicity against particular TCEs, which could be a humoral approach 

by which our immune system prevents unwanted autoimmune disease or help viruses 

evade a T cell response.  On the other hand, these antibodies may be responsible in 

inducing antibody-dependent cell cytotoxicity (ADCC) or complement mediated 

cytotoxicity (CMC) in settings where T cells are otherwise ineffective, providing the 

immune system with yet another method of regulation and efficacy.  As a result, MHC-

restricted, peptide-specific antibodies should be studied in more detail in the context of 

immune regulation and therapeutic potential in human diseases. 

While this thesis does encompass a large body of work, there are many questions 

which still need to be addressed.  We believe these issues would be ideal future directions 

for the field of adoptive cell therapy using MHC-restricted, peptide-specific monoclonal 

antibodies and chimeric antigen receptors:  1) What properties constitute an ideal target?  

While it is plausible to target highly expressed antigens, in most cases those antigens are 

self proteins and could lead to unwanted toxicity.  On the other hand, antigens which are 

highly tumor specific are relatively rare and in most cases expressed at very low levels.  

In this thesis, we try to address this antigen density threshold issue and what is required 

for CAR activation and target cell lysis by correlating MHC-peptide density with 

cytotoxicity.  We were able to demonstrate that very low levels of antigen (25-100 

complexes) were sufficient in activating NK92MI cells through CAR recognition.  2)  
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What is the optimal range of a CARs affinity towards its target antigen?  While previous 

studies have shown that too high of an affinity can be detrimental to TCR-mediated 

cytotoxicity (247), other studies reveal a more complex relationship between CAR 

density, CAR affinity, CAR expression levels and antigen expression levels (248).  We 

believe that our CARs have high affinity relative to a typical TCR, while being in the 

normal range of a typical TCR-like antibody.  Since our scFv off-rate is only 10-fold 

greater than a typical TCR, our construct probably binds long enough to induce a 

signaling cascade inside NK92 cells while eventually releasing the target antigen and 

serially engaging other MHC-peptide complexes.  3)  What is the optimal target epitope?  

Recent studies suggest that the distance of the epitope to the target cell surface, along 

with length and flexibility of the CAR hinge region, matter in regards to cytolytic 

efficiency (156, 249).  These studies argue that longer and more flexible linkers seem to 

be essential for epitopes which are closer to the cell membrane.  While this makes sense 

for large cell surface proteins, the epitopes we target in this work are at the top of the 

target antigen (the MHC-peptide interface), resulting in easy presentation of the epitope 

to the CAR.  This epitope accessibility of the MHC-peptide complex may have to do with 

an evolutionary pressure put onto the MHC to efficiently present a peptide epitope to the 

TCR.  4)  What cell types are ideal for CAR-based therapy?  Currently, most researchers 

use bulk human peripheral T cells, however others have recently began to use EBV-

specific T cells (250), lymphoid progenitor cells (251, 252), and unfractionated bone 

marrow cells (253, 254).  We believe that our CAR has been positioned in an ideal cell 

type (NK92MI) since it is both highly cytolytic and easy to culture, providing a 

continuous supply of CAR expressing effector cells for pre-clinical and clinical testing.  



 

131 

5) Do TCR-like antibodies exist naturally in normal or diseased individuals?  The 

implications behind such a finding would be enormous, as we discuss in the previous 

paragraph.  To answer this question, it may be possible to first use an ELISA-based 

method to screen patient serum against a panel of recombinant MHC-peptide complexes.  

Subsequently, one would have to demonstrate that one or several B cell clones which 

generate these types of antibodies exist by potentially generating hybridoma’s from 

patient blood after isolation using flow cytometry and fluorescently-labeled HLA-peptide 

tetramers.  Similar work has been done in identifying and isolating HLA-A2-specific B 

lymphocytes using MHC Class I tetramers from pregnant women (255).  Furthermore, 

the same group has even shown a link between the peptide sequence on the HLA pocket 

with the pattern of antibody recognition (256).  If our hypothesis behind the role of these 

antibodies is true, then one ideal disease setting would be patients who fail WT1-specific 

adoptive T cell therapy, since these patients could potentially be making antibodies which 

block the T cells from recognizing the targeted TCE.  6)  Can these antibodies be used to 

find new ways of enhancing antigen presentation?  This may be possible due to a recent 

finding which shows that heat shock protein 90 (HSP90) regulates, among other things, 

the stability of WT1 in myeloid leukemias, and helps the protein fold properly while 

preventing it from ubiquitination (257).  As a result, HSP90 inhibitors may be useful in 

enhancing epitope presentation by targeting proteins for degradation and potentially 

synergizing with adoptive cell therapies such as the ones used in our studies.  More 

importantly, given the large repertoire of possible peptides derived from any single 

protein, a precise knowledge of which peptide is modulated by proteasome inhibitors or 

HSP90 inhibitors is critically important for the TCR or CAR-based therapy field.  7) Are 
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our CAR-equipped NK92MI cells able to kill and/or prevent tumor growth in vivo?  

While other groups have been successful using conventional CARs which target typical 

transmembrane receptors, targeting the MHC-peptide complex might be a different story.  

For this experiment, a model cell line would be the HLA-A2+ DIMT BLCL, due to the 

fact that it can be killed naturally without peptide pulsing by both EBNA Clone 315 and 

WT1 Clone 45 CARs.  Using severe combined immunodeficiency (SCID) mice, this cell 

line may be implanted along with the CAR-equipped NK92MI cells and tested for 

efficacy.  8)  Can these CAR constructs be used in the context of T cells?  While others 

have already demonstrated the functionality of their CARs in this setting, none have 

targeted a WT1-derived TCE using CAR-equipped T cells.  Using our approach, it may 

be possible to establish long-lived WT1-specific T cells by specifically introducing the 

WT1 Clone 45 CAR into a memory T cell population which is already specific for EBV-

derived TCEs.  This will allow us to avoid TCR mispairing while making bispecific T 

cells which would get constant stimulation from EBV-infected cells naturally present in 

90% of the patient population (258).  9) What is the key predictive factor in presentation 

of a targeted TCE?  Several other groups have already demonstrated a strong link 

between the protein stability (or lack there of) and antigen presentation, disproving the 

hypothesis that gene and protein expression alone will predict whether an epitope is 

presented (36, 224, 259).  In addition, when we consider the fact that both EBNA3C and 

WT1 suppression leads to cancer cell senescence and growth inhibition (172, 260), the 

persistence of these proteins seems vital for cancer survival, although the equilibrium 

concentration is more a function of the kinetics of protein metabolism.  Our studies 

demonstrated similar findings, with marked differences in CAR-mediated cytotoxic 
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sensitivity amongst HLA-A2+ BLCLs and tumor cell lines.  We believe that this is an 

important question to consider due to our predominant dependence on protein and gene 

expression in deciding whether patients should receive T cell-based immunotherapy.  10)  

Is it possible to target several TCEs of interest at the same time using a variety of MHC-

restricted, peptide-specific CARs?  Several groups have published promising data for the 

treatment of CMV and human papillomavirus (HPV) infections in which antigen-

specificity was developed against a variety of TCEs using overlapping pools of peptides 

(261, 262).  We believe that this therapeutic approach can be applied to most settings by 

targeting multiple epitopes using several MHC-restricted, peptide-specific CARs.  By 

generating a multiclonal population of effector cells, we believe that the tumor will be 

less able to evade the immune system through single point mutations in a particular TCE.  

As is the case with other studies, there are some potential drawbacks and pitfalls 

associated with this work:  1) Using 4-1BB as a CAR signaling molecule maybe 

inadequate or detrimental.  There have been several contradictory studies which on the 

one hand show 4-1BB enhancing survival of T cells while on the other demonstrating that 

4-1BB-deficient T cells are hyperproliferative (263-265).  This paradox is even more 

evident when one looks at the studies which show agonistic anti-4-1BB antibodies in 

some cases enhancing antiviral and anti-tumor T cell responses (266, 267) while blocking 

B cell and CD4+ T cell autoimmunity (268-271).  Furthermore, in the context of NK 

cells, recent studies have even demonstrated that 4-1BB can act in an inhibitory manner 

(272, 273).  While this may be of concern, a 2005 study which used the same construct 

that we applied to our work demonstrated enhanced activation and cytotoxicity when 4-

1BB was used as a signaling molecule in regular NK cells (220).  More importantly, 
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preliminary clinical data suggested highly favorable responses in patients receiving 4-

1BB CAR-modified T cells.  Nonetheless, 4-1BB may be limiting the potential of our 

CAR-mediated targeting strategy and further argues for the testing of our scFvs using 

different CAR constructs.  2) The use of NK92MI cells as clinically useful effectors 

could be limited.  While studies using the original IL-2-dependent NK92 cell line have 

shown minimal toxicities in both mice and humans, the IL-2-transduced NK92MI cells 

may have a greater leukemogenic potential.  One method by which researchers try and 

avoid leukemogenesis in SCID mice using NK92 cells is by irradiating the effectors with 

3000 cGy before inoculation.  While it is still uncertain, this may be sufficient in 

preventing NK92MI cells from proliferating uncontrollably inside of the patient.  An 

alternative safety mechanism is that which involves the employment of suicide genes.  

One common example is the use of the herpesvirus thymidine kinase gene, which works 

by killing a cell which expresses the gene by administration of acyclovir or ganciclovir 

(274).  Alternatively, other groups have included the human CD20 gene within their 

constructs, so that aberrantly proliferating cells can be destroyed using various anti-

CD20-based therapies such as rituximab.   3) Antigen density levels may be too low for 

CAR-mediated cytotoxicity.  While this work demonstrates that our CAR-transduced 

NK92MI cells are very sensitive at detecting and reacting to low levels of antigen (~25 

complexes), in some cases the levels of a particular MHC-peptide complex may be even 

less.  One of the best known mechanisms by which cancer cells avoid T lymphocyte 

recognition is by total or partial loss of class I MHC (275-277).  This may be due to loss 

of heterozygosity or mutations in chromosomes which contain the class I heavy chain and 

β2M, coordinate downregulation of HLA loci, and downregulation of antigen processing 
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machinery such as TAP.  Fortunately in some cases, researchers have demonstrated that 

abnormal expression can be recovered using a variety of immunomodulators such as IFN-

γ (278, 279). 

In closing, there are several truly unique and novel aspects about this work:  First, 

MHC-restricted, peptide-specific monoclonal antibodies were isolated from a human 

scFv phage display library which is approximately 100-fold smaller than what has been 

previously published for this type of work, demonstrating that these types of antibodies 

are quite common in the human B-cell repertoire.  Second, for the first time, scFv-Fc 

fusion protein versions of these antibodies have been created and used to study antigen 

presentation, determine affinity, assist in quantifying antigen density, and demonstrate 

the capacity to induce ADCC.  Third, CAR versions of these antibodies were made and 

expressed in the highly cytolytic NK92MI cell line, leading to highly sensitive and 

specific target cell killing.  Fourth, the CAR targeting approach was shown to be far 

superior to that of an antibody-mediated approach when comparing their abilities to 

recognize low levels of antigen or kill cells which express high levels of antigen.  In our 

direct comparison assay, the targeting agents for the CAR and scFv-Fc fusion protein 

were exactly the same (EBNA Clone 315), in addition to the peptide-pulsed target cells, 

NK92MI cell type, assay incubation time and E:T ratio.  However, with all of these 

factors taken into account the CAR-mediated approach proved far more effective at 

killing target cells compared to ADCC.  Our results prove somewhat different than what 

others have demonstrated when targeting CD20 (280), in which they claim that both 

targeting methods are comparable.  Fifth, CAR-mediated killing could be blocked using 

the scFv-Fc fusion protein from which it was originally derived from.  This finding not 
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only demonstates the specificity of our CAR in a manner not seen in other studies, but it 

also points out the potential role of these types of antibodies in inhibiting an immune 

response directed at an MHC-peptide complex.  We believe that our findings have major 

implications in the field of cancer immunotherapy. 
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