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ABSTRACT 
 

Antibody dependent cellular cytotoxicity (ADCC) is one mechanism by which 
anti-epidermal growth factor receptor (EGFR)-directed monoclonal antibodies (mAb) 
exert their antitumor effects. While mechanisms of resistance to EGFR-targeted 
therapy have been extensively studied, resistance to ADCC has not, in part due to 
the lack of ADCC-resistance models for study. To address this limitation we 
established a model system for anti-EGFR ADCC using NK92-CD16V effector cells, 
the anti- EGFR mAb cetuximab, and the high EGFR-expressing squamous cell 
carcinoma cell line A431. Continuous A431 exposure to ADCC yielded an A431 
ADCC resistant phenotype (ADCCR1) that exhibits phenotypically and 
morphologically different characteristics compared with the parental ADCC-sensitive 
A431 cells (ADCCS1). We studied comparative gene expression profiles, NK cell 
activation, metabolic signatures, cell surface molecule composition, proteomic and 
phosphoproteomic properties to further understand the causes and properties 
associated with this resistance. The ADCCR1 cell line has a distinctive 
transcriptional profile highlighted by reduced expression of cell surface EGFR, 
reduced expression of HSP27, overexpression of CD74 and histone- and interferon-
related genes, failure to activate NK cells and loss of cell surface molecule 
expression. Immune checkpoints such as PD-L1 do not modulate ADCC in this 
model system. These results shed light on new mechanisms of ADCC resistance. 
We are exploring the possibility that stress response mechanisms are responsible for 
resistance to diverse selection pressures imposed by immune synapse-mediated 
cytotoxic attack. 
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Chapter 1 
Antibody-dependent Cellular Cytotoxicity (ADCC) in Cancer 

Therapy  
 

The magic bullet concept was first proposed by Paul Ehrlich (1) at the turn of the 

twentieth century. He envisioned a toxic agent that could be delivered to the cancer cell 

directly. Unfortunately, Ehrlich’s theory surpassed the scientific capabilities of its time. It 

would take 100 years for technological advancements to allow for the execution of Ehrlich’s 

concept. It initially took the form of chemotherapy agents, radiation therapy and cytokine 

therapies, all of which were limited by the risk of lethal toxicity (2). Not until hybridoma 

technology, described in 1975, allowed for the development of chimeric, humanized, and 

human antibodies for the treatment of cancer(3) was Ehrlich’s magic bullet achieved. 

 Antibody-based cancer immunotherapies have become part of the standard of care 

for cancer patients. Immunotherapy agents are linked to robust and efficient anti-tumor 

immune responses against multiple human cancers .The versatility of their application has 

been used to deliver therapeutic payload, manipulate cancer signaling or recruit the immune 

system. One form of antibody therapy is the use of monoclonal antibodies (Mabs) against 

known targets; these Mabs work by signal perturbation, antibody-dependent cellular 

cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC) (4). 

 

ADCC was first discovered over 50 years ago; it was demonstrated that close contact 

or “serum aggregation” between immune lymphoid cells and target cells would cause target 

cell killing (5).The serum factor required for cell-mediated cytotoxicity was initially reported 

as immunoglobulin with “chemical properties of IgG”. Subsequent experiments confirmed 

that the serum factor was an IgG antibody(6). ADCC is an immune mechanism utilized 

against cancers as well as infectious diseases due to its ability to recognize antibodies 

bound to the tumor or viral or bacterial antigens. The study of the ADCC phenomenon has 

been focused on the characterization of the effector cells and receptors involved. For many 
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years, ADCC has had unproven significance; however, its role in antibody therapy has shed 

light on the role of ADCC in the manipulation of the immune system. I will focus on natural 

killer (NK) cell-mediated ADCC as an introduction to the model system utilized for identifying 

determinants of resistance to ADCC (chapter 3). To better understand ADCC, we need to 

take a step back and examine the basic components of ADCC: effector cells, antibodies and 

antigen bound target cells.    

 

1.1 Effector cells 

ADCC effector function can be carried by large granule-containing lymphocytes that 

express fragment crystallizable region receptors (Fc) on their surfaces, such as NK cells, 

macrophages, gd T cells, neutrophils, basophils and eosinophils. The ability of lymphocytes 

to kill tumor cells was first reported in 1968 by Hellström et al (7). Nonetheless, NK cells or 

peripheral blood mononuclear cells (PBMCs) have been the focus of scientific research due 

to their availability and ease of use. Effector cells can recognize IgG on a target cell, 

facilitate binding and mediate or inhibit ADCC contingent on receptor/ligand balance.  

For the purpose of my research, I have focused on NK cells as mediators of ADCC. 

NK cells were first discovered in 1975 as granular lymphocytes from nude mice with similar 

morphology and function to cytotoxic (CD8+) T cells, a “null” population that was neither a B-

cell or a T-cell (8-11). They are categorized as part of both the innate as well as the adaptive 

immune system. Their name “Natural Killer” comes from their ability to kill stressed cells 

[virally infected, transformed or antibody-coated (opsonized)] without prior exposure, help or 

the expression of specific receptors, unlike B-Cells and T-Cells. The NK cell’s function and 

activation is regulated by receptor signaling and antigen expression. The fate of the target 

cell and NK response is determined by the balance between the activating and inhibitory 

signals received. Signaling molecules/receptors on the surface of NK cells include: FcγRs, 

killer cell immunoglobulin-like receptors (KIRs), immunoglobulin-like transcript (ILT) 2 
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receptors, natural cytotoxicity receptors (NCRs), immunotyrosine-activating motif (ITAM), 

TNF-related apoptosis-inducing ligand (TRAIL), DNAX accessory molecule (DNAM)-1,death 

receptor ligands and NKG2 receptors. Each receptor has a role in mediating NK cells’ fate. 

NK cells development and inhibition response to “self” is regulated by (ILT) 2 receptors, KIRs 

and the CD94–NKG2A receptor’s interaction with self-HLA class I molecules (12) NK cells’ 

response to non-self, viral ligands, heat shock-associated proteins, or tumor antigen is 

triggered by activating receptors on the surface, such as NKG2D, activating KIRs, DNAM-1, 

2B4 and NCRs (NKp30, NKp44, and NKp46) (13). The receptors involved in ADCC are 

activating FcγRI(CD64), FcγRIIa(CD32A), FcγRIIIa (CD16A) and inhibitory FcγRIIb (CD32B). 

The polymorphism of the receptor seems to have an impact on the magnitude of the ADCC 

response(14). 

 While NK cells’ role(s) in the elimination of cancer cells is/are still under study, there 

is evidence to support the role of ADCC and NK cells in vitro, in vivo and in the clinic, 

including the association of NK cells with the anti-tumor efficacy of many mAbs (15). In vitro 

studies have demonstrated effective use of peripheral NK cells as well as NK cell lines of 

ADCC killing against primary tumor cells and tumor cell lines. Animal models demonstrated 

that by activating FcγR, e.g., CD16, knockout mice show diminished anti-tumor activity, 

while inhibitory FcγR enhance anti-tumor activity in knockout mice (16). Patients with “high 

responder” FcR polymorphisms CD16A 158V/V (vs. V/F or F/F) showed a correlation 

between FcR polymorphisms and the efficacy of antibody therapy. This phenomenon is seen 

in treatment with rituximab (anti-CD20) in non-Hodgkin’s and follicular lymphomas (17,18), 

cetuximab (anti-EGFR) in metastatic colorectal cancer (mCRC) (19,20) and trastuzumab 

(anti-HER2) in HER2/neu-positive metastatic breast cancer (21).The activation of NK cells 

through FcγRIIIa recognition and binding of Fc region of antibodies coating the target cell 

results in direct apoptosis through the release of perforin and granzymes (22). Death 

receptor-mediated apoptosis occurs when a death ligand, such as tumor-necrosis factor 
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(TNF) family members FasL/TRAIL, are recognized by their respective receptors on the 

target cells or via rapid release of reactive oxygen species (ROS) (23,24). NK cell-mediated 

killing involves the ability to secrete effector molecules and activating cytokines that function 

by stimulating the immune system. These cytokines include: IL-2, IL-12, IL-18, IL-15 or other 

IFN stimulating cytokines and check points in ADCC (25). 

 

1.2 The target cell 

The target cell in ADCC has antibody bound to its antigen. Both target antigen 

expression and receptor signaling determine the fate of the cell. The target cells express 

inhibitory as well as stimulatory antigens and receptors with respective binding partners on 

the effector cell (24). In ADCC, common inhibitory signals include up-regulation of MHC-I, 

HLA-H and HLA-E. Activating signals include the lack of HLA class in triggering missing self 

or antibodies binding of antigen and recruiting the immune system via Fc region (24) . 

 

1.3 Antibodies 

Antibodies, or immunoglobulins (Ig), are immune molecules that are able to 

recognize foreign antigens and elicit an immune response. The basic structure of antibodies 

is a Y shape molecule composed of heavy and light chains. The head of the structure V is 

comprised of two identical antigen-binding fragments (Fab), while the stem is the constant 

fragment (Fc), or the recruiter of the immune system. (See Chapter 2 for Figure). The heavy 

and light chain composition along with the Fc region categorize Ig molecules into five distinct 

forms: IgA, IgD, IgE, IgG and IgM. IgG is the most common form used in antibody therapy. 

The functional units of IgG are the Fab region, which confer antibody specificity and antigen 

recognition via complementary determining regions (CDRs) and the Fc region responsible 

for antibody/immune recognition by Fcγ receptors (FcγRs) on effector cells, natural killer 

(NK) cells, neutrophils, monocytes, dendritic cells (DCs) and eosinophils. The Fc region can 
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also bind neonatal Fc receptors (FcRns) expressed on various cells; the interaction seems to 

play a role in IgG homeostasis and protection from degradation. 

Human IgGs are further categorized based on their ability to mediate antibody-

dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). 

IgG1 and IgG3 can activate compliment and elicit ADCC, while IgG2 and IgG4 are unable to 

do so (101-103). The density of IgG antibody coating the target cell is a critical factor in 

ADCC. Most of the current antibody therapies are IgG1 molecules. A more detailed 

description of antibodies in cancer therapy and modifications to enhance cancer treatment is 

provided in Chapter 2. 

 

1.4 The process of ADCC 

The process of ADCC is a complicated, multistep process that is initiated by FcyRII 

recognition of an Fc region of antigen-bound antibody. The immune synapse was first 

described by Grakoui et al in 1999 (26). Jordan Orange proposes a model for sequential 

stages in the formation and function of NK-cell lytic synapse (27). His model is divided into 

three main stages (Figure 1.1).  

The initiation stage 

The initiation stage is mediated by FcyRII recognition of Fc region of an antigen-

bound antibody, which initiates cross-linking of NK cells to target cells proximately, 

facilitating receptor/ligand interaction and firm adhesion. Formation of the immune synapse 

requires integrins, including lymphocyte-associate antigen 1 (LFA1), CD11a and CD18 (28-

30), which facilitate tight adhesion and mediate activation signaling (31) before clustering to 

formulate the immune synapse (32). At this step, NK cell fate is determined by the balance 

of activating and inhibitory receptors on the cell surface (29). 
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Figure 1.1: Stages of NK-cell Lytic Synapse Formation  
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The effector stage 

This stage harbors the immune synapse formation and lytic release. Following activation 

signaling, the conjugated cells proceed to actin rearrangement, receptor clustering and 

polarization of the microtubule-organization center (MTOC). This allows for a secretory path 

for cellular components (33), cytokines (34) and lytic granules (35). The effector stage is 

completed by recruitment of the lytic granules to the MTOC, polarizing to the immune 

synapse and releasing into the target cell mediating cyto-lytic cell killing (27). 

 

The termination stage 

The termination stage is defined by the NK cell, target cell detachment. NK cells are 

serial killers that are able regenerate lytic granules to move from one cell to the next (36,37), 

exerting their killing capabilities. 

 

1.5 Enhancing ADCC by conventional drugs 

ADCC has also been modified pharmacologically using drugs such as proteasome 

inhibitors, histone deacetylase inhibitors and selenite derivatives, as well as lenalidomide 

and pomalidomide that stimulate NK cells via triggering of IL-2 and IFN-g release by T-cells 

(38-41). The mechanism behind these dugs is still unclear. 

 

 

Utilizing ADCC in immunotherapy 

MAbs targeting tumor-associated antigens (TAA) are used therapeutically to exploit 

the anti-tumor effector immune response, such as ADCC. In the late 1990s, rituximab (anti-

CD20) and trastuzumab (anti-HER2) became the first FDA-approved mAbs for the treatment 

of non-Hodgkins lymphoma and HER2+ breast cancer, respectively. A number of TAA 

targeting mAb have since been approved for multiple malignancies. (Table 1.1- List of 
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selected ADCC eliciting immunotherapies ). While mAB trigger ADCC through Fc/FcgR 

engagement, advancements in antibody engineering have allowed for the development of 

bispecific (2 targets), or tripecific (3 targets) antibodies. Some bispecific and trispecific 

antibodies have an inherent ability to elicit ADCC through an intact Fc domain. More recently, 

in an effort to harness the immune response via NK cell-mediated ADCC, bispecific and 

trispecific antibodies have been engineered to engage CD16A as a secondary/tertiary target 

in addition to tumor-associated antigens (42-48). 

 

 

1.6 Modifying antibody structure to enhance ADCC  

The Weiner lab pioneered attempts to manipulate size, valence and affinity 

properties of anti-tumor mAB to enhance ADCC (e.g., (49)). This is described in more detail 

in Chapter 2. 

 

1.7 Cytokines and chemokines to enhance ADCC 

In an effort to optimize NK cell-mediated ADCC employed by antibody therapy, 

researchers sought to combine mAb therapy with cytokines to improve ADCC responses in 

patients (50). Interleukins (IL2, IL12, IL15 and IL21) as well as IFN-a and IFN-g have long 

been associated with enhanced ADCC and have been considered as agents of ADCC 

enhancement (51) (52) (53) (54) (55,56), cytokine biology and translation into the clinic is 

reviewed in more detail in ((57-59)).The following brief descriptions are intended to highlight  

the roles of cytokines in ADCC enhancement and provide a context for the work I performed. 

 

IFN-g   
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IFN-g down-stream signaling has been associated with a wide range of biological 

functions, including innate and acquired immunity, cell cycle, apoptosis, inflammation and 

anti- 

Viral and bacterial properties (60). The immune-modulatory and cytotoxic properties of IFN-

g have long been established (61), leading to its clinical application in multiple diseases, 

including cancer (51,62). Recombinant IFN-g was first used in clinical setting to treat chronic 

myelogous leukemia; since then IFN-g has been used clinically to treat a range of cancers 

alone and in combination therapy, though with inconsistent results (62). 

 

IL-2 

IL-2 was first approved by the FDA 1992 for the treatment of metastatic kidney 

cancer (63). While high-dose IL-2 was showing clinical benefit in melanoma and renal cell 

carcinoma, its association with substantial toxicities limited its application for other types of 

cancer (64).  Pre-clinical data showed IL-2 is currently used in combination with mAb at a 

range of doses. The efficacy of IL2 combination varies on a cancer-by-cancer basis. 

Nonetheless, IL-2 is still used in the clinic and clinical trials in combination with other 

therapies are underway. A limitation of the use of IL-2 is its enhancement of regulatory T-

cells expressing high affinity IL-2 receptor CD25. Efforts to improve IL2 therapy include the 

development of IL2 without CD25 binding capacity (65). 

 

IFN-a 

IFN-a acts on NK cells through its induction of proliferation (66) and triggering IFN-

g secretion, leading to subsequent cytotoxicity(67). The enhancing effect of IFN-a on mAb 

mediated ADCC has been shown in vitro (68,69) as well as in vivo (70,71). In clinical trials, 

administration of IFN-a alone showed minor amplification of ADCC and NK activation at 

lower doses, while higher doses led to suppression of ADCC (72). IFN-a has shown clinical 
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efficacy as adjuvant therapy for melanoma and some minor activity in metastatic melanoma 

and lymphoma. However, IFN-a was unsuccessful in combination with mAb and is rarely 

used in the clinic today.  

 

IL-12 

IL-12 was previously known as a NK cell-stimulating factor. It has an established role 

in enhancing NK cell mediated lysis (73) and anti-tumor activity (74). However, short half-life 

and potentially lethal toxicity impeded its clinical application (75). In recent efforts to harness 

IL-12’s therapeutic potential, pre-clinical studies have modified non-secreting IL-12 (nsIL-12) 

and used adenovirus to deliver this directly or systemically, bypassing the toxic effect 

associated with IL-12 secretion from tumor cells (76). Recombinant IL-12 is currently in 

phase I/II for the treatment of breast cancer (NCT00622401, NCT00004893) and ovarian 

cancer (NCT00016289). It is also enrolled in a number of clinical trials in combination with 

other immunotherapies (NCT00005655, NCT00004244, NCT02994953, NCT00028535*) 

 

IL-15 

IL-15 is a member of the common γ-chain cytokines (similar to IL-2) and has a known 

function of initiating NK activation, differentiation and development (67,77,78). IL-15 ‘s 

therapeutic application has been limited due to short half-life and the requirement of its 

trans-presentation bound to IL-15Ra. To address these limitations, IL-15 has been altered to 

a conjugate construct with IL-15 bound to soluble IL-15Ra (IL15-sIL-15Ra or ALT-803). 

Unlike IL-2, it does not bind CD25 to stimulate regulatory T-cells. It is now undergoing 

clinical evaluation (NCT03365661, NCT03022825, NCT01946789*). 

 
                                                
* Information about the referenced clinical trials can be found at the url: 
http://clinicaltrials.gov/ct2/show/xxx where xxx is the specific number/letter code referenced 
in the text. 
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IL-21 

IL-21 is also a member the common γ-chain cytokines. Its association with enhanced NK 

cell-mediated ADCC has been demonstrated pre-clinically (79) and in phase I clinical trials 

with cetuximab in patients with metastatic colorectal cancer (80). IL-21’s role in enhancing 

ADCC has led to its incorporation in a number of clinical trials with different mAbs (81). An 

anti-IL-21 ADCC-enhancing mAb has also been developed and is currently in phase II 

clinical trials for the treatment of Crohn’s Disease and Rheumatoid Arthritis (NCT01751152, 

NCT01647451*). 

 

1.8 Manipulating NK cell function to enhance ADCC 

Targeting NK cells 

NK cells are regulated by a balance of activating and inhibitory signals. In an effort to 

enhance ADCC, mAb constructs have been developed to target inhibitory signals on NK 

cells. Examples include anti-NKG2A (monalizumab) (82), anti-KIR2 (lirilumab) (83) and anti-

CD137 (84) (urelumab or utomilumab). Such inhibitory mAbs have made their way to clinical 

trials either alone or in combination with mAbs targeting tumor-associated antigens 

(NCT03414658, NCT00309023, NCT01714739, NCT02643550*) (85). 

Toll-like receptors (TLRs) are expressed on NK cells and mediate response to 

tumors and pathogens. Studies have demonstrated TLR3 agonist poly-ICLC-associated 

enhanced cetuximab mediated ADCC in vitro (86) and enhanced anti-HER2 mediated ADCC 

in vivo (86). To enhance ADCC in patients, the TLR8 agonist motolimod (formerly VTX-2337) 

has been administered in combination with cetuximab and is currently used in phase II 

clinical trials. 

 
                                                
* Information about the referenced clinical trials can be found at the url: 
http://clinicaltrials.gov/ct2/show/xxx where xxx is the specific number/letter code referenced 
in the text. 
 



 12 

1.9 Genetically modified NK cells to improve ADCC performance 

NK cell survival and killing capacity has been exploited to enhance ADCC. As mentioned 

earlier, polymorphisms in FCgRIIA are associated with the efficacy of mAb therapy. Chimeric 

antigen receptor NK cells (CAR-NK) have also been utilized to overcome insufficient ADCC 

responses (87). CAR-NK have been engineered to express tumor-specific scFv antibody 

fragments linked to an endodomain, such as CD3z,  that is responsible for immune cell 

activation. CARs have been utilized to redirect NK cells against multiple tumor-associated 

antigens, such as CD33 (NCT02944162*), HER2 (88), NKGD2(NCT03415100*) and CD1 

9(89). (NCT02892695*
∗) (90) (91). 

 

1.10 Adoptive NK-cell therapy to improve ADCC 

Adoptive transfer of immune cells is used to harness the power of the immune 

system to target cancer (92). NK cells are attractive candidates due to their natural 

cytotoxicity and inherent role as the body’s first line of defense against cancer (93). The 

adoptive transfer of large numbers of NK cells into patients is intriguing; however, there are a 

few limitations associated with the use of NK cells in cancer patients: 1) they are associated 

with diminished efficiency (94,95)and 2) it is difficult to generate large numbers of functional 

NK cells. To address these limitations, researchers have focused on developing new NK 

expansion protocols, yielding a large number of pure, functional NK cells. NK cells have 

been expanded from umbilical cord, peripheral blood, and stem- and hematopoietic 

progenitor cells. Ex vivo NK cell expansion methods have also been developed using 

cytokines in combination with artificial antigen-presenting cells (aAPCs) as feeder cells. The 

success of adoptive NK cell transfer in demonstrating safety and clinical efficacy in multiple 

                                                
* Information about the referenced clinical trials can be found at the url: 
http://clinicaltrials.gov/ct2/show/xxx where xxx is the specific number/letter code referenced 
in the text. 
∗  
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studies (96-100) showing the potential for NK cells to be an effective cancer immunotherapy 

platform. Ex vivo expansion and activation of NK is a valuable method to improve ADCC.  

 

1.11 Conclusion 

 ADCC is a potent immune mechanism utilized to fight disease, infection and cancer. 

Recent advances in the field of immunology enabled the development of antibody-targeted 

therapies based on the development of monoclonal antibodies. Modifying antibody 

structures can optimize ADCC . Recent efforts have highlighted the importance of ADCC as 

a mechanism of action in cancer therapy. However, as with any new therapy, cancer cells 

devise new forms of resistance. In my research I investigate the molecular mechanisms of 

resistance to ADCC, in an attempt to understand how cancer cells evade this immune attack 

scenario.  
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Table 1.1 ADCC Eliciting Immunotherapies 
Monoclonal AB Type Target Cancer type 

Rituximab mAB CD20 NHL, follicular lymphoma, NHL, CLL 
Veltuzumab mAB CD20 CLL, lymphoma 
Ofatumumab mAB CD20 CLL, NHL, follicular lymphoma 
Obinutuzumab mAB CD20 CLL, follicular lymphoma, diffuse large B 

lymphoma 
Ocaratuzumab mAB CD20 Follicular lymphoma, NHL 
Cetuximab mAB EGFR Metastatic colorectal cancer and recurrent or 

metastatic head and neck cancer. 
Panitumumab mAB EGFR Colorectal cancer, HNSCC 
Imgatuzumab mAB EGFR Colorectal cancer and HNSCC 
Trastuzumab mAB HER2 Breast and ovarian cancer 
Pertuzumab mAB HER2 Breast and ovarian cancer 
Margetuximab mAB HER2 Breast and ovarian cancer 
Dinutuximab mAB GD2 Pediatric neuroblastoma 
Daratumumab mAB CD38 Multiple myeloma 
Isatuximab mAB CD38 Multiple myeloma 
Elotuzumab mAB SLAMF7 Multiple myeloma 
Avelumab 

 

mAB PDL-1 Multiple Cancers 

Catomaxomab Bispecific CD3/Ep-
CAM 

Gastric cancer 
Breast cancer 

Duligotuzumab Bispecific EGFR/HE
R3 

Head and neck cancer 

AFM13 Bispecific CD16A/CD
30 

CD30+ Lymphoma/hodgkins Lymphoma 

TriKE (161533) trispecific CD16A/IL-
15/CD33 

AML 
ALL 
Mast Cell Leukemia 
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Abstract: Biotherapeutics are attractive anti-cancer agents due to their high 

specificity and limited toxicity compared to conventional small molecules. Antibodies 

are widely used in cancer therapy, either directly or conjugated to a cytotoxic 

payload. Peptide therapies, though not as prevalent, have been utilized in hormonal 

therapy and imaging. The limitations associated with unmodified forms of both types 

of biotherapeutics have led to the design and development of novel structures, which 

incorporate key features and structures that have improved the molecules’ abilities to 

bind to tumor targets, avoid degradation and exhibit favorable pharmacokinetics. In 

this review we highlight the current status of monoclonal antibodies and peptides, 

and provide a perspective on the future of biotherapeutics using novel constructs.  

 

Keywords: Antibodies , Peptides, Antibody Engineering, Immunoconjugate,  

5501 words, 2 Figures, 4 tables and 208 references
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2.1 Introduction 

More than a century ago Paul Ehrlich proposed that protein therapeutics could 

specifically target disease processes(1). This “magic bullet” theory has captured 

scientific and popular imagination since that time. In the past quarter-century 

Ehrlich’s dream has begun to be realized as many such reagents have entered into 

routine clinical practice, with particular utility in major disease areas such as 

oncology and rheumatology (2). In this review we concentrate on the principles and 

applications of targeted protein therapeutics for oncological indications. 

 

Biotherapeutics are appealing options for cancer therapy due to their high levels of 

target specificity and potential for minimal toxicity as compared with small molecules. 

Monoclonal antibodies have become routinely incorporated into the standard 

armamentarium of cancer therapies (3), as shown in Table 2.1.  Many more novel 

antibodies and antibody conjugates are in clinical development; hence these drug 

platforms have proven to be useful and cannot be viewed as transitional treatment 

strategies that await the development of improved small molecules. Remarkably, no 

clinically approved therapeutic antibody for oncology has ever been significantly 

displaced from the oncological marketplace by a subsequent competitor small 

molecule. 

 

Overlooked in the excitement of antibody-targeted therapeutics, another protein 

platform format – peptide-based therapy – continues to undergo improvements. The 

potential therapeutic utility of peptides had been 
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Table 2.1 FDA Approved Antibodies for the Treatment of Cancer 
Generic name 
(trade name) 

Origin Isotype 
(conjugate) 

Cancer(s) 
treated 

Initial 
Approval 

Reference 

Unconjugated MAbs 
Rituximab (Rituxan) 
 

Chimeric 
 

IgG1 
 

B-Cell 
Leukemias and 
Lymphomas 

1997 
 (158-162) 

 
Ofatumumab 
(Arzerra) 
 

Human 
(XenoMouse) 

IgG1 Chronic 
Lymphocytic 
Leukemia 

2009 (163) 

Alemtuzumab 
(Campath-1H) 
 

Humanized IgG1 Chronic 
Lymphocytic 
Leukemia (Not 
currently 
available for 
clinical use) 

2001 (164) 
 

Trastuzumab (Herceptin) 
 

Humanized 
 

IgG1 
 

Breast, Gastric   1998 
 (165,166) 

 
Pertuzumab 
(Perjeta) 
 

Humanized IgG1 Breast 2012 (167) 
 

Cetuximab (Erbitux) 
 

Chimeric IgG1 Colorectal, 
Squamous 
Head/Neck, Lung  

2004 (168-171) 
 

Panitumumab (Vectibix) 
 

Humanized IgG2 Colorectal 2006 (172) 
Bevacizumab 
(Avastin) 
 

Humanized 
 

IgG1 
 

Colorectal, Non-
Small Cell Lung, 
Glioblastoma  

2004 
 (173,174) 

 
Ziv-aflibercept (Zaltrap)  Humanized IgG1 Colorectal 2012 (175) 
Denosumab 
(Xgeva) 

Human 
 

IgG2 
 

Bone-metastasis 
skeletal-related 
events  

2010 
 (176) 

 
Ramucirumab 
(Cyramza) 
 

Humanized IgG1 Gastric 2014 (177,178)  

Immunoconjugates 
Ibritumomab Tiuxetan 
(Zevalin) 

Murine 
 

IgG1 (90Y) 
 

Non-Hodgkins 
Lymphoma 

2002 
 (65) 

Brentuximab vedotin 
(Adcetris) 
 

Chimeric 
 

IgG1 (MMAE) 
 

Hodgkins 
Lymphoma, 
Systemic 
Anaplastic Large 
Cell Lymphoma 

2011 
 (51) 

 

Ado-trastuzumab 
emtansine  
(Kadcyla) 
 

Humanized IgG1 (DM1) Breast 2013 (179) 

MAb, monoclonal antibody; IgG, immunoglobulin-G; 90Y, yttrium-90 ; 131I-Iodine-131; MMAE, monomethyl auristatin E ; DM1,  
Mertansine; SRE ,skeletal-related event; ADT/AI ,  androgen deprivation therapy aromatase inhibitor ; GTCB,  giant cell tumor of bone. 
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discounted in the past due to the low stability of such molecules. These challenges 

have been overcome mainly by chemical modification, such as incorporation of D-

amino acids (4) or cyclization (5). 

 

Antibodies represent the most widely used and clinically successful class of protein 

and peptide therapeutics in cancer(3). However, the current generation of 

therapeutic antibodies has properties that may limit utility in some circumstances, 

such as large size, poor tissue penetration due to steric hindrance and the high cost 

of antibody manufacturing. During the past two decades antibody engineering efforts 

have led to the discovery and testing of more than 50 different protein scaffolds (6-

8).  The term scaffold, as used in protein engineering, describes a single chain 

polypeptide framework typically of reduced size (<200 AA) that contains a highly 

structured core associated with a variable portion of high conformational tolerance. 

This allows for engineering of the protein through insertions, deletions, or other 

substitutions. These scaffolds are either antibody-derived with an IgG backbone, or 

derived from non-immunoglobulin based proteins(8). Many of the novel scaffolds 

under development recognize known and validated disease associated targets such 

as tumor necrosis factor TNF-α, CD20, vascular endothelial growth factor (VEGF), 

CD19 and CD3.  

 

The first novel engineered scaffold protein to reach the market was ecallantide (DX-

88, Dyax Corporation). It was introduced in December of 2009 as Kalbitor®(9,10) 
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.This potent inhibitor of human plasma kallikrein was approved for the treatment of 

patients suffering from hereditary angioedema. 

 

This review will provide an overview of the current status of monoclonal antibody and 

peptide therapy with a look to the future. 

 

2.2 Unconjugated Monoclonal Antibody Therapy 

 
2.2.1 Antibody Structure. Antibodies are secreted by B cells in response to antigen 

exposure. They are composed of heavy and light chains that make up the to 

functional units of antibodies: the constant region (Fc) and the fragment of antigen 

binding (Fab) region(11) (Figure2.1) Antibodies are grouped based on their heavy 

chain compositions and Fc  regions into IgM, IgG,  IgA, IgE and IgD. IgG is the most 

commonly used antibody structure for monoclonal antibody therapy. Antibody 

functions are specified by their respective domains.  The Fab domain determines 

antibody specificity and antigen recognition; this is accomplished through the 

variable regions, which consist of three hypervariable complementarity-determining 

regions (CDRs)(11). The Fc domain can interact with various receptors expressed at 

the surface of several cell types. By binding Fcγ receptors (FcγR) on effector cells 

the Fc domain links the antibody binding regions to immune system activation and 

effector function, enabling receptor mediated endocytosis to clear antigen/Ab 

complexes, eliciting Antibody dependent cellular cytotoxicity (ADCC) or 

triggering/altering signaling cascades across the plasma membrane(12). The Fc 

portion can also interact with the neonatal Fc receptor (FcRn) expressed at the 

surface of several cell types (13).FcRn engagement plays an important role in IgG 
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homeostasis and has been shown that to extend the serum half-life of IgG from one 

day to up to several weeks(14). 

 

 

Figure 2.1 Structures of enzymatically derived and genetically engineered 
fragments of Ig molecule 

 The native IgG molecule was initially enzymatically digested to create Fab and 
(Fab’)2 fragments. These and the other molecular variants described on the figure 
now are readily manufactured through recombinant antibody engineering techniques.  

 

2.2.2 Monoclonal Antibodies (mAbs). The development of hybridoma technology in 

1975 enabled the production of murine monoclonal antibodies(15). Initially, the 

clinical application of murine mAbs was limited by their immunogenicity to humans 

and inability to induce robust human immune effector responses against the targeted 

tumor antigens and cancer cells. These limitations were attributed to the murine 
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origin of these antibodies(16,17). A series of technical advancements, starting in the 

early 1980s and continuing to this day, have facilitated the design and 

implementation of modified antibody structures with improved target binding, effector 

potency and reduced immunogenicity. Examples of these improvements include 

chimeric antibodies, where murine variable regions are grafted onto human Fc 

regions, humanized antibodies, where murine complementarity determining regions 

(CDRs), are grafted onto a human antibody framework, and fully human antibodies 

derived from xenogeneic mice or by recombinant human antibody display 

technologies.(18) These modified antibody structures now dominate the human 

antibody therapy landscape. Today, fourteen conjugated and unconjugated mAbs 

have been FDA approved for the treatment of cancer (Table 2.1). 

 

The pharmacology of mAbs is unique among cancer therapies.  Pharmacokinetic 

properties of mAbs are typically nonlinear and, in some instances, the therapeutic 

half-lives are variable, increasing with subsequent dosing (19,20). While some efforts 

have been made to link therapeutic response with physiologic recovery of the 

targeted organs following antibody therapy (such as the duration of B-cell repletion in 

the treatment of hematologic malignancies), it is not clear if these descriptions 

actually correlate to duration of treatment response (21-23).  Table 2.2 summarizes 

the pharmacokinetic and pharmacodynamic properties of those mAbs with FDA 

approval, along with the unique adverse effects clinicians need to be aware of when 

using each agent. 
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Manipulating mAb Structural Properties The application and effectiveness of mAb 

therapy may be influenced by the size of the protein (typically about 150kDa), which 

hinders tissue penetration and delivery(14), and also by non-specific uptake by the 

reticuloendothelial system that can limit efficacy and induce dose-limiting toxicity to 

the liver and bone marrow when the  mAbs are conjugated to various toxins (24). 

Modern antibody engineering techniques have made it possible to manipulate the 

immunogenicity, size, valence, affinity for target antigen and Fc domain-directed 

interactions to customize antibody properties for particular purposes. Several 

examples are described below.   

 

Fab Domain Modification. The Fab domain is the antigen-binding domain, and has 

long been the subject of antibody engineering efforts that have included the creation 

of antibody-based fragments such as the enzymatically cleaved fragments, Fab and 

F(ab')2 and genetically engineered formats such as scFv, (scFv)2, diabody and 

minibody (Figure 2.1; reviewed by Robinson et al, 2004 (18)). The usual building 

block of these structures is a 25-kDa, monovalent single chain Fv (scFv) composed 

of the variable domains (VH and VL) of an antibody derived from either hybridomas, 

or binding domains isolated from phage- or yeast-display libraries and fused together 

with short peptide linkers. These flexible building blocks make it possible to create a 

wide variety of antibody-based structures that have been used to evaluate the impact 

of antibody size, valence and binding site format on antigen binding, tumor targeting, 

effector functionalities (18). Moreover, it is possible to employ techniques such as 

chain-shuffling and site-directed mutagenesis to manipulate antigen-binding 

properties (25-27) to define the roles of binding affinity and avidity on in vitro and in 
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vivo tumor targeting, immune effector functions such as antibody-dependent cell 

mediated cytotoxicity (ADCC) and therapeutic efficacy. These studies have shown 

that high affinity for tumor antigen targets leads to impaired tumor penetration due to 

target-mediated antibody internalization and binding to shed antigen (28-31). 

However, although the actual delivery and penetration of lower affinity antibodies is 

superior, the higher affinity antibodies have improved therapeutic efficacy in murine 

models (31). 

 

Advances in the modification of the Fab domain include the construction of novel 

multi-specific structures such as bispecific antibodies (bsABs), structures with two 

Fab domains, or three such domains (triomAbs), creating opportunities for high 

avidity or multi-specific targeting (24). A common target of bsAbs is CD3, the 

activating receptor for T-cells, as seen with the triomAb, Catumaxomab, which binds 

1) the tumor antigen EpCAM, 2) CD3 and 3) innate effector cells through an intact Fc 

portion(32). It’s success in a phase II/III clinical trial led to its approval by the 

European Commission in 2009 for malignant ascites. Catamaxomab’s success 

prompted the generation of other triomAbs directed against the tumor antigens 

HER2/neu (ertumaxomab), CD20 (Bi20/FBTA05;NCT01128579*), GD2 and GD3 

(Ektomun)(24). 

. 

Fc Domain Modification. The therapeutic significance of the Fc domain rests in its 

ability to induce effector functions and to manipulate the serum half-lives of 

                                                
* Information about the referenced clinical trials can be found at the url: 
http://clinicaltrials.gov/ct2/show/xxx where xxx is the specific number/letter code referenced 
in the text. 
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antibodies. Fc recognition by FcγR on immune effector cells such as NK cells, 

dendritic cells, neutrophils and mononuclear phagocytes can transduce activating 

signals through immunoreceptor tyrosine-based activation motifs (ITAMs) or deliver 

inhibitory signals though immunoreceptor tyrosine based inhibitor motifs (ITIMs). 

Most Fc stimulatory signals are transduced by FcγR1 (CD64) and FcγRIIIA (CD16a). 

Cross-linking of FcγRs on effector cells promotes antibody-dependent cell-mediated 

cytotoxicity (ADCC) or activate/ block signaling cascades across the plasma 

membrane eliciting tumor cell destruction (12) (33). ADCC has been shown to be an 

important mechanism for monoclonal antibodies used in cancer therapy(31,34).  

Two general approaches have been utilized to manipulate Fc domain based effector 

functions. The first approach entails altering the amino acid structure of the domain 

to influence binding affinity to Fc receptors (33-36). Altered amino acid sequences 

have led to the creation of Fc domains with higher affinity for FcγRIIIa and enhanced 

ADCC properties. For example, altering amino acids in the Fc domain or modifying 

Fc-linked glycosylation of the clinically approved anti-CD20 antibody rituximab 

yielded its humanized version ocrelizumab, which possesses increased binding 

affinity to FcγRIIIa and promotes enhanced ADCC compared with rituximab(37,38). 

Further modifications were made to create a third generation anti-CD20 antibody, 

PRO131921. It is an engineered form of ocrelizumab that binds with higher affinity to 

CD20, and the Fc domain has been engineered to increase binding affinity for both 

FcγRIIIa and C1q as compared with rituximab and ocrelizumab(39). 

Fc domain oligosaccharide content modification can enhance ADCC as well. For 

example, antibodies with defucosylated oligiosaccharides show enhancement of 
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ADCC in vitro and enhanced in vivo anti-tumor activity(38). Most of the currently 

used therapeutic antibodies are highly fucosylated. Phase I clinical trials of non-

fucosylated antibodies specific for CC-chemokine receptor 4 (CCR4), which is 

expressed by some lymphoid neoplasms and is used by Treg cells to facilitate their 

migration into the microenvironment(40), have shown promise and early data 

suggest efficacy at significantly lower doses than conventional therapeutic 

antibodies(38). 

 

Recognition of the neo-natal Fc receptor (FcRn) expressed at the surface of several 

cell types, including vascular endothelium cells, monocytes and macrophages as 

well as with barrier sites such as the blood–brain interface, the glomerular filter in the 

kidneys and the intestinal epithelium has been shown to increase the serum half-life 

of the antibody molecule(13). 

 

The Fc domain has been manipulated to increase as well as decrease its affinity for 

FcRn depending on the desired serum half-life of the antibody(14). Increasing the 

affinity for FcRn would yield a long serum half-life, which is desirable in therapy, as it 

would decrease the need for repetitive injections of the molecule to achieve a 

therapeutically relevant serum concentration(41). Decreasing Fc affinity for FcRn is 

required in applications such as imaging where short-serum half-lives would allow for 

the clearance of unbound molecules; this latter approach has yielded improved 

imaging contrasts for an IgG3 isotype antibody (41). 
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2.2.3 Modulating the Immune system and Altering Cancer-Related Signaling. Targets 

of antibody therapy are not limited to the tumor cell; they can also be used to 

modulate a desired immune response or altering signaling pathways. The 

attractiveness of the immune system as a therapeutic target stems from the prospect 

of enhancing anti-tumor response and influencing the outcome of lymphocyte-

mediated immune responses by modulating antigen-specific T-cell receptor (TCR) 

and B cell receptor (BCR) signals(11). Modulation is achieved by manipulating 

entities such as immunoregulatory co-receptors and other cell surface signaling 

molecules. Ipilumumab is the first FDA approved immune targeting monoclonal 

antibody against Cytotoxic T-lymphocyte Associated Antigen 4 (CTLA-4), an 

inhibitory receptor of T-cell activation. Other targets under study that serve as co-

stimulatory molecules include PD-1/PDL-1, CD40 and CD137(42). There are 

currently 22 antibodies in clinical trials that target the immune system (Table 2.3) 19 

of which are for the treatment of cancer(43). Manipulation and stimulation of the 

immune system can be achieved not only by mAb but also by structurally modified 

antibodies such as bispecific antibodies (bsAbs) and trispecific antibodies 

(triomAb)(24,32).
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Table 2.2 Pharmacologic Properties of Antibodies  
Generic name 
(trade name) 

Pharmacokinetics  
 

Mean Half Life Antibody target and cellular 
effect 

Side effect profile Reference
s 

Unconjugated MAbs 
Rituximab 
(Rituxan) 
 

Linear 76.3 hours (first infusion) 
205.8 hours (fourth 
infusion)  

Targets CD20, depleting B-
cells. 
16-24 weeks from treatment 
completion until B-cell 
repletion. 

Risk of increased 
infection 
Risk of Hepatitis B 
reactivation 
Infusion- reactions 

(19-
23,180) 

Ofatumumab 
(Arzerra) 
 

Nonlinear 30.4 hours (first infusion) 
326.5 hours (fourth 
infusion) 
*2000mg dose  

Targets CD20, depleting B-
cells. 
24 weeks from treatment 
completion until B-cell 
repletion. 
 

Infusion-reactions 
Infection 
Neurotoxicity 
Richter’s 
Transformation 

(181-184) 

Alemtuzumab 
(Campath-1H) 
 

Nonlinear 11 hours (first week) 
144 hours (twelfth week) 

Targets CD52, resulting in T-
cell depletion of variable 
duration 

Autoimmune disease 
reactivation  

(19,185,18
6) 

Trastuzumab 
(Herceptin) 
 

Nonlinear 28.5 days  
 

Inhibition of proliferation  of 
HER2+ overexpressing tumor 
cells 

Cardiotoxicity  (19,187-
189) 

Pertuzumab 
(Perjeta) 
 

Linear 11.6 hours 
 

Dimerizes HER2 antibodies 
thus inhibiting proliferation  of 
HER2+ overexpressing tumor 
cells 

Cardiotoxicity  (190,191) 

Cetuximab 
(Erbitux) 
 

Nonlinear 71 hours 
*250mg/m2 dose 
 

Binds to EGFR, preventing 
ligand-binding stimulation of 
cellular proliferation. 

Acneiform rash 
Hypersensitivity  

(19,192) 

Panitumumab 
(Vectibix) 

Nonlinear 7.5 days 
 

Binds to EGFR,, preventing 
ligand-binding stimulation of 
cellular proliferation. 

Acneiform rash 
Hypersensitivity  

(193,194)  

Bevacizumab 
(Avastin) 
 

Linear 20 days 
 

Binds VEGF-A, preventing its 
receptor binding and thus 
tumor angiogenesis 

Bleeding 
Hypertension 
Proteinuria 
Bowel Perforation 

(19,195) 

Ziv-aflibercept 
(Zaltrap) 

Linear 6 days 
 

Binds VEGF-A and VEGF-B, 
preventing their receptor 
binding and thus tumor 
angiogenesis 

Bleeding 
Hypertension 
Proteinuria 
Bowel Perforation 

(196) 

Denosumab 
(Xgeva) 
 

Nonlinear 2.7 days 
 

RANKL binding that reduces 
fracture rate associated with 
cancer 

Infection  (197,198) 

Ramucirumab 
(Cyramza) 
 

Nonlinear 200-300 hours 
 

Binds VEGF-2  preventing its 
ligand binding and thus tumor 
angiogenesis 

Hypertension 
Proteinuria 
 

(199) 

Immunoconjugates 
Ibritumomab 
Tiuxetan 
(Zevalin) 

Not Reported 
Presumeably 
nonlinear 

27 hours 
 

Antibody to CD20 
radiolabeled with Y90,  
delivering this isotope  
selectively to these 
hematologic cells 

Low grade 
cytopenias are 
typical  

(19,200,20
1) 

Brentuximab 
vedotin 
(Adcetris) 
 

Not Reported 
Presumeably 
nonlinear 

4-6 days 
 

Antibody to CD30 linked  with 
MMAE, delivering this 
pharmacologic selectively to 
these hematologic cells  

Neuropathy 
Cytopenias  

(202,203)  

Ado-
trastuzumab 
emtansine 
(Kadcyla) 

Nonlinear 6 days 
 

Antibody to Her2 linked  with 
DM1 delivering this 
pharmacologic selectively to 
these tumor cells cells  

Fatigue 
Cytopenias  

(204,205) 
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Table 2.3  Antibodies targeting the immune system in clinical trials 
Name Antibody Type Target Activity Disease Treated Trial 

phase 
Tremelimumab Human IgG2 CTLA4 

 
T cell priming and 
activation 

Solid tumors II 

Galiximab Chimeric IgG1 CD80 B cell proliferation Lymphoma II 
BMS-936558 Human IgG4 PD1–B7H1, PD1–

B7DC 
T cell activation and 
tolerance 

Multiple cancers; HCV III 

CT-011 Humanized IgG1 PD1–B7H1, PD1–
B7DC 

T cell activation and 
tolerance 

Solid tumors; HCV II 

MK-3475 IgG4 PD1–B7H1, PD1–
B7DC 

T cell activation and 
tolerance 

Solid tumors I 

AMP224 Fusion protein 
(B7DC+ IgG1)  

PD1–B7H1, PD1–
B7DC 

T cell activation and 
tolerance 

Multiple cancers I 

BMS-936559 Human IgG4 PD1–B7H1 T cell activation and 
tolerance 

Solid tumors I 

MPDL3280A Engineered 
human IgG1 

PD1–B7H1 T cell activation and 
tolerance 

Solid tumors I 

MEDI4736 Engineered 
human IgG1 

PD1–B7H1 T cell activation and 
tolerance 

Solid tumors I 

MGA271 Humanized IgG1 B7H3 T cell activation and 
tolerance 

Solid tumors I 

IMP321 Fusion protein 
(LAG3+ IgG1) 

LAG3–MHCII DC maturation and 
T cell activation 

Multiple cancers I/II 

BMS-663513 Human IgG4 CD137 T cell activation Solid tumors I/II 

PF-05082566 Human IgG CD137 T cell activation Lymphoma I 

CDX-1127 Human IgG1 CD27 T cell activation Multiple cancers I 

Anti-OX40 OX40-specific 
mouse IgG 

OX40 CD4 T cell activation Prostate cancer II 

TRX518 GITR-specific 
humanized IgG1 

GITR–GITRL T cell activation Solid tumors I 

CP-870,893 Human IgG1 CD40 APC activation and 
B cell maturation 

Multiple cancers I 

Lucatumumab Human IgG1 CD40 APC activation and 
B cell maturation 

Lymphoma and leukaemia I/II 

Dacetuzumab Humanized IgG1 CD40 APC activation and 
B cell maturation 

Lymphoma and multiple 
myeloma 

II 

Blinatumomab Fusion protein 
( 

CD19/CD3 
 

T cell activation and 
B cell recognition 

non-Hodgkin’s lymphoma 
Acute Lymphoblastic 
Leukemia 

I 
II/III 

B7H1, B7 homolog 1(programmed death-1 ligand-1), B7-DC, (B7 dendritic cell=programmed death-1 ligand-2); CTLA4, 
cytotoxic T lymphocyte antigen 4; GITR, glucocorticoid-induced TNFR-related protein; GITRL, GITR ligand; HCV, hepatitis C 
virus; IgG1, immunoglobulin G1; LAG3, lymphocyte activation gene 3; MHCII, major histocompatibility complex class II; OX40L, 
OX40 ligand; PD1, programmed cell death protein 1. 

 

2.3 Immunoconjugates 

Antibodies’ applications in therapy can go beyond directly eliciting anti-tumor effects. 

They have been utilized effectively against tumors by delivering cytotoxic payloads. 

The attachment of drugs, toxins, radionucleotides or enzymes to antibodies has 

generated numerous antibodies or antibody-like molecules applicable in the clinic.  

Three immunoconjugates are currently FDA approved for clinical use; their 

pharmacologic properties are also summarized in Table 2.2. 
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2.3.1 Antibody-Drug Conjugates (ADC). Antibody-drug conjugates (ADCs) facilitate 

the delivery of cytotoxic compounds to tumor cells expressing the antibody-targeted 

antigen, enhancing their antitumor potency(44). Gemtuzumab ozogamicin (Mylotarg), 

which consists of an antibody against CD33 coupled to the DNA cutting drug 

calicheamicin, was the pioneering, clinically used ADC.  In 2000, it was granted 

accelerated FDA approval for the treatment of relapsed AML(45).   Further post-

approval study of gemtuzumab ozogamicin demonstrated higher toxicity rates when 

compared to standard chemotherapy and no improvement in clinical benefit, leading 

to the drug’s withdrawal in 2010 (46).  Ado-trastuzumab emtansine (Kadcyla, T-

DM1), an ADC consisting of the human epidermal growth factor receptor 2 (HER2)-

targeting antibody, trastuzumab, carrying the maytansinoid, DM1, has since been 

approved for the treatment of patients with HER2-positive metastatic breast cancer 

who have received prior HER2 directed antibody therapy with trastuzumab 

(Herceptin). (47-49)    Ado-trastuzumab emtansine demonstrated a superior 

progression free survival rate in comparison to the combination of lapatinib and 

capecitabine; this illustrates the therapeutic potential of ADC in the treatment of 

patients whose tumors has already been treated with a monoclonal antibody with the 

same target as the ADC.   Brentuximab Vedotin (Adcetris) is an ADC combining an 

anti-CD30 with an antimicrotubule agent, monomethylauristatin E. (50) Approved in 

2011, this ADC demonstrates impressive response rates, including complete 

responses, in the treatment of Hodgkin’s lymphomas and large cell lymphomas that 

have relapsed following other standard treatments (50,51). A number of other ADCs 

are in development, and several have reached various clinical phase trials, with 

encouraging results. Inotuzumab ogazomicin, which links CD22 to calicheamicin, has 
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shown clinical activity for the treatment of B-cell lymphomas and acute lymphoid 

leukemia  (52).  Gembatumumab vedotin has had promising treatment results for the 

delivery of monomethylauristatin E to solid tumors such as breast cancer and 

melanoma by targeting glycoprotein NMB (53,54).  And lorvotuzumab metransine 

shows clincal promise through the delivery DM1 to a variety of solid tumors 

expressing CD56 (55).  

 

2.3.2 Immunotoxins. The conjugation of catalytic toxins derived from microorganisms 

to antibodies has led to the production of immunotoxins that have demonstrated anti-

cancer effects.  Immunotoxins are different from ADCs in that the therapeutic entity is 

a toxin that would confer widespread destruction to the host tissue, if not delivered 

selectively to the cancer cell via the antibody conjugate.  Bacterial pathogens, for 

example, have been explored for this purpose.  The immunotoxin moxetumomab 

pasudotox consists of an anti-CD22 Fv bound to a modified pseudomonas exotoxin.  

Moxetumomab pasudotox has been well tolerated in early phase trials for the 

treatment of hairy cell leukemia and is further being explored in the management of 

other hematologic malignancies (24,56) (57).  Other agents are in preclinical or 

phase I levels of testing. 

 

2.3.3 Immunocytokine Conjugates(ICs). Cytokines have established roles as anti-

cancer drugs (58). The therapeutic efficacy of cytokines is limited by their inability to 

localize to the tumor or tumor microenvironment, resulting in a heavy price of toxicity 

for any therapeutic benefit (59,60). Immunocytokines address this problem by 

directly targeting the cytokines to the tumor.  As with the immunotoxin constructs, 
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immunocytokines largely remain in early clinical trial development, with antitumor 

activity observed using IL-2, as well as IL-12 and TNF-α. ICs linked to IL2 such as 

L19-IL2,F16-IL2 and ch14.18- IL2 have demonstrated anti-tumor activity in clinical 

trials(59) (61), while other immunocytokines delivering IL12, TNF-α and IL10 have 

are currently being developed and tested(62-64). Immunocytokines have been 

recently reviewed by Pasche et al, 2012(59). 

 

2.3.4Radioimmunoconjugates. Radioimmunoconjugates facilitate the direct delivery 

of radioactive particles to the tumor site via antibody recognition of antigen on the 

tumor or the tumor microenvironment. The only current approved 

radioimmunotherapy agent is  (90Y)-ibritumomab tiuxetan (Zevalin), which links 

yttrium-90 to a CD20 monoclonal antibody (65). This agent has demonstrated activity 

in patients with non-Hodgkin’s lymphoma who are otherwise heavily pretreated.  Of 

note, a second radioimmunoconjugate, iodine tositumomab, was approved for 

treatment of follicular lymphoma, but was subsequently removed from the market 

due to infrequent practitioner use, attributed in part to the complicated nature of its 

administration (66) .  At least twelve more radioimmunuconjugates are under 

development, 10 of which are targeted against solid tumors (67). 

 

2.4 Ig- Like Scaffolds 

Deeper understanding of the structure and function of the immunoglobulin molecule 

has led to the discovery and development of recombinant antibody fragments such 

as single chain variable domains (scFv) and diabodies. These efforts also have shed 

light on antibody structural and functional limitations, some of which are described 
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earlier in this review. Such limitations have been addressed by the development of 

recombinant single chain Ig scaffolds such as nanobodies, domain antibodies 

(dAbs), bispecific scaffolds (BiTEs, DARTs and other TandAbs) and chemically 

programmed antibodies (cpAb). Interestingly, related structures have been found to 

be naturally occurring in living organisms such as camelids(68) and sharks(69) with 

similar solubility and antigen binding properties to the conventional IgG 

structures (68,70).  

2.4.1 Nanobodies. Nanobodies are unique heavy chain antibodies (HCAB) 

consisting of only one heavy chain with a single variable domain (e.g., VHH) (Figure 

2.2a). They are produced in camelids along with normal antibodies containing both 

heavy and light chains. The VHH in a HCAB is the structural and functional 

equivalent of the Fab fragment of conventionally structured IgG antibodies (68). 

Compared with typical VH segments the camelid VHH is exceptionally long, 

containing as many as 24 amino acid residues(68). The long VHH is an appealing 

structural feature, enabling nanobodies to potentially reach structurally hidden 

targets that are inaccessible to conventional antibodies. This feature has stimulated 

its commercial development and production in bacteria and yeast to accommodate 

large-scale fermentation. Phage display libraries have also been utilized to select 

recombinant single variable camelid VHH domains to yield antigen-specific 

antibodies or nanobodies. The advantages of these nanobodies include ease of 

manipulation by genetic fusion; the combination of identical or different antibodies 

can generate avidity effects or bispecificity/bifunctionality.  Properties such as 

specificity, stability, thermo-tolerance and low immunogenicity and ability to cross the 

blood brain barrier increase the attractiveness of nanobodies as potential drugs. 
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There are currently six nanobodies undergoing clinical trials, none of which are for 

anti-cancer purposes (71). 

 

Figure 2.2 Schematic representation of Ig-like scaffolds 
 (a) heavy chain antibody (HCAB) and VHH derivative (nanobody) (b) bispecific 
scaffolds BiTes, DaRTs, and TandABs (c) chemically programmed antibodies 
(CpAbs), composed of an antibody component and a synthetic component (peptide 
or small molecule).  

 

2.4.2 Domain antibodies (dAbs). dAbs or engineered antibody domains (eAds) 

represent the smallest engineered human antibody-based binding domains. They 

are based on either the variable domain of an antibody heavy chain (VH domain)(72) 

or the variable domain of an antibody light chain (VL domain)(73). They are small 

monomers (11 to 15 kDa) that can be modified and fused to yield a stable compound 

with unique biophysical properties that include reduced aggregation, thermal stability 

and reversible unfolding properties most of which are attributed to their small 
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size(74). Currently one dAb is undergoing clinical trials; CEP-37247 is an anti-TNFα 

bivalent dAb fused to a human IgG1 Fc region(75). This dAb that has completed a 

phase II clinical trial for the treatment of sciatica (CEP-37347/NCT01240876).* The 

therapeutic efficacy and application of dAbs in cancer therapy is yet to be 

established. The small size and ease of modification of dAbs make them attractive 

candidates for pharmaceutical development. 

 

2.4.3 Bispecific scaffolds: BiTEs, DARTs and other TandAbs. Genetic engineering 

has been used to produce multifunctional protein scaffolds derived from the scFv 

antibody fragment (Figure 2.2b). Clinical success has been demonstrated in several 

bispecific formats(76-80), the most successful of which is the BiTE (Bispecific T cell 

Engager).  BiTEs are able to stimulate T-cell immunity directly by targeting CD3 and 

tumor antigens such as CD19, EpCAM or EGFR. The most clinically advanced BiTE 

is blinatumomab (MT-103), which targets CD19 and CD3 for the treatment of acute 

lymphoblastic leukemia and Non-Hodgkin’s lymphoma(79). Additional bispecific 

scaffolds under development include the DART (Dual Affinity ReTargeting)(81) 

(82)and the TandAb (tetravalent tandem antibodies)(83) platforms. They are closely 

related to BiTes, but differ in how the heavy and light chain variable domains are 

linked. AFM13 is a TandAb that targets CD30 and CD16A (FcγRIIIa) to activate NK 

cells, dendritic cells and macrophages (83,84). A phase I clinical trial has been 

                                                
*Information about the referenced clinical trials can be found at the url: 
http://clinicaltrials.gov/ct2/show/xxx where xxx is the specific number/letter code referenced 
in the text. 

 



 

 46 

completed, showing safety and tolerability of AFM13(85). No clinical trials of DARTs 

have yet been reported. 

 

2.4.4Antibody-Peptide fusion: The fusion of antibody to peptide or small molecule 

can result in creating a new entity with favorable features.  There are two types of 

antibody-peptide fusion molecules peptibodies and chemically programmed 

antibodies(cpAb) , both of which have the Fc fragment as the minimum antibody 

requirement and the non-binding Fab portion is modified with or replaced by a 

peptide or synthetic component (Figure  2.2c)(86).Peptibodies are composed of only 

Fc domain fused with a bioactive peptide (reviewed by Wu,2013)(87). While cpAb 

are composed of an antibody component and a synthetic component (peptide or 

small molecule) (reviewed by Rader C, 2014)(88).The antibody component (Fc) 

contributes the half life, bivalence and effector function of conventional antibodies, 

while the peptide/synthetic component is responsible for antigen recognition and 

binding(86,87). Romiplostim is the first peptibody approved by the FDA for the 

treatment of chronic immune thrombocytopenia(89), trebananib on the other hand is 

a peptibody currently undergoing clinical trials for treatment of solid tumors 

NCT01204749, NCT01281254, NCT01493505*. The only cpAbs undergoing clinical 

trials are based on CovX-Body platform (e.g., mAB h38C8) pioneered by the late 

Carlos Barbas III. Four CovX-bodies were investigated in clinical trials, but 

development of these reagents was halted. Despite this, cpAbs as well as 

Peptibodies remain promising due to the numerous possibilities of small molecule 

                                                
* Information about the referenced clinical trials can be found at the url: 
http://clinicaltrials.gov/ct2/show/xxx where xxx is the specific number/letter code referenced 
in the text. 
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attachments that can provide specificity, affinity and stability. 

2.5 Peptides 

 
Peptide therapeutics are based on the use of short sequence of amino acids as drug 

or delivery vehicles that can be produced biosynthetically via natural or recombinant 

microbial fermentation or chemically though mechanisms such as solution based or 

solid-phase peptide synthesis.  Historically, the concept of peptides as therapeutics 

has been challenged by peptide instability, susceptibly to degradation, size and 

consequent limitations in delivery method (low oral bioavailability). These factors 

overshadowed the advantages of peptides’ small size, ease of synthesis and 

modification, tumor-penetrating ability and good biocompatibility. Chemistry 

advances have resulted in stabilization methods such cyclization and the introduction 

of D-amino acids to protect peptides from peptidase attack (90). Currently, about 60 

approved peptide drugs are on the market for the treatment of cancer, diabetes, and 

cardiovascular diseases. Peptides can be used for cancer treatment directly as 

drugs or as carriers of cytotoxic compounds, ribonucleotides, hormones or vaccines. 

Approved peptides used in cancer treatment include peptide hormone therapy, 

peptide-conjugated radionucleotides and the peptide-related drugs bortezomib and 

mifamurtide (5). 

 

2.5.1 Peptide hormones: LHRH agonists and antagonists The LHRH (luteinizing 

hormone-releasing hormone) agonist family of peptides acts by targeting follicle 

stimulating hormone (FSH) and LH as well as testosterone production. Schally et al. 

first introduced this idea of down-regulation of LHRH in the pituitary for androgen 
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deprivation as a therapy for prostate cancer patients (91-93). Since then a number of 

LHRH agonists have been developed, followed by the discovery of LHRH 

antagonists(5). 

 

2.5.2 Somatostatin Analogues. Somatostatin receptors are overexpressed on the 

surface of neuroendocrine tumors, making them attractive therapeutic targets. Two 

somatostatin analogues are approved for cancer therapy – octreotide (Sandostatin®) 

and lenreotide (Somatuline®). Octreotide is used for the treatment of acromegaly, 

gigantism, diarrhea and flushing episodes associated with carcinoid syndrome, and 

for diarrhea associated with vasoactive intestinal peptide-secreting tumors 

(VIPomas) (94,95). Lenreotide is used in the management of acromegaly and 

symptoms caused by neuroendocrine tumors, most notably carcinoid syndrome and 

VIPomas(96). 

Peptide receptor radionuclide therapy (PRRT) entails the chelate-mediated 

conjugation of a somatostatin analogue to a radionuclide yielding a radiopeptide. The 

most commonly used radionuclides used in radiopeptides are 111In, 90Y and 117Lu(5).  

Somatostatin receptor 2 (sst2) is the most highly expressed receptor in 

neuroendocrine tumors; binding of this receptor by a receptor agonist results in rapid 

and efficient internalization of ss2 into the cell. A radiolabeled somatostatin analogue 

thus acts as a ss2 antagonist, resulting in the delivery of radioactive target particles 

to the target cell(97). This approach to targeted radiotherapy of neuroendocrine 

tumors is undergoing clinical evaluations (98-101). 
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2.5.3 Peptide Vaccines. Peptides derived from tumor-specific or tumor-associated 

antigens have been studied extensively as components of vaccines designed to 

stimulate adaptive anti-cancer immune responses (reviewed in Aranda et al, 

2013(102)). A detailed discussion of this area is beyond the scope of this review, but 

notable examples include identification of melanoma antigens MART-1, Melan-A and 

GP100 (103,104), MAGE-3 and related oncofetal antigens(105-108), HER-2/neu 

peptides used in breast, lung or ovarian cancer (109), Mucin-1 ( MUC-1, peptide in 

breast or colon cancers (110,111)and carcino-embryonic antigen (CEA) in colorectal, 

gastric, breast, pancreatic and non-small cell lung cancers (112). The major 

impediments to efficacy have been the relatively low immunogenicity of peptide 

vaccines; suggesting the need for improved adjuvant strategies and the concomitant 

disabling of various tumor-derived immunosuppressive factors (113). 

 

2.5.4 Homing peptides. The in vivo administration of phage displayed peptide 

libraries has identified specific peptides that are able to specifically home to normal 

organs or diseased tissues (114-116). The first homing peptides to be discovered 

were the RGD (Arg-Gly-Asp) and NGR ( Asn-Gly-Arg) recognizing receptors on 

tumor surfaces that seem to be upregulated during angiogenesis. In vivo and ex-vivo 

phage display peptide libraries(117-119) were later utilized to discover several other 

homing peptides (Reviewed by Svensen et al, 2012)(120). Homing peptides have 

been used as delivery vehicles for imaging agents, drug molecules, oligonucleotides, 

liposomes and inorganic particles to tumors and other tissues(116,121). For 

example, the conjugation of TNF-α to RGD and NRG homing peptides has been 

shown to decrease the off-target toxicity of the compound, by delivering higher 
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concentrations to the target without free compound (122).  

 

2.5.5 Cell penetrating peptides (CPPs) are small peptides (< 30aa) which are able to 

gain access into cells upon contact (123). CPPs are able to recognize specific 

molecular tags, serving as a homing signal, to which they are recruited to, facilitating 

internalization which is cell type specific (116). The first CCPs to be discovered were 

sequences from HIV-1 encoded TAT protein, TAT(48–60), which are able to 

efficiently facilitate delivery through cell membranes of cultured  mammalian 

cells(124). Since then many natural and synthetic CPPs have been identified or 

developed, and are now utilized as facilitators of cellular uptake, alone or conjugated 

to cargo (recently reviewed by Farkhani et al, 2014(125))(126,127). In cancer 

therapy, conjugation of CPPs with anti-cancer agents such as 

paclitaxel(128),methotrexate(129),and doxorubicin(130) have shown improved 

activity compared to their unconjugated precursor drugs. The ability of CPPs to 

increase cellular membrane permeability makes them appealing for anti-cancer drug 

Table 2.4: Most advanced Ig-Based and Non-Ig based protein scaffolds 
Scaffold name Derivative of Size Refs 

Ig-Based scaffold 
Nanobody 

 VHH (camelid Ig) ~100 AA (71) 

dAb 
 VH or VL domain 100-130 AA (74) 

BiTE 
 Bispecific diabody ~ 55 kDa (79) 

DART Bispecific antibody ~50 kDa (82) 
TandAb 

 Dimerized bispecific diabody ~ 100 kDa (206) 

Non-Ig Scaffold 
Anticalin 

 Lipocalins 160-180 AA (143) 

AdNectins 
 10th FN3 (Fibronectin) 94 AA (147,207) 

DARPins 
 AR proteins [67+33n] (208) 

Avimers Domain A/LDL receptor ~[35 AA]n (138) 
dAb,domain antibodies;BiTE, Bispecific T cell Engager;DART, Dual Affinity ReTargeting; TandAb, tetravalent tandem 
antibodies; cpAb,chemically programmed antibodies. 
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conjugation, as they can potentially decrease toxicity associated with drug therapy 

and overcome drug resistance mechanisms such as multi-drug resistance(131).  

 

2.5.6 Peptide Based Drugs. Bortezomib, is an N-protected dipeptide composed of 

pyrazinoic acid, phenylalanine and leucine with the substitution of the carboxylic acid 

with a boronic acid. It is the first therapeutic proteasome inhibitor to be tested in 

humans (93,132,133) and was approved for the treatment of relapsed multiple 

myeloma and mantle cell lymphoma in 2003. New synthetic technologies have 

improved productivity and reduced metabolism of peptides. In addition to their high 

specificity, peptides are now easily synthesized and very amenable to site-specific 

modification (134).\\ 

 

 

2.6 Non-Ig based protein scaffolds 

 
Advances in genetic engineering has lead to the development of several novel non-

Ig based protein scaffolds. The novel structures are designed as derivatives of 

naturally occurring substrates or proteins. Anticalins (135), adnectins (136), 

Designed Ankyrin Repeat Proteins (DARPins) (137) and Avimers(138) are amongst 

the most developed non-Ig based protein scaffolds summarized in table 2.4. The 

progress in the development of these structures has yet to yield a scaffold with anti-

tumor applications. 
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2.6.1 Anticalins. Anticalins are non-natural lipocalin derivatives engineered with 

novel-binding functions(139,140). They resemble immunoglobulin binding sites and 

have a simple structure allowing for ease of manipulation to achieve novel binding 

application(141,142).  In cancer therapy anticalins have been developed in both 

monovalent and bivalent forms. Monovalent anticalins have been designed as 

antagonists of growth factors, receptors or immunoregulatory molecules.  Anticalins 

have been produced against CTLA-4 (PRS-9), VEGF-A (PRS-050)and c-met 

oncogene (PRS-110)(143,144).. Anticalins can also be genetically fused to other 

anticalins (e,g, Duocalin)(145), to create Ig fragments or immunotoxins. Currently, no 

Anticalins are approved for therapy.  These structures have been more fully 

described in a recent review (Richert and Skerra, 2014)(135). 

 

2.6.2 Adnectins. Adnectins represent a new family of therapeutic proteins based on 

the tenth human fibronectin type III domain 10Fn3(146). Their attractiveness stems 

from the adnectins’ structural similarities to antibody variable domains, their ability to 

multimerize into multifunctional molecules and their potential for high affinity binding 

and specificity. They are predicted to have low immunogenicity due to the 

abundance of fibronectin in humans, and possess desired biophysical properties 

such as high thermostability, small size compared to mAbs, solubility and 

stability(147). Adnectins have been developed using yeast surface display of a Fn3 

library(148,149). The first adnectin to be tested in humans was Angiocept® (CT-

322=BMS-844203)(150), a single domain inhibitor of the VEFR2 pathway(151). 

Ongoing phase II clinical trials are evaluating the efficacy of CT-322, in combination 
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with chemotherapy or with chemotherapy and radiation, in glioblastoma multiforme, 

non-small cell lung cancer and metastatic colorectal cancer(152). Advanced library 

designs and screening methods (153) continue to generate high-potency adnectins 

with excellent biophysical properties. Multi-domain adnectins are being developed, 

with each domain having a different target and binding specificity(136). As with the 

anticalins, adnectins possess a combination of modularity, small size and high 

stability that should be amenable to future pharmaceutical applications.  

 

2.6.3 Designed Ankyrin Repeat Proteins (DARPins). DARPins are synthetic scaffolds 

replicates of ankrin repeat proteins (AR) engineered to phenocopy AR’s natural 

regulation of protein-protein interactions (154). In therapeutic applications 

monovalent DARPins can be used to deliver cytotoxic payloads, or can be 

structurally modified to yield biologically active multivalent DARPins. Examples of 

payload-fused DARpins are DARPin C9 and DARPin Ec4, both of which target 

epithelial cell adhesion molecule (EpCAM) with distinct effector payloads.  C9 is a 

carrier of siRNA against bcl-2 mRNA, a pro-apoptotic factor(155), while DARPin Ec4 

is fused to a truncated form of Pseudomonas exotoxin A (ETA″)(156). Exposure to 

DARPin C9 decreases bcl-2 in EpCAM-positive cells, and DARPin Ec4 has 

demonstrated anti-tumor effects in xenograft studies(156). In an effort to engineer 

DARPins with their own effector functions Boersma et al. constructed a tetravalent 

bispecific DARPin E69_LZ3_E01 combining two DARPins selected against EGFR 

that recognize different epitopes, linked by a leucine zipper. DARPin E69_LZ3_E01 

phenocopies and in some respects exceeds the effects of cetuximab(137). Linking of 

effector domains may allow for the discovery of easily manufactured novel structures 
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with high yields in bacteria. The first DARPin to enter clinical trials was a VEGF-A 

inhibitor MP0112 for the treatment of wet macular degeneration and diabetic macular 

edema, but those studies were terminated(157). 

 

2.6.4 Avimers. Avimers are single domain multimers designed to increase binding 

avidity: hence the term, “the avidity multimer”. They are created by genetic fusion of 

small protein domains called A-domains that can be found in various cell surface 

receptors such as the low-density lipoprotein (LDL) receptor(138). Screening of A-

domain libraries created by exon shuffling yielded multiple A-domains recognizing 

different epitopes that can be fused to form a high avidity avimer. The only reported 

avimer is C326, which targets the cytokine IL-6, and is being evaluated in Crohn’s 

disease patients(138). No anti-tumor applications of avimers have been reported. 

 

2.7 Future Opportunities for Protein and Peptide Therapeutics 

 
Inner space – namely the cellular interior – represents the next frontier for protein 

and peptide therapeutics. Internalizing antibodies and peptides can be designed to 

traffic to the cell cytoplasm and to specific subcellular compartments where they 

might either manipulate intracellular processes or deliver toxic payloads that cause 

targeted cell death. Recent results with antibody-drug conjugates demonstrate the 

potential utility of these approaches, but as cell-penetrating peptides and intracellular 

targeting motifs gain in sophistication, the potential therapeutic applications of 

proteins, their engineered fragments and peptides will expand. In the meantime, the 

current and immediate next generations of antibodies and peptides will find new 

therapeutic uses in cancers and other diseases.
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Chapter 3 
Characterization of Antibody-Dependent Cell-Mediated 

Cytotoxicity (ADCC) Resistant Cell line (ADCCR1) 
 
 
3.1 Introduction 

Antibody-Dependent Cell-Mediated Cytotoxicity (ADCC) was first described as 

a mechanism of action for monoclonal antibody therapy more than 30 years ago (1). 

Most efforts to modulate ADCC depend upon the incubation of potential effector cells 

with cytokines or chemokines that modify effector cell function. Relatively little is 

known about the mechanism by which tumor cells develop resistance to ADCC. Prior 

studies have examined only a restricted number of candidate genes/proteins (e.g. 

Epidermal Growth Factor Receptor [EGFR] network(2)) or receptor tyrosine kinases 

linked to PD-L1 expression (e.g JAK1 and JAK2 (3)). 

 

To further explore tumor cell-based mechanisms of ADCC resistance we 

generated ADCC-resistant cell lines derived from human epidermoid carcinoma 

A431 cells and examined the emergent resistance properties. We hypothesized that 

continuous ADCC exposure would create strong, durable selection pressure on A431 

cells to recapitulating in vivo immune attack and inducing distinct resistance 

mechanisms. This approach led to the development of several ADCC resistant cell 

lines, differing from the parental ADCC-sensitive A431 cell line in morphology, gene 

expression, proliferation and sensitivity to other drugs. 

 

Accordingly, we developed a model system for anti-EGFR ADCC (Figure 

3.1A). This model system includes a high-EGFR expressing squamous cell 
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carcinoma line (A431), an EGFR-targeting monoclonal antibody (Cetuximab), and a 

KIR-deficient NK cell line transduced with CD16V to create the optimal conditions for 

ADCC (NK92-CD16V) (4). Binding of NK92-CD16V to A431 through cetuximab leads 

to the activation of the NK cells, formation of immune synapses and killing of target 

cell by the release of perforins and granzymes. Previously we used this model 

system to study resistance to ADCC mediated by selected components of the EGFR 

signaling network (2). The use of NK92-CD16V cells allows for the study of 

resistance mechanisms unrelated to most known KIR-ligand interactions. Thus, this 

model system examines preferentially diverse target cell resistance mechanisms that 

may be seen in response to other immune effector mechanisms. 

 

 

3.2 Materials and Methods 

3.2.1 Cell lines and cell culture. 

The A431cell line was obtained from the Georgetown Lombardi Tissue Culture 

Shared Resource (TCSR), and its origin was verified by DNA fingerprinting by short 

tandem repeat (STR) analysis prior to utilization, as described (5). Tissue culture 

growth conditions for this cell line were: High-glucose Dulbecco’s Modified Eagle 

Medium (DMEM, HyClone) supplemented with 10% fetal bovine serum (FBS, 

Omega Scientific) and 2 mM (1X) L-glutamine (Gibco). NK92-CD16V cells were 

kindly provided by Kerry S. Campbell from Fox Chase Cancer Center, Philadelphia 

PA,and cultured in MEM a-modification (HyClone) supplemented with 10% FBS, 

10% horse serum, 1 mM sodium pyruvate, and 1X non-essential amino acids 

(Gibco) as well as 0.1 mM β-mercaptoethanol (Sigma). NK cells were cultured as 
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described (2,4,6). NK92-CD16V cells were maintained in suspension and passaged 

every 2-3 days by re-suspending the cells in NK media (described above) at a 

concentration of 0.2 x 106/ ml and stimulated with 1% v/v of IL-2 supernatant derived 

from J558L cells. All cell lines were maintained at 37° in 5% CO2. Cell counts were 

estimated by hemocytometer and viable cells identified by Trypan Blue (Invitrogen) 

exclusion. 

 

3.2.2 Inhibitors and treatment antibody. 

Inhibitors C646, MG149, Azacitidine, GSK J4 HCL and Panobinostat were 

purchased from Selleck Chemicals. L002 was purchased from Sigma Aldrich. 

Inhibitors were solubilized in DMSO at 20 μM. Vehicle treatment (DMSO) was used 

at the highest equivalent v/v used in inhibitor treatments. Cells were treated in the 

presence of the inhibitors at 0.01-10mM concentrations for 2 hours prior to ADCC 

assay. Cetuximab     (Bristol-Myers Squibb) was purchased from the MedStar 

Georgetown University Hospital Pharmacy. 

 

3.2.3 Flow Cytometry.  

Cells were dissociated using 0.25% trypsin, resuspended in DMEM + 

10%FBS + 1% l-glutamine. 0.5-1 x106 cells were aliquoted into Eppendorf tubes, 

spun at 5000 rpm for 1 min at 4°C, washed twice with HBSS and resuspended in 

100 µl of FACS buffer (PBS+1% BSA). Labeled antibodies were then added at 

manufacturer recommended concentrations and incubated at 4o C for 30 min, with 

vortexing at 15 min. For intracellular staining cells were resuspended in 50µl of BD 
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perm/wash (BD,#554723) for 20 min before proceeding to staining with antibody at 

4°C for 30 min. Cells were then washed with FACS buffer twice and resuspended in 

FACS buffer or fixative (1%PFA in PBS). Flow antibodies were purchased from 

Biolegend: EGFR (352904) and CD74 (326807).Samples were run in the 

Georgetown Lombardi Comprehensive Cancer Center Flow Cytometry & Cell Sorting 

Shared Resource. Analyses were performed using Flowjo (v10.4.1). 

 

3.2.3 Derivation of ADCC Resistance. 

Initial derivation of ADCC resistance. 

A431 cells were seeded overnight in six-well plates at 150,000 cells per well. 

The following day, six different treatments groups were added for the initial ADCC 

challenge: 1) vehicle (media); 2) 0.01 or 1 µg/mL cetuximab; 3) 500,000 NK92-

CD16V cells; 0.01 µg/mL cetuximab plus 500,000 NK92-CD16V cells (low ADCC); or 

1 µg/mL cetuximab and 500,000 NK92-CD16V cells (high ADCC). Adding 500,000 

NK92-CD16V cells under these culture conditions equates to ~ 2:1 effector-to-target 

(E: T) ratio at the time of treatment addition. Three or four days later, all wells were 

aspirated of treatments, washed, and the remaining adherent cells were collected by 

trypsinization. Viable cell density for each treatment was assessed by trypan blue 

exclusion. Identical conditions were employed for each subsequent ADCC challenge. 

 

Over six months 34 consecutive subsequent challenges were conducted. 

Viable cell density was used as a surrogate to assess for resistance in the treatment 

groups. After every fifth treatment cycle (Ch5, Ch10, Ch15, etc.) cells from each 

treatment were also expanded for one passage and cryopreserved. 
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Rederivation of ADCC resistance. 

A431 cells were seeded overnight in 5 T75 flasks at 500,000 cells per flask. 

The following day the flasks were divided into 4 treatments groups:  untreated (media 

only), 1 µg/mL cetuximab, 1x 106 NK cells (1:1 E: T) , and  ADCC (1 µg/mL 

cetuximab + 1:1 E: T NK). Each of the control groups contained 1 flask; the ADCC 

group was distributed into two flasks to allow for sufficient cells numbers when 

pooled to re-plate and expand for cryopreservation, Western blot, flow cytometry and 

ADCC assays. Treatments were applied for 72 hrs and then the flasks were 

aspirated, the cells were washed and remaining adherent cells were collected by 

trypsinization. Viable cell density for each treatment was assessed by trypan blue 

exclusion. Forty-nine additional challenges were conducted. Resistance in ADCC 

treatment groups was assessed by morphology, cell proliferation rate, and ADCC 

assay. 

 

3.2.4 ADCC Assay. 

ADCC Assays were performed in 96-well clear bottom white plates (Corning, 

3903) using the Cytotox-Glo Cytotoxicity assay (Promega, G291). Specific lysis was 

assessed at 4 hours post exposure to NK92-CD16V cells in the presence or absence 

of 1 µg/ml of cetuximab as described (2). 

 

3.2.4 Western Blot. 

Cells were lysed in Boiling Buffer with EDTA (Boston BioProducts) 
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supplemented with protease and phosphatase inhibitor (Roche). Cleared lysate 

concentrations were obtained by DC Protein Assay (BioRad). Lysates were run on 

SDS-PAGE gels and transferred to nitrocellulose membranes (GE Healthcare). 

Western blots were conducted using: the abcam antibody to EGFR (52892) and Cell 

Signaling Technology (CST) antibodies to GAPDH (5174), JAK1 (3332), STAT1 

(14994), (p-STAT1 Y701 (9167), PCAF/KA2B (3378), NFKB p65 (82420), p-NFKB 

P65 (3031S). 

Goat anti-rabbit or donkey anti-mouse IgG HRP-conjugated secondary antibodies 

(GE Healthcare) were used with chemiluminescence substrates (Pierce). 

Densitometry was measured using ImageJ (v1.48). 

 

3.2.5 Viability and Proliferation Assays. 

CellTiter-Blue (Promega) assays were conducted in 96-well format per 

manufacturer instructions. 

 

3.2.5 In vivo Tumor Growth. 

Cohorts of 6-8 week-old female BALB/c nude mice were injected 

subcutaneously (s.c.) in the right flanks with 1 × 106   cells of ADCCS1 or 2 × 106 

ADCCR1 cells suspended in 100µl phosphate-buffered saline (PBS). Tumor size 

was measured using a caliper, and the volume was calculated using the following 

formula: Volume = (1/2)*length*width. Tumor size was monitored twice weekly. 

Animals were euthanized when tumors reached 2 cm in the largest diameter or 

exhibited undue suffering. All animal experiments were carried out with Georgetown 

University Institutional Animal Care and Use Committee approval. 
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3.2.6 RNA isolation and Gene Expression Analysis. 

Six pairs (12 total samples) of serially passaged vehicle-treated ADCCS1 cells 

and ADCCR1 cells from challenges 30-35 were passaged twice without treatments 

and collected by trypsinization. RNA was isolated using the PureLink RNA Mini Kit 

(Ambion). RNA quality was assessed for quality by Bioanalyzer (Agilent) for RIN>6. 

The direct hybridization assay method was used to generate biotin-labeled cRNA 

from 100 ng of RNA, which was hybridized to the HumanHT-12 v4 Expression 

BeadChip, washed, and scanned per manufacturer’s instructions (Illumina). All data 

were obtained from a single BeadChip. 

 

Data were preprocessed with log2 variance stabilization and quantile 

normalization using the R/Bioconductor package lumi(7) and subset to detected 

probes.  Differential expression analysis was performed with the R/Bioconductor 

package LIMMA(8), using unpaired, empirical Bayes moderated t-tests to compare 

sensitive and resistant cells. Probes with FDR adjusted p-values below 0.01 were 

called statistically significant. 

CoGAPS analysis (9) and PatternMarker statistics (10)was performed for time 

course analysis. Probes with less than one log fold change between any two 

samples were filtered from analysis. Mean and standard deviation for probes 

annotated to the same gene were computed. Standard deviations were assigned to 

be the maximum of 10% of the mean gene expression value or standard deviation 

computed across all probes. These gene level data summaries were input to 

CoGAPS and the algorithm was run for a range of 2-8 patterns, with 5 found to be 
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optimal fit based upon ClutrFree analysis(11). Three of the five patterns inferred 

changes in transcription across the passages and two stable changes between 

sensitive and resistant cells across all passage numbers, the latter of which were 

selected for further analysis. PatternMarker genes for the pattern upregulated in 

resistant cells were input to STRING(12) (version 6.2) to generate networks. Gene-

level expression values were z-scored across all sampled and visualized in the 

STRING network using the R package network. 

 
 

3.2.7 Sample Preparation for Proteomic and Phosphoproteomics.  

Cell pellets were resuspended in lysis buffer containing 50 mM Tris•HCl, pH 7.5, 150 

mM NaCl, 1% Triton X-100, 5 mM EDTA, 1× Protease Inhibitor Cocktail (Roche) and 

1x Phosphatase Inhibitor Cocktail (Sigma). The suspension was sonicated 2x 10s 

and spun down at 12,000 g for 15 min. The supernatant was collected, with proteins 

extracted by methanol/chloroform precipitation. The precipitated proteins were then 

dissolved in 8 M urea and 50 mM triethylammonium bicarbonate, pH 8, with the 

protein concentration determined by the BCA assay. Equal amounts (50 mg for 

proteomics and 300 mg for phosphoproteomics) of proteins from each sample was 

reduced with 10 mM DTT for 30 min at 37 °C and alkylated with 30 mM 

iodoacetamide for 30 min at room temperature in the dark, followed by quenching 

with 10 mM DTT for another 30 min. After decreasing the urea concentration with 50 

mM triethylammonium bicarbonate to 1 M, sequencing-grade trypsin (Promega) was 

added and incubated overnight at 37 °C. After acidification with TFA, tryptic digests 

were desalted with C18 spin columns (Nest Group) (Waters) and dried with a 
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SpeedVac. Each sample was then labeled with one isotopic reagent in a 6-plex 

iTRAQ labeling kit (Sciex) according to the manufacturer instructions. Differentially 

labeled peptides were then pooled and dried by vacuum centrifugation. Dried peptide 

mixture was then fractionated with an Agilent 1260 Infinity HPLC system, by using a 

C18 column (3.5 µm 2.1 x 100 mm XTerra MS;  for proteomics) or another C18 

column (5 µm 4.6 x 250 mm xBridge; for phosphoproteomics) with a 60 min gradient 

of buffer A (20 mM ammonium formate in H2O, pH 10) and buffer B (20 mM 

ammonium formate in ACN, pH10). All the fractions were collected (one fraction for 

every 1 minute) and combined into 12 fractions with a concatenation method. 

Phosphoproteomic samples were processed with one more step--after being dried 

down with a SpeedVac, phosphopeptides in each fraction were enriched with a 

Titansphere Phos-Tio Kit (GL Sciences), according to manufacturer instructions. 

 

3.2.8 NanoUPLC-MS/MS 

Dried peptides/phosphopeptides from each fraction were dissolved into 10/20 

µL of 0.1% formic acid. And 1/10 µL of each sample was loaded onto a C18 Trap 

column (Waters Acquity UPLC Symmetry C18 NanoAcquity 10 K 2G V/M, 100 A, 5 

µm, 180 µm x 20 mm) at 15 µL/min for 4 min. Peptides were then separated with an 

analytical column (Waters Acquity UPLC M-Class, peptide BEH C18 column, 300 A, 

1.7 µm, 75 µm x 150 mm) which was temperature controlled at 40°C. The flow rate 

was set at 400 nL/min. A 90-min gradient of buffer A (2% ACN, 0.1% formic acid) 

and buffer B (0.1% formic acid in ACN) was used for separation: 1% buffer B at 0 

min, 5% buffer B at 1 min, 40% buffer B at 80 min, 99% buffer B at 85 min, 99% 

buffer B at 90 min. The gradient went back to 1% buffer B in 10 min, with the column 
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equilibrated with 1% buffer B for 20 min. Data were acquired using an ion spray 

voltage of 2.3 kV, GS1 5 psi, GS2 0, CUR 30 psi and an interface heater 

temperature of 150°C. Mass spectra were recorded with Analyst TF 1.7 software in 

the IDA mode. Each cycle consisted of a full scan (m/z 400-1600) and fifty 

information dependent acquisitions (IDAs) (m/z 100-1800) in the high sensitivity 

mode with a 2+ to 5+ charge state. Rolling collision energy was used, with iTRAQ 

reagent collision energy adjustment on. 

 

3.2.9 Proteomic and Phosphoproteomic Data Analysis. 

Data files were submitted for simultaneous searches using Protein Pilot version 5.0 

software (Sciex) utilizing the Paragon and Progroup algorithms and the integrated 

false discovery rate (FDR) analysis function. MS/MS data was searched against the 

NCBI Homo Sapiens of the UniProt-Sprot database containing 20,316 entries 

(downloaded on June 2, 2015). For proteomics, ‘Trypsin’ was selected as the 

enzyme, ‘Carbamido-methylation’ was set as a fixed modification on cysteine. 

Variable peptide modifications included methionine (M) oxidation and iTRAQ labeling 

of the N-terminal, lysine (K) and tyrosine (Y). For phosphoproteomics, search 

parameters were set as: sample type [iTRAQ-8plex], cys alkylation (Iodoacetamide), 

digestion (Trypsin), instrument (TripleTOF 5600), special factors (phosphorylation 

emphasis), species (Homo Sapiens), ID Focus (Biological modifications), database 

(uniprot_sprot.fasta), search effort (Thorough), false discovery rate (FDR) analysis 

(Yes), and user-modified parameter files (No). The proteins were inferred based on 

the ProGroupTM algorithm associated with the ProteinPilot software. Peptides were 

defined as redundant if they had identical cleavage site(s), amino acid sequence, 



 

 84 

and modification. All peptides were filtered with confidence to 5% FDR, with the 

confidence of phosphorylation sites such as phospho-serine (p-Ser), phospho-

threonine (p-Thr), and phospho-tyrosine (p-Tyr) automatically calculated. 

Quantitative phosphopeptide selection criteria are as follows: 1) The 

phosphopeptides without quantitative information were discarded. 2) The phosphor-

peptides that were annotated with "auto-discordant peptide-type" and "auto-shared 

MS/MS" were excluded. For both data sets the detected protein threshold in the 

software was set to the value which corresponded to 1% FDR. Automatic 

normalization of quantitative data (bias correction) was performed to correct any 

experimental or systematic bias. 

 

3.3 Results 

3.3.1 Deriving resistance to ADCC 

Previously, we have shown that A431 cells are sensitive to cetuximab-

mediated ADCC, using a model system consisting of EGFR-overexpressing A431 

cells, NK92-CD16V and cetuximab (Murray 2014; Figure 3.1A). In order to explore 

mechanisms of resistance to ADCC, we continuously exposed A431 cells in vitro to 

ADCC conditions for 30~50 challenges consisting of the addition of fresh NK cells 

and cetuximab every three days (Figure 3.1B), with the removal of exhausted media 

and non-adherent cells followed by replenishment of NK92-CD16V cells and 

cetuximab. In challenge, A431 cell survival in response to ADCC conditions (Figure 

3.1C) showed the most target cell death (90%) at 24hrs. After 72hr ADCC exposure 

there is still a more than 90% difference between ADCC treated cells and untreated 

cells (0.6 x 106 and 9.3 x 106 cells, respectively). A431 cells recovered under ADCC 



 

 85 

conditions to 50% at 48 hrs and another 50% by 72hrs, demonstrating that 72 hr 

cycles of ADCC conditions permitted sufficient target cell killing and recovery of 

residual viable A431 cells to generate conditions permissive for the emergence of 

ADCC-resistant cells.  

 

3.3.2 Properties of ADCCR1 Cells 

After 34 consecutive ADCC challenges (Figure 3.1B) the surviving A431 cells 

(designated ADCCR1) demonstrated slower proliferation, morphologic changes, and 

an increased number of cells surviving the ADCC challenge. ADCC sensitivity was 

assessed and quantified by measuring specific lysis in ADCCR1 cells compared to 

contemporaneously cultured but untreated A431 cells (ADCCS1). There was a 

significant difference between ADCC-induced specific lysis in ADCCR1 and ADCCS1 

cells (p<0.001 by two-tailed t-test) (Figure 3.1F).  

 

ADCCR1 cells also exhibited significantly reduced cell surface EGFR 

expression compared with ADCCS1 or wild-type A431 cells (Figure 3.1H). Both in 

vitro proliferation (Figure 3.1D) and in vivo subcutaneous xenograft growth in nude 

mice were assessed (Figure 3.1E), demonstrating significantly slower in vitro 

proliferation and in vivo tumor growth in ADCCR1 as compared to ADCCS1. 

ADCCR1 cell proliferation was reduced by 50%  (***, p<0.001 by two-way Anova). 

The inoculation of ADCCR1 and ADCCS1 cells in Balb/c nude mice demonstrated 

slower growth of ADCCR1 compared to ADCCS1 cells. Mice bearing ADCCS1 and 

ADCCR1 tumors had median survivals of 15 and 33 days, respectively. The in vitro 

proliferation and in vivo growth properties of ADCCR1 are thus consistent. 



 

 86 

Interestingly, Reverse Phase Protein Array (RPPA) analysis of the tumors and the 

cell lines showed that the tumors recover EGFR expression in vivo by the time of 

sacrifice (Figure 3.2C).  

 

In comparison with ADCCS1 cells, ADCCR1 morphology is elongated with a 

‘spindle-like’ appearance reminiscent of fibroblasts with striking contrast at cell 

margins. ADCCR1 cells displayed less distinct colony or clonal organization with a 

tendency for reduced cell-cell contact (Supplemental Figure 3.1).  

We investigated epithelial–mesenchymal transition markers; loss of E-

cadherin and vimentin in ADCCR1 and ADCCS1 compared to metastatic MDA-MB-

231. ADCCS1 and ADCCR1 showed no decrease in E-cadherin or gain of vimentin 

(Supplemental Figure 5) 

 

We considered the possibility that ADCCR1 cells secrete factors that mediate 

ADCC resistance, and addressed this by admixing ADCCS1 and ADCCR1 cells at 

varying ratios, and also reciprocally substituting supernatants from ADCCS1 cells 

with media from ADCCR1 cells (Figure 3.1G). Specific lysis correlated with the 

proportion of ADCCS1 cells added to ADCCR1, while the media exchanges had no 

effects on cytotoxicity. To further examine secreted factors as potential mediators of 

ADCC resistance a metabolomic analysis of the ADCCS1 and ADCCR1 cell 

supernatants was performed. PCA plots of the C18 columns showed no significant 

differences in the media metabolite levels of ADCCR1 compared to ADCCS1 or to 

the baseline A431 cells (data not shown). 

 



 

 87 

ADCCR1 and ADCCS1 cells possess significantly different phosphoproteomic 

and proteomic profiles (Supplemental Figure 3.2A, 3.2B). Amongst the 

phosphorylated proteins with statistically significantly altered phosphorylation in 

ADCCR1 vs. ADCCS1 cells, there was a general tendency towards 

hyperphosphorylation of proteins in the ADCCR1 cells (Supplemental Figure 3.2B). 

Only five proteins were selectively hypophosphorylated in the ADCCR1 cells 

(Supplemental Figure 3.2C). The protein, phosphoprotein and mRNA levels of 

selected proteins in ADCCR1 compared to ADCCS1 cells correlate among the data 

sets (Figure 3.2A, Supplemental Figure 3.3A & 3.3D). 
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Figure 3.1: ADCC model system and the derivation of ADCC 
resistance. (Previous Page) 
 
A.  An in vitro NK cell-mediated ADCC model system consisting of an NK-like cell 

line (NK92-CD16V), an anti-EGFR monoclonal antibody (cetuximab), and EGFR-
expressing A431 cells.  

B.  Schematic of continuous exposure to NK cell-mediated ADCC.  
C.  Time course of A431 cell survival in response to ADCC exposure conditions. 

A431 cells were seeded and exposed to ADCC conditions as described in 
Materials and Methods. *** p<0.001 by two-tailed t-test across all time points as 
indicated on graph. 

D.  In vitro proliferation of ADCCS1 and ADCCR1 cells in absence of ADCC 
conditions. *** p<0.001and ** p<0.01 by two-tailed t-test for day 2-6 and day 7 
respectively.  

E.  Growth of subcutaneous tumors derived from ADCCS1 and ADCCR1 cells in 
Balb/c nude mice. p- value calculated by two-way Anova as indicated on graph p-
value * <0.05, **<0.01, ***< 001. 

F.  Specific lysis of ADCCR1 and ADCCS1 by NK92-CD16V cells in the presence 
and absence of 1 mg/ml cetuximab. *** p<0.001 by two-tailed t-test.   

G.  Influence of secreted factors by ADCCR1 cells on ADCC sensitivity of ADCCS1 
cells. Bar graph shows R1 cells compared to R1+S1 cells at indicated 
percentages. 

H.  Flow cytometry analysis of EGFR cell surface expression in ADCCS1 and 
ADCCR1 cells. **, p<0.01 by two-tailed t-test. 
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3.3.3 Reduced cell surface EGFR is not the primary mediator of ADCC resistance in 

ADCCR1 Cells: 

EGFR is the target of cetuximab; therefore, we investigated the role of EGFR 

in the ADCCR1 cells to better understand EGFR association with the ADCC 

resistance phenotype. Previous work in our laboratory has shown that EGFR 

knockdown in A431 cells reduces sensitivity to ADCC, but does not eliminate it, 

indicating that the phenomenon is not solely EGFR mediated (2). EGFR is 

significantly reduced on the cell surface of ADCCR1 compared to ADCCS1 cells or 

the parental A431 cell control (Figure 3.1H). EGFR protein has concordantly reduced 

gene expression in the ADCCR1 cells (Figure 3.2A). We examined the expression of 

different EGFR splice variants in ADCCR1 compared to ADCCS1 and found that all 

variants had reduced gene expression (data not shown). Reduced EGFR expression 

was found at the protein level, and phosphorylation level by proteomic and 

phosphoproteomic analysis (Figure 3.2A, 3.2B). 

 

Interestingly, ADCC resistance and EGFR loss phenotype were not durable in 

the absence of continued ADCC selection pressure. When ADCCR1 cells were 

cultured in the absence of cetuximab and NK92CD16V cells the expression of EGFR 

level slowly returned to wild-type A431 levels over 31 passages (approximately three 

months). Sensitivity to ADCC killing was restored prior to EGFR recovery (Figure 

3.2D).  

 

A second ADCC resistant cell line ADCCR2 was derived in similar conditions 

to ADCCR1. ADCCR2 exhibited altered morphology slower proliferation and 
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resistance to ADCC as measured by specific lysis (Supplemental Figure 3.6A), but 

EGFR levels were not reduced (Supplemental Figure 3.6B). 

 

 

 

Figure 3.2: EGFR expression in A431, ADCCS1, and ADCCR1 cells. 
A.  EGFR expression in ADCCS1 and ADCCR1 cells reflected by mRNA, proteomic 

and phosphoproteomic analysis. 
B. Western blot for EGFR protein expression in ADCCS1 and ADCCR1 cells. 

Densitometry values of expression relative to GAPDH indicated below. 
C.  Total EGFR protein expression in ADCCS1 and ADCCR1 cells and tumors 

analyzed by reverse phase protein array analysis as described in Materials and 
Methods. 

D.  ADCC induced specific lysis percentage (bars) and corresponding EGFR 
expression geometric mean by flow cytometry (solid line) in ADCCS1 cells and in 
ADCCR1 cells as a function of serial in vitro passaging following the cessation of 
ADCC exposure. 
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3.3.4 Overexpression of gene clustering of interferon and histone associated genes 

in ADCCR1 cells 

To investigate the difference between ADCC resistant and sensitive cells, we 

examined at the gene expression profile of ADCCR1 and ADCCS1 cells using the 

Illumina HumanHT-12 v4 Expression BeadChip array. The cell lines showed distinct 

transcriptional profiles (Figure 3.3A). Differential gene expression analysis was used 

to compare gene expression in ADCCS1 and ADCCR1 from challenges 30 to 35. 

Probes with a false discovery rate (FDR)-adjusted p<0.01 were considered 

significant for differential expression, yielding a total of 2438 differentially-expressed 

probes (Figure 3.3B). EGFR and HSP27 showed the most significant loss of gene 

expression in the ADCCR1 cells while CD74 was the most enriched. Although 

HSP27 loss was found consistently across data sets and validated by western blot 

(Supplemental Figure 3.3A, 3B), overexpression of HSP27 in ADCCR1 did not re-

sensitize ADCCR1 cells to ADCC and knockdown of HSP27 in ADCCS1 cells did not 

induce resistance (data not shown). Elevation of CD74 levels in ADCCR1 compared 

to ADCCS1 cells was observed in the proteomic analysis in addition to the gene 

expression analysis (Supplemental Figure 3.3C). Total CD74 protein in the cell was 

significantly higher, however, CD74 was not present on the cell surface 

(Supplemental Figure 3.3D). When pro-survival molecules known to associate with 

CD74 were examined we found selective activation of p65-NFkB in ADCCR1 cells 

(Figure 3.3C).   

 

 Analysis of ADCCS1 and ADCCR1 from challenges 30 to 35 was performed 

with the Coordinated Gene Activity in Pattern Sets (CoGAPS) algorithm(9) using the 



 

 93 

time course analysis pipeline from Stein-O’Brien et al.(13), The PatternMarker 

statistic for CoGAPS(10)  identified 300 genes with consistent upregulation in 

ADCCR1 compared to ADCCS1 cells across all challenges and 450 genes with 

consistent up-regulation in ADCCS1 compared to ADCCR1 across all challenges. 

The 300 genes up-regulated in ADCCR1 contained clusters of interferon-associated 

and histone-associated genes (Figure 3.3D).  
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Figure 3.3: Association of interferon response and histone gene expression 
with ADCC resistance. 
 
A.  Heat map of gene expression assessed by whole genome Illumina bead arrays in 

ADCCS1 and ADCCR1 cells. Differential gene expression analysis was 
conducted for genes possessing at least 2-fold changes and adjusted false 
discovery rates (FDR) of p <0.01. 

B.  Volcano plot of differential gene expression in ADCCR1compared to ADCCS1 
cells. Differential gene expression analysis was conducted for genes possessing 
adjusted false discovery rates (FDR) of p <0.01. 

C. Western blot of JAK1, STAT1, NFkB and p65 NFkB in ADCCS1 and ADCCR1 
cells. Densitometry values of expression relative to GAPDH indicated below. 
 

D. Diagram of 300 genes found to be up-regulated in ADCCR1 cells compared to 
ADCCS1 cells by CoGAPS analysis. The interferon-induced and histone-
associated gene clusters are identified in the lower right portion of the diagram 
within hatched boxes.  
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Table 3.1 Histone and Interferon Induced Genes 
Upregulated in ADCCR1 
Histone Associated genes Interferon Associated genes 
KAT2B IFI27, IFI6 
KDM6A IFI44, IFI44L 
HIST1H2AC IFIH1 
HIST1H2BD IFIT1, IFIT2, IFIT3 
HIST1H2BJ IFNB1 
HIST1H2BK DDX60 
HIST1H3G DHX58 
HIST1H3H HERC6, HERC5 
HIST2H2AA3 UBA7 
HIST2H2AA4 OVOL1 
HIST2H2AC DDX58 
HIST2H2BE IRF6, IRF9 
HIST2H4A ISG15, ISG20 
HIST2H4B HLA-B 
HIST3H2A MX1,MX2 
 RSAD2 
 GBP2 
 CMPK2 
 OAS1, OASL 
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Figure 3.4: Effects on ADCC sensitivity of pharmacological modification of 
histone-associated proteins identified by CoGAPS gene expression analysis. 
 
A.  Effects of DNMT, pan-HDAC and histone demethylase inhibitors on ADCC 

sensitivity of ADCCR1 and ADCCS1 cells. 
B.  Western blot of PCAF (KAT2B) in ADCCS1 and ADCCR1 cells. Densitometry 

values of expression relative to GAPDH indicated below. 
C.  Effects of histone acetyl transferase inhibitors on the ADCC sensitivity of 

ADCCS1 and ADCCR1 cells. 
 
 
 
 
 
 
 
 
 
 
 

GAPDH

KAT2B

ADCCS1 ADCCR1

A. B.

Figure 4: , 

C. ADCCS1
ADCCR1

Sp
ec

ifi
c 

Ly
si

s 
%

Sp
ec

ifi
c 

Ly
si

s 
%

Drug μM

Drug μM

0.24    0.15     0.64     1.2



 

 97 

  Ingenuity Pathway Analysis was used to analyze the expression pattern of 

genes upregulated in ADCCR1 cells. Interferon signaling, antigen presentation, and 

communication between innate and adaptive immune cells were the top canonical 

pathways identified, (Supplemental Figure 3.4A) and IFN-γ was found to be a top 

upstream regulator of these cells with a p-value of overlap 1.62 x 10-35 

(Supplemental Figure 3.4B). While IFN-γ  itself was not significantly overexpressed in 

these cells, proteins downstream of IFN-γ were overexpressed in ADCCR1 

compared to ADCCS1 cells (JAK1, STAT1), further supporting activation of IFN 

signaling (Figure 3.3C). 

 

 

Upregulated histone-associated gene expression (Table 3.1) points to a possible 

epigenetic mechanism driving ADCC resistance. KAT2B, a p300 associated histone 

acetyltransferase found within this histone cluster was relatively overexpressed in 

ADCCR1 as compared with ADCCS1 cells (Figure 3.4B). Indeed, ADCC resistance 

was partially reversed by inhibition of p300 using the histone acetyltransferase 

inhibitors C646, MG149, and L002 (Figure 3.4C). No similar was seen using pan-

HDAC, histone demethylase or DNMT inhibitors (Figure 3.4A). 

 

 

3.3.5 Rederivation of ADCC resistance: 

To shed light on the sequence of events as ADCC resistance develops we re-

derived ADCC resistance from parental A431 cells, monitoring specific lysis under 

ADCC conditions, cell surface EGFR levels, proliferation and cellular morphology. 
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Changes in morphology towards the appearance of ADCCR1 cells were first 

observed at challenge 27, while there were no significant changes in EGFR cell 

surface expression or specific lysis (Supplemental Figure 3.6A). ADCC resistance 

was first observed at challenge 39 with accompanying changes in cell proliferation, 

morphology, significantly reduced specific lysis, but no significant changes in cell 

surface EGFR expression as was seen in ADCCR1 cells. Despite an additional ten 

ADCC challenges, these ADCC resistant cells (ADCCR2) retained wild-type A431 

EGFR cell surface expression properties. Hence, the ADCC resistance phenotype 

cannot be attributed solely to changes in cell surface EGFR expression. 

 

 

 

3.4 Conclusion 

We have characterized an ADCC resistant cell line (ADCCR1) to try and understand 

the differences that attribute to the establishment of resistance. In chapter 4 I will 

explore the mechanism by which these cells are able to evade immune attack. 
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Supplemental Figure 3.1: Morphological features of ADCCS1 and ADCCR1 
cells. 
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Supplemental Figure 3.2: Proteomic and Phosphoproteomic Analysis of 
ADCCR1 and ADCCS1 Cells. 
A.  Heat map comparing significantly different (p< 0.05) protein expression in 

ADCCS1 and ADCCR1 cells.   
B.  Heat map of comparing significantly different (p<0.05) protein phosphorylation in 

ADCCS1 and ADCCR1 cells.  
C.  Differentially phosphorylated proteins (p <0.05) in ADCCS1 and ADCCR1 cells, 

respectively.  
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Supplemental Figure 3.3: Validation of gene expression targets 
A. HSP27 expression in ADCCS1 and ADCCR1 cells reflected by mRNA, proteomic 

and phosphoproteomic analysis. 
B. Western blot of HSP27 in ADCCS1 and ADCCR1 cells. Densitometry value of 

expression relative to GAPDH indicated below. 
C.  CD74 expression in ADCCS1 and ADCCR1 cells reflected by mRNA and 

proteomic analysis. 
D.  Flow cytometry analysis of CD74 cell surface and total protein expression in 

ADCCR1 cells. Solid line histogram = total protein expression in permeabilized 
ADCCR1 cells; Dotted line histogram = cell surface expression in ADCCR1 cells. 
Cell surface expression is identical to negative control histogram. 
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Supplemental Figure 3.4: Analysis of Genes Enriched in ADCCR1 Cells by 
CoGAPS Analysis. 
A.  Ingenuity Pathway Analysis-generated top canonical pathways employed by 

genes enriched in ADCCR1 cells by CoGAPS Analysis. 
B.  Ingenuity Pathway Analysis generated upstream regulators of genes enriched 

ADCCR1 cells by CoGAPS analysis. 
C.  Gene expression intensity of IFN pathway genes in ADCCR1 and ADCCS1 cells.  
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Supplemental Figure 3.5: Investigation of EMT markers in ADCCS1 and 
ADCCR1 
Western blot of EMT markers Vimentin and E-cadherin in ADCCS1 and ADCCR1 
cells. Compared to known EMT+ cell line MBA-MD-231. Densitometry value of 
expression relative to GAPDH indicated below. 
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Supplemental Figure 3.6: Derivation of ADCCR2, a new ADCC resistant cell 
line. 

A. Specific lysis of A431 cells by NK92-CD16V cells in the presence of 1 mg/ml 
cetuximab to induce ADCC resistance that is distinct from ADCCR1 cells after 
39 consecutive ADCC challenges as described in Materials and Methods. Ch 
denotes the challenge number. 
 

B. Flow cytometry analysis of EGFR cell surface expression in challenge 48 and 
49 cells (untreated control, Ab treatment only, NK treatment only treated and 
treated under ADCC conditions (NK+AB) for 49 challenges. 
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Chapter 4 
Testudinidosis: A New Mechanism of Resistance to Immune 

Attack 
 
 
 
4.1 Introduction 

The resistant cell line ADCCR1 established and characterized in chapter 3 

expresses lower levels of EGFR, but this characteristic alone is insufficient to explain 

the resistant phenotype. We find that this resistant cell line, which does not possess 

markers of epithelial-mesenchymal transition, has a distinctive transcriptional profile 

highlighted by overexpression of CD74, histone- and interferon-related genes, and 

marked reduction in HSP27 expression. Additionally, surface expression of cell 

adhesion molecules is dramatically altered, indicating that the developed ADCC 

resistance is specific to the formation and function of an immune synapse. This 

current work defines a new molecular mechanism of resistance to ADCC, and may 

inform mechanisms of resistance in other cases of immune synapse-mediated 

cytotoxicity. This novel immune evasion mechanism, termed testudinidosis, is able to 

protect cells against immune attack. 

 

4.2 Materials and Methods. 

4.2.1 Cell lines and cell culture. 

The A431cell line was obtained from the Georgetown Lombardi Tissue Culture 

Shared Resource (TCSR), and its origin was verified by DNA fingerprinting by short 

tandem repeat (STR) analysis prior to utilization, as described (1). Tissue culture 

growth conditions for this cell line were: High-glucose Dulbecco’s Modified Eagle 

Medium (DMEM, HyClone) supplemented with 10% fetal bovine serum (FBS, 
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Omega Scientific) and 2 mM (1X) L-glutamine (Gibco). NK92-CD16V cells were 

kindly provided by Kerry S. Campbell from Fox Chase Cancer Center, Philadelphia 

PA,and cultured in MEM a-modification (HyClone) supplemented with 10% FBS, 

10% horse serum, 1 mM sodium pyruvate, and 1X non-essential amino acids 

(Gibco) as well as 0.1 mM β-mercaptoethanol (Sigma). NK cells were cultured as 

described (2-4). NK92-CD16V cells were maintained in suspension and passaged 

every 2-3 days by re-suspending the cells in NK media (described above) at a 

concentration of 0.2 x 106/ ml and stimulated with 1% v/v of IL-2 supernatant derived 

from J558L cells. All cell lines were maintained at 37° in 5% CO2. Cell counts were 

estimated by hemocytometer and viable cells identified by Trypan Blue (Invitrogen) 

exclusion. 

 

4.2.2 Flow Cytometry.  

Cells were dissociated using 0.25% trypsin, resuspended in DMEM + 

10%FBS + 1% l-glutamine. 0.5-1 x106 cells were aliquoted into Eppendorf tubes, 

spun at 5000 rpm for 1 min at 4°C, washed twice with HBSS and resuspended in 

100 µl of FACS buffer (PBS+1% BSA). Labeled antibodies were then added at 

manufacturer recommended concentrations and incubated at 4o C for 30 min, with 

vortexing at 15 min. For intracellular staining cells were resuspended in 50µl of BD 

perm/wash (BD,#554723) for 20 min before proceeding to staining with antibody at 

4°C for 30 min. Cells were then washed with FACS buffer twice and resuspended in 

FACS buffer or fixative (1%PFA in PBS). Flow antibodies were purchased from 

Biolegend: EGFR (352904), CD74 (326807), CD54/ICAM (322713), CD142 

(365205), CD73 (344021), ITGB4/CD104 (343903) ALCAM/CD166 (343903), 
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CD95/Fas (305611) and CD138, (352307). CD107a (641581), CD44 (559942) and 

PD-L1 (557929) were purchased from BD Biosciences. Samples were run in the 

Georgetown Lombardi Comprehensive Cancer Center Flow Cytometry & Cell Sorting 

Shared Resource. Analyses were performed using Flowjo (v10.4.1). 

 

4.2.3 Derivation of ADCC Resistance. 

Initial derivation of ADCC resistance. 

As described in Chapter 3 

 

4.2.4 Western Blot. 

Cells were lysed in Boiling Buffer with EDTA (Boston BioProducts) 

supplemented with protease and phosphatase inhibitor (Roche). Cleared lysate 

concentrations were obtained by DC Protein Assay (BioRad). Lysates were run on 

SDS-PAGE gels and transferred to nitrocellulose membranes (GE Healthcare). 

Western blots were conducted using: the abcam antibody to perforin (ab180773) and 

Cell Signaling Technology (CST) antibodies to GAPDH (5174) and Granzyme B 

(4275)  

Goat anti-rabbit or donkey anti-mouse IgG HRP-conjugated secondary antibodies 

(GE Healthcare) were used with chemiluminescence substrates (Pierce). 

Densitometry was measured using ImageJ (v1.48). 

 

4.2.4 NK Conjugation assays. 

NK conjugation was assessed using two-color flow cytometry. Target cells 

were stained with intracellular DiI (Invitrogen, V22885) according to manufacturer’s 
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instructions. NK92-CD16V cells inherently express GFP. ADCCS1 and ADCCR1 

labeled cells were plated at 500,000 cells/well and 750,000/well cells, respectively in 

6 well plates over night at 37° and 5% CO2. On the following day the cells were 

exposed to various ADCC conditions (e.g., media alone, cetuximab mAb 1µg/ml 

alone, NK92-CD16V alone or the combination of NK92-CD16V + 1µg/ml cetuximab 

for 2 hours. Media was collected and cells were treated in 0.25% trypsin. The cell 

mixtures were analyzed in the Georgetown Lombardi Comprehensive Cancer Center 

Flow Cytometry & Cell Sorting Shared Resource (FCSR). Flow Cytometry analysis 

was done by FlowJo (v10.4.1). 

 

4.2.5 Cell Surface Screen. 

The BD Lyoplate™ Human Cell Surface Marker Screening Panel (BD 

Biosciences, 560747) contains purified monoclonal antibodies to 242 cell surface 

markers. We compared ADCCS1 and ADCCR1 cell lines; each cell line was 

screened twice. The cells were dissociated from flasks using Accutase™ (BD, 

561527) and resuspended in BD Pharmingen™ Stain Buffer (FBS) (Cat. No. 

554656) at 5 x 106 cells/ ml. 100 µl/well (5 x 105 cells) were then dispensed into 

three 96-well round bottom plates (BD Falcon, 353910). The assay was conducted 

according to the manufacturer’s instructions. Samples were run in the Georgetown 

Lombardi Comprehensive Cancer Center Flow Cytometry & Cell Sorting Shared 

Resource. The flow cytometry analysis was done using FlowJo(v10.4.1). 

 

 

 



 

 111 

4.2.5 ELISA assays. 

Human IFN-γ ELISA MAX™ Deluxe Kit (Biolegend, 430104) was used to measure 

IFN-γ in the media 4 hours post ADCC. ADCCR and ADCCS cells were plated in 96-

well clear bottom plates (Corning, 3300) at 10,000 cells/ well and incubated in culture 

conditions overnight at 37o C in 5% CO2. The control wells were then exposed to 

either media, 1µg/ml cetuximab, or NK92-CD16V cells at indicated E:T ratios in the 

absence of antibody. The ADCC wells all were incubated in 1µg/ml cetuximab and 

NK92-CD16V cells reflecting E:T ratios of 0:1, 1:1, 2:1 and 4:1 by adding 0, 20,000, 

40,000 and 80,000 NK cells, respectively to the wells. After 4 hours incubation, the 

plates were spun down at 1000 x g for 5 minutes, and the supernatant was collected 

and transferred into a fresh round bottom plate. IFN-γ detection in supernatants was 

done using the ELISA max Deluxe Kit according to the manufacturer’s instructions. 

4.3 Results 

4.3.1 ADCCR1 cells fail to activate NK cells. 

We examined whether the resistance to ADCC killing in ADCCR1 cells was 

due to an intrinsic mechanism (resistance to perforin/granzyme or blocking 

apoptosis) or to defective cell:cell conjugation. To assess NK activation, levels of 

CD107a, a marker of NK degranulation and activation, were quantified in the NK92-

CD16V cells 2 hours post exposure to the target cells in the absence or presence of 

cetuximab (Figure 4.1A). Levels of CD107a  were significantly increased in 

ADCCS1-exposed compared with ADCCR1-exposed NK cells having >4 and >3 fold 

higher representation of CD107a in the presence and absence of cetuximab, 

respectively (t-test p-value <0.0001). We also measured the levels of IFN-γ secreted 

in the media post-ADCC (Figure 4.1B).  There was a correlation between the amount 
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of IFN-γ release and ADCC killing in ADCCS1 cells, whereas no IFN-γ release or 

killing was found in ADCCR1 media following 24, 48  
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Figure 4.1: NK cell activation and conjugation to EGFR+ target cells under 
ADCC conditions.(Previous Page)  
 

A. NK activation measured by flow cytometry analysis using CD107a (APC) and 
GFP+ NK92-CD16V cells as described in Materials and Methods. ADCCS1 
(top row) and ADCCR1 cells (bottom row) were incubated with NK92-CD16V 
cells in the absence (middle panels) or in the presence of 1 mg/ml of 
cetuximab (right panel) for 2 hours. 
      

B. ELISA measuring IFN-g levels in the media of ADCCS1 (blue bars) and 
ADCCR1 (red bars) 4 hours post exposure to ADCC conditions (cetuximab 1 
mg/ml + NK92-CD16V cells at E:T ratios of 0-4:1) and NK92-CD16V cells in 
the absence of cetuximab. 
 

C. Cell conjugation was measured by flow cytometry analysis using target cells 
(DiI+) and GFP+ NK92-CD16V cells as described in Materials and Methods. 
ADCCS1 (top row) and ADCCR1 cells (bottom row) were incubated with 
NK92-CD16V cells in the absence (middle panels) or in the presence of 1 
mg/ml of cetuximab (right panel) for 2 hours. 

 
D. Western blot analysis of granzyme B and perforin protein expression in target 

cells 2 hours after exposure to T (media control), Ab (cetuximab only at 
1mg/ml), NK (NK92-CD16V cells only at 1:1 E:T) and ADCC (NK92-CD16V 
cells at 1:1 E:T + 1 mg/ml cetuximab). 
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or 72 hrs of ADCC challenge (data not shown). Culturing of parental A431 cells with 

IFN-γ did not affect cell morphology or susceptibility to ADCC (data not shown). This 

was further verified by the absence of perforin and granzyme B release into 

ADCCR1 cells 1 hour post-NK cell exposure in the absence (NK lane) or presence of 

1 µg/ml of cetuximab (ADCC lane) (Figure 4.1D). In contrast, ADCCS1 cells showed 

elevated expression of granzyme B and perforin when exposed to NK alone 

conditions (Figure 4.1D). These results confirm the inability of ADCCR1 cells to 

activate NK cells despite binding of cetuximab to ADCCR1 cells (data not shown). 

 

4.3.2 ADCCR1 cells exhibit reduced conjugation to NK92-CD16 in ADCC conditions.  

To further investigate ineffective NK cell activation by ADCCR1 cells we 

examined effector:target cell conjugation in the presence or absence of 1µg/ml 

cetuximab for 2 hours. The NK92-CD16V cells were GFP positive and target cells 

were DiI labeled as described in Materials and Methods. ADCCS1 cells conjugated 

to NK92-CD16V cells effectively in the presence and absence of cetuximab, while 

ADCCR1 cells’ ability to conjugate was significantly less in both conditions (Figure 

4.1C). However, we still observed a minor degree of conjugation in ADCCR1 cells, 

suggesting an additional contributing mechanism of resistance in addition to reduced 

conjugation. 

 

4.3.3 ADCCR1 cells exhibit reduced expression of multiple cell surface proteins. 

We conducted a BD Lyoplate cell surface molecule screen to better understand the 

differences in conjugation of NK92-CD16V cells to ADCCS1 and ADCCR1 cells. Of 

the many ADCCR1 cell surface molecules that were reduced compared to ADCCS1, 
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many were cell adhesion molecules that play a role in the immune response, e.g., 

CD54 (ICAM-1), CD81(TAPA-1), CD59, CD58, CD9 and HLA-A,B and C (Figure 

4.2A, 6B).  

CD54 (ICAM-1), a known LFA-1 ligand, is significantly down-regulated in ADCCR1 

cells; LFA-1/ICAM-1 interactions are essential for NK cell activation (5-11). CD81 

and CD9 are tetraspanins that play roles in adhesion and formation of the immune 

synapse(12,13). Tetraspanins are known to associate at the immune synapse with 

receptors and integrins, including ICAM-1 and LFA-1(14-16).  

We found that reduced presence of cell surface molecules does not indicate a 

corresponding reduction in mRNA expression in ADCCR1 cells, with the exception of 

EGFR (data not shown). Only CD99 and MUC1 were validated to have higher 

protein expression in ADCCR1 cells, but siRNA knockdown of MUC1 in ADCCR1 

cells did not desensitize the cells to ADCC (data not shown). There was no 

upregulation of known immune checkpoints in ADCCR1 cells (Supplemental Figure 

4.1). Selected molecules found to be downregulated in ADCCR1 cells in the cell 

surface screen but not reduced by gene expression suggests a failure to be 

transported to the cell surface (Figure 4.2D), while other molecules had lower protein 

expression despite maintained gene expression (Figure 4.2C).Total BD Lyoplate 

geometric mean values of ADCCS1 and ADCCR1 are in Supplemental Table 1.  
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Figure 4.2: Cell Surface Screen of ADCCS1 and ADCCR1 Cells. (Previous 
Page) 
A.  Dot plot comparing geometrics means of ADCCS1 and ADCCR1 cell surface 

molecule expression levels using BD Lyoplate assay as described in Materials 
and Methods. Molecules with highest differential cell surface expression in 
ADCCS1 cells are shown in the box. BD lyoplate screen geometric means of 
ADCCS1 and ADCCR1 are in supplemental table 1. 

B. Molecules with the highest differential expression in ADCCS1 compared to 
ADCCR1 cells.  

C.  Selected molecules with reduced cell surface expression on ADCCR1 cells based 
on lower protein expression. Light gray histograms: negative control. Dark gray 
histograms: expression of total protein ADCCR1 permeabilized cells. Open 
histograms: cell surface expression of indicated molecule in ADCCR1 cells. 
Geometric mean values of ADCCS1 and ADCCR1 cell surface expression are in 
supplemental table 1.  

D.  Selected cell surface molecules with reduced cell surface expression based 
on reduced transport to cell surface. Light gray histograms: negative control. Dark 
gray histograms: expression of total protein ADCCR1 permeabilized cells. Open 
histograms: cell surface expression of indicated molecule in ADCCR1 cells. 
Geometric mean values of ADCCS1 and ADCCR1 cell surface expression are in 
supplemental table 4.1 
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4.4 Discussion. 

This is the first comprehensive analysis of tumor cell-based resistance 

mechanisms to ADCC, which serves as a model for resistance induction to 

continuous, powerful immune attack. Hence, some of the mechanisms that emerge 

may be anticipated to occur in response to other mechanisms of immune attack such 

as cytotoxic T cell attack through the formation of immune synapses. We find that a 

single parental cell line can exhibit multiple ADCC resistance mechanisms, which 

may act singly or cooperatively to evade immune recognition and destruction.  

 

To assure consistency we employed cells of the NK92-CD16 cell line as 

effectors, which we and others have used to explore various facets of ADCC 

(3,4,17,18). NK92-CD16V cells only express CD16 and lack almost all additional 

inhibitory signaling mechanisms such as other KIR: KIR ligand interactions. The only 

such molecules expressed by NK92-CD16V cells are NKG2D and KIR2DL4 (data 

not shown) (19). Due to the near-lack of KIR expression, NK92-CD16V cells have 

anti-tumor activity against multiple tumor targets (20). Hence, this model system 

permitted us to explore mechanisms of ADCC resistance unrelated to other, well-

known regulatory NK cell mechanisms. We have previously demonstrated the 

relevance of using NK92-CD16V cells as surrogates for bulk NK cell population-

based cytotoxicity, where siRNA knockdown of selected genes in the EGFR 

signaling network was first demonstrated in screening studies performed using A431 

cell targets and NK92-CD16V effectors and confirmed using normal donor bulk NK 

cells(4). Resistance mechanisms identified in the current study thus may be relevant 
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to other forms of immune attack mechanisms, such as T-cell receptor-mediated 

cytolysis. Future studies will address these possibilities. 

 

 We have isolated a distinct ADCC-resistant cell line from A431 cells, termed 

ADCCR1. In comparison with parental ADCC-sensitive A431 cells,ADCCR1 is 

characterized by reduced cell surface expression of EGFR and other molecules 

associated with cell adhesion and immune synapse formation, reduced expression of 

HSP27, a known chaperone of EGFR and increased expression of CD74, a known 

MHC II chaperone and regulator of antigen presentation (21).  

Figure 4.3: Path of Cellular Resistance to Immune Attack 
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ADCCR1 cells have a distinct transcriptional profile characterized by 

upregulation of genes associated with interferon response and histone function. The 

ADCCR1 resistance phenotype is partially reversed by inhibition of the histone 

acetyltransferase p300 subunit KAT2B. ADCCR1 cells proliferate more slowly than 

A431 cells, and ADCCR1 tumors grow more slowly as nude mouse xenografts as 

well. The ADCCR2 cell line, which was induced using a similar ADCC selection 

pressure strategy, does not exhibit reduced cell surface EGFR expression or HSP27 

reduction.  

 

In this model system, we demonstrated a loss of numerous cell surface 

molecules associated with adhesion and immune synapse formation (Figure 4.2). NK 

cell activation is a dynamic process mediated by multiple factors, many of which 

promote adhesion. ADCCR1 cells exhibited significant loss of ICAM1, a known LFA-

1 ligand that mediates the tight adhesion between target cells and cytotoxic 

lymphocytes required for cytotoxic activity of T-cells and NK cells (22) (5,23,24). 

LFA-1 binding is required for activation of NK cells and the induction of cytotoxic 

granule polarization. (8-11). This is evident by the inhibitory effect of blocking LFA-

1/ICAM interactions on ADCC and NK natural cytotoxicity (25-28). Additionally, NFκB 

P65 activity has been inversely associated with ICAM expression and consequently 

ICAM/LFA-1 binding and NK cytotoxicity (29-31). 

 

ADCCR1 overexpressed CD74, an MHC class II chaperone, and regulator of 

antigen progression, in the cytoplasm, but not on the cell surface (21). This finding is 
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of some interest as the cytoplasmic tail of CD74 regulates NFκB, which exhibits 

increased activity in ADCCR1 cells (Figure 3.3C) (32-37). 

 
 Interestingly, in this model system, ADCC resistance is not associated with 

PD-L1 expression, in contrast to the findings described by others implicating IFN-γ in 

the up-regulation of PD-L1 and resistance (38,39) (40,41). Other immune 

checkpoints are not overexpressed, suggesting that, in contrast to establishment of 

immune blockade, ADCCR1 cells achieve resistance to immune attack by lowering 

cell surface -expression of molecules known to mediate cell adhesion and formation 

of the immune synapse.  

 

Resistance is not induced by prolonged in vitro exposure to cetuximab (data 

not shown). Moreover, the distinct EGFR expression levels in ADCCR1 and 

ADCCR2 cells demonstrate that altered levels of EGFR expression are not sufficient 

to explain differences in biology, such as slower proliferation, altered transcriptional 

and proteomic profiles, changes in cell adhesion molecule expression and sensitivity 

to other drugs seen when ADCC resistance is induced. The ADCC resistance 

phenotype is not associated with the expression of classic EMT markers, nor of 

cancer stem cells (data not shown). We speculate that the ADCC resistance 

phenotype described here describes a previously unreported adaptive mechanism to 

shield cells from immune attack. Future studies will clarify this, and if such a 

phenotype has clinical relevance.  

 

We were not able to demonstrate that the ADCCR1 cells emerge from a pre-

existing resistant cell population in the parental A431 cell line that might be in an 
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equilibrium with a much larger, ADCC-sensitive cell population. We were unable to 

identify an EGFR-low HSP27-low cell population in the parental A431 cell line using 

sensitive flow cytometric sorting and analysis suggesting that it is not the clonal 

selection of a pre-existing population (data not shown). However, the reversibility of 

the resistance phenotype, coupled with a histone-related gene signature in the 

ADCCR1 cells suggest this is an epigenetic phenomenon, linked to interferon 

response genes and CD74 upregulation, the induction of NFKB p65 and then 

modulation of cell surface receptor expression to reduce the conjugation of effector 

and target cells (Figure 4.7).   We speculate that similar phenotypes could be 

induced by powerful immune selection through ADCC or similar mechanisms that 

involve the formation of immune synapses. This hypothesis is supported by our 

findings that the resistance phenotype reverted back to the ADCC-sensitive 

phenotype after continuous culture in non-ADCC conditions. 

 

These findings address important questions related to the induction of cellular 

resistance to ADCC and possibly other immune therapies. It has long been assumed 

that therapy-imposed selection pressures would induce genetic or epigenetic 

changes to permit targeted cells to escape immune control. Epigenetic modifications 

are established tumorigenic mechanisms (42). Earlier studies have linked anti-

cancer drug resistance to epigenetic modification leading to transcriptional silencing 

of genes necessary for drug activation (43). However, its role in cancer 

immunopathology and immunotherapy is poorly understood. The IFN-γ pathway has 

been linked to primary, adaptive, and acquired resistance to checkpoint blockade 

therapy (44) (45-49). Prolonged exposure to IFN- γ, can lead to immune escape due 
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to cell desensitization and immune editing (50,51). The immune system can be 

hindered by epigenetic changes within the target cell, which prevent the recruitment 

or activation of effector cells. A recent study demonstrated that epigenetic 

suppression of TH1 chemokines suppresses cell trafficking to the tumor 

microenvironment (52) Multiple studies have shown that epigenetic modification by 

HDAC inhibitors alone (53,54) or in combination with DNMT inhibitors (55) can 

enhance immunotherapy.  

  

 It should be noted that tumor cell resistance to T cell attack has long been 

known to involve defective antigen presentation, robbing killer cells of their targets. 

Similarly, target antigen modulation is a known mechanism of resistance to 

monoclonal antibody therapy. Here, we show that the induction of ADCC resistance 

can lead to the more general loss of target cell adhesion properties required for the 

establishment of an immune synapse, killer cell activation and target cell cytotoxicity. 

In contrast to recent models of cellular cytotoxicity resistance that invoke the 

establishment of immune checkpoints, this work demonstrates that target cells can 

evade conjugation by rendering the cells invisible to the cytotoxic apparatus. We 

liken this phenomenon to the process employed by turtles (genus testudinidae), 

wherein they withdraw their heads and limbs into their protective shells to facilitate 

hunting or protect against predation. We have assigned the term, testudinidosis to 

this newly described phenomenon, and propose that it will be relevant in other cell 

receptor-based cytotoxicity settings.  
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Supplemental Figure 4.1: BD Immune checkpoint cell surface expression in 
ADCCS1 and ADCCR1 cells.  
Red histograms = ADCCR1; blue histograms = ADCCS1. Assay performed using 
BD-Lyoplate analysis as described in Materials and Methods. Results reflect 
changes as compared with negative control antibodies for each tested immune 
checkpoint. 
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Supplemental Table 4.1: BD Lyoplate Geometric Mean Values in ADCCS1 and 
ADCCR1 
 

Cell surface 
molecule 

Geometric Mean 
ADCCS1 

Geometric Mean 
ADCCR1 Ratio 

CD99 18 106 5.89 
CD227 18 71.3 3.96 
CD24 5.33 11.4 2.14 

CD11b 4.92 8.47 1.72 
CD21 4.78 6.96 1.46 
CD15 42.4 58.7 1.38 

CD99R 5.37 6.96 1.30 
CD105 5.26 6.2 1.18 
CD29 29.6 34.7 1.17 
CD15s 4.96 5.8 1.17 
CD5 4.89 5.59 1.14 

Cutaneous 
Lymph. Antigen 5.58 6.3 1.13 

CD6 4.78 5.26 1.10 
CD19 5.22 5.74 1.10 

CD22 4.97 5.43 1.09 
CD13 4.83 5.27 1.09 
CD2 4.74 5.16 1.09 

CD23 4.74 5.14 1.08 
CD26 4.76 5.15 1.08 
CD1d 4.78 5.12 1.07 
CD31 5.57 5.94 1.07 

CD11c 5.09 5.42 1.06 
CD35 4.87 5.16 1.06 
CD28 4.99 5.28 1.06 
CD85 5.03 5.32 1.06 

CD49a 10.7 11.3 1.06 
CD4 4.69 4.95 1.06 

CD116 5.15 5.43 1.05 
CD16 4.74 4.98 1.05 

CD340 (HER2) 212 221 1.04 
CD25 4.97 5.17 1.04 

CD117 5.14 5.33 1.04 
CD3 4.77 4.94 1.04 

CD70 5.15 5.33 1.03 
CD33 5.11 5.27 1.03 

CD137 6.25 6.42 1.03 
CD43 5.85 5.97 1.02 
CD18 5.08 5.18 1.02 
CD7 4.96 5.04 1.02 

CD8a 4.99 5.02 1.01 
CD1a 5.04 5.06 1.00 
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Cell surface 
molecule 

Geometric Mean 
ADCCS1 

Geometric Mean 
ADCCR1 Ratio 

CD8b 5.41 5.43 1.00 
CD114 5.54 5.56 1.00 
CD103 5.25 5.26 1.00 

CD121a 5.31 5.28 0.99 
CDw93 5.3 5.26 0.99 
CD87 5.18 5.13 0.99 
CD86 5.97 5.91 0.99 
CD89 5.17 5.09 0.98 
CD90 5.17 5.08 0.98 

CD108 21.9 21.5 0.98 
CD106 5.42 5.31 0.98 
CD122 5.29 5.17 0.98 
CD57 6.5 6.25 0.96 

CD123 5.32 5.11 0.96 
CD38 5.17 4.95 0.96 

CD267 5.16 4.92 0.95 
CD137Ligand 5.54 5.26 0.95 

CD127 5.95 5.64 0.95 
CDw327 5.47 5.18 0.95 

CD275 (B7-H2) 5.82 5.51 0.95 
Integrin 5.36 5.07 0.95 
CD1b 6.08 5.75 0.95 
CD294 5.19 4.89 0.94 

CD120b 5.23 4.92 0.94 
rlgG1 5.29 4.97 0.94 

CD212 5.26 4.94 0.94 
CD135 5.67 5.32 0.94 
SSEA-3 5.52 5.17 0.94 
CD231 5.67 5.31 0.94 
CD278 5.33 4.99 0.94 

CD45RB 5.88 5.49 0.93 
CD36 6.13 5.71 0.93 

TRA-1-81 5.51 5.11 0.93 
CD229 5.59 5.17 0.92 
CD336 5.49 5.07 0.92 
CLIP 5.4 4.97 0.92 

CD102 5.65 5.19 0.92 
Invariant NKT 5.4 4.96 0.92 

CD14 6.99 6.33 0.91 
CD124 5.87 5.31 0.90 

rlgM 5.37 4.85 0.90 
CD4v4 6.03 5.44 0.90 
CD200 5.71 5.15 0.90 

CD128b 6.01 5.42 0.90 
CD235a 5.95 5.36 0.90 
Vb 23 5.54 4.98 0.90 
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Cell surface 
molecule 

Geometric Mean 
ADCCS1 

Geometric Mean 
ADCCR1 Ratio 

CD180 5.8 5.21 0.90 
CD37 5.75 5.15 0.90 
rlgG2a 5.49 4.91 0.89 
CD282 5.46 4.85 0.89 
CD88 5.77 5.09 0.88 

CD220 5.82 5.12 0.88 
CD184 5.84 5.11 0.88 
CD69 6.29 5.5 0.87 
γδTCR 5.73 5 0.87 
CD27 5.76 5.01 0.87 

CD41b 5.94 5.16 0.87 
CD64 10.7 9.29 0.87 

CD45RO 6.57 5.69 0.87 
mlgG1 5.68 4.91 0.86 

SSEA-1 54.9 47.4 0.86 
CD118 (LIFRcptr) 6.73 5.81 0.86 

TRA-1-60 6.13 5.28 0.86 
CD147 584 503 0.86 
CD195 6.28 5.37 0.86 
CD244 6.02 5.13 0.85 

CMRF-44 6.05 5.15 0.85 
CD197 6.22 5.28 0.85 
CD144 6.33 5.37 0.85 
mlgG2a 5.77 4.89 0.85 

Disialo- ganglio- 
side GD2 6.16 5.22 0.85 

CD152 6.12 5.18 0.85 
CD134 6.31 5.34 0.85 

CD120a 7.32 6.1 0.83 
CD181 6.22 5.18 0.83 
CD30 6.08 5.05 0.83 

BLTR-1 5.95 4.94 0.83 
CD226 6.17 5.12 0.83 
mlgG2b 6.01 4.98 0.83 
CD177 7.05 5.77 0.82 
CD153 6.19 5.05 0.82 
CD11a 9.68 7.89 0.82 

CD172b 7.47 6.06 0.81 
CD40 266 212 0.80 
CD91 6.62 5.25 0.79 

CD196 6.75 5.35 0.79 
CD210 6.33 4.84 0.76 
CD171 6.96 5.32 0.76 
CD79b 7.47 5.7 0.76 
CD209 8.33 6.3 0.76 
CD279 6.54 4.93 0.75 
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Cell surface 
molecule 

Geometric Mean 
ADCCS1 

Geometric Mean 
ADCCR1 Ratio 

SSEA-4 6.71 5.05 0.75 
CD309 6.53 4.91 0.75 
CD32 7.01 5.27 0.75 
CD10 8.62 6.48 0.75 

CD243(p-glyco 
Protein) 7.25 5.38 0.74 

CD42b 7.34 5.44 0.74 
CD100 7.54 5.58 0.74 
CD178 7.03 5.2 0.74 
CD49b 531 392 0.74 
NKB1 6.97 5.13 0.74 

CD158a 7.12 5.17 0.73 
HLA- A2 6.86 4.98 0.73 

CD71 197 143 0.73 
CD206 7.2 5.2 0.72 
CD20 7.16 5.15 0.72 

CD255(Tweak) 7.26 5.22 0.72 
CD132 7.15 4.98 0.70 
CD268 9.8 6.78 0.69 

CD140a 7.59 5.25 0.69 
CD94 7.37 5.09 0.69 

CD146 7.46 5.14 0.69 
CD150 7.43 5.11 0.69 
CD183 7.51 5.15 0.69 

MIC A/B 34.5 23.6 0.68 
CD193 8.59 5.75 0.67 
CD337 7.92 5.17 0.65 

CD314 (NKG2D) 7.5 4.87 0.65 
CD84 10.2 6.62 0.65 
CD55 762 483 0.63 

CD62E 8.75 5.41 0.62 
CD66f 8.81 5.38 0.61 

Hem. Prog. Cell 8.4 5.04 0.60 
CD80 15.2 8.95 0.59 

CD45RA 10.3 6.04 0.59 
CD335 (NKP46) 8.63 5.02 0.58 

mlgM 9.13 5.26 0.58 
CD58 1448 834 0.58 
CD75 10.5 6 0.57 
CD39 9.5 5.32 0.56 

fmlp-Receptor 9.11 5.07 0.56 
CD47 1068 587 0.55 

CD158b 9.42 5.17 0.55 
CD97 10.7 5.84 0.55 
Vb 8 9.59 5.19 0.54 
CD48 10.3 5.44 0.53 
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Cell surface 
molecule 

Geometric Mean 
ADCCS1 

Geometric Mean 
ADCCR1 Ratio 

CD59 1201 633 0.53 
CD130 80.4 42.2 0.52 

b7 10.1 5.25 0.52 
CD151 114 57.2 0.50 
CD119 79.3 39.4 0.50 
CD77 12.7 6.27 0.49 

CD112 54.5 26.6 0.49 
CD221 108 52.1 0.48 
CD273 13.2 6.32 0.48 
CD49c 1478 707 0.48 

CD107b 20.7 9.69 0.47 
CD46 1201 559 0.47 

CD162 11.1 5.08 0.46 
HLA- DQ 12.5 5.7 0.46 
CD163 12 5.46 0.46 
mlgG3 10.7 4.85 0.45 
CD53 12.4 5.6 0.45 

HLA- A,B,C 1126 504 0.45 
CD321 

(F11Rcptr) 929 415 0.45 

HLA- DR,DP, DQ 12.1 5.37 0.44 
CD305 (LAIR-1) 11.2 4.85 0.43 
CD66(a,c,d,e) 35.5 14.8 0.42 

CD107a 22 9.1 0.41 
CD109 95.5 39 0.41 
CD81 1748 711 0.41 
CD74 15.4 6.1 0.40 

CD41a 13.8 5.33 0.39 
CD9 1100 388 0.35 

CD51/61 15.7 5.43 0.35 
CD165 15.5 5.34 0.34 
CD271 29.1 9.84 0.34 
CD142 2132 688 0.32 
CD62P 17.6 5.55 0.32 

CMRF-56 16.2 5.07 0.31 
CD205 58.6 18.3 0.31 
CD49d 19.7 6.09 0.31 

CD140b 16.3 4.99 0.31 
EGFR 1987 605 0.30 
CD44 2577 778 0.30 

CD164 283 83.7 0.30 
CD95 739 209 0.28 

CD274 220 56.4 0.26 
rlgG2b 19.5 4.87 0.25 
CD54 969 236 0.24 

CD154 21.9 5.07 0.23 
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Cell surface 
molecule 

Geometric Mean 
ADCCS1 

Geometric Mean 
ADCCR1 Ratio 

CD73 817 188 0.23 
CDw328 22.2 5.04 0.23 

b2micro globulin 308 69.1 0.22 
CD66b 25.2 5.57 0.22 
CD166 605 133 0.22 
CD104 806 169 0.21 
abTCR 24.9 5.09 0.20 
CD62L 28 5.67 0.20 
CD326 1109 218 0.20 
CD56 27.5 5.4 0.20 

CD161 26.2 4.95 0.19 
CD83 39 7.36 0.19 
CD72 32.3 5.81 0.18 

CD138 1096 189 0.17 
CD50 35.9 5.94 0.17 
CD63 434 64.4 0.15 

CD201 143 20.6 0.14 
HLA- DR 40.6 5.39 0.13 

CD49f 1362 178 0.13 
CD45 51 5.59 0.11 
CD49e 338 36.6 0.11 

CDw329 54.1 4.94 0.09 
CD141 546 49.5 0.09 
CD34 73.9 5.33 0.07 

CD42a 83.5 5.63 0.07 
CD338 (ABCG2) 127 6.72 0.05 

CD126 118 5.92 0.05 
CD61 193 5.83 0.03 
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Chapter 5 
Identifying Molecular Determinants of  

Resistance to Antibody-Dependent Cellular Cytotoxicity 
(ADCC) 

 

5.1 Background 

The Weiner lab has employed functional genomic approaches to identify molecular 

determinants of resistance to EGFR antagonists (1), EGFR directed ADCC (2), and 

in vivo immune selection pressure (3). These studies demonstrated the ability of 

siRNA and shRNA library screens to uncover and directly link genes to functional 

outcomes. 

5.2 Aim 

The overall aim of this study was to define cancer cell-based molecular determinants 

of resistance to the process of antibody-dependent cellular cytotoxicity (ADCC) 

mediated by antibodies targeting the epidermal growth factor receptor (EGFR). 

Tumors are heterogeneous and demonstrate intrinsic and acquired resistance to 

therapy, and the mechanisms by which tumors are resistant to ADCC are not yet 

fully understood. Prior studies have examined only a restricted number of candidate 

genes/proteins using siRNA screens (e.g. EGFR network; Murray et al 2014 (4)) or 

using a kinase-specific shRNA screen  (eg.JAK/STAT network, Bellucci et al 2015 

(5)). We hypothesized that broad functional genomic screening can be used to 

identify new critical determinants of ADCC. Intense selection pressures imposed by 

prolonged, continuous ADCC conditions on human whole-genome shRNA-infected 

A431 cells were hypothesized to reveal genes whose knockdown regulates the 

sensitivity of these cells to ADCC.  
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5.3 Materials and Methods 

5.3.1 Cell lines and Cell culture 

As described in Chapter 3 

 

5.3.1 Flow Cytometry 

As described in Chapter 3 

 

5.3.3 shRNA Library Transduction 

A lentivirally delivered genome-wide shRNA library was introduced into A431 cells. 

A431 cells were transduced with lentivirus containing the pre-packaged shRNA 

library and Transdux (SBI) in 6 separate T-75 flasks. Infection was performed at an 

MOI of 1:1 to integrate shRNAs into 45% of cells (according to a positive-control 

empty vector infection assay) in order to reduce the probability of multiple shRNAs 

per cell. The cells were incubated in infection conditions for 72 hours prior to 

selection. Puromycin selection at 1 mg/ml was applied for 10 days. Library cells were 

transferred to selection free media for 21 days to facilitate the loss of cells with 

shRNAs that would inhibit viability. Library cells were collected at day 10,16,18 and 

21 post-selection. The following shRNA screens and experiments were conducted 

using cells collected at day 16 post-selection. 

 

5.3.4 A shRNA Screen Under Continuous Selection Pressure 

A431 cells were transduced with a human genome wide shRNA library containing 

200,000 shRNA targeting 50,000 genes. Transduction was performed as described 

in 5.2.3. The transduction efficiency was validated as depicted in Figures 5.1A and 
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B. shRNA library cells were exposed to 4 experimental conditions [media only, 

cetuximab 1mg/ml (Ab) only, NK92-CD16 only and ADCC (Ab + NK92-CD16)] for 72 

hours – this round of exposure constituted a challenge. At the end of the 72 hours, 

the cells were lifted, counted and re-seeded for the subsequent challenge to assure 

continuous exposure to selection pressure. After every challenge, cells were 

collected to isolate RNA and freeze down. To assess sensitivity, ADCC cells were 

observed for changes in morphology, proliferation, EGFR level, and an ADCC assay 

was performed to measure specific lysis every 3-5 challenges. 

 

5.3.5 Library shRNA Amplification and Sequencing 

shRNAs were amplified according to SBI’s instruction manual, but not biotinylated, to 

allow for sequencing instead of biotinylated hybridization to microarrays. mRNA was 

reverse-transcribed into cDNA, and shRNAs were amplified using nested primers 

(SI691B-1). The shRNA library was designed to hybridize to specific probes in 

Affymetrix GeneChip® array, but we employed shRNA sequencing on the samples. 

The amplified shRNA were sent for sequencing by Illumina Miseq in the Giaccone 

Lab at Georgetown University. , Illumina Miseq performed 4 sample groups, 6 

samples per group, to identify shRNA sequences in cell population. From within the 

sequenced samples, we looked for SBI determined sequences for the terminator and 

loop regions to identify the sense/antisense shRNA sequences of the enriched 

genes (Figure 5.1C). Sequences were quantified in each of the 4 groups, rank 

ordered within each group, and a differential limma analysis was conducted between 

the desired groups. The Benjamini Hochberg p-value correction was applied to the 

analysis. 
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Figure 5.1 shRNA Library Screen Transduction Efficiency and Identification 
A. Gene overlap in four separate shRNA library transductions. 
B. Number of shRNAs and genes targeted in four different libraries. 
C. SBI’s terminator, loop and sense/anti-sense  sequences used to identify and 

quantify shRNA. 
 

Library 1

Library 2

Library 4

Library 3

A.A.A.

B.

Library 1
Library 2
Library 3
Library 4

From GeneNet™ Lentiviral shRNA Libraries,Cat. # SI2XXB-1,SI6XXB-1.User Manual. ver. 5 -080511.P.52

C.
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5.4 Results 

5.4.1 Emergence of ADCC Resistance 

A reduction in ADCC sensitivity was seen as early as challenge 8 (ch8); however, 

changes in morphology and growth properties did not occur until later (~ ch30), with 

a significant decrease in specific lysis by more than 75%. The new shRNA library-

infected ADCC resistant cell line (shADCCR) received an additional 10 ADCC 

challenges. Loss of EGFR on the cell surface was observed at ~Ch39 (Figure 5.2A). 

ADCC resistance in shADCCR occurred prior to EGFR loss (Figure 5.2B). 

 

5.4.2 shRNA Identification and Quantification 

shADCCR amplified shRNA was sequenced along with the native uncultured shRNA 

library, media shA431 control, and pre-resistant shADCC population (pre-

shADCCR).The library and shA431 library had comparable raw counts of ~31000, 

while the pre-shADCCR and shADCCR had ~5300 and ~4000 raw counts, 

respectively. shADCCR was compared to media shA431 control, yielding a number 

of shRNA sequences enriched or lost in shADCCR cells.  

 Gene knockdowns significantly enriched or lost in shADCCR were considered 

“hits”, defined by selective gain or loss of shRNA barcodes in surviving cells (e.g., 

gain or loss of targeted gene) by Limma analysis with > ~2x log10 fold-change (FC) 

representation and q <.05 with > 2 Log10 FC. The shRNA hits enriched in shADCCR 

included ZIM2 (Zn-finger transcription factor, function unknown), C8A [Complement 

factor 8A, membrane attack complex (MAC)] and GSAP (γ-secretase activating 

protein, activates the production of beta-amyloid). Loss of these genes may be 

associated with or cause ADCC resistance. 
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Under-represented shRNA hits were more common.  The most significant hits 

with > -2 log10FC were EoS (IKZF4) (transcription factor, control of lymphoid 

development), CNTFR (cytokine receptor, role in neuronal cell survival) and VNN1 

(vanin protein, may play a role in oxidative-stress response). The loss of these genes 

may be associated with or cause ADCC sensitivity (Figure 5.2C). 

 

5.4.3 Validation of shRNAs Enriched and Lost in shADCCR 

The genes represented by shRNAs significantly lost or enriched in shADCCR 

compared to shA431 were targeted in ADCCS1 and ADCCR1 by siRNA transfection. 

Unfortunately, the siRNA constructs against ZIM2, IKZF4,C8A and CNTFR did not 

yield knockdowns or affect ADCC sensitivity.  

 

5.5 Discussion 

This work, to the best of our knowledge, is the first utilization of a genome wide 

shRNA screening approach to identify tumor cell-based molecular determinants of 

resistance to ADCC. Our findings suggest that ADCC resistance is highly regulated 

by transcription factors. We expected resistance to occur earlier than previously 

observed (Chapter 3) due to the modulation of resistance by individual genes with 

immune regulatory functions. We observed resistance approximately the same 

number of times in shADCCR and in ADCCR1, emphasizing the role of immune 

selection in influencing the fate of the cell in response to immune attack. The 

shADCCR cell line was enriched with shRNA’s against ZIM2, C8A and GSAP, while 

EoS, CNTFR and VNN1 targeting shRNAs were lost in shADCCR compared to 

unchallenged shA431 library control. 
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Figure 5.2: Derivation of shADCC (Previous page) 

A. Specific lysis of shA431 library cells by NK92-CD16V cells in the presence of 
1 mg/ml cetuximab to induce ADCC resistance that is distinct from ADCCR1 
cells after 39 consecutive ADCC challenges as described in Materials and 
Methods (Chapter 3). Ch denotes the challenge number. 
 

B. Flow cytometry analysis of EGFR cell surface expression in challenge 39 cells 
compared to ADCCR1 cells and shA431 and ADCCS1 control conditions. 
 

C. Volcano plot of shRNA enrichment in  Ch39 shADCCR1 cells compared to 
untreated shA431 library cells. Plot defined by p-value and Log10Fold . 
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Unsurprisingly, incorporation of the top hits – ZIM2, Eos, GSAP, VNN1, C8A 

and CNTFR –  into a String analysis of genes significantly up-regulated in our 

characterized ADCC resistant cell line ADCCR1 (Chapter 3), revealed links between 

the hits and various genes enriched in ADCCR1 (Figure 5.3A). Interestingly, Zim2 

and EoS were both linked to the histone associated gene cluster through KDM6A (a 

H3K27 demethylase), which is connected to KAT2B (a P300-associated histone 

acetyl transferase). As we showed in Chapter 3, targeting the histone cluster with 

multiple pharmacological histone acetyl transferase inhibitors partially reversed the 

ADCCR1 phenotype (Figure 5.3B).  Epigenetic changes have increasingly been 

linked to cancer development (reviewed in Widschwendter, et al (6)) , resulting in the 

incorporation of epigenetic modifiers into clinical trials as well as stand-alone 

agents(7). Future work will explore the role of the shRNA screen hits in resistance to 

ADCC by using Cas9-CRISPR to efficiently remove the targeted DNA and obtain 

efficient gene knockouts. 

 

5.6 Limitations of the shRNA Library Screen 

The use of shRNAs to establish gene knockdown can cause off-target effects. Also, 

the reduction in gene expression may not be sufficient to induce efficient knockdown. 

The human genome-wide shRNA library offered from System Biosciences is no 

longer being produced, swept away by the CRISPR revolution. Other companies 

offer human genome libraries that are more targeted towards a particular pathway or 

networks. Targeted libraries are useful, but they limit the discovery of novel gene 

targets. The library used here targeted 50,000 mRNA transcripts by 200,000 

shRNAs (2-4 per transcript shRNA transcripts). Unfortunately, the transduction 
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efficiency in our A431-library cells was low, as only 82,000 shRNAs targeting 35277 

unique genes integrated into the genome (Figure 5.1A,5.1B). Therefore, there will 

not be more that 2 shRNAs targeting the same gene. 

One way to overcome these limitations is to utilize Cas9-CRISPR to remove 

genes of interest from our target cells. This approach has its own limitations, such as 

off-target effects, but removal of those genes will allow us to assess the impact of 

targeted genes on resistance mechanism employed in response to immune attack. 
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Figure 5.3 Linking shRNa screen hits genes significantly upregulated in 
ADCCR1 
A.String analysis linking shRNA hits to genes significantly upregulated in ADCCR1 
B. ZIM2 and EoS(IKZF4) are linked to the histore cluster upregulated in ADCCR1. 

 
 

A.

B.
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Chapter 6 
Conclusions & Future Work 

 

Here, I summarize the conclusions from my studies on molecular determinants 

(Chapter 3 and 5) and mechanisms (Chapter 4) of resistance to ADCC. Inferences 

from observations made during this study and their transition into future directions 

are discussed.  

 

6.1 Conclusions 

While mechanisms of resistance to EGFR targeted therapy have been extensively 

studied, resistance to ADCC has not, mainly due to the lack of ADCC-resistance 

models for study.  To address this limitation, we established an EGFR-targeted 

ADCC resistance model system using NK92-CD16V effector cells, cetuximab, and 

the A431 EGFR-expressing squamous cell carcinoma cell line. Continuous ADCC 

challenge of A431 (30-35 passages) yielded an ADCC-resistant cell line (ADCCR1) 

that exhibits an altered phenotype, reversible with long-term (~3 months) removal of 

continued ADCC selection pressure. To further understand the evolution of 

resistance to ADCC, I explored the ADCCR1 gene expression, proteomic and 

phospho-proteomic profiles. I found that ADCCR1 cells evade immune attack due to 

failure to activate NK cells.  

 

I established that ADCCR1 cells (when compared to its ADCC-sensitive 

(ADCCS1) counterpart) have a modest reduction of EGFR expression, a distinctive 

transcriptional profile highlighted by overexpression of histone and interferon related 

genes, altered cell surface expression of important cell adhesion molecules, reduced 
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in vitro proliferation and in vivo growth and resistance that is specific to the formation 

and function of immune synapses.  ADCCR1 cells can be partially reversed by 

incubation of tumor cells with an inhibitor of the histone acetyltransferase (HAT) 

p300 subunit. Interestingly, the PD-L1 and other other known immune checkpoints 

do not modulate ADCC in this model system. Most importantly, ADCCR1 cells the 

defective expression of many cell surface molecules impairs conjugation of these 

cells to NK cells, preventing NK cell activation and consequent cytotoxicity. We have 

coined the term, testudinidosis, to describe this phenomenon as it is reminiscent of 

the self-protective behavior of tortoises. 

 

I have also derived two additional ADCC resistant cell lines, ADCCR2 and 

shADCCR. ADCCR2 does not demonstrate the loss of EGFR expression observed 

in ADCCR1, indicating that multiple mechanisms of resistance may be attained 

under continuous ADCC selection pressure from the same starting cell population. 

Continuous ADCC selection pressure directed against an A431 cell population 

infected with a human genome-wide shRNA library yielded the shADCCR cell line. 

This cell line is characterized by ADCC resistance that precedes EGFR alteration 

and shRNA enrichment revealed transcription factors may be key players in the 

modulation of resistance. Future studies will investigate the ADCCR2 and the 

shADCCR phenotypes, as well as the role of the identified transcription factors. 

 

This is the first comprehensive analysis of tumor cell-based resistance 

mechanisms to ADCC. Resistance was not simply induced by prolonged in vitro 

exposure to cetuximab and the altered levels of EGFR expression are not sufficient 
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to explain differences in ADCCR1 biology, such as slower proliferation, altered 

transcriptional and metabolic profiles and changes in cell adhesion molecule 

expression.  The resistance phenotype is not associated with the expression of 

classic EMT markers, nor of the cancer stem cells.  

 

These results suggest a new mechanism of ADCC resistance (Testudinidosis) 

and inform future combinatorial treatments for mAb therapy. Future studies should 

focus on determining if this mechanism is found in other in vitro models, in 

immunotherapy-resistance in vivo models, and in human clinical specimen obtained 

from patients with tumors that relapse following successful immunotherapy. 

 

6.2 Future Directions 

I have established a model system for studying anti-EGFR ADCC resistance 

mechanisms, and identified three A431-derived resistant cell lines ADCCR1, 

ADCCR2 and shADCCR. ADCCR1 was the primary focus of this thesis and was 

extensively characterized. This work has generated multiple questions that the 

Weiner lab would like to address: 

• Study of the ADCCR1 cell line indicated the role of epigenetic modulation in the 

development of resistance. A miRNA screen may shed light on the role of 

miRNA’s on the modulation of the epigenome and subsequent effects on 

molecules identified by gene expression profiling (e.g. KAT2B, CD74, NFkB-

p65,STAT1,JAK1). 
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• ADCCR2 retains wild-type EGFR expression, indicating that it may utilize a 

different mechanism of resistance. Future studies include characterization of 

ADCCR2, and investigating its mechanisms of resistance.  

• We also want to extrapolate the ADCC model systems to other mABs such anti-

Her2 (Herceptin) mediated ADCC using a Her2+ cell line. 

• To assess the model’s translational capacity we would also like to create an in 

vivo model to assess the effect of knockdown or overexpression of identified 

genes or cell surface proteins on immune recognition/response. 

• The use of (cetuximab + HATi) is a possible combination therapy, and will also be 

assessed in a mouse model. 

• We would like to investigate the clinical relevance of our findings in samples 

obtained from mAB antibody treated patients with resistance. Tumor samples 

from the patients can be stained for identified markers of resistance such 

CD54/ICAM, CD99, CD74 and other molecules detected in my studies. 

 

6.3 Integration and Context of My Findings 

The rapid expansion of immunotherapies into the clinic yielding positive outcomes 

has identified a corresponding need to understand and overcome intrinsic and 

acquired resistance. ADCC resistance, described in this thesis, offers a convenient 

and manipulable model of cytotoxic attack through the immune synapse. Prior to the 

work described in this thesis, such studies have been hindered due to the lack of 

readily available models. We speculate that the ADCC resistance model system we 

have developed has not only identified a novel mechanism of resistance, but can be 

applicable other forms of cytolytic attack, such as killing by cytotoxic T lymphocytes. 
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The potential translatability of the findings described in this work (e.g., cetuximab + 

HATi)as a possible combination therapy) adds significance to this work.  

 

 


