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Abstract
Monoclonal antibodies represent the vanguard of targeted therapy due to their
specificity and versatility. Aside from disrupting tumor cell survival and proliferation
through cell surface receptor interactions, antibodies can induce antibody-dependent
cellular cytotoxicity (ADCC) through immune effector cells, such as natural killer
(NK) cells. Although clinical evidence suggests a role for ADCC in antibody therapy
of cancer, molecular determinants of sensitivity and resistance to ADCC have not been
well characterized. As resistance to antibody therapy is common, we aimed to uncover
molecular determinants of ADCC response. We utilized two approaches to assess
sensitivity and resistance, respectively, in an in vitro model system consisting of an
NK-like cell line (NK92-CD16V), an anti-EGFR monoclonal antibody (cetuximab),
and EGFR-expressing A431 cells.
We screened 60 genes from an EGFR gene network by RNA interference (RNAi)
to assess for genes whose knockdown enhanced ADCC. First, we developed a highthroughput siRNA-based functional genomics screening platform for assessing ADCC.
Primary and secondary screens identified three genes whose knockdown enhanced
ADCC: GRB7, PRKCE, and ABL1. Characterization studies of these three genes
revealed different putative mechanisms by which knockdown enhanced ADCC. We
focused our efforts on ABL1, as c-Abl represents a highly translational target. ABL1
knockdown reduced the proliferation of A431 cells, in addition to its effects on
iii

enhanced ADCC. Inhibition of c-Abl kinase activity enhanced ADCC, phenocopying
the effects of ABL1 knockdown and providing pre-clinical evidence for combining
c-Abl inhibitors and cetuximab.
We also derived an ADCC-resistant cell population, A431/ADCCR, by successive ADCC treatment of A431 cells. Characterization of A431/ADCCR cells revealed
reduced EGFR expression, diminished cell proliferation, and distinctive morphology
compared to parental A431 cells. Whole genome gene expression analysis revealed
over 330 differentially-expressed genes in A431/ADCCR cells. Generation and characterization of the A431/ADCCR cell line has yielded a valuable tool for probing
resistance to ADCC, particularly acquired resistance through loss of EGFR.
Together, these two complementary approaches have revealed molecular determinants of sensitivity and resistance to ADCC. Enhancing tumor sensitivity to ADCC
could translate into increased monoclonal antibody efficacy in the clinic, while unraveling resistance could inform therapeutic advances in the future.
Index words:

monoclonal antibody, NK cell, ADCC, EGFR, c-Abl, sensitivity,
resistance
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Chapter 1
Introduction

Monoclonal antibodies have revolutionized biomedical research and cancer therapy.
These antibodies are unique in their capacity to exquisitely identify specific antigens,
which makes them particularly useful for developing targeted therapies. Antibodydependent cellular cytotoxicity (ADCC) is one mechanism of action by which monoclonal antibodies function. ADCC is initiated when an antibody binds a target cell
and is then recognized by a ‘killer’ immune effector cell. This engagement results in
activation of the immune effector cell, which induces programmed cell death in the
target cell. Here, we discuss monoclonal antibodies, immune effector mechanisms, and
ADCC in cancer therapy.

1.1

Monoclonal Antibodies

Antibodies (Ab), also known as immunoglobulins (Ig), are large proteins produced
by B cells of the adaptive immune system. Antibodies can be found on cell membranes, such as on B cells as a component of the B cell receptor, or in soluble forms.
Antibodies are classified by isotype, which differentiates their structure, function,
and localization. In mammals, there are five distinct antibody isotopes: IgA, IgD,
IgE, IgG, and IgM. Somatic recombination and hypermutation at the genetic level
and clonal selection of B cells at the cellular level in vivo allows for development of
diverse, yet specific recognition of antigens by antibodies. Antibodies also undergo
1

class switch between the isotypes, which afford various functional advantages. Monoclonal antibodies represent a clonal version of an antibody isotype.
Early therapeutic monoclonal antibodies were developed in mice immunized with
the targeted antigen of interest. Hybridoma technology enabled scaling of production
from mature, antibody-producting B cells known as plasma cells [1]. Advancements in
molecular biology enabled development of chimeric and humanized antibodies, which
retained the desired antigen specificity, but lacked unwanted allogenicity due to crossspecies differences in mouse and human isotypes [2]. Later techniques have allowed
for derivation of ‘fully-human’ antibodies in transgenic mice or through in vitro yeast
or phage display systems [3].
To understand the diverse functions of monoclonal antibodies, we review their
molecular structure and therapeutic mechanisms of action.

1.1.1

Structure begets function

Monoclonal antibodies are globular proteins that consist of four polypeptide chains,
described as two identical heavy (H) and two identical light (L) chains. The heavy
chains are joined by disulfide linkages at the hinge region to form a ‘Y’-shaped macromolecule (Fig. 1.1). Each light chain is joined by disulfide bonds to their respective
heavy chains. Each chain contains a variable (V) and constant (C) region. Antibodies
of a given isotype and subclass contain the same constant region, with polymorphisms
defining the isotype subclasses. All of the approved monoclonal antibodies used to
treat cancer are of the IgG isotype and either IgG1 or IgG2 subclasses (Table 1.1).
IgG antibodies are the most common and well-studied isotype found circulating in
humans and have well-defined Fc-mediated functions.
Domains within the heavy and light chains form two main functional regions:
the antigen-binding fragment (Fab) and the crystallizable fragment (Fc). Each Fab
2

contains variable light (VL ) and variable heavy (VH ) and constant light (CL ) and
heavy (CH 1) domains. Each IgG antibody has two Fab regions that form the ‘arms’
of the antibody (Fig. 1.1). The two Fab regions contain identical complementaritydetermining regions (CDRs) that recognize a specific antigen. The Fc region is the
‘tail’ of the antibody and consists exclusively of constant heavy chain domains. The
single Fc region contains domains that can promote immune effector mechanisms.
Due in part to their modular domain structure, monoclonal antibodies have served
as scaffolds for therapeutic development [4]. During early antibody development, modification of antibody structure focused on the Fc region of mouse-derived antibodies.
Replacement with human Fc yielded a chimeric antibody and additional modifications throughout the Fc and non-CDR portions of Fab regions resulted in humanized
antibodies [2]. Because the Fc region acts to engage immune effector mechanisms,
modifications to enhance these effects have been developed [5]. These modifications
include mutations and post-translational modifications — such as removal of fucose
glycans — that result in enhanced immune effector engagement and activity [6, 7]. Fc
engineering has yielded significant advances in monoclonal antibody activity in vitro
and in vivo that may translate into enhanced clinical efficiacy.
Modifications to Fab regions can enhance affinity to targeted antigens or reduce
unwanted affinity to off-target antigens. Novel antibody-like molecules can be created
as well by splicing different antibody domains togethers. Two monoclonal antibodies
can be joined together, at the hinge region most commonly, to form a bispecific
antibody with different Fab regions — containing distinct CDRs — that recognize
different antigens (Fig. 1.1B). A single Fab region can be fused via a linker polypeptide
to a different Fab region. This structure is exemplified by bispecific T cell engagers
(BiTEs), which contain one Fab targeting a tumor cell antigen and the other targeting
a T cell antigen (Fig. 1.1B). T cell antigens targeted by BiTEs are co-activating
3
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Figure 1.1: Antibody structure and therapeutic formats in cancer immunotherapy.
A, A schematic of an IgG monoclonal antibody depicts the four polypeptide chains
and their structural and functional domains. The overall structure resembles a ‘Y’shape, with two identical ‘arms’ and a single ’tail.’ Constant (C) regions and variable
(V) regions are depicted in each heavy (H) and light (C) chain. Complementaritydetermining regions (CDRs) are found in the antigen-binding fragment (Fab). The
crystallizable fragment (Fc) consists of constant chain regions only. B, A schematic
of two antibody-like therapies that incorporate various combinations of monoclonal
antibody domains. Bispecific antibodies (left) are constructed from two separate monoclonal antibodies. A heavy and light chains from each — or ‘’half’ of each – are joined
by disulfide linkages. Therefore, the bispecific antibody contains two unique ‘arms’
with different CDRs that can recognize two antigens. A bispecific T cell engager
(BiTE) is depicted. BiTEs are smaller bispecific antibody-like therapeutic that join
two Fab regions with different CDRs by a short polypetide linker. C, Monoclonal
antibodies or antibody-like therapies can be conjugated with radionuclides and small
molecule drugs (left) or immunotoxins (right). These therapies target the cytotoxic
effects of the conjugated agent in an attempt to enhance on-target specificity and
limit off-target effects. Adapted with permission from: Weiner, L.M., Murray, J.C.,
and Shuptrine, C.W. (2012). Antibody-based immunotherapy of cancer. Cell 148,
1081–1084.
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receptors, such as CD3, that induce cytotoxic T cell activity of BiTE-bound target
cells [8, 9].
Monoclonal antibodies have also been modified by addition — or conjugation —
of therapeutic payloads (Fig. 1.1C). Radionuclides, immunotoxins, and chemotherapeutic drugs have been conjugated to antibodies to enhance targeted delivery while
mitigating off-target effects. There are several antibody conjugates — two radioimmunotherapies and two antibody-drug conjugates (ADCs) — that have been approved
for therapy of hematological and solid cancers (Table 1.1) [10–12].

1.1.2

Diverse mechanisms of action

Based on their structure, monoclonal antibody therapies have multiple mechanisms
of action in cancer therapy. Most antibodies targeting tumor antigens (Table 1.1)
have been shown to have direct effects on tumor cells (Fig. 1.2, “Direct cytotoxicity”).
Rituximab — the first therapeutic antibody approved for cancer therapy — is a
chimeric monoclonal antibody targeting CD20 in B cell malignancies. Rituximab has
anti-proliferative and apoptotic activity against non-Hodgkin lymphoma (NHL) cell
lines [13]. Cetuximab, a chimeric anti-EGFR antibody, and trastuzumab, a humanized
anti-HER2 antibody, have been shown to perturb oncogenic growth factor receptor
signaling in colorectal and breast cancer cells, respectively [14, 15].
Trastuzumab emtansine (Kadcyla), an antibody-drug conjugate of trastuzumab,
builds on the anti-tumor activity of trastuzumab by conjugation with a microtubuletargeted cytotoxic drug, mertansine (DM1). Trastuzumab emtansine binds HER2 on
targeted cells and is internalized by endocytosis, resulting in intracellular release of
DM1 [16]. The clinical success of trastuzumab emtansine has led to its approval for
HER2-positive breast cancers, even those refractory to unconjugated trastuzumab

5

therapy [12, 17]. Antigen-binding activities of these antibodies have direct anti-tumor
effects, while also enabling targeted delivery of agents enhancing those effects.

6

Figure 1.2 (previous page): Mechanisms of action of antibody-based cancer
immunotherapy. Direct cytotoxicity, Monoclonal antibodies or antibody-like therapies can induce direct cytotoxicity against targeted cells through signal perturbation or delivery of conjugated agents including radionuclides, small molecules, or
toxins. Fc-mediated immune effector engagement, The Fc region of monoclonal
antibodies can activate immune effector mechanisms including complement-mediated
cytotoxicity (CMC), antibody-dependent cellular cytotoxicity (ADCC), antibodydependent cellular phagocytosis (ADCP), and immune complex (IC) uptake of tumor
antigens. Nonrestricted activation of cytotoxic T cells, Antibody-like therapies
— including bispecific antibodies, bispecific T cell engagers (BiTEs), and tri-specific
antibodies (TrioMabs) — can activate cytotoxic T cell activity independent of classical activation by T cell receptor (TCR)-major histocompatibility (MHC) class I
interactions. Blockade of inhibitory signaling, Monoclonal antibodies targeting
inhibitor receptors on innate immune or cytotoxic T cells can block ‘immune checkpoints’ that limit anti-tumor immune responses. Cytotoxicity mechanisms induce
tumor cell death, phagocytosis of tumor cells contents by antigen-presenting cells
(APC), MHC class II presentation, and induction of humoral (T helper 2, or Th2mediated) immunity. ADCP and IC uptake can proceed directly to presentation.
Cross-presentation in APCs can result in MHC class I presentation and induction
of cellular (T helper 1, or Th1-mediated) immunity. Humoral immunity can result
in generation of endogenous antibody responses against tumor antigens; whereas,
cellular immunity can result in cytotoxic T cell responses against tumor antigens.
Adapted with permission from: Weiner, L.M., Murray, J.C., and Shuptrine, C.W.
(2012). Antibody-based immunotherapy of cancer. Cell 148, 1081–1084.

Beyond these direct effects on tumor cells, antibodies can recruit diverse immune
effector mechanisms. These mechanisms include complement-mediated cytotoxicity
(CMC), ADCC, and antibody-dependent cellular phagocytosis (ADCP) [18]. These
various mechanisms rely upon engagement of the Fc regions of antibodies by either soluble factors or cell-surface receptors (Fig. 1.2, “Fc-mediated immune effector engagement”). I discuss these diverse mechanisms of action in Section 1.2.
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Monoclonal antibodies have been used to target antigens on immune effector cells
as well (Fig. 1.2, “Blockade of inhibitory signaling” and Table 1.1). Ipilimumab blocks
the co-inhibitory receptor, CTLA-4, expressed on activated T cells. This blockade of
inhibitory signaling — described as ‘immune checkpoint’ blockade — enhances T cell
anti-tumor effects in metastatic melanoma [19]. Recent targeting of the co-inhibitory
PD-1 receptor has yielded promising advances in patients with various solid cancers
[20, 21]. Other antibody-like therapies, including bispecifics, BiTEs and TrioMabs,
have been developed to activate stimulatory receptors on T cells (Fig. 1.2, “Nonrestricted activation of cytotoxic T cells”). The success of these approaches in pre-clinical
and clinical trials is a rapidly evolving area of antibody-based immunotherapeutic
development.
An overarching goal in cancer immunotherapy is the generation of a persistant
anti-tumor immune response. T cell-targeted therapies like ipilimumab suggest that
such persistant anti-tumor immune activity is present, but unable to overcome the
immunosuppressive nature of the tumor microenviroment [22, 23]. The diverse antitumor mechanisms of monoclonal antibodies — from direct cytotoxicity to immune
effector responses — have been shown to induce an immunogenic tumor cell death that
can result in adaptive immunity against tumor antigens (Fig. 1.2, “Induction of adaptive immune responses”). Monoclonal antibodies have been implicated in priming of
cytotoxic (CD8+ ) T cell responses through cross-presentation of phagocytosed tumor
antigens [24]. In rituximab therapy of NHL, this has been described as the ’vaccinal
effect’ of monoclonal antibodies [25]. When combined with the additional immuneenhancing monoclonal antibodies like ipilimumab, induction of adaptive immune
responses may be amplified to yield robust anti-tumor immunity.

8
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Antigen

HER2
Humanized
HER2
Humanized conjugate
EGFR
Chimeric
EGFR
Human
VEGF-A
Humanized

Chimeric
Mouse conjugate
Human
Mouse conjugate
Humanized
Chimeric

Format

hIgG1
hIgG1
hIgG1
hIgG2
hIgG1

hIgG1
mIgG2
hIgG1
mIgG1
hIgG1
hIgG1

Isotype &
subclassa

Non-Hodgkin lymphoma
Relapsed and/or refractory lymphoma
Chronic lymphocytic leukemia
Relapsed and/or refractory lymphoma
Chronic lymphocytic leukemia
Hodgkin lymphoma and anaplastic large
cell lymphoma
Breast and gastric cancers
Breast cancers
Colorectal and head and neck cancers
Metastatic colorectal cancer
Metastatic colorectal, non-small cell lung,
glioblastoma, and kidney cancers

Indication(s)

Immune effector antigen-targeted antibodies
Ipilimumab
CTLA-4
Human
hIgG1
Metastatic melanoma
a
h, human; m, mouse
Adapted with permission from: Weiner, L.M., Murray, J.C., and Shuptrine, C.W. (2012). Antibody-based
immunotherapy of cancer. Cell 148, 1081–1084.

Trastuzumab
Trastuzumab emtansine
Cetuximab
Panitumumab
Bevacizumab

Tumor antigen-targeted antibodies
Rituximab
CD20
131
I-Tositumomab
CD20
Ofatumumab
CD20
90
Y-Ibritumomab tiuxetan
CD20
Alemtuzumab
CD52
Brentuximab vedotin
CD30

Name

Table 1.1: Approved antibody-based cancer immunotherapies.

1.2

Fc-mediated Immune Effector Mechanisms

1.2.1

Antibody-antigen binding: A requisite first step

Therapeutic monoclonal antibodies engage most immune effector mechanisms through
the Fc region of the antibody. However, this engagement is dependent on simultaneous
binding, or cross-linking, of antibodies to their antigens in soluble immune complexes
(Fig. 1.2, “IC uptake”) or through antigen exposure on a ‘fixed’ surface (e.g., at the
cell membrane; Fig. 1.2, “CMC”). Opsonization, or coating, of a tumor cell by crosslinked antibodies is exemplary of antibody engagement that promotes Fc-mediated
immune effector mechanisms.
The engagement of an antibody to antigen is dependent on the affinity for each
CDR for the antigen as well as the avidity — also described as functional affinity
— afforded by cross-linking of both Fabs to antigen simultaneously [26]. Avidity is
often synergistic, not additive, with respect to affinity [26]. Only when antigen has
been cross-linked can the Fc region of the antibody be engaged by immune effector
mechanisms such as ADCC. Therefore, the in vitro and in vivo dynamics of affinity
and avidity of antibodies for their antigen play a critical role in regulating immune
effector responses.

1.2.2

Soluble immune effector mechanisms: A role for complement

CMC or complement-dependent cytotoxicity (CDC) is mediated by soluble components of the complement cascade. The C1 and C1q complement components engage
the Fc of antigen-bound IgG or IgM antibodies, activating the classical complement
pathway. Terminal complement components can induce formation of a membraneattack complex (MAC) on targeted cells. The MAC promotes formation of transmembrane channels resulting in their cell lysis.
10

CMC has been demonstrated as a relevant mechanisms of action for certain monoclonal antibody therapies in cancer. The in vivo activity of rituximab has been shown
to require complement activation in a murine model of lymphoma [27]. A retrospective
analysis of clinical trial data correlated polymorphisms in complement component C1q
with clinical responses in patients treated with rituximab for follicular lymphoma [28].
However, depletion of complement has been shown to enhance rituximab-mediated
ADCC in both an ex vivo human and in vivo mouse lymphoma model systems [29].
The balance between CMC and cellular immune effector responses, including ADCC,
may be critical in predicting clinical efficacy of monoclonal antibody therapy.
Ofatumumab, another anti-CD20 antibody, was developed and approved for
chronic lymphocytic leukemia, having demonstrated enhanced CMC against even
rituximab-resistant lymphoma and leukemias [30, 31]. In a phase II clinical trial,
ofatumumab was shown to exhaust cytotoxicity effector responses — including CMC
— which may be associated with reduced efficacy in patients [32].
As evidence by these studies, the role of CMC in antibody immunotherapy
responses is compelling, complicated, and still being unraveled.

1.2.3

Fc receptors (FcRs): linking antibodies to immune cells

Cellular immune effector mechanisms also require engagement of monoclonal antibody Fc regions, but do so through the aptly named Fc receptor (FcR) families.
The FcR families are diverse in their evolution and regulation of immune activity
[33]. FcR families are classified by their isotype-specific engagement of antibody Fc
regions. Although pivotal studies elucidating FcR function have been conducted in
mouse models, we focus on the isotype-specific FcRs relevant for antibody therapy in
humans. Therefore, we discuss the diverse family of IgG-specific FcRs, FcγR, which
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contains three different classes of receptors in humans1 : FcγRI, FcγRII, and FcγRIII.
The FcγRII and FcγRIII classes are further distinguished by homologous members:
FcγRIIA and FcγRIIB; and FcγRIIIA and FcγRIIIB.
FcγRs can also be classified based on their ability to activate or inhibit downstream
signaling pathways in immune effector cells. FcγRIIB is the only inhibitory FcγR;
the remaining FcγRs activate downstream signaling in immune effector cells. The
relationship of FcγRIIB and its capacity to regulate humoral — or antibody-based
— immunity is of particular importance in modulating anti-tumor immune effector
responses [33, 34].
Inhibitory signaling by FcγRIIB is medited by immunoreceptor tyrosine-based
inhibition motifs (ITIMs) found in intracellular domains [35]. Activating signaling by
immunoreceptor tyrosine-based activation motifs (ITAMs) occurs in most activating
FcγRs, except for the FcγRIII class . FcγRIIIA lacks ITAMs and associates with
FcRI-γ and CD3-ζ to induce activating signals [35, 36]. The FcγRIIIB receptor lacks
ITAMs as well; its signaling mechanism has not been fully elucidated [37]. SRC family
kinases play a role in initating both activating or inhibitory signaling by ITAMs and
ITIMs, respectively [37]. Downstream signaling is parsed through separate pathways
to allow for various aspects of immune cell effector activites, including cytokine production and cytotoxic effector mechanisms.
Most FcγRs in humans have low to moderate levels of affinity for IgG Fcs, which
is different than their mouse orthologs [37, 38]. The only high-affinity FcγR is FcγRI;
whereas, most mouse FcγRs are relatively high-affinity. Several allelic variants of
FcγRs have been described that can further modify their affinity to IgG Fc. Variants
1A

fourth receptor, FcγRIV, is expressed in the mouse and is functionally similar to
human FcγRIII.
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of the inhibitory FcγRIIB and activating FcγRIIIA have been correlated with clinical
responses in patients receiving cancer antibody therapies (see Section 1.3.3).

1.2.4

Cellular immune effectors

FcγR diversity is further demonstrated by their distribution of expression across various immune effector cells, where they can activate or inhibit various immune effector
mechanisms [4, 37]. Most FcR-based cellular immune effectors are part of the innate
immune system, which does not rely upon prior exposure to antigens to stimulate an
immune response. Here, we focus on two predominant effector cell responses: ADCP
and ADCC (Fig. 1.2).
First, a brief aside on innate and adaptive immunity. Innate immune response
is rapid, lacks specificity to antigens, responds to immunogens and ‘danger signals,’
and has no intrinsic ‘memory.’ In contrast, the adaptive immune system requires
prior exposure for rapid response to specific antigens. The advantages of the adaptive
immune system are the profound specificity and rapid ‘memory’ responses after initial
exposure. For example, vaccines — by exposure to a specific antigen of a pathogen,
most commonly — work because of the adaptive immune system. Both innate and
adaptive immunity function in dynamic regulation of cancer progression, acting at
times against or co-opted to promote tumors [23].
An intriguing aspect of antibody-dependent FcR-mediated immune responses is
that they bridge the innate-adaptive dichotomy. Endogenous antibody responses (e.g.,
due to vaccination) are a consequence of adaptive immunity, but the antibodies engage
innate immune effectors, endowing them with antigen specific responses. In monoclonal antibody therapy, exogenous antibody mitigates the need for an initiating adaptive immune response. However, as discussed previously, therapeutic monoclonal anti-
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bodies can ultimately activate adaptive immune responses, by first initiating innate
immune effector mechanisms (Fig. 1.2; see also Section 1.1.2).
ADCP is mediated by innate antigen-presenting cells (APCs) expressing FcγRs,
including the activating FcγRI and FcγRII. APCs expressing these activating receptors include macrophage, neutrophils, and dendritic cells (DCs) [37]. Beside cytolysis
of targeted cells through phagocytosis, APCs are critical for processing and presenting
antigens that can activate subsequent adaptive immune responses. Immune complex
(IC) uptake is an extension of ADCP wherein soluble antigens are either phagocytosed or endocytosed by APCs (Fig. 1.2). ADCP can be considered the insoluble or
’fixed’ counterpart to IC uptake by APCs.
ADCC was first described in lymphoid cell populations with anti-serum — containing IgG antibodies — to antigen-expressing target cells [39–41]. Since these initial discoveries, ADCC has been shown to be mediated by various innate immune
effector cells expressing activating FcγRI, FcγRII and FcγRIII. Natural killer (NK)
cells are innate lymphocytes expressing FcγRIII, specifically FcγRIIIA, and have been
described as the predominant immune cell responsible for mediating ADCC [42, 43].
However, monocytes/macrophage cells, γδ-T cells, and neutrophils — as well as other
granulocytes — have been shown to induce ADCC, but primarily through FcγRI and
FcγRII [37, 42, 44]. Because NK cells lack the capacity to induce ADCP and also lack
expression of inhibitory FcγRIIB — unlike all innate immune effectors — they have
been well-studied ADCC immune effectors [37].
ADCC is just one mechanism by which NK cells function. As their name implies,
NK cells are innate ‘killer’ lymphocytes that can lyse foreign, infected, stressed,
or transformed cells through ‘natural’ cytotoxicity and can also modify immune
responses through cytokine production [45, 46]. NK cells represent approximately
10-15% of all peripheral blood lymphocytes [45]. Besides FcγRIIIA, NK cells express
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a variety of activating and inhibitory immunoreceptors that regulate their function
[35, 46]. NK cells express natural cytotoxicity receptors that recognize specific proteins
expressed by pathogens or induced following cell stress responses [46].
The identification of this capacity to distinguish foreign ‘non-self’ or stressed or
transformed cells with ‘missing-self’ was a seminal discovery in NK cell biology [47].
The ‘missing self’ hypothesis was followed by the pivotal discovery of inhibitory killer
immunoglobulin receptors (KIRs), which recognize major histocompatibility (MHC)
class I molecules expressed on cells. Activating and inhibitory KIRs are critical for
recognizing and eliminating foreign ‘non-self’ cells, but not autologous host ‘self’ cells
[48]. The balance of activating and inhibitory receptor activity regulates NK cell
function and response, as exemplified by the elimination of ‘missing-self’ cells that
were ‘self,’ but have lost MHC class I expression [49].
FcγRIIIA is also known as cluster of differentiation (CD) antigen, CD16. Several
CD markers — including CD16, CD56, and recently CD57 — have been used to identify NK cell subsets in peripheral blood [50]. Differential expression of these markers
has been correlated with NK cell cytotoxicity and cytokine production. Activated
CD56bright NK cells produce cytokines, but have little cytotoxicity capacity; whereas,
CD56dim NK cells are efficient cytotoxic cells with modest cytokine production [45].
CD16 is primarily restricted to the CD56dim NK cell subset and approximately 90%
of peripheral blood NK cells are CD56dim CD16+ [45]. These CD56dim CD16+ NK cells
have been extensively characterized for both their antibody-independent ‘natural’
cytotoxicity, as well as their ability to induce ADCC.
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1.3

Antibody-Dependent Cellular Cytotoxicity (ADCC)

As described, ADCC is not limited to a particular immune effector cell subset. However, NK cells are well-characterized immune effectors of ADCC, particularly in the
context of antibody therapy of cancer. Here, we focus on NK cell-mediated ADCC as
an introduction to the model system utilized for our studies on tumor-cell sensitivity
(Chapter 2) and resistance (Chapter 3) to ADCC.

1.3.1

NK cell cytotoxicity and ADCC

In review, ADCC involves the engagement of antibody, bound to the surface of a
target cell, by activating Fc receptors (FcR) on innate immune effector cells (Fig.
1.3). The low-affinity FcγR, FcγRIIIA (FCGR3A or CD16), recognizes IgG antibody
isotypes and is the predominant receptor involved in NK cell-mediated ADCC [43].
The engagement or cross-linking of antibodies and FcRs activates CD56dim CD16+
NK cells to induce cytotoxicity as well as cytokine release [35].
As discussed in the previous section, NK cell activity is regulated by several other
immunoreceptors, which modify the intimate engagement of the NK cell and its target
cell at the immune synapse [51]. In addition to these immunoreceptors, intercellular
adhesion molecules at the immune synapse regulate the maintenance and strength
of NK cell activity [52–54]. The diverse molecules and mechanisms modulating the
immune synapse during NK cell function is an evolving area of research.
NK cells mediate cytotoxicity through at least two distinct mechanisms. Upon
activation, cytotoxic NK cells release granules containing perforin and granzyme
across the immune synapse toward the targeted cell [55]. Unlike in cytotoxic T lymphoctes, cytotoxic granules are preformed in CD56dim CD16+ NK cell, which enables
efficient release [51]. Perforin has been shown to induce transient pore formation
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in targeted cells, allowing granzyme to enter [56]. Other mechanisms for granzyme
uptake that utilize endocytosis and receptor uptake have been identified as well [57].
Granzymes induce effector caspase activity (e.g., caspase-3), which initiates apoptotic programmed cell death in the targeted cell. Granzyme B (GZMB) — a wellcharacterized granzyme family member expressed in T and NK cells — can cleave
BID, resulting in mitochondrial dysfunction and cytochrome c-mediated apoptosis
[58, 59].
NK cell cytotoxicity is also mediated through Fas ligand (FASLG), independent of cytotoxic granules. The transcription of FASLG is significantly induced
following NK cell activation [60]. The binding of FASLG to FAS (CD95) expressed
on targeted cells can initiate extrinsic apoptosis pathways. The time-course for
FASLG-mediated cytotoxicity — as it is dependent on transcription — is slower than
perforin/granzyme-mediated cytotoxicity. Single-target kinetic experiments suggest
that granule-dependent cytotoxicity occurs within minutes to a hour; whereas,
granule-independent cyotoxicity through FASLG occurs over several more hours,
with some assays as long as a day [61].
Nonetheless, NK cell granule-dependent and -independent cytotoxicity both utilize apoptotic pathways to induce target cell death. Extending beyond the kinetics of
cytotoxic granule-dependent killing, imaging studies have revealed that NK cells can
mediate serial killing of several target cells within a few hours (e.g., ∼10 target cells
in 6 h) [61]. Most NK cell cytotoxicity and ADCC assays are conducted over a relatively short time course (∼4 h) during which granule-dependent, serial cytotoxicity
is primarily assessed.
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Figure 1.3: Natural killer (NK) cell-mediated ADCC in cancer therapy. A monoclonal
antibody cross-links tumor antigens expressed on the surface of a tumor cell. This
cross-linking enables engagement through the antibody Fc region by an Fc receptor
(FcR) expressed on an NK cell. The NK cell and tumor cell form an immune synapse,
which allows for additional modulation of NK cell activity by other activating and
inhibitory immunoreceptors (not depicted). The FcR engagement drives downstream
signaling within the NK cell that activates cytotoxic granule release of perforin and
granzyme. Perforin enables granzyme-mediated activation of programmed cell death,
including apoptosis, in the tumor cell. The NK cell is free to engage other antibodybound tumor cells and induce serial killing of additional tumor cells by ADCC.
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1.3.2

Pre-clinical evidence for ADCC

A multitude of in vitro studies have confirmed that ADCC can occur in the context
of many monoclonal antibodies approved for cancer therapy, including rituximab,
trastuzumab, and cetuximab (Table 1.1) [4]. Clynes and Ravetch firmly established
the role of FcRs in modulating anti-tumor efficacy of antibody therapy using a syngenic tumor model across various individual FcR-knockout mice, suggesting that
ADCC and ADCP occur in vivo [34]. Additional studies utilizing FcRI-γ (FcRγ)
knockout or signaling-deficient mice confirmed FcR-mediated immune effector activity
— including ADCC — in monoclonal antibody therapy [62].
As of yet, in vivo ADCC has not been observed in animal models of antibody
therapy. However, using an intraperitoneal xenograft of Tn antigen-positive breast
cancer, antibody-containing immune synapses between macrophage and tumor cells
were visualized in periteonal fluid ex vivo [63]. It is anticipated that intravital imaging
of immune effectors cells may enable detection and mechanistic assessment of in vivo
ADCC in mouse models.

1.3.3

Clinical evidence for ADCC

In large-scale clinical trials, higher-affinity FCGR3A polymorphisms — with valine
instead of phenylalanine at residue 158 in at least one allele (i.e., 158(VF/VV) vs.
158(FF)) — and polymorphisms in FCGR2 have been associated with enhanced survival, providing additional evidence that FcR-dependent activity is important in monoclonal antibody therapy. Such evidence exists for antibody therapy of hematological
and solid malignancies, including rituximab (Rituxan) for B-cell NHL, trastuzumab
(Herceptin) in breast cancer, and cetuximab (Erbitux) in metastatic colorectal cancer
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(Table 1.1) [64–68]. The correlation of patient outcomes with FcR polymorphisms provides putative evidence for a role of ADCC in clinical antibody therapy.
Observing ADCC in vivo has ben challenging. However, approaches to assess specific NK cell response following thearpeutic antibody infusion have been attempted.
In patients with higher-affinity FCGR3A polymorphisms, NK cell activation was
observed within 4 h [69]. Interestingly, NK cell activation was associated with reduction in peripheral NK cells, hypothesized to be due to recruitment to tumor sites.

1.4

Sensitivity and Resistance to ADCC

1.4.1

Sensitivity and resistance to NK cells

Mechanisms of sensitivity and resistance to NK cell cytotoxicity have been identified.
One way NK cell cytotoxicity is modulated is by cell autonomous self-regulation. Persistent over-activation of NK cells can result in activation-induced cell death (AICD),
which can occur more rapidly than T cell AICD [70]. Activated NK cells can shed
FCGR3A from their cell surface due to NK cell-expressed ADAM17 metalloprotease
[71]. In these cases, activation of NK cells is thought to be self-regulated for proper
homeostasis of immune responses.
Aside from NK cell self-regulation, target cells can modulate their sensitivity and
resistance to NK cell cytotoxicity. Several mechanisms exist by which target cells
inhibit NK cell activation. Tumor cells often upregulate ligands for inhibitory receptors on NK cells, mirroring how tumor cells evade cytotoxic T cell responses [23].
These inhibitory ligands can modulate NK cell responses at the immune synapse,
diminishing capacity for sustained NK cell activation [72, 73]. Even though NK cell
activation by CD16 and other activating receptors — in isolated receptor-ligand inter-
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actions — has been shown to overcome some levels of inhibitory receptor engagement,
the balance of signals in vivo is more layered and complex [74].
Tumor cells expressing TGF-β have been shown to suppress GRZMB and FASLG
expression in immune effector cells, which can be overcome with TGF-β blocking antibodies [75]. Tumor cell-autonomous expression of TGF-β generates survival signals
that can block intrinsic apoptosis, which NK cells utilize to induce cytotoxicity [75].
Therefore, TGF-β can have intrinsic tumor cell effects that enhance tumorigenicity,
while also exerting extrinsic effects on immune cells.
As seen with TGF-β, target cells can avoid NK cell effector mechanism of action by
reducing their sensitivity to NK cell-mediated apoptosis, without inhibiting upstream
NK cell activation. Tumor cells have derived numerous mechanisms for avoiding
intrinsic and extrinsic apoptosis pathways to sustain their tumorigenicity, for example
by overexpression of Bcl-2 family members [76]. These mechanisms are not specific to
inhibition NK cell effector functions, but appear to be general survival mechanisms.
In contrast, inhibition of granzymes represents specific inhibition of NK cell
effector function. Granzyme B (GZMB) activity can be blocked by overexpression
of a serine protease inhibitor (serpin) PI-9 (SPI-6) in tumor cells [77]. Other serpin
family members have been shown to inhibit additional granzyme family members
expressed in NK cells, including granzyme H (GZMH) [78]. While granzyme blockade
represents one of the few mechanisms of direct immune cell effector inhibition, other
mechanisms of specific immune escape from NK cells and cytotoxicity T lymphocytes
have been hypothesized [23, 55].

1.4.2

Sensitivity and resistance to NK cell-mediated ADCC

ADCC is highly dependent on antigen expression [79]. Aside from the various mechanisms of resistance to NK cells, loss of targeted antigen represents a rational mech21

anism of specific resistance to ADCC. Without antigen expression, targeted cells
escape therapeutic monoclonal antibody binding. Even with minimal expression of
targeted antigen, if antibody affinity, avidity or cross-linking is insufficient for FcR
engagement, ADCC would not occur. Even if binding is sufficient, antibody internalization due to endocytic uptake of antibody-antigen complexes — a mechanism
paramount for ADCs carrying toxic payloads (see Section 1.1.1) — can significantly
reduce ADCC [26, 80].
Loss of targeted antigens could occur due to selection and elimination of targeted
cells that express sufficient antigen, leaving behind cells with antigen expression below
the threshold for cellular immune effector responses. As cancer are often heterogenous
in nature, selection of sub-populations in this manner is a known mechanism of therapeutic resistance [81]. In vivo studies in mouse models of antibody therapy of syngenic
tumors have demonstrated that therapy can result in ‘antigen-negative variants’ [82].
Similarly, ‘antigen-negative variants’ have been derived in vitro. Using an in vitro
model system, HER2+ ovarian and breast cancer cell lines were serially treated with
trastuzumab and polyclonal NK cells [83]. The ovarian cell line (SK-OV-3) downregulated HER2 and developed ADCC resistance. Intriguingly, the breast cancer cell line
did not downregulate HER2, but instead was enriched for a ‘cancer initiating-cell phenotype’ (CD44high CD24low ). These enriched cells, although sensitive to ADCC, had
significantly enhanced tumorigenicity in vivo. Although antigen loss was sufficient
for ADCC resistance in one model, immunoselection of aggressive sub-populations of
cancer occurred in another.
Intriguingly, loss of antibody-targeted antigen can occur without downregulation
of the target antigen. In a small observational study of patients treated with cetuximab for colorectal cancer, a mutation in the ecto- or extracellular-domain (ECD)
of EGFR (S492R) led to acquired cetuximab resistance [84]. The acquired resistance
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was associated with disease progression, but was responsive to panitumumab, another
anti-EGFR antibody that targets a secondary epitope in the EGFR ECD.
Beyond antigen loss, few other mechanisms of sensitivity or resistance specific
to ADCC have been observed. However, modulation of the immune synapse formed
during ADCC could modify target cell sensitivity or resistance. Antibody engagement
of tumor and NK cells may result in an immune synapse that differs from that found
during antibody-independent natural cytotoxicity [73]. Differential immune synapse
formation during ADCC could be modulated by target cells in ways that have not been
elucidated, particularly as most studies have focused primarily on characterization of
NK cells at the immune synape [73, 85].
However, one study has identified a unique mechanism by which target cells modulate ADCC. Rituximab was shown to enhance polarization of targeted B cells toward
immune synapses, which resulted in enhanced NK cell-mediated ADCC [86]. In B
cells lacking polarization, but still bound by rituximab, NK cell killing was diminshed. The B cell polarization was accompanied by recruitment of other cell adhesion
molecules, including ICAM-1 and moesin. This recruitment was independent of NK
cells, but dependent on rituximab. These changes in target cell sensitivity to ADCC
were driven by cooperativity between antibody and target cell.
Therefore, it is becoming clear that target cells can modulate ADCC in ways
beyond antigen expression. The mechanisms by which targeted tumor cells engage
these novel mechanisms of sensitivity or resistance to ADCC may be intrinsic to their
oncogenic survival pathways, by modulating response to NK cell-induced apoptosis.
Tumor cells could also co-opt mechanisms already utilized in migration and metastasis
— such as differential regulation of cell adhesion molecules — to modulate immune
synapse formation in unanticipated ways.
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1.5

EGFR, Cetuximab, and ADCC

The epidermal growth factor receptor, EGFR, is the exemplar of the EGFR or human
epidermal growth factor receptor (HER) family. Before EGFR was identified, epidermal growth factor (EGF) — the prototypical ligand of EGFR — was identified by
Stanley Cohen from submaxillary gland lysates in developing mice. Cohen originally
described EGF as “tooth-lid factor” because it regulated opening of eyelids, eruption of
teeth, and hair growth in new-born mice [87]. Subsequent studies using skin explants
revealed that EGF stimulated epidermal proliferation and keratinization [88]. Cohen
later discovered that EGF bound A431 epidermoid (now commonly called squamous
cell) carcinoma cell surfaces through EGFR, while also characterizing the kinase activitites of EGFR [89]. EGFR is now a well-characterized proto-oncogene that is fully
appreciated for its pleiotropic roles in development and oncogenesis [90–92]. EGFR
has been shown to regulate proliferation, differentation, motility, apoptosis, and survival in development and cancer.
In cancer, EGFR is frequently altered by gene amplification, although mutations
— including point mutations and large truncations (e.g., found in EGFRvIII) — have
been observed. EGFR alterations occur across a variety of cancers, including colorectal
adenocarcinoma and head-and-neck squamous cell carcinoma (HNSCC), where the
anti-EGFR monoclonal antibody cetuximab has demonstrated clinical efficacy (Table
1.1) [90, 92]. In other EGFR-expressing cancers, such as non-small cell lung cancer
(NSCLC), EGFR tyrosine kinase inhibitors (TKIs) including erlotinib and gefitinib
have been used in the clinic [91]. Both cetuximab and TKIs can modulate EGFRligand induced oncogenic signaling — cetuximab, by inhibiting ligand binding and
erlotinib, by inhibiting kinase activity [93, 94]. However, cetuximab can also enable
Fc-dependent immune effector mechanisms, including NK cell-mediated ADCC.
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1.5.1

Sensitivity and resistance to EGFR-targeted therapy: A rationale for investigation

Various mechanisms of sensitivity and resistance to EGFR therapies have been
reported [95]. Many resistance mechanisms have been identified because they overcome EGFR signal perturbation. These include: mutation or truncation of EGFR
(e.g., EGFRvIII); overexpression of EGFR (e.g., in HNSCC); persistant activation
by EGFR ligands (e.g., autocrine TGFα); increased activity of downstream signaling
molecules (e.g., Src family kinases compensation) or, similarly, activating mutations
(e.g., KRAS ); and increased signaling through compensatory growth factor signaling
mechanisms, including other EGFR family members (reviewed in [95, 96]). For examples, KRAS is an important predictive factor for cetuximab therapy, as cetuximab is
only approved for KRAS wild type colorectal cancer. Together, these mechanisms of
resistance affect clinical responses to both anti-EGFR antibody and TKI therapies.
However, specific mechanisms of resistance to cetuximab-mediated ADCC have
not been well-characterized. As discussed in Section 1.4, several putative mechanisms
of resistance to ADCC could occur. Although loss of EGFR expression in resistant
tumors has not been widely reported in clinical studies, EGFR mutation has been
shown to inhibit cetuximab binding [84]. Cetuximab itself has been shown to downregulate EGFR surface expression by receptor internalization and degradation [97].
However, cetuximab can also inhibit the shedding of soluble EGFR (sEGFR), stabilizing it at the cell surface [98]. Increased internalization of EGFR could reduce the
antibody-antigen density on target cells. In constrast, decreasing sEGFR by cetuximab could maintain membrane-bound EGFR, enhancing antibody-antigen density
on target cells. As antibody-antigen density is a requisite first step in Fc-mediated
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immune effector mechanism, the regulation of EGFR localization by cetuximab is an
important modulator of ADCC.
Aside from acting as an antibody-targeting antigen, EGFR and its downstream
signaling components could affect capacity for cetuximab-mediated ADCC to induce
apoptosis in tumor cells [95]. Erlotinib inhibition of EGFR — and other kinases, due
to its broad kinase profile — led to enhanced cetuximab-mediated ADCC of NSCLC
cell lines in vitro and reduced tumor growth in xenografts in mice [99]. Recently,
sphingosine kinase-1 — an EGFR-interacting modulator of apoptotic response —
has been associated with cetuximab resistance in an in vivo colorectal cancer model,
although a link to modulation of ADCC was not established [100].
KRAS is an important proximal component of EGFR signaling, acting as a critical
hub in integrating growth factor receptor signaling to the RAS-RAF-MAPK cascade
and transcriptional activation. Besides bypassing EGFR signal regulation, oncogenic
KRAS has been demonstrated to protect tumor cells from in vitro ADCC [101].
A recent study associated oncogenic KRAS with C/EBP-dependent suppression of
EGFR transcription, which lead to reduced EGFR expression and ADCC [102]. Supporting these observations and a role for ADCC, cetuximab has a lack of efficacy in
treatment of KRAS -mutated colorectal cancer. However, cetuximab-mediated ADCC
has been shown to be independent of KRAS mutational status in ex vivo and clinical
studies [68, 103]. A definitive role of KRAS and other important signaling intermediates in modulating ADCC response remains to be elucidated.
Because of the dual roles of EGFR as an antigen and oncogenic signaling molecule,
we were motivated to study the interplay of these two facets in tumor-cell responsiveness to ADCC. Since cetuximab lacks clinical efficacy in KRAS -mutated colorectal cancer, one could hypothesize that cetuximab only modulates EGFR signaling
through blockade of upstream activation. ADCC and other Fc-based immune effector
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mechanisms could be irrelevant mechanisms of action. However, evidence suggests
that oncogenic KRAS and its signal transduction could modify response to ADCC.
Therefore, we posited that system biology approaches for understanding EGFR signaling — wherein EGFR-related genes beyond KRAS are assessed their functional
role — would provide insight into developing more effective therapeutic approaches,
including ADCC [104].
Two strategies were rationalized. By modulating an EGFR-related network of
genes in EGFR-expressing tumor cells by RNA interference (RNAi), we sought to
reveal molecular determinants of sensitivity to cetuximab-mediated ADCC. Furthermore, by developing a model of ADCC resistance, we intended to investigate mechanisms driving resistance, associated phenotypes, and therapeutic approaches for overcoming resistance.

1.5.2

A model system for exploring cetuximab-mediated ADCC

As we have established, cetuximab-mediated ADCC has been demonstrated in vitro,
implicated in vivo, and associated to clinical responses in patients through FcγR
polymorphisms [67, 68, 105–107]. The two strategies we describe utilize an in vitro
model system of cetuximab-mediated ADCC. EGFR-expressing tumor cells, crosslinked by cetuximab, are recognized by NK92-CD16V cells, which are NK92 cells
retrovirally-transduced to constitutively express a higher-affinity FCGR3A receptor
(CD16 158V/V) [108]. The NK92 cell line is an NK-like cell line derived from nonHodgkin lymphoma that demonstrated an NK cell phenotype and activity ex vivo
[109]. The model system was utilized to uncover molecular determinants of sensitivity to ADCC (Chapter 2) and to develop and characterize resistance to cetuximabmediated ADCC (Chapter 3).
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Chapter 2
Functional Genomics Screening Reveals c-Abl as a Modulator of
Tumor Cell Sensitivity to ADCC

2.1

Aim, Hypothesis, & Goal

The overall aim for this study was to identify molecular determinants of tumor cell
sensitivity to ADCC. We hypothesized that EGFR-expressing tumor cells modulate
their sensitivity to cetuximab-mediated ADCC through EGFR oncogenic signaling
networks. The goal was to uncover novel targets for combinatorial therapy with cetuximab that enhance its capacity for ADCC and increase its clinical utility.

2.1.1

Specific Aims

The specific aims addressed by this study were as follows.
1. Develop a functional genomics screening platform for assessing ADCC
2. Screen an EGFR-related gene network by RNAi to identify genes whose knockdown modulates cetuximab-mediated ADCC
3. Validate the identified genes as molecular determinants of ADCC response to
ADCC
4. Characterize the molecular determinants through functional, cellular, and
molecular analyses
5. Generalize the findings across various ADCC-responsive cell lines
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2.2
2.2.1

Materials & Methods
Cell lines and culture

A431, A253, FaDu, HNSCC 1483, SCC-4, SCC-9 and SCC-25 cell lines were obtained
from the Georgetown Lombardi Tissue Culture Shared Resource (TCSR). The SCC61 cell line was kindly provided by Igor Astsaturov (Fox Chase Cancer Center, FCCC).
The UM-SCC-11a cell line was kindly provided by John Deeken (Georgetown Lombardi Comprehensive Cancer Center). These cell lines were cultured in 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). NK92CD16V cells were kindly provided by Kerry S. Campbell (FCCC) and cultured in
MEM α-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). When passaged and two or three days prior to ADCC
assays, NK92-CD16V were stimulated with 1% v/v of IL-2 supernatant derived from
J558L cells [108]. All cell lines were maintained at 37℃ and 5% CO2 . Cell line DNA
fingerprints were verified by short tandem repeat (STR) analysis prior to utilization
(TCSR). Cell counts were obtained by hemocytometer and viable cells identified by
trypan blue (Invitrogen) exclusion.

2.2.2

Antibody-independent natural cytotoxicity and ADCC assays

Target cells were seeded or reverse transfected in 96-well white-walled, clear bottom
tissue-culture treated plates (Corning Costar). Pre-treatments prior to cytotoxicity
assays were conducted for indicated time points. At time of assay, four treatments
were added in triplicate: vehicle; antibody; NK92-16V cells; and antibody with NK92CD16V cells. Vehicle for all treatments was the growth media for the plated cells
29

(DMEM with 10% FBS and 2 mM L-glutamine). Antibody was added at varying
concentrations as indicated. NK92-16V cells were added at varying densities as indicated to achieve relative effector-to-target ratios (E:T).
Plates were incubated at 37℃ and 5% CO2 for 4 h. At 4 h, a two-step cytotoxicity assay was conducted using CytoTox-Glo (Promega). First, CytoTox-Glo Assay
Reagent was added to each well and incubated at room temperature for 15 min. An
initial cytotoxicity signal (relative luminescence units, RLU) was assessed on an EnVision Multi-Label Plate Reader (Perkin Elmer). Then, CytoTox-Glo Lysis Reagent was
added to each well and incubated at room temperature for 15 min. Total cytotoxicity
signal (RLU) was assessed. Specific lysis was determined for the antibody-independent
natural cytotoxicity (NK92-CD16V cells only treatments) as:
Specific lysis, % =

Cytotoxicitytar+eff − Cytotoxicitytar − Cytotoxicityeff
Total cytotoxicitytar − Cytotoxicitytar

(2.1)

and for ADCC (NK92-CD16V effector cells with antibody treatments) as:
Specific lysis, % =

Cytotoxicitytar+eff+mAb − Cytotoxicitytar+mAb − Cytotoxicityeff
(2.2)
Total cytotoxicitytar+mAb − Cytotoxicitytar+mAb

where “tar” refers to the plated target cells, “eff” refers to NK92-CD16V effector cells,
and “mAb” refers to the monoclonal antibody.

2.2.3

siRNA reverse transfection

All siRNAs were designed and manufactured by Qiagen. AllStars Negative Control siRNA (siNEG) and AllStars Hs Death Control siRNA (siDEATH) were used
as negative and positive siRNA transfection controls. The EGFR siRNA target
sequence was TACGAATATTAAACACTTCAA. The SRC siRNA target sequences
were CGGCTTGTGGGTGATGTTTGA (siSRC #1) and CTCCATGTGCGTCCATATTTA (siSRC #2). The target sequence for siRNAs used in primary and
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secondary screens are included in Supplementary Table S2.1 and S2.2. All siRNAs
were prepared as 10 µM stock concentrations in sterile, RNAse-free water (Qiagen).
siRNA working solutions were prepared as 1 µM dilutions in siRNA Suspension
Buffer (Qiagen). Lipofectamine RNAiMAX was used to reverse transfect cells in six-,
24-, and 96-well plate formats. RNAiMAX was diluted in OptiMEM and siRNA
was added to a final concentration of 10 nM. siRNA Suspension Buffer was used for
vehicle only transfections. The transfection mixture was incubated for 10 min and
plated. Cells were overlaid on the transfection mixture and assessed by assays at time
points as described.

2.2.4

Primary screens

Arrayed 96-well siRNA libraries (Qiagen) in v-bottom plates (Nunc) were used for
primary and secondary screens. For primary screens, each well of the library plate
contained two pooled siRNAs targeting the same gene (Supplementary Table S2.1).
Negative non-targeting (siNEG) and death (siDEATH) control siRNAs as well as
treatment control wells were included on every plate in the 36 outer wells for quality
control and normalization purposes. For primary and secondary screens, the remaining
60 inner wells contained experimental siRNAs.
A431 cells were reverse transfected with library plate siRNAs into 96-well whitewalled, clear bottom tissue-culture treated plates utilizing a semi-automated highthroughput suite of fluidic instruments. First, Lipofectamine RNAiMAX (Invitrogen)
transfection reagent was diluted at a ratio of 0.3 µL per 10 µL of OptiMEM (Invitrogen) and plated in each well using a Combi-nL (Thermo Scientific). Then, 10 µL
of 100 nM siRNAs were aliquoted from library plates into the diluted transfection
reagent using the 96-well head of a CyBi-Well vario (CyBio). siRNA and transfection reagent were incubated at room temperature for 10 minutes. A431 cells at a
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density of 5,000 per well in 80 µL were overlaid using a WellMate (Thermo Scientific), yielding 100 µL total volume per well with 10 nM siRNA. Duplicate plates were
reverse transfected for each screening treatment.
At 48 h, reverse transfected A431s were treated with one of three conditions:
cetuximab alone; NK92-CD16V effector cells alone; or cetuximab and NK92-CD16V
effector cells. Cetuximab (ImClone/Eli Lilly, Georgetown University Hospital) was
utilized at 1 µg/mL. 20,000 NK92-CD16V effector cells were added per well, which
for negative control siRNA treatments approximated a 1:1 E:T. Duplicate reversetransfected plates were treated per condition. Treatments volumes and locations per
plate were programmed into and added by the Combi-nL.
Natural cytotoxicity and ADCC assays were conducted as described above. Normalized cytotoxicity values were calculated by dividing experimental cytotoxicity
values by the within-plate median value of negative control siRNA (siNEG) cytotoxicity. ADCC specific lysis was calculated for NK92-CD16V and cetuximab treatment
relative to cetuximab only treatments. Specific lysis fold changes were calculated as
the ratio of experimental transfection versus the negative control siRNA (siNEG)
transfection. Differential cytotoxicity was also assessed from normalized cytotoxicity
as:
Differential cytotoxicity
= (siRNA cytotoxicitytar+eff+mAb − siNEG cytotoxicitytar+eff+mAb )
− (siRNA cytotoxicitytar+eff − siNEG cytotoxicitytar+eff )

(2.3)

− (siRNA cytotoxicitytar+mAb − siNEG cytotoxicitytar+mAb )
where siRNA refers to an experimental siRNA, siNEG refers to the negative control
siRNA, “tar” refers to the plated target cells, “eff” refers to NK92-CD16V effector cells,
and “mAb” refers to the monoclonal antibody. ANOVA was conducted for specific lysis
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and differential cytotoxicity, followed by Dunnett’s many-to-one multiple comparison
correction for all experimental siRNAs compared to the negative control transfection.

2.2.5

Secondary screens

Secondary screens were conducted using a 96-well siRNA library arrayed as individual
siRNAs per well. Four unique siRNAs, including each of the two pooled siRNAs
used in primary screens, were used per gene target (Supplementary Table S2.2). All
remaining screening steps were conducted as for the primary screens, except four
treatment groups were included: vehicle (media); cetuximab treatment alone; NK92CD16V cells alone; or cetuximab and NK92-CD16V cells. Normalized cytotoxicity
values were calculated as described in primary screens. Because of the additional
vehicle treatment group, specific lysis was calculated for both antibody-independent
natural cytotoxicity (NK92-CD16V cells alone) and ADCC (NK92-CD16V cells with
cetuximab). Differential cytotoxicity included an additional term accounting for the
contribution of cytotoxicity due to siRNA knockdown alone:
Differential cytotoxicity
= (siRNA cytotoxicitytar+eff+mAb − siNEG cytotoxicitytar+eff+mAb )
− (siRNA cytotoxicitytar+eff − siNEG cytotoxicitytar+eff )
− (siRNA cytotoxicitytar+mAb − siNEG cytotoxicitytar+mAb )

(2.4)

− (siRNA cytotoxicitytar − siNEG cytotoxicitytar )
where siRNA refers to an experimental siRNA, siNEG refers to the negative control
siRNA, “tar” refers to the plated target cells, “eff” refers to NK92-CD16V effector
cells, and “mAb” refers to the monoclonal antibody.
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2.2.6

Quantitative reverse transcription polymerase chain reaction
(Q-RT-PCR)

Reverse transfected cells in six- or 24-well format were collected 48 h after siRNA
transfection. RNA was isolated using the PureLink RNA Mini Kit (Ambion). Reverse
transcription was performed using OmniScript RT (Qiagen) with random hexamers
and oligo-dT to generate cDNA (Invitrogen). QuantiTect SYBR Green Kit and QuantiTect Primer Assays (Qiagen) were used for the assessment of the following gene
transcripts from the cDNA: GRB7, PRKCE, ABL1 and LMNA. Real-time quantitative PCR was conducted on a 7900HT Fast Real-Time PCR System using standard
cycling protocols in 96-well MicroAmp plates (Applied Biosystems). Relative quantitation was performed using the comparative Ct (2-δδCt ) method by calibrating samples
to LMNA expression within a condition and measuring fold-change across conditions.
Melt curves were conducted to confirm proper amplification products.

2.2.7

Real-time cell assay

The xCELLigence RTCA Assay System with 96-well E-plates (Roche) was utilized per
manufacturer’s instructions. Briefly, E-plates were calibrated with media or reverse
transfection components in media, and equilibrated in an RTCA system at 37℃ and
5% CO2 . Background measurements were obtained, cells were added immediately,
and the plate was returned to the RTCA system. Cell impedance for each well was
measured every 10 min for the duration of assay and reflected as cell index. Subsequent
treatments were added by pausing the assay, aliquoting treatments, and restarting the
assay. Duration between pausing and restarting were less than 10 min.
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2.2.8

Viability and proliferation assays

CellTiter-Blue (Promega) assays were conducted to assess viability at a given time
point or proliferation across various time points as indicated. Cells were seeded
overnight in 96-well plates (Corning Costar). At each assay time point, a 1:1 dilution
of CellTiter-Blue:Hanks Balanced Salt Solution (HBSS, HyClone) was added at 10%
v/v of the culture media to each well. Following incubation at 37℃ and 5% CO2 for 2
h, fluorescence excitation at 560 nm and emission readouts at 590 nm were obtained
on an EnVision Multi-Label Plate Reader. Relative fluorescence units (RFU) emitted
were used as a viability signal.

2.2.9

c-Abl overexpression and rescue

Wild type c-Abl in the pCEFL-AU5 plasmid (c-Abl plasmid) was kindly provided by
Anna Riegel (Georgetown University). Forward transfection of the c-Abl plasmid at
the indicated quantities was conducted using Lipofectamine 2000 (Invitrogen). For
rescue experiments, 10 nM negative control or ABL1 siRNA were included in the
forward transfection. All forward transfections were conducted for 24 h in parallel
six- and 96-well plates. Six-well plates were used for collection of protein lysates and
96-well plates were used for assessment of sensitivity to NK cell cytotoxicity and
ADCC.

2.2.10

Kinase inhibitors, treatments, and assays

Imatinib mesylate (Selleck Chemicals) was obtained and solubilized in DMSO at
20 µM. Dasatinib, ponatinib, and nilotinib were kindly provided by John Deeken
(Georgetown University) and solubilized in DMSO at 10 µM. Inhibitors were aliquoted
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to avoid excess freeze-thaw cycles. Cells seeded overnight were treated with concentrations of inhibitors diluted in media as described. Vehicle treatments consisted of
DMSO in media at volume equivalent to the maximum inhibitor volume used in treatments. Six-well plates were used for collection of protein lysates and 96-well plates
were used to assay NK cell cytotoxicity, ADCC, and viability.

2.2.11

Western blotting

RIPA buffer with EDTA (Boston BioProducts) was used to lyse cells either collected
by trypsinization or by scraping from six-well plates. Lysed cells were incubated at
4℃ for 30 min and supernatant was collected after centrifugation at 12,000 x g for
10 min. Protein concentration was obtained by DC Protein Assay (BioRad). Protein
samples were subjected to SDS-PAGE and transferred to nitrocellulose membranes
(GE Healthcare). Western blots were conducted using the following anti-human primary antibodies: rabbit anti-Abl (Cell Signaling Technologies [CST], #2862, 1:500);
rabbit anti-pCrkL (CST #3181, 1:1,000); mouse anti-CrkL (CST #3182, Clone 32H4,
1:1,000); rabbit anti-EGFR (Abcam, Clone EP38Y, 1:100,000); and mouse antiβ-actin (Sigma, Clone AC-74, 1:10,000). Goat anti-rabbit IgG HRP-conjugated or
donkey anti-mouse IgG HRP-conjugated secondary (GE Healthcare, 1:2,000-1:5,000)
antibodies were used. SuperSignal West Pico or Femto Chemiluminescent Substrate
(Pierce, Thermo Scientific) was utilized prior to film exposure and development. Film
was scanned at 300 dots per inch (dpi) in grayscale, cropped, and densitometry was
assessed using ImageJ without any additional manipulation [110].

2.2.12

Flow cytometry for EGFR surface expression

Plated cells were washed with HBSS, collected by trypsinization, and washed in each
of the following: media, ice-cold Dulbecco’s Phosphate Buffered Solution (DPBS,
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Corning), and ice-cold FACS buffer (DPBS with 1% bovine serum albumin). Cells
were incubated with 50 µg/mL cetuximab for 20 min on ice, vortexing briefly at 10
min. Cells were washed twice in ice-cold FACS buffer. Cells were incubated with Rphycoerythrin AffiniPure F(ab)’2 fragment anti-human IgG (H+L) antibody (Jackson
ImmunoResearch) for 20 min on ice, vortexing briefly at 10 min. Cells were washed
twice in ice-cold FACS buffer and flow cytometry was conducted immediately on a
FACSAria (BD). Forward- and side-scatter gating and/or 7-AAD were used to exclude
debris and dead cells. Flow cytometry analysis was conducted in FlowJo (Tree Star,
version 9.6). Median fluorescence intensity (MFI) of primary- and secondary-stained
cells were background subtracted by secondary-only stained cells and relative surface
expression was compared. Background subtracted MFI was normalized to a control
where described.

2.2.13

Data analysis

Aside from flow cytometry, data analysis and visualization was conducted in R [111].
The following R packages were used in addition to the base packages: lattice, latticeExtra, reshape, plyr, and multcomp [112–116]. The multcomp package was used for
multiple comparison test correction to obtain adjusted p-values by the ‘single-step’
method where described [116]. Otherwise, two-tailed t-tests were conducted. Significance level was a priori defined as α=0.05 and, therefore, significance was obtained
when p<0.05. The following notation is used for p-values: *, p<0.05; **, p<0.01; and,
***, p<0.001.
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2.3

Results

2.3.1

Development of a functional genomics screening platform for
ADCC

Several methods commonly used to assess cytotoxicity due to ADCC, such as
chromium-release and flow-based apoptosis detection assays, are low-throughput and
not easily scaled for screening. Therefore, we developed a high-throughput functional
genomics screening platform for assessing the effect of RNAi on tumor cell susceptibility to ADCC. The platform utilized siRNAs arrayed in 96-well format for reverse
transfection of adherent target cells. Our model system included: A431 squamous cell
carcinoma cells, which overexpress EGFR; cetuximab, an IgG1 anti-EGFR antibody
capable of engaging FcRs on NK cells; and NK92-CD16V effector cells, an NK-like
cell engineered to express a higher-affinity FCGR3A (CD16) variant that can induce
ADCC [108].
We adapted a high-throughput-compatible luminescence-based cytotoxicity assay
as an ADCC assay. The luminescence-based cytotoxicity assay is similar to the lactate
dehydrogenase (LDH) release assay used to assess NK cell cytotoxicity, but instead
relies upon protease activity selectively released from dying cells. The luminescencebased assay had greater sensitivity to cytotoxicity than the LDH release assay with
similar levels of background (data not shown). Moreover, the luminescence-based
cytotoxicity assay allowed for a two-step cytotoxicity measurement from a single
well, which made it more adaptable than a standard LDH release assay. The first
measurement assessed the cytotoxic effects of treatments for a given well. After an
assay-compatible detergent was added, the second measurement assessed the total
cytotoxicity for the same well.
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The luminescence-based cytotoxicity assay was capable of assessing ADCC
across a range of both effector-to-target ratios (E:T) and cetuximab concentrations
(Fig. 2.1A). From the two-step cytotoxicity assay, we derived specific lysis, a common
measurement of NK cell-mediated natural cytotoxicity and ADCC (Fig. 2.1B). Specific lysis refers to the amount of NK cell-mediated natural cytotoxicity or ADCC,
independent of other cytotoxic effects (e.g., cetuximab alone, gene knockdown, etc.).
In our model system, antibody-independent natural cytotoxicity — or the capacity
for NK92-CD16V cells to induce cytotoxicity of A431 cells without cetuximab – was
low (0-15%) across the range of E:T (1:1-4:1, Fig. 2.1B & Supplementary Fig. S2.1A).
To verify that the ADCC measured was specific to antigen-bound antibody engagement of NK cells, we assessed two additional antibodies in the assay. Rituximab is an
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Figure 2.1 (previous page): Development and characterization of a functional genomics
screening assay for assessment of ADCC. A, A431 cells seeded overnight in 96-well
plates were treated the following day with vehicle (media), cetuximab only, NK92CD16V only, and combined cetuximab and NK92-CD16V treatments. Cytotoxicity
signal (relative luminescence units, RLU) was assessed 4 h later across a range of
concentrations of cetuximab (0.001-10 µg/mL) and effector-to-target ratios (E:T,
1:1-4:1). B, Specific lysis was calculated from the cytotoxicity signal values in A
by subtraction of A431 cytotoxicity and NK92-CD16V spontaneous cytotoxicity from
treatment-induced cytotoxicity and then normalization to total A431 cytotoxicity. See
Section 2.2, Materials & Methods for details. C, A431 cells were reverse transfected
with 10 nM EGFR siRNA (siEGFR) or negative control siRNA (siNEG) and collected 48 h later. Cells were stained with cetuximab and anti-human IgG(H+L)-PEconjugated secondary antibody to assess EGFR surface expression. Secondary only
staining was similar to unstained controls (not shown). D, A431 cells were reverse
transfected as in C and assessed for ADCC 48 h later. Specific lysis was assessed at
a 4:1 E:T using NK92-CD16V effector cells in the absence or presence of 1 µg/mL
cetuximab. Specific lysis of A431 cells by NK92-CD16V cells following knockdown
of EGFR (siEGFR, black bars) was compared to negative control siRNA (siNEG,
gray bars) in the absence and presence of cetuximab. ***, p<0.001 from two-tailed
t-test. E, A431 cells seeded overnight in 96-well plates were treated with 1:1 E:T of
NK92-CD16V cells in the absence (“natural cytotoxicity”, blue squares) or presence
(“ADCC”, orange triangles) of 1 µg/mL cetuximab. Cytotoxicity was assessed 4 h
later. Z’-factor was assessed between the ADCC and natural cytotoxicity treatments.
Dashed lines represent the mean of sample replicates and shaded area represents ±3
standard deviations (s.d.) from the mean, which are included in the Z’-factor. For
panels A, B, and D, error bars represent s.d. of at least triplicate measurements from
one representative of at least three experiments.
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anti-CD20 antibody that does not bind A431 cells due to lack of antigen expression,
but can engage the NK92-CD16V FcγR. Panitumumab is an anti-EGFR IgG2 that
can bind A431 cells, but has limited capacity to bind NK92-CD16V FcγR due its
IgG2 isotype. Both rituximab (Supplementary Figs. S2.1B & C) and panitumumab
(Supplementary Figs. S2.1D & E) demonstrated a lack of cytotoxicity signal and
ADCC specific lysis. These assays confirmed that cetuximab-mediated cytotoxicity
(Fig. 2.1A) required the simultaneous engagement of NK92-CD16V FcγR and EGFR
to induce ADCC specific lysis (Fig. 2.1B).
Next, we identified conditions for siRNA reverse transfection wherein modulation
of ADCC could be detected. Surface expression of EGFR has been correlated with
magnitude of cetuximab-mediated ADCC [79]. We confirmed that siRNA knockdown
of EGFR reduced surface expression within 48 h of reverse transfection (Fig. 2.1C).
This reduction in EGFR surface expression was accompanied by a significant reduction in ADCC (Fig. 2.1D).
Because we were interested in identifying genes whose knockdown enhanced sensitivity to ADCC, we characterized assay conditions with modest levels of ADCC
for screening. At an E:T of 1:1 and antibody concentration of 1 µg/mL of cetuximab, ADCC specific lysis plateaued at a level of ∼30% (Fig. 2.1B). We anticipated
that knockdown of target genes could add or synergize with this modest level of
ADCC, outside of the antibody concentration-dependent range of ADCC (between
1-100 ng/µL, Fig. 2.1B). We assessed Z’-factor, a measure of dynamic range and
signal-to-noise, to determine whether the assay conditions were robust for screening
[117]. An assay is considered suitable for screening if Z’-factor≥0.5. Under our prescribed conditions, analysis of Z’-factor indicated our assay suitable for screening
(Fig. 2.1E, Z’-factor=0.51).
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2.3.2

Primary and secondary screens for sensitizers of ADCC

In a synthetic lethality screen of an EGFR-centered siRNA library targeting 638
genes, knockdown of 61 genes enhanced the effectiveness of two EGFR-targeted therapies, independent of ADCC: erlotinib, a small molecule tyrosine kinase inhibitor;
and panitumumab, an IgG2 anti-EGFR antibody [118]. We aimed to assess whether
knockdown of any of those genes could also enhance cetuximab-mediated ADCC. An
arrayed library of two pooled siRNAs each targeting 60 of the 61 genes was prepared
(Supplementary Table 1). One gene target, RPL10P16, was excluded because of its
re-annotation as a pseudogene.
In two primary screens, A431 cells were reverse transfected with two pooled
siRNAs per target gene. Two days later, three different treatments were added to
the transfected cells: cetuximab only; NK92-CD16V cells only; and the combination
of cetuximab and NK92-CD16V cells (the latter condition depicted in Fig. 2.2A).
Cytotoxicity was assessed after 4 h and raw cytotoxicity values were normalized to
the within-plate median of negative control siRNA cytotoxicity values. Susceptibility
to ADCC was analyzed by specific lysis and differential cytotoxicity from the normalized cytotoxicity values. ADCC specific lysis was determined for the combined
cetuximab and NK92-CD16V treatment relative to the cetuximab only treatment.
Differential cytotoxicity differs from specific lysis in that it is a subtractive, not ratio
normalization, assessment of the relative cytotoxicity due to ADCC treatment, taking
into account the combined cytotoxicity due to all other treatment conditions (as
described in Section 2.2, Materials & Methods). Knockdown of 22 genes significantly
enhanced ADCC by either specific lysis (Fig. 2.2B) and/or differential cytotoxicity
(Supplementary Fig. S2.2A) with a multiple comparison adjusted p<0.05. Seven of
these target genes — PRKCE, EPHA5, PLSCR1, RASA3, RET, ABL1 and GRB7 —

42

whose knockdown enhanced ADCC were identified as hits and promoted to secondary
screens.
Secondary screens were conducted to confirm primary screen results by deconvoluting the effects of each pooled siRNA, minimize the likelihood of individual siRNA
off-target effects, and establish on-target gene knockdown. Two secondary screens
were conducted using an arrayed library of four individual, unpooled siRNAs per
gene hit (Supplementary Table 2). The criteria for validation of primary screen hits
were two-fold: two of four individual siRNAs assessed must match the criteria of
the primary screen in secondary screens; and knockdown of the target gene must be
confirmed. Aside from the use of an individual, unpooled siRNA library, secondary
screens were conducted using the same methods as primary screens. Enhancement of
ADCC was assessed by specific lysis and differential cytotoxicity for each individual
siRNA (Supplementary Fig. S2.2B & C). The secondary screens validated three of
the primary screen hits — GRB7, PRKCE, and ABL1 — whose knockdown by at
least two independent siRNAs enhanced ADCC (Supplementary Fig. S2.2B & C and
Table 2.1). Knockdown of these three genes was confirmed at the transcript level
using one of the two validating siRNAs (Fig. 2.2C and Table 2.1). We focused on
ABL1 because its gene product, c-Abl, is amenable to clinical translation, as several
inhibitors have been designed to target its kinase activity.

2.3.3

Characterization of the effects of ABL1 knockdown on proliferation and sensitivity to ADCC

After identifying ABL1 as a putative modulator of ADCC, we further characterized
the effects of its knockdown in A431 cells. A label-free, real-time cell assay (RTCA)
system was used to assess cell index, which is a surrogate measurement of attachment, proliferation, and viability of adherent cell lines. Using cell index, the RTCA
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Figure 2.2 (previous page): Primary siRNA screen in A431 cells for genes whose
knockdown enhances ADCC. A, A schematic of the primary screening process depicts
siRNA reverse transfection of A431 target cells, incubation for 48 h, and the assessment of ADCC due to cetuximab and NK92-CD16V cell treatments in a 4 h cytotoxicity assay. Control treatments included the effect of cetuximab alone and NK92CD16V cells alone on cytotoxicity (not shown). The screening assay was conducted
in 96-well format using an arrayed siRNA library and an luminescence-based cytotoxicity assay on semi-automated liquid handling instrumentation. B, Two primary
screens were conducted where an arrayed library of two pooled siRNA at 10 nM each
per 60 targeted genes were reverse transfected in A431 cells in 96-well plates. 48 h
post-transfection, three treatments were added: 1 µg/mL cetuximab alone; 20,000
NK92-CD16V cells alone; and the combination of cetuximab and NK92-CD16V cells.
All transfections and treatments were conducted in duplicate for each primary screen.
Specific lysis of the combined cetuximab and NK92-CD16V cell treatments was calculated for each replicate siRNA gene target. Specific lysis fold change relative to a
negative control siRNA (dashed vertical line, normalized to 1) was calculated for each
replicate in each screen. Specific lysis fold change values are represented as boxplots
of duplicate measurements in two primary screens (n=4). Significance was assessed
by ANOVA followed by Dunnett’s many-to-one multiple comparison test correction
for each siRNA gene target versus the negative control siRNA. *, p<0.05; **, p<0.01;
and ***, p<0.001. C, Secondary screens identified three genes — GRB7, PRKCE,
and ABL1 —whose knockdown by at least two individuals siRNAs enhanced ADCC
(Supplementary Fig. S2.2B & C and 2.1). A431 cells were reverse transfected with 10
nM siRNA targeting GRB7 (siGRB7), PRKCE (siPRKCE), and ABL1 (siABL1) in
six-well plates. RNA was isolated 48 h later, cDNA generated, and mRNA levels for
each gene were assessed by quantitative PCR. Relative mRNA level was assessed by
the comparative Ct method and compared to the negative control siRNA transfection
by two-tailed t-test. *, p<0.05; and **, p<0.01. Error bars represent s.d. of the mean
from three experiments.
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Table 2.1: Gene targets whose knockdown by at least two independent siRNAs significantly enhanced ADCC in secondary screens by specific lysis and/or differential
cytotoxicity. siRNA target sequences can be found in Supplementary Table S2.2.
Gene target
GRB7
PRKCE
ABL1
a
b

Specific lysis, p<0.05
Differential cytotoxicity, p<0.05
a
siGRB7_7 , siGRB7_3
siGRB7_7a , siGRB7_3
a
siPRKCE_5 , siPRKCE_2
siPRKCE_5a
siABL1_9 (siABL1 #1)a,b
—
siABL1_10 (siABL1 #2)b
—
used to confirm knockdown by Q-RT-PCR
used in subsequent characterization studies

system was also able to detect NK cell and ADCC responses of A431 cells across a
broad range of E:T (0.5:1-4:1) and cetuximab (0.01-1 µg/mL) concentrations (Supplementary Fig. S2.3). The RTCA cell index was quite sensitive, revealing dramatic
changes in cell index that highlighted the kinetics at which ADCC occurred in our
model system.
We first assessed the effects of siRNA gene knockdown alone by RTCA. Reverse
transfection of ABL1 siRNA in A431 cells reduced cell index relative to negative
control siRNA (Fig. 2.3A, top left). Viability assays across a comparable time series
demonstrated similar effects of ABL1 knockdown on proliferation (Fig. 2.3B). As
expected with transient transfection, the A431 cells eventually recovered from the
effects of ABL1 gene knockdown by cell index (Fig. 2.3A, top left) and viability
(Fig. 2.3B) assessments, approximately seven days after reverse transfection.
Next, we assessed the effects of ABL1 knockdown on ADCC. As evident in
Figure 2.3, the effect of cetuximab (top right) or NK92-CD16V cell (bottom left)
treatments alone had modest effects on cell index, slightly enhancing the effects of
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Figure 2.3 (previous page): Characterizing the effect of ABL1 knockdown on proliferation, viability, and sensitivity to ADCC in A431 cells. A, A431 cells were reverse
transfected with 10 nM ABL1 (siABL1, gray) or negative control siRNA (siNEG,
black) in a 96-well real-time cell assay (RTCA) plate. Cell index was measured by
RTCA every 10 min over the entire time course. Treatments were added at 48 h
(dashed line) as follows: top left, vehicle (media); top right, 1 µg/mL cetuximab;
bottom left, 20,000 NK92-CD16V effector cells; bottom right, 1 µg/mL cetuximab
and 20,000 NK92-CD16V effector cells. Each cell index line represents the mean of
triplicate measurements from one representative of two experiments. B, A431 cells
were reverse transfected with 10 nM ABL1 siRNA (siABL1, gray) or negative control siRNA (siNEG, black) in 96-well format. Fluorometric viability assays (relative
fluorescence units, RFU) were conducted at the indicated time points. Each viability
measurement represents the mean of triplicate measurements from one representative of four experiments. C, A431 cells were reverse transfected in six-well plates
with 10 nM ABL1 siRNA (siABL1 #1 or #2, gray bars) or negative control siRNA
(siNEG, black bars). siABL1 #1 is the same ABL1 siRNA used in A & B. Reverse
transfected cells were collected at 48 h and re-plated at 20,000 viable cells/well in a
96-well plate. Following a brief incubation, treatments were added: vehicle (media);
cetuximab (0.01, 0.1 and 1 µg/mL); 20,000 NK92-CD16V cells; and 20,000 NK92CD16V cells and cetuximab (0.01, 0.1 and 1 µg/mL). Cytotoxicity was assessed 4
h later and specific lysis by NK92-CD16V cells was determined. Each ABL1 siRNA
was compared to the negative control siRNA within each sub-panel. *, p<0.05; **,
p<0.01; and ***, p<0.001 from two-tailed t-test. Results are from one representative
of two experiments. D, A431 cells were reverse transfected without siRNA (–) or with
10 nM negative control (siNEG) or ABL1 siRNA (siABL1 #1 or #2 as used in C).
Cell lysates were collected and Western blots conducted. c-Abl expression was undetectable for the two ABL1 siRNAs transfections, although faint bands were visible
upon overexposure (data not shown). The same membrane was blotted for β-actin as
a loading control. Results are representative of two experiments. For panels B and
C, error bars represent s.d. of the mean.
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ABL1 knockdown alone (top left). However, the combined ADCC treatment dramatically reduced cell index in ABL1 knockdown cells over the remaining duration of
the assay (Fig. 2.3A, bottom right). By the end of the assay, the negative control
siRNA transfected cells had recovered from the ADCC treatment, whereas the ABL1
knockdown cells remained at background (Fig. 2.3A, bottom right). Endpoint crystal
violet staining corroborated the real-time cell index results (data not shown).
Because ABL1 knockdown reduced the proliferation of A431 cells, it was plausible that ADCC was enhanced due to differences in relative E:T at the time of assay.
ABL1 knockdown resulted in 50-60% reduction of A431 cells by cell index or viability
assessments at 48 h, when assay treatments were added (Fig. 2.3A, top left; & B).
Because NK92-CD16V cells were added at the same density to A431 cells in the negative control and ABL1 knockdown conditions, the relative E:T was approximately
two-fold higher in the latter. At a given cetuximab concentration, higher relative E:T
alone could account for an increase in ADCC specific lysis (Fig. 2.1B).
To account for the effects of ABL1 knockdown on relative E:T, we utilized a
modified version of our ADCC assay. Reverse transfected negative control and ABL1
knockdown A431 cells were collected at 48 h post-transfection and re-plated into
96-wells at the same density. Assay treatments were then added at 1:1 E:T and
cytotoxicity assessed 4 h later. With these modifications and using two independent
siRNAs, ABL1 knockdown significantly enhanced ADCC, with a minor effect on
cetuximab-independent NK cell natural cytotoxicity (Fig. 2.3C). ABL1 knockdown
by the two independent siRNAs resulted in c-Abl protein levels that were undetectable
by Western blot (Fig. 2.3D).
Expression of EGFR has been correlated with level of ADCC as demonstrated in
assay development (Fig. 2.1C & D) and as others have reported [79]. Enhanced ADCC
following knockdown of ABL1 could be due to increased EGFR surface expression,
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as c-Abl activity has been shown to regulate endocytosis of EGFR [119]. Therefore,
EGFR surface expression was assessed by flow cytometry following ABL1 knockdown.
In A431 cells reverse transfected with ABL1 siRNA, EGFR surface expression was
unchanged compared to control transfections (Supplementary Fig. S2.4A & B).

2.3.4

c-Abl expression and sensitivity to ADCC

Knockdown of c-Abl enhanced the sensitivity of A431 cells to ADCC, independent of
its effects on proliferation. We next investigated whether c-Abl could act as a modulator of ADCC responsiveness, where increased expression of c-Abl could reduce
sensitivity to ADCC. To address this hypothesis, a wild type c-Abl plasmid expression construct was forward transfected into A431 cells and sensitivity to ADCC was
assessed. Because prior studies have suggested that wild type c-Abl overexpression
could lead to cell cycle disruption, minimal quantities (1-50 ng in 96-well format) of
the c-Abl plasmid were utilized in a short-term (24 h) transfection [120]. Increasing
quantity of transfected c-Abl plasmid was associated with a concomitant decrease
in sensitivity to ADCC, without altering antibody-independent natural cytotoxicity
(Fig. 2.4A). We confirmed that c-Abl expression was proportional to the amount of
plasmid transfected by Western blot (Fig. 2.4B).
To refine the specific role of c-Abl in modulation of ADCC, we hypothesized that
c-Abl plasmid expression could rescue the effects of ABL1 knockdown. We selected
an ABL1 siRNA that targets the 3’-untranslated region (UTR) of endogenous cAbl transcript (siABL1 #1 from Fig. 2.3D and Supplementary Table 2). The c-Abl
plasmid expression construct contains only the coding sequence for c-Abl and lacks
the 5’- and 3’-UTR of the ABL1 gene. Therefore, the selected ABL1 siRNA would not
silence the exogenous c-Abl plasmid transcript. In short-term forward transfections,
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Figure 2.4 (previous page): Modulating c-Abl expression and sensitivity to ADCC in
A431 cells. A, A431 cells were seeded overnight in 96-well plates and forward transfected with increasing quantities (1, 10, and 50 ng) of wild type c-Abl plasmid and
compared to a mock transfection (0, vehicle). After 24 h, the following treatments were
added: vehicle (media); 1 µg/mL cetuximab; 20,000 NK92-CD16V cells; and 20,000
NK92-CD16V cells and 1 µg/mL cetuximab. Cytotoxicity was assessed 4 h later and
specific lysis by NK92-CD16V cells was determined. Transfected plasmid conditions
were compared to the mock transfection. B, Cell lysates were collected from A431
cells following forward transfection of the wild type c-Abl plasmid as described in
A. Western blot of c-Abl and β-actin was performed. Densitometry was conducted
and c-Abl levels were normalized to β-actin levels and compared relative to the mock
transfection control. For A and B, results are from one representative of three experiments. C, A431 cells were seeded overnight in 96-well plates and forward transfected
with combinations of 10 nM negative control siRNA (siNEG), 10 nM ABL1 siRNA
(siABL1), and 1 ng wild type c-Abl plasmid c-Abl. After 24 h, specific lysis was
assessed as described in A. Change in specific lysis was calculated by subtracting
the negative control siRNA specific lysis within each sub-panel. Change in specific
lysis was compared to the negative control siRNA within each sub-panel. D, Cell
lysates were collected following forward transfection of the negative control siRNA
(siNEG), ABL1 siRNA (siABL1), and 1 ng wild type c-Abl plasmid as described in C.
Western blot of c-Abl and β-actin was performed. Densitometry was conducted and
c-Abl levels were normalized to β-actin and compared to negative control siRNA. For
C and D, results are depicted for one representative of two experiments. For panels A
and C, error bars represent s.d. of the mean. *, p<0.05 and **, p<0.01 by two-tailed
t-test.
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siRNA knockdown of ABL1 enhanced ADCC (Fig. 2.4C) while reducing c-Abl expression by 50% (Fig. 2.4D). c-Abl plasmid co-transfected with a negative control siRNA
reduced ADCC sensitivity (Fig. 2.4C) with a 1.2-fold increase in c-Abl expression
(Fig. 2.4D). However, co-transfection of c-Abl plasmid with ABL1 siRNA abrogated
enhancement of ADCC (Fig. 2.4C). Western blot revealed that c-Abl plasmid cotransfection partially rescued endogenous c-Abl knockdown by ABL1 siRNA to 80%
of the endogenous c-Abl levels (Fig. 2.4D).

2.3.5

Inhibition of c-Abl kinase activity and sensitivity to ADCC

c-Abl is a ubiquitously expressed protein shown to have pleiotropic roles in normal and
transformed cells with functions in growth factor response, cell cycle, DNA damage,
modulation of apoptosis, morphogenesis, and cytoskeletal dynamics [121]. The diversity of roles relates to the functional domains within c-Abl. The N-terminus of c-Abl
contains regulatory Src Homology 3 (SH3) and SH2 domains followed by a tyrosine
kinase catalytic core, much like a similar non-receptor tyrosine kinase, c-Src. The
C-terminus of c-Abl contains three nuclear localization sequences (NLS), a nuclear
export sequence (NES), a DNA-binding domain, and G- and F-actin binding domains.
These C-terminal domains are not found in c-Src. The NLS and NES allow c-Abl to
shuttle between the cytoplasm and nucleus, allowing for varied functions localized
throughout the cell.
To dissect the role of c-Abl on modulation of ADCC, we utilized imatinib to
inhibit c-Abl tyrosine kinase activity. Imatinib was the first small molecule kinase
inhibitor of Bcr-Abl, a fusion gene product commonly found in chronic myelogenous
leukemia (CML) due to a t(9;22) reciprocal translocation [122]. The Bcr-Abl protein
eliminates the N-terminal regulatory region of c-Abl, resulting in constitutive c-Abl
kinase activity. Imatinib was approved for and remains first-line therapy in CML.
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Imatinib also inhibits wild type, endogenous c-Abl as well as platelet-derived growth
factor receptors and c-Kit [122]. Because of the capacity to inhibit c-Kit, imatinib is
also used in therapy of gastrointestinal stromal tumors (GISTs) where constitutivelyactivating mutations of c-Kit are common [123–126].
In order to assess the effects of c-Abl kinase inhibition on the susceptibility of
A431 cells to ADCC, we pre-treated adherent A431 cells with imatinib or vehicle
(DMSO). Prior to assessing natural cytotoxicity or ADCC, we replaced the treatments with fresh growth media to focus on target cell effects and limit any potential
off-target effects on NK92-CD16V effector function. Pre-treatment of A431 cells with
imatinib significantly enhanced ADCC (Fig. 2.5A, 10 µM imatinib with 0.1 or 1
µg/mL cetuximab). We assessed phospho-CrkL (p-CrkL), a substrate of and endogenous surrogate for c-Abl kinase activity [127]. A concentration-dependent reduction
in p-CrkL vs. total CrkL level was observed by Western blot, with the most dramatic
reduction occurring at 10 µM imatinib (Fig. 2.5B, 20% of vehicle). Because ABL1
knockdown inhibited proliferation of A431 cells (Fig. 2.5B), we assessed the effect of
imatinib on proliferation as well. Imatinib pre-treatment did not affect the proliferation of A431 cells (Fig. 2.5C). Similar to ABL1 knockdown, imatinib did not affect
EGFR surface expression (Supplementary Fig. S2.4C & D).
Second- and third-generation tyrosine kinase inhibitors have been developed to
treat Bcr-Abl-positive cancers including dasatinib, nilotinib, and ponatinib. These
three inhibitors have been shown to inhibit c-Abl as well as several other kinases,
respectively [128]. We assessed the effects of these kinase inhibitors on ADCC sensitivity in A431 cells. Dasatinib (Sprycel, BMS-354825) is a second-generation dual
Src/Abl tyrosine kinase inhibitor with a potent and broad proteomic profile akin
to a pan-tyrosine kinase inhibitor [128]. At higher nanomolar concentrations, pre-
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Figure 2.5: Inhibition of c-Abl kinase activity by imatinib and sensitivity to ADCC
in A431 cells. A, A431 cells were seeded overnight in 96-well plates and treated with
vehicle (0, DMSO) or imatinib (0.1, 1 or 10 µM) for 48 h. Treatments were replaced
with fresh growth media just prior to addition of 20,000 NK92-CD16V cells in the
absence or presence of cetuximab (0.01, 0.1, and 1 µg/mL). Cytotoxicity was assessed
4 h later and specific lysis by NK92-CD16V cells was determined. Specific lysis for
each imatinib pre-treatment was compared to vehicle (0) within each sub-panel. **,
p<0.01; and ***, p<0.001 by two-tailed t-test. Results are for one representative of
three experiments. B, A431 cells were seeded in six-well plates overnight and treated
with vehicle (0, DMSO) or imatinib (0.1, 1 or 10 µM) and cell lysates collected 48
h later. Western blots were conducted and membranes blotted for phospho-CrkL (pCrkL), stripped and re-blotted for both total CrkL and then β-actin. Densitometry
was conducted and p-CrkL levels were normalized to total CrkL levels and then
compared to vehicle treatment. Results are for one representative of two experiments.
C, A431 cells were seeded overnight in 96-well plates and treated with vehicle (0,
DMSO) or imatinib (0.1, 1 or 10 µM) for 48 h. Viability was assessed by fluorometric
assay. No significant differences were found between treatments. Results are depicted
for one representative of three experiments. For panels A & C, error bars represent
s.d. of the mean.
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treatment of A431 cells with dasatinib abrogated ADCC (Supplementary Fig. S2.5A,
100 nM).
Nilotinib (Tasigna, AMN107) is a second-generation c-Abl inhibitor with a kinase
profile quite similar to imatinib [128]. Nilotinib enhanced ADCC in a concentrationdependent manner with a modest, but significant enhancement at the highest concentration tested (Supplementary Fig. S2.5B, 1 µM). Ponatinib (AP24534) is a thirdgeneration c-Abl inhibitor with dual Src/Abl tyrosine kinase activity like dasatinib,
but with the capacity to inhibit Bcr-Abl mutations associated with resistance to
imatinib, dasatinib and nilotinib [129]. Ponatinib significantly enhanced ADCC at
sub-nanomolar concentrations (Supplementary Fig. S2.5C, 0.01 and 0.1 nM), but
inhibited ADCC of A431 cells at higher concentrations (Supplementary Fig. S2.5C,
10 and 100 nM). Ponatinib also had a significant, but inconsistent effect on antibodyindependent natural cytotoxicity (Supplementary Fig. S2.5C, 0.1 and 100 nM).
As c-Src and Src family kinases (SFK) are important for NK cell activity, we
hypothesized that the loss of ADCC with dasatinib and ponatinib were due to cSrc inhibition of NK cell effector function [130, 131]. Even with pre-treatment and
replacement with fresh media prior to ADCC assessment, remaining inhibitor concentrations abrogated ADCC (Supplementary Fig. S2.5A & C). To clarify the role of
c-Src on target cell susceptibility to ADCC, we assessed the effects of SRC knockdown in A431 cells. SRC knockdown in A431 cells did not change their sensitivity to
ADCC (Supplementary Fig. S2.5D).

2.3.6

Inhibition of c-Abl activity in EGFR-expressing HNSCC lines
and sensitivity to ADCC

We next assessed a panel of HNSCC cell lines to ascertain whether imatinib could
sensitize a variety of EGFR-expressing tumor cell to ADCC. It has been reported that
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upwards of 90% of HNSCC cancers express elevated levels of EGFR and increased
EGFR expression carries worse prognosis [132, 133]. Cetuximab-mediated ADCC of
HNSCC-derived cell lines has been established [134, 135].
Eight HNSCC cell lines were assessed: A253, FaDu, HNSCC 1483, SCC-4, SCC-9,
SCC-25, SCC-61, and UM-SCC-11a. Imatinib pre-treatment of A253, FaDu, HNSCC
1483, and UM-SCC-11a cells significantly enhanced cetuximab-mediated ADCC
(Fig. 2.6A). Imatinib also significantly enhanced antibody-independent natural cytotoxicity for the HNSCC 1483 and UM-SCC-11a cell lines (Fig. 2.6A). The SCC-9
and SCC-25 cell lines demonstrated no change in response to ADCC with imatinib
(Supplementary Fig. S2.6A). The SCC-4 and SCC-61 cell lines had significantly
reduced sensitivity to ADCC with imatinib (Supplementary Fig. S2.6A). We also
assessed whether imatinib affected the viability and proliferation of those HNSCC
cell lines where imatinib enhanced ADCC. Imatinib treatment was associated with
significant reduction in UM-SCC-11a cell viability only; A253, FaDu and HNSCC
1483 cells were unaffected (Fig. 2.6B).
We also assessed the A253, FaDu, HNSCC 1483, and UM-SCC-11a cell lines by
Western blot in vehicle or imatinib treated conditions (Fig. 2.6C & Supplementary
Fig. S2.6B). EGFR expression was evident and varied across all four cell lines, with
the most expression in HNSCC 1483 cells. Imatinib treatment in the FaDu cell line
was associated with a modest increase in EGFR (1.3 fold), c-Abl (1.4 fold), and CrkL
(1.2 fold) expression compared to vehicle-treated cells (Supplementary Fig. S2.6B).
HNSCC 1483 cells had a modest increase in c-Abl (1.2 fold) expression in imatinibtreated cells (Supplementary Fig. S2.6B). For A253 and UM-SCC-11a, imatinib did
not result in evident changes in expression of EGFR, c-Abl or total CrkL. For all cell
lines, imatinib treatment correlated with reduced phosphorylation of CrkL (p-CrkL
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vs. total CrkL≤0.3-fold), a surrogate marker of c-Abl kinase activity (Fig. 2.6C &
Supplementary Fig. S2.6B).
Because imatinib-treated FaDu cells had a slight increase in EGFR expression by
Western blot, we assessed EGFR surface expression in A253, FaDu, HNSCC 1483,
and UM-SCC-11a cells by flow cytometry. Relative EGFR surface expression across
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Figure 2.6 (previous page): Inhibition of c-Abl kinase activity by imatinib and sensitivity of HNSCC cell lines to ADCC. A, A253, FaDu, HNSCC 1483 and UM-SCC11a cells were seeded overnight in 96-well plates and treated for 48 h with vehicle (0,
DMSO) or imatinib (10 µM). Treatments were replaced with fresh growth media just
prior to addition of 40,000 NK92-CD16V cells in the absence or presence of cetuximab
(0.01, 0.1, and 1 µg/mL). Cytotoxicity was assessed 4 h later and specific lysis by
NK92-CD16V cells was determined. B, A253, FaDu, HNSCC 1483 and UM-SCC-11a
cells were seeded overnight in 96-well plates and treated for 48 h with vehicle (0,
DMSO) or imatinib (10 µM). Viability was assessed by fluorometric assay. For A and
B, error bars represent s.d. of the mean. Imatinib pre-treatment was compared to
vehicle control within each sub-panel. *, p<0.05; **, p<0.01; and ***, p<0.001 by
two-tailed t-test. Results are depicted for one representative of three experiments for
each cell line. C, A253, FaDu, HNSCC 1483 and UM-SCC-11a cells were seeded in
six-well plates overnight and treated for 48 h with vehicle (0, DMSO) or imatinib (10
µM). Cell lysates were collected and Western blots were conducted. c-Abl was blotted
before stripping and re-blotting for EGFR. Phospho-CrkL (p-CrkL) was blotted and
re-blotted for both total CrkL and then β-actin as a loading control. Densitometry
was conducted and relative expression was assessed within each cell line for vehicle
and imatinib treatments (Supplementary Fig. S2.6C). Results are representative of
two independent experiments.

the cell lines was similar to EGFR expression levels detected by Western blot (Supplementary Fig. S2.6C). Imatinib treatment was not associated with a significant change
in EGFR surface expression across all cell lines assessed (Supplementary Fig. 2.6D).
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2.4

Discussion

ADCC is a putative mechanism of action of cetuximab-mediated anti-EGFR therapy
in colorectal cancer and HNSCC. In colorectal cancer, KRAS mutation is associated
with cetuximab resistance, which can be intrinsic or acquired during therapy [136,
137]. KRAS mutations can impart constitutive downstream signaling independent
of upstream EGFR activity, suggesting that cetuximab is only efficacious in settings
where EGFR-initiated signaling drives tumorigenicity. However, KRAS mutations
could affect ADCC as well. Although the relationship between mutant KRAS and
ADCC responsiveness is not well-defined, FcγR polymorphisms were independent of
KRAS status in predicting outcomes for cetuximab-treated patients with colorectal
cancer, and cetuximab-mediated ADCC was independent of KRAS status in vitro
[68, 105]. Although altered in more than 40% of cases in colorectal cancer, recent data
from The Cancer Genome Atlas (TCGA, cBio Cancer Genomics Portal) suggests that
KRAS is not commonly altered (6 of 302 cases, <2%) in HNSCC [138]. Therefore,
we hypothesized that other components of the EGFR oncogenic signaling network —
besides KRAS — could modulate response of tumor cells to ADCC.
To address this hypothesis, we developed an siRNA-based functional genomics
screening platform for assessing ADCC. The screening platform is readily adaptable for other high-throughput screening modalities besides RNAi, such as small
molecule inhibitors libraries. We targeted a previously identified set of synthetic lethal
EGFR genes in tumor cells [118]. We anticipated that knockdown of many of these
genes could alter ADCC sensitivity, as they reduced viability and enhanced apoptotic
responses to both EGFR kinase or topoisomerase inhibition independent of ADCC
[118]. Using this platform, we identified over a third of the screened genes (22 of 60,
38%) in primary screens whose knockdown sensitized A431 cells to ADCC. Secondary
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screens validated three genes — GRB7, PRKCE and ABL1 — whose knockdown
enhanced ADCC.
We characterized the effects of ABL1 knockdown and found that silencing of c-Abl
affected proliferation in our model system. Previous studies have defined a role for
c-Abl in cell cycle regulation and proliferation by retroviral transduction of antisense
sequences or dominant negative expression [120, 139]. In contrast, imatinib inhibition
of c-Abl kinase activity did not affect proliferation in the majority of tumor cell lines
assessed. However, ABL1 knockdown and inhibition of c-Abl kinase activity enhanced
ADCC. Taken together, this suggests a kinase-independent role of c-Abl in tumor cell
proliferation, but a kinase-dependent role of c-Abl in sensitization to ADCC.
We are actively investigating the mechanism of enhanced ADCC by ABL1 knockdown or c-Abl kinase inhibition. c-Abl has been shown modulate EGFR endocytosis
and EGFR surface expression positively correlates with ADCC [79, 119]. However, we
did not find any changes in EGFR surface expression associated with ABL1 knockdown or imatinib. c-Abl can play a role in regulation of apoptosis, which is the primary mechanism of NK cell-mediated cytotoxicity, mediated by granzyme cleavage
of effector caspases (caspase-3, CASP3) and other apoptosis-inducing targets (e.g.,
BID) in target cells [55]. We assessed apoptosis sensitivity following ABL1 knockdown
in A431 cells using a functional assay, but did not observe differential caspase-3/7
response (data not shown). Morphological observations following ABL1 knockdown
and imatinib treatment of the cell lines assessed have spurred us to investigate the role
of cytoskeletal regulation and membrane dynamics in ADCC responsiveness. As has
been reported, the functions of wild type c-Abl are diverse and are still being unraveled in normal and transformed cells. It is plausible that disruption of c-Abl activity
sensitizes cells to ADCC through multiple mechanisms, which can be modified by
tumor cell heterogeneity.
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Intriguingly, imatinib has been shown to enhance NK cell activity in vivo, independent of the effects we describe on the in vitro sensitization of tumor cells to ADCC.
Imatinib inhibition of c-Kit kinase activity has been shown to stimulate dendritic cell
(DC) enhancement of NK cell activity in vivo [140, 141]. Based on these findings, two
recent Phase I studies combined imatinib and IL-2 in hopes of enhancing NK cell antitumor activity [142, 143]. In our in vitro studies, imatinib pre-treatment enhanced
NK cell antibody-independent cytotoxicity or ADCC in half of the HNSCC cell lines
assessed. Furthermore, our ABL1 knockdown findings suggest that the effects of imatinib were not solely attributable to enhanced NK cell activity. Rather, our overexpression and rescue studies suggest that c-Abl acts as a modulator — or rheostat —
of ADCC response. Nonetheless, our in vitro findings and the reported in vivo effects
of imatinib on NK cell activity prompt further clinical assessment.
While assessing c-Abl inhibition on tumor cells, we found two dual Src/Abl kinase
inhibitors, dasatinib and ponatinib, could abrogate in vitro ADCC. We attribute
this to inhibition of Src family kinases (SFK) in NK cells, where SFKs function in
proximal NK cell activation and cytotoxic granule convergence [35, 131]. Our findings
corroborate those of others whom have noted the inhibitory effects of dasatinib on
ex vivo NK cell activity [144, 145]. Nonetheless, the effects of dasatinib on NK cells
in vivo are still being elucidated [144–147]. Based on the available evidence, selective
inhibition of c-Abl in tumor cells, selective inhibition of c-Kit in DCs, and limited
inhibition of SFKs in NK cells could enhance overall NK cell activity and anti-tumor
ADCC.
Although the model system we utilized was amenable to screening, it also represents a limitation of our studies. We focused on screening, characterization, and generalization of our findings using an NK-like cell line, NK92-CD16V, without expanding
to human primary NK cell populations or other ex vivo or in vivo studies. However,
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we were able to generalize our findings across several — but not all — HNSCC cell
lines assessed. Imatinib may enhance ADCC of colorectal cancer cells, but additional
mechanistic studies will reveal how c-Abl modulates ADCC, which could clarify the
heterogeneous effects of c-Abl inhibition we observed.
Based on the pre-clinical evidence and clinical trials underway, the combination
of c-Abl kinase inhibition and cetuximab is compelling. Due in part to these studies
and the work of our collaborators, a clinical trial combining cetuximab with the cAbl kinase inhibitor nilotinib in treatment-refractory colorectal cancer and HNSCC
is underway [148]. This study has been designed to allow for assessment of ADCC
in patients treated with the combined targeted therapies. We anticipate that this
trial — and other approaches combining specific target therapy with antibody-based
therapies — will reveal insights into efficacious strategies for combined, targeted
immunotherapy in cancer.
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2.5

Supplementary Material

2.5.1

Supplementary Tables

Table S2.1: Gene symbol and target sequences for two pooled siRNAs used in primary
screens. The 60 gene targets were identified as synthetic lethal hits in a prior siRNA
screen targeting 638 genes in an EGFR gene network [118].
Gene symbol

siRNA target sequence #1

siRNA target sequence #2

ABL1

ACGCACGGACATCACCATGAA

AACGGCTGATGTGGACTGTCT

AKT2

AACAACTTCTCCGTAGCAGAA

AAGGTACTTCGATGATGAATT

ANXA6

CCGGAGGGAATTCATTGAGAA

AAGGCTCTTCAAGGCTATGAA

ARF4

ACCAAGGACATGTTTGATAAA

CCCATTTGGAATTATTCCTAA

ARF5

CACGAGCTGTCAAAGCGCTAA

TTCGCGGATCTTCGGGAAGAA

ASCL2

CTCGACTTCTCCAGCTGGTTA

CCGCGTGAAGCTGGTGAACTT

AURKA

CACCTTCGGCATCCTAATATT

TCCCAGCGCATTCCTTTGCAA

BCAR1

CTGGATGGAGGACTATGACTA

AAGCAGTTTGAACGACTGGAA

CALM1

ATGCCCGTGTATGTTGGTTTA

CTGGTTGTATCTTATTAGCAA

CBLC

ATGGCCAACACTCCTCAAGAA

CTCACCTATGATGAGGTCCAA

CCND1

AAGGCCAGTATGATTTATAAA

ATGCATGTAGTCACTTTATAA

CD59

CAAAGCTGGGTTACAAGTGTA

TAGGTGTGACTTGAACTAGAT

CDH3

CAGCTCTGTTTAGCACTGATA

CAGATGAAATCGGCAACTTTA

CXCL12

AGCCAACGTCAAGCATCTCAA

AGCCCGGCTGAAGAACAACAA

DCN

TACTATTGTATACAAGCTTAA

AAGCTAGATACTGGAAACCTA

DDR2

AAAGAAGCGTTTCACAACAAA

CACCCACAACCTATGATCCAA

DIXDC1

CCGGCTCTTGGGAGAATATAA

CTGCTGAAATGTAAACAAGAA

DLG4

TACGAGGAAATCACATTGGAA

CAGGATATGAGTTGCAGGTGA

DUSP4

TACCCAGAATTCTGTTCTAAA

TACAGTGGATTTAGAATATAT

DUSP6

TAGCACGGAGTCCGAATTAAT

TACGGACACTATTATCACTAA
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Table S2.1 — continued from previous page
Gene symbol

siRNA target sequence #1

siRNA target sequence #2

DUSP7

TACGACTTTGTCAAGAGGAAA

TGGCATCAAGTATATCCTCAA

EPHA5

CCCGGCAGTATGTGTCTGTAA

ACCAGTTGGATCTCCAATGAA

ERBB3

CCCAGTGAGAAGGCTAACAAA

CTTCGTCATGTTGAACTATAA

FER

ATGAATTATGTCAGCAACGTA

CAGAACAACTTAGTAGGATAA

FGFR2

CGGAGGAGCGTTGCCATTCAA

TTAGTTGAGGATACCACATTA

FLNA

CAGCGTGTCCTACCTGCTCAA

CACCCATGGAGTAGTGAACAA

GRB7

CACACTGGTATATCCCATGAA

CTGGATCTGTCTCCACCTCAT

HSPA9

CGGCGATATGATGATCCTGAA

TAGGATGAATTGATCATTATA

INPPL1

CGGCGTGATGTCTTCAATAAA

ACCCAAGAACAGCTTCAATAA

KLF10

CCGGCGCCATCTATCAGCCAA

CCGGCGGTTCATGAGGAGTGA

LTK

CAGGGATATTGCCGCCCGGAA

ACAGATCTTTGGAGTGCCTAA

MAP3K1

CACGCATGTCAAATTCTCATA

CTCCGGGTGTTTCAACTAGAA

MAPK1

AAGTTCGAGTAGCTATCAAGA

ATCATGGTAGTCACTAACATA

MATK

GACGGATTCTAAGGACTCTAA

ACGGATTCTAAGGACTCTAAA

NEDD9

CAGAAGCTCTATCAAGTGCCA

CGCTGCCGAAATGAAGTATAA

NOTCH2

TACCAGCATGTTATAGGGCAA

TTAGATGATAATGGACAACTA

PIK3R1

CAGCATTAAACCAGACCTTAT

TAGCTGGTTATGAACTAGTAA

PIK3R2

TTGGTACGTGGGCAAGATCAA

CCGCGAGTATGACCAGCTTTA

PIN1

CAGGCCGAGTGTACTACTTCA

CGGCTACATCCAGAAGATCAA

PKN2

CACGTCAAAGTATGATATCTA

CAAGCAAGATTTAATGAATCA

PLSCR1

ACGTAAGATTCAGGAAACGAA

CCAGTGTATAATCAGCCAGTA

PPIA

AAGCATGTGGTGTTTGGCAAA

CTCACTGTCTGTAATGTATTA

PRKACB

TTCGAGTACCTCCATTCACTA

CAGAATAATGCCGGACTTGAA

PRKCD

CAGCAGCAAGTGCAACATCAA

CCGCTTCAAGGTTCACAACTA

PRKCE

CCCGACCATGGTAGTGTTCAA

GCCCATCATATTCATGTGTAA
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Table S2.1 — continued from previous page
Gene symbol

siRNA target sequence #1

siRNA target sequence #2

PRKCZ

CACCGACAACCCGGACATGAA

GACCAAATTTACGCCATGAAA

PTPRF

CAGGAGCGGATCATCATGTAT

CAGCGCTATCTAGATAGGTAA

RAC1

ACGATGTTCTGTACAACTTAA

ATGCATTTCCTGGAGAATATA

RAPGEF1

CCGGGTTTAGGACGTGGTCAA

CTGGGTCCGGTCCATAATCAT

RASA3

TAACATGGATTTATAACTTAA

AACCTGAAGTTTGGAGATGAA

RET

CAGGGTCGGATTCCAGTTAAA

TAGGCTGGTTCTCAACCGGAA

RPS6KA5

TTCCATCCTATTCAAGCGTAA

AAGCCAGTCATTCGAGATGAA

SC4MOL

CAGAAACTAGTAGCTAACATT

CACATCCTTTGGAGACTCTAA

SH2D3C

TAGGATACTGGGCGTTACCAA

CCACACCAATGCTGAAGTCAA

SHC1

CTGAAATTTGCTGGAATGCCA

CGAGTTGCGCTTCAAACAATA

SMAD2

AAGCCGTCTATCAGCTAACTA

AAGAGGAGTGCGCTTATACTA

SOS2

AAGCATTTGATCCTTATGAAA

TTGGAATATATTTAACAAATA

STAT3

AACGTTATATAGGAACCGTAA

CTGGTCTTAACTCTGATTGTA

TBL1Y

CAGGAGTGTATATGTTTCATA

TTCGCTCTGAAATGGAACAAA

VAV3

ATGGACTGCGAAGAACTCCTA

CACGACTTTCTCGAACACCTA
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EPHA5

PRKCE

GRB7

RASA3

Gene symbol
Noa
Noa
No
No
Yes
Yes
No
No
Yes
Yes
No
No
Yes
Yes
No

siRASA3_6
siRASA3_7
siRASA3_8
siGRB7_4
siGRB7_7b
siGRB7_3
siGRB7_6
siPRKCE_5b
siPRCKE_2
siPRKCE_6
siPRKCE_10
siEPHA5_5
siEPHA5_6
siEPHA5_4

In primary screen

siRASA3_5

siRNA

ACCAGCTACACGATTATCAAA

CCCGGCAGTATGTGTCTGTAA

ACCAGTTGGATCTCCAATGAA

AAGAGTGTATGTGATCATCGA

CACGGAAACACCCGTACCTTA

GCCCATCATATTCATGTGTAA

CCCGACCATGGTAGTGTTCAA

CCTGCAGAAAGTGAAGCATTA

CGCCAAGTACGAACTGTTCAA

CTGGATCTGTCTCCACCTCAT

CACACTGGTATATCCCATGAA

CAGGAGACCTACAAGACGCTA

CACCAAAGTGAGCCAGTGCAA

ACGGAAGCGCTTTGGGATGAA

CTGGATCGACATTCTCACCAA

siRNA target sequence

Table S2.2: Gene symbols and target sequences for four individual siRNAs utilized in secondary screens.
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Yes
Yes
No
No
Yes
Yes
No
No

siRET_5
siRET_10
siRET_9
siRET_15
siABL1_9 (siABL1 #1)b,c
siABL1_10 (siABL1 #2)c
siABL1_8
siABL1_11

used in subsequent characterization studies

No

siPLSCR1_5

c

No

siPLSCR1_4

used to confirm knockdown by Q-RT-PCR

Yes

siPLSCR1_6

b

Yes

siPLSCR1_3

siRNAs used in primary screens were superseded by these siRNAs

No

In primary screen

siEPHA5_8

siRNA

a

ABL1

RET

PLSCR1

Gene symbol

siRNA target sequence

CCAGTGGAGATAACACTCTAA

AACCAAGCCTTTGAAACAATG

ACGCACGGACATCACCATGAA

AACGGCTGATGTGGACTGTCT

CACCGGCCTCCTCTACCTTAA

CCGCTGGTGGACTGTAATAAT

TAGGCTGGTTCTCAACCGGAA

CAGGGTCGGATTCCAGTTAAA

CAGCGCCACAGCCTCCATTAA

CGGGTGTTGGCGCAAAGGTTA

CCAGTGTATAATCAGCCAGTA

ACGTAAGATTCAGGAAACGAA

TTGGCAGAACATAGCCCACTA

Table S2.2 — continued from previous page

2.5.2

Supplementary Figures
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10

Figure S2.1 (previous page): Development and characterization of a screening assay for
modulators of ADCC. A, A431 cells were seeded in 96-well plates overnight and the
following treatments were added: vehicle (media, “A431 alone”); cetuximab (“A431
+ cetuximab”); NK92-CD16V effector cells and cetuximab (“ADCC”); and NK92CD16V effector cells (“Natural cytotoxicity”). NK92-CD16V effector cells were also
assessed for background signal in the absence of A431 cells (“NK alone”). NK92CD16V cells were added at a 20,000 cells/well (1:1 E:T) and cetuximab was used
at 1 µg/mL. Cytotoxicity signal (relative luminescence units, RLU) was assessed
4 h later. For the ADCC and natural cytotoxicity treatment groups, dashed lines
represent mean of the respective treatment groups and shaded area represents ±3
standard deviations from the mean. B & C, A431 cells were seeded in 96-well plates
overnight and the following treatments were added: vehicle (media); antibody; NK92CD16V cells; and antibody and NK92-CD16V cells. Antibody concentrations were
varied (0.001-10 µg/mL). Either 20,000 NK92-CD16V cells (1:1 E:T) or 40,000 NK92CD16V cells (2:1 E:T) were used. Cytotoxicity signal was assessed 4 h later and shown
on the same scale as in Figure 2.1. B, The IgG1 antibody rituximab (anti-CD20)
that does not bind A431 cells, but can engage CD16V on NK92-CD16V cells, was
used. C, The IgG2 antibody panitumumab (anti-EGFR) that binds A431 cells, but
has limited capacity to engage CD16V on NK92-CD16V cells, was used. D & E,
Specific lysis determined from the cytotoxicity signal in B & C, respectively. Error
bars represent standard deviations of the mean for triplicate measurements from one
of two representative experiments.
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Figure S2.2 (previous page): Differential cytotoxicity from primary screens and specific lysis and differential cytotoxicity from secondary screens. A, Two primary screens
were conducted where two pooled siRNA per 60 targeted genes were reverse transfected in A431 cells in 96-well plates. 48 h post-transfection, three treatments were
added and cytotoxicity assessed 4 h later. The three treatments were: 1 µg/mL cetuximab alone; 20,000 NK92-CD16V cells alone; and the combination of cetuximab and
NK92-CD16V cells. All transfections and treatments were conducted in duplicate for
each primary screen. Differential cytotoxicity was calculated by assessing the relative
cytotoxic effect of each treatment for each replicate siRNA gene target compared to
the negative control siRNA (dashed vertical line at 0; see Section 2.2, Materials &
Methods). Differential cytotoxicity is represented as boxplots of duplicate assessments
in two primary screens (n=4). B & C, Two secondary screens were conducted where
four individual siRNA for seven target genes (PRKCE, EPHA5, PLSCR1, RASA3,
RET, ABL1 and GRB7 ; see Supplementary Table S2.2) were reverse transfected in
A431 cells in 96-well plates. 48 h post-transfection, four treatments were added and
cytotoxicity assessed 4 h later. The four treatments were: vehicle (media); 1 µg/mL
cetuximab alone; 20,000 NK92-CD16V cells alone; and the combination of cetuximab
and NK92-CD16V cells. All transfections and treatments were conducted in duplicate
for each secondary screen. In B, specific lysis was calculated comparing the combined
cetuximab and NK92-CD16V treatment to the cetuximab only condition for each
replicate siRNA. Specific lysis values are represented as boxplots of duplicate assessments in the two secondary screens (n=4). Specific lysis for each siRNA was compared
to the negative control siRNA (dashed vertical line). In C, Differential cytotoxicity
was assessed as described in A is represented as boxplots of duplicate assessments in
two secondary screens (n=4). For all panels, significance was assessed by ANOVA followed by Dunnett’s many-to-one multiple comparison test correction for each siRNA
gene target compared to the negative control siRNA. *, p<0.05; **, p<0.01; and ***,
p<0.001.
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Figure S2.3: Characterization of a real-time cell assay (RTCA) for assessment of
ADCC. A431 cells were seeded in 96-well E-plates and cell index was recorded every
10 min by RTCA. At 20 h, RTCA was paused and treatments were added: vehicle
(media); cetuximab (0.01, 0.1 and 1 µg/mL); and NK92-CD16V cells (0:5-4:1 E:T).
RTCA was restarted and cell index assessed for the duration of the assay. Each line
represents a local polynomial regression (or LOESS) curve of the cell index from
triplicate wells per treatment. The shaded area around each curve represents the 95%
confidence interval of each curve.
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Figure S2.4: Knockdown of ABL1 and EGFR surface expression level. A & B, A431
cells reverse transfected without siRNA (mock) or with negative control (siNEG),
ABL1 (siABL1), or EGFR (siEGFR) siRNA in six-well plates. Cells were collected
at 48 h post-transfection and stained with cetuximab and anti-human IgG F(ab)’2PE secondary antibody and assessed for EGFR surface expression by flow cytometry.
In A, overlays of exemplary histogram plots of EGFR surface expression for each
transfected siRNA (lines) are shown with mock transfected samples (filled gray).
Secondary only stains were similar to unstained controls (not shown). In B, median
fluorescence intensity (MFI) for secondary-only stained controls were background subtracted from cetuximab- and secondary-stained samples. Background-subtracted MFI
for each transfected siRNA were then normalized to the mock transfection (set to 1)
and compared to the negative control siRNA. **, p<0.01 by two-tailed t-test.
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Figure S2.5 (previous page): Effect of various c-Abl tyrosine kinase inhibitors on
ADCC. A-C, A431 cells were seeded in 96-well plates overnight and treated with
vehicle (0, DMSO) or inhibitor at indicated concentrations for 48 h. Dasatinib was
used in A, nilotinib in B, and ponatinib in C. Treatments were replaced with fresh
growth media prior to addition of: vehicle (media); 1 µg/mL cetuximab; 20,000 NK92CD16V cells; or cetuximab and NK92-CD16V cells. Cytotoxicity was assessed 4 h
later and specific lysis by NK92-CD16V cells was determined. Specific lysis for each
inhibitor treatment was compared to the vehicle control. *, p<0.05; **, p<0.01, ***,
p<0.001 by two-tailed t-test. Results are one representative of at least two experiments
for each inhibitor. D, A431 cells were reverse transfected with one of two siRNA
targeting SRC (siSRC #1 and #2) or negative control siRNA (siNEG). Specific lysis
was assessed as in A-C and change in specific lysis was calculated by substration of
the siNEG specific lysis. Change in specific lysis for each siRNA was compared to
the negative control siRNA from three separate experiments (n=3). No significant
differences were detected by two-tailed t-test.
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Figure S2.6 (previous page): Inhibition of c-Abl kinase activity by imatinib and sensitivity of HNSCC cell lines to ADCC. A, SCC-4, SCC-9, SCC-25, and SCC-61 cells
were seeded in 96-well plates overnight and treated for 48 h with vehicle (0, DMSO)
or imatinib (10 µM). Treatments were replaced with fresh growth media just prior
to addition of: vehicle (media); 1 µg/mL cetuximab alone; 40,000 NK92-CD16V cells
(∼2:1 E:T) alone; or cetuximab with NK92-CD16V cells. Cytotoxicity was assessed
4 h later and specific lysis by NK92-CD16V cells was determined in the absence or
presence of cetuximab. Error bars represent s.d. of the mean. Imatinib pre-treatment
was compared to vehicle control within each sub-panel. *, p<0.05 by two-tailed t-test.
Results are depicted for one representative of three experiments for each cell line. B,
A253, FaDu, HNSCC 1483 and UM-SCC-11a cells were seeded overnight in six-well
plates and treated for 48 h with vehicle (0, DMSO) or imatinib (10 µM). Cell lysates
were collected and Western blots were conducted. c-Abl was blotted before stripping
and re-blotting for EGFR. Phospho-CrkL (p-CrkL) was blotted, re-blotted for CrkL,
and re-blotted for β-actin as a loading control. Densitometry was conducted and relative expression was assessed within each cell line for vehicle and imatinib treatments.
Results are one representative of two independent experiments. C & D, A253, FaDu,
HNSCC 1483, and UM-SCC-11a cells were seeded overnight in six-well plates and
treated with vehicle (0, DMSO) or imatinib (10 µM). Cells were collected 48 h later,
stained with cetuximab and anti-human IgG F(ab)’2-PE secondary antibody, and
assessed for EGFR surface expression by flow cytometry. In C, overlays of exemplary
histogram plots of EGFR surface expression for each cell line with imatinib (10 µM,
solid black line) or vehicle treatments (filled gray). Secondary only stains were similar to unstained controls (not shown). In D, median fluorescence intensity (MFI)
for secondary-only stained controls were background subtracted from cetuximab- and
secondary-stained samples. Background subtracted MFI values for imatinib (10 µM)
were compared to vehicle treatment for each cell line. Error bars represent s.d. of the
mean from three experiments. No significant differences were detected by two-tailed
t-test.
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Chapter 3
Development and Characterization of an ADCC-Resistant Cell Line,
A431/ADCCR

3.1

Aim, Hypothesis & Goal

The overall aim for this study was to develop and characterize a model of tumor
cell resistance to ADCC. We hypothesized that tumor cells can acquire resistance
to cetuximab-mediated ADCC through persistent exposure. The goal was to develop
a model system for identifying how acquired ADCC resistance occurs and could be
targeted in a therapeutic setting.

3.1.1

Specific Aims

The specific aims addressed by this study were as follows.
1. Develop a model of acquired resistance to cetuximab-mediated ADCC
2. Characterize acquired resistance to ADCC through functional, cellular, and
molecular analyses
3. Identify mechanisms of acquired resistance to ADCC
4. Assess cross-resistance to other therapies through RNAi and small molecular
screening
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3.2

Materials & Methods

This section provides additional Materials & Methods beyond those already described
in Chapter 2, Section 2.2.

3.2.1

Cell lines and culture

A431 and NK92-CD16V cells were cultured as described in Section 2.2. In addition to
initial cell line fingerprinting of the parental cells A431, STR analysis of serially passaged A431 cells from isolated genomic DNA was conducted (Tissue Culture Shared
Resource, Georgetown) after completion of all treatment cycles.

3.2.2

Serial treatment for selection of ADCC resistance

Early passage 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 first
treatment cycle (C01): vehicle (media); 0.01 µg/mL cetuximab; 1 µg/mL cetuximab;
500,000 NK92-CD16V cells; 0.01 µg/mL cetuximab and 500,000 NK92-CD16V cells
(low ADCC); and 1 µg/mL cetuximab and 500,000 NK92-CD16V cells (high ADCC).
The 500,000 NK92-CD16V cells equates to ∼2:1 effector-to-target (E:T) ratio at 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.
Over six months (June 4, 2012–Dec 5, 2012), a series of 34 additional treatment
cycles (C01-C35) were conducted: seeding, treatment, and viable cell density assessment. Viable cell density was used as a surrogate to assess for resistance in the low
and high ADCC treatment groups. After every fifth treatment cycle (C05, C10, C15,
etc.), cells from each treatment were also expanded for one passage and cryopreserved.
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3.2.3

Cell microscopy and imaging

Brightfield, phase-constract microscopy of six-well cell culture plates was conducted
on an inverted microscope (Olympus). Gray-scale digital images were obtained with
manual focus and exposure length by an attached charge-coupled (CCD) digital
camera and saved as TIFF images. Auto-constrast adjustments were made in Photoshop (Adobe).

3.2.4

RNA isolation and gene expression arrays

Six pairs (12 total samples) of serially passaged vehicle-treated and ADCC resistant A431 cells (A431/ADCCR) from the last six treatment cycles (C30-C35) 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 was obtained from a single BeadChip.

3.2.5

Gene expression analysis

Raw scan data was extracted using GenomeStudio (Illumina) and processed in R using
the lumi package [111, 149]. Raw probe data and controls were subjected to quality
control assessment, background correction, log2 -variance stabilization, and quantile
normalization to yield gene expression values.
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3.2.6

Differential gene expression analysis

Differential gene expression analysis was conducted in R using the limma package
[150]. Gene expression values for probes with detection calls>0 (n=20,889 of 47,323
probes, 44%) were analyzed. Linear models were fit for expression data for each probe,
followed by use of an empirical Bayes approach to borrow variance information across
genes for significance testing. Differentially-expressed probes were defined as those
probes with a false-discovery rate (FDR) adjusted p<0.01.

3.2.7

Gene set enrichment analysis (GSEA), pathway, biological function, and upstream regulator analysis

Gene expression values for all probes (n=47,323 probes) were analyzed using the
Molecular Signatures Database (MSigDB, v3.0) and the GSEA software (The Broad
Institute, version v.2.0.10) [151, 152]. Multiple probes for the same gene were collapsed
to the single probe value with maximal differential expression between conditions
assessed.
Gene expression values for differentially-expressed genes were uploaded into Ingenuity Pathway Analysis (IPA) software. Canonical pathways were assesed by score
(-log2 (p)) and scored genes in pathway (percent of scored genes to total genes in
pathway, %). Biological functions and upstream regulators were assessed by activation z-score, a measure of increased or reduced enrichment based on gene expression
values. Results were exported from IPA and visualized in R.
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3.3

Results

3.3.1

Serial treatment of A431 cells for generation of ADCC resistance

As acquired resistance to cetuximab therapy occurs during treatment, we devised a
strategy for serial ADCC exposure in an in vitro model system of ADCC we had
previously characterized (see Chapter 2, Section 2.3.1) [136, 137]. The model system
included: EGFR-expressing A431 squamous cell carcinoma cells; cetuximab, an antiEGFR IgG1 monoclonal antibody; and NK92-CD16V immune effector cells. Previous
ADCC assays demonstrated minimal antibody-independent natural cytotoxicity, but
cetuximab concentration- and E:T-dependent ADCC responses of A431 cells to NK92CD16V cells (Fig. 2.1B).
Parental A431 cells were treated with six different conditions: vehicle (media); low
cetuximab; high cetuximab; NK92-CD16V cells; low cetuximab with NK92-CD16V
cells (low ADCC); and high cetuximab with NK92-CD16V cells (high ADCC). The
low and high cetuximab concentrations were 0.01 µg/mL and 1 µg/mL, respectively,
reflecting the boundary conditions at which cetuximab and NK92-CD16V cells can
effectively induce ADCC against A431 cells (Fig. 2.1B). NK92-CD16V cells were used
at a relatively high E:T of 2:1 in order to act as a strong selection pressure in the
ADCC conditions (Fig. 2.1B).
Over a period of six months, A431 cells were serially exposed to the six respective conditions through 35 treatment cycles (C01–C35). After each treatment cycle,
viable cell count was assessed to ascertain whether any treatments were demonstrating
changes in response. Over all treatment cycles, viable cell count remained relatively
consistent within each treatment group (Fig. 3.1A). At C10 and C20, cells from all

83

treatment conditions were assessed and no changes in ADCC were evident (data not
shown).
Several observations were made at later cycles. Subtle changes in morphology were
observed starting at cycle 25 (C25). Modest changes in proliferation were observed
around cycle 30 (C30), after overnight seeding of cells and just prior to treatment the
following day. ADCC assays were conducted across all treatment conditions starting
at C30 and continuing through cycle 35, even though relative viable cell density was
unchanged (Fig. 3.1A). At C30, ADCC resistance in the high cetuximab ADCC condition — 1 µg/mL cetuximab with NK92-CD16V — was observed (data not shown).
Treatment cycles were continued to assure resistance was consistent and maintained. Cells from treatment cycles C33–C35 were passaged without treatments. High
cetuximab ADCC-conditioned cells were found to have significant resistant to ADCC
(Fig. 3.1B). This ADCC-resistant cell population was named A431/ADCCR.
Although the A431/ADCCR cells did not show a relative change in viable cell
density over the 35 cycles of ADCC treatment, they were nonetheless resistant to
ADCC. We hypothesized that this may be due to a change in proliferative capacity we
had observed at C30. If high cetuximab ADCC-treated cells had developed resistant
to ADCC, but had very reduced rates of proliferation, these opposing effects could
yield a net viable cell count that was unchanged. Therefore, we assessed the relative
proliferation of A431/ADCCR cells from cycles C33–C35. A431/ADCCR cells had
a significant reduction in proliferation (∼33%) relative to their respective vehicletreated A431 controls (Fig. 3.2C).
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Figure 3.1 (previous page): Development of an A431 ADCC-resistant cell line. A, A431
cells were treated serially over six months (35 cycles, C01-C35) with cetuximab and/or
NK92-CD16V effector cells in six-well plates. Cetuximab in vehicle (media) was used
at 0.01 µg/mL and 1 µg/mL. NK92-CD16V cells were added at an approximate
effector-to-target ratio of 2:1. Cells were seeded overnight, treated the following day,
and assessed for viable cell count three to four days later. Cells were collected by
treatment aspiration, wash, and trypsinization. Viable cell density for each treatment
condition was assessed by trypan blue exclusion on a hemocytometer and assessed as
percent of vehicle-treated controls (%). Percent of vehicle-treated controls was plotted
for each treatment group and overlaid with a LOESS (local regression) model. The
95% confidence interval of the model is depicted as the corresponding shaded area
for each line. The vertical arrows for last three treatment cycles (C33-C35) reflect
the samples that were assessed in B and C. B, Previous ADCC assays had indicated
that ADCC-treated A431 cells from the late treatment cycles were ADCC-resistant.
Vehicle-treated and ADCC-treated (1 µg/mL cetuximab and NK92-CD16V cells, red
line in A) from the last three treatment cycles (C33-C35, as indicated by vertical
arrows in A) were passaged twice without treatment and seeded overnight in 96-well
plates. At 48 h, NK92-CD16V cells were added to the plated cells in the absence
(0, vehicle) or presence (1 µg/mL) of cetuximab. Cytotoxicity was assessed 4 h later
and specific lysis was determined. **, p<0.01 by two-tailed t-test. C, The same cells
assessed in B from the last three treatment cycles (C33-C35) were seeded overnight
in 96-well plates and assessed 48 h later by viability assay. *** p<0.01.

3.3.2

Morphology and identity of A431/ADCCR cells

During the later treatment cycles, we observed that the morphology of the high
ADCC-treated cells had subtle changes in comparison to the vehicle treated controls. After identifying these cells as ADCC-resistant, we assessed the morphology
of the A431/ADCCR population by phase-constract microscopy (Fig. 3.2A). The
A431/ADCCR cells appeared more ‘spindle-like’ with elongated morphology similar
to fibroblasts and striking constrast at cell margins. A431/ADCCR cells displayed
less distinct colony or clonal organization with a tendency for less reduced cell-cell
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contact. In accordance with those observations, A431/ADCCR cells tended to proliferate into available space, thus appearing more motile than vehicle-treated cells.
When projecting away from neighboring cells, A431/ADCCR cells made more focal
contacts in comparison to the tighter junctional sheets of A431 cells.
Besides morphological changes, sub-confluent A431/ADCCR were more resistant
to trypsinization than their vehicle-treated counterparts. Also, when grown to confluence, A431/ADCCR cells had a tendency to develop a monolayer with increased
extracellular space and reduced cellularity in comparison with A431 cells. Within the
confluent A431/ADCCR monolayer, vertical cell aggregates would form, which were
never observed in confluent A431 cells. Gentle disrupation of vertical cell aggregates,
collection of non-adherent cells revealed, and viable cell assessment by trypan blue
exclusion revealed that the majority (>50%) of non-adherent cells were viable. Very
few viable non-adherent cells were evident from confluent A431 monolayers.
To confirmed that A431/ADCCR cells from the last treatment cycle (C35) were
not cross-contaminated with other cell lines, including the NK92-CD16V cells used
in ADCC treatments, DNA fingerprinting by short tandem repeat (STR) analysis
was conducted (Supplementary Table S3.1). STR analysis revealed a loss of one STR
marker at a single allele (D13S317), but no other differences. Concurrently, the cells
were confirmed to be mycoplasma negative.
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A431/ADCCR

Figure 3.2: Morphology of A431/ADCCR cells. Vehicle-treated A431 cells and A431/ADCCR cells at the end of 35
cycles of treatments (C35) were passaged twice and plated to obtain similar densities at time of imaging. Phase constrast
microscopy was utilized to assess morphology. Scale bar, 100 µm.

A431

3.3.3

EGFR expression in A431/ADCCR cells

A431 cells express a significant amount of EGFR, which drives their proliferation and
allows for cetuximab-mediated ADCC (Fig. 2.1C & D) [79]. We hypothesized that
EGFR expression was diminished in A431/ADCCR cells, because of resistance to
ADCC and reduction in proliferation rate. Reduced EGFR expression could account
for both of these phenotypes.
First, EGFR cell surface expression in A431/ADCCR cells was assessed by flow
cytometry. EGFR surface expression was significantly reduced in A431/ADCCR cells
when compared to vehicle-treated A431 controls (Fig. 3.3A & B). Total EGFR expression in A431/ADCCR cells was also assessed by Western blot, where it was found to
be dramatically reduced in comparison to vehicle-treated A431 cells (Fig. 3.3C).

3.3.4

Whole genome gene expression analysis of A431/ADCCR cells

The changes in ADCC sensitivity and proliferation correlated with the changes in
EGFR expression in A431/ADCCR cells. We hypothesized that changes in EGFR
expression (Fig. 3.3) could be a cause or consequence of a larger gene expression
program. EGF-EGFR interactions and nuclear localization EGFR have been shown
to modify transcriptional programs in tumor cells [153, 154]. Gene expression analysis
could enable elucidation of either of these hypotheses.
Whole genome gene expression in the A431/ADCCR cells was performed. RNA
was isolated from the last six cycles of treatment (C30-C35) for vehicle-treated A431
and A431/ADCCR cells. These six paired RNA samples were confirmed for quality
and hybridized to the HumanHT-12 v4 Expression BeadChip (Illumina). A standard
analysis workflow of background correction, variance stabilization, quantile normal-
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Figure 3.3: EGFR expression in A431/ADCCR cells. A, Vehicle-treated A431 and
A431/ADCCR cells from the last three treatment cycles (C33-C35) were passaged
twice without treatments. Cells were collected by trypsinization and stained with
cetuximab as primary and anti-human IgG(H+L)-PE conjugated secondary for detection of EGFR surface expression. An exemplary histogram of EGFR surface expression is shown. B, EGFR surface expression was assessed as described in A and quantified as median fluorescence intensity (MFI). **, p<0.01 by two-tailed t-test. C, Protein
lysates from vehicle-treated A431 and A431/ADCCR cells from the last treatment
cycle (C35) were collected, applied to SDS-PAGE, and transferred to a membrane.
EGFR and β-actin were detected by Western blotting. A long exposure, with overexposure in the A431 cells, was necessary to detect EGFR in the A431/ADCCR cells.
Results are representative of blots for the last three treatment cycles (C33-C35).
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ization, and control probe-based quality assessment was conducted in R using the
lumi package [149].
Differential gene expression analysis was performed in R using the limma package
to generate linear models and conduct Bayesian analysis of gene expression between
the vehicle-treated A431 and A431-ADCCR cells [150]. 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. To focus our analyses, within
the 2438 probes, we selected those with a fold change≥2 (log2 -fold change≥1) for
subsequent pathway and biological function analyses. Based on these two criteria —
FDR-adjusted p<0.01 and fold change≥2 — 388 total probes identifying 334 unique
genes were found to be differentially expressed (Fig. 3.4A and Supplementary Table
S3.2).
The most differentially-expressed probe — ILMN_1696521 with log2 -fold change
of −5.63 and FDR-adjusted p of 3.12×10−08 — was annotated to EGFR, with over
a 50-fold reduction in transcript expression in A431/ADCCR cells (Fig. 3.4B; and
Supplementary Table S3.2). Because the loss of EGFR family member expression is
often associated with changes in other family members, we assessed the expression
of ERBB2 (HER2), ERBB3 (HER3), and ERBB4 (HER4) [96]. ERBB3 was found
to be significantly upregulated in A431/ADCCR cells (log2 -fold change of 1.81 and
FDR-adjusted p of 1.65×10−04 ).
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Figure 3.4 (previous page): Whole genome gene expression analysis of A431/ADCCR.
A, Vehicle-treated A431 and A431/ADCCR cells from the last six treatment cycles
(C30-C35) were asssesed by whole genome Illumina bead arrays. Differential gene
expression analysis was conducted for genes with fold change ≥2 and false discovery
rate (FDR)-adjusted p<0.01. A heatmap based on hierarchical clustering of both
samples (columns) and probes (rows) contains 388 total probes for 334 unique genes
(Supplementary Table S3.2). Reduced (blue) and increased gene expression (red) is
shown based on z-score assessment across each probe (row). B, Three unique probes
that detected log2 EGFR transcript levels differentially-expressed in A431/ADCCR
cells are summarized as boxplots. These data for these probes are included in the
heatmap in A and depict at least a fold change ≥2 (log2 fold change ≥1) and FDRadjusted p<0.01.

Gene set enrichment analysis (GSEA) was conducted from the whole genome
expression analysis using all probe data, not just differentially expressed probes [152].
Positional gene sets were used to assess gene expression patterns associated with
chromosomes and cytogenetic bands [151]. Positional gene sets with a nominal p<0.05
were identified as significantly enriched in the vehicle-treated A431 cells in comparison
to the A431/ADCCR (Fig. 3.5). Nine of 20 gene sets enriched in vehicle-treated A431
cells were identified on chromosome 7, including the 7p12 locus which contains the
EGFR gene. The enrichment of the 7p12 locus in A431 cells correlates with the loss
of gene EGFR expression in the A431/ADCCR cells (Fig. 3.3).
Pathway analyses were conducted using the Ingenuity Pathway Analysis (IPA)
platform. Only the 388 differentially-expressed probes with FDR-adjusted p<0.01 and
fold change≥2 were assessed by IPA. Canonical pathways were assessed for enrichment in A431/ADCCR cells based on differentially probe expression in comparison
to vehicle-treated A431 cells. The majority of canonical pathways identified with significant scores were associated with immunological responses (Fig. 3.6).
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Figure 3.5: Gene set enrichment analysis (GSEA) of gene expression in A431 vs.
A431/ADCCR. Positional gene sets corresponding to chromosomal loci and cytogenetic bands were assessed for normalized enrichment score (bars) and nominal p<0.05
(overlaid orange points and lines) in vehicle-treated A431 vs. A431/ADCCR cells.
Genes sets enriched in A431 cells contained genes whose expression was significantly
increased in comparison to A431/ADCCR cells. Gene sets from loci on chromosome
7 are highlighted in green.

94

Score, -log(p-value)
2

4

6

8

Antigen Presentation Pathway
Communication between Innate and Adaptive Immune Cells
Graft-versus-Host Disease Signaling
Dendritic Cell Maturation
Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses
Role of Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza
Interferon Signaling
OX40 Signaling Pathway
Role of Cytokines in Mediating Communication between Immune Cells
Hepatic Fibrosis / Hepatic Stellate Cell Activation
Allograft Rejection Signaling
Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis
Altered T Cell and B Cell Signaling in Rheumatoid Arthritis
Activation of IRF by Cytosolic Pattern Recognition Receptors
Cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells
Differential Regulation of Cytokine Production in Intestinal Epithelial Cells by IL-17A and IL-17F
Role of Tissue Factor in Cancer
FXR/RXR Activation
IL-17A Signaling in Gastric Cells
Crosstalk between Dendritic Cells and Natural Killer Cells
Atherosclerosis Signaling
LXR/RXR Activation
VDR/RXR Activation
Autoimmune Thyroid Disease Signaling
Acute Phase Response Signaling
Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL-17A and IL-17F
Bladder Cancer Signaling
p38 MAPK Signaling
IL-6 Signaling
Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis
Role of IL-17F in Allergic Inflammatory Airway Diseases
Systemic Lupus Erythematosus Signaling
Cdc42 Signaling
IL-10 Signaling
B Cell Development
Caveolar-mediated Endocytosis Signaling
Type I Diabetes Mellitus Signaling
Aryl Hydrocarbon Receptor Signaling
Hematopoiesis from Pluripotent Stem Cells
TREM1 Signaling
Inhibition of Angiogenesis by TSP1
Role of IL-17A in Psoriasis
PPAR Signaling
IL-17A Signaling in Fibroblasts
CCR5 Signaling in Macrophages
T Helper Cell Differentiation
Role of MAPK Signaling in the Pathogenesis of Influenza
Ovarian Cancer Signaling
Chemokine Signaling
GDNF Family Ligand-Receptor Interactions
Cholecystokinin/Gastrin-mediated Signaling
Glutamine Biosynthesis I
Hepatic Cholestasis
Pancreatic Adenocarcinoma Signaling
Glucocorticoid Receptor Signaling
CD28 Signaling in T Helper Cells

10

20

30

40

50

Scored genes
in pathway, %

Figure 3.6: Canonical pathways enriched in A431/ADCCR. Differentially expressed
probes were analyzed for enrichment of ‘canonical pathways’ in A431/ADCCR in comparison to vehicle-treated A431 cells by Ingenuity Pathway Analysis (IPA). Enriched
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Biological function analysis was also conducted using IPA. Biological functions
enriched in A431/ADCCR cells depicted a similar pattern of gene expression associated with immune activation (Fig. 3.7A). In addition, several biological functions associated with apoptosis were reduced in A431/ADCCR cells. Several of these apoptosisrelated functions — particularly those related to apoptosis of phagocytes, myeloid
cells, and leukocytes — may be downregulated due to immune activation functions
as biological function assessment is not mutually exclusive. Nonetheless, biological
functions related to apoptosis of tumor/cancer cells was reduced in A431/ADCCR
(Fig. 3.7A).
Upstream regulators, including transcriptional and other transactivating factors,
were evaluated based on differential gene expression changes in A431/ADCCR cells
(Fig. 3.7B). Many immune-related upstream regulators were identified, including:
interferon-γ (IFNG), tumor necrosis factor (TNF), and NF kappa B (NFkB, NFKB1);
several interleukins (IL) including interleukin-29 (IL29), IL-1β (IL1B), and IL-1α
(IL1A); and other interferons (IFN) including IFNA2, IFNA1 and IFNA3. Network
analysis of the upstream regulators revealed IFNG as a master regulator of many of
the other upstream regulators and their related downstream targets (Fig. 3.7C). IFNG
expression was not differentially-expressed in A431/ADCCR cells, although inteferonγ receptor 1 (IFNGR1) was upregulated by 1.6-fold (FDR-adjusted p of 2.98×10−04 ).
Within the IFNG-responsive genes, several class I major histocompatibility complex
(MHC) receptors important in modulating NK cell activity were found differentiallyexpressed, including HLA-B, HLA-F, and HLA-H (Supplementary Table S3.2).
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3.4

Discussion

ADCC is an important mechanism of action of cetuximab therapy of EGFRexpressing colorectal cancer and HNSCC [68, 135]. Intrinsic and acquired resistance to
cetuximab has been associated with oncogenic KRAS mutations in colorectal cancer
[136, 137]. Accordingly, cetuximab is only approved for KRAS wild type colorectal
cancer. Although mutant KRAS can results in constitutive signaling independent
of EGFR and anti-EGFR therapy, KRAS mutations have not been associated with
clinical resistance to ADCC, as FcγR polymorphisms are independent factors of
response to cetuximab [68].
A recent study identified a novel mechanism of cetuximab resistance in a small
subset of colorectal cancer patients, wherein acquired EGFR mutations inhibited
cetuximab binding [84]. The acquired mutation of EGFR (S492R) occurred in the
region of the antigen epitope for cetuximab and resulted in effective “loss” of antigen
expression — as recognized by cetuximab — even though EGFR was still expressed
and functionally intact. Antigen loss, independent of acquire mutations, has been
observed in in vitro and in vivo resistance to ADCC [82, 83].
Nevertheless, mechanisms of ADCC resistance and characterization of ADCCresistance phenotypes have not been well-defined. Therefore, we derived an in
vitro model of ADCC resistance through serial challenges of cetuximab-mediated
ADCC against EGFR-expressing A431 cells. The ADCC-resistant cell population,
A431/ADCCR, exhibited a dramatic reduction in EGFR expression, which correlated
with reduction in cetuximab-mediated ADCC. We and others have associated EGFR
surface expression with magnitude of ADCC (Fig. 2.1) [79].
EGFR signaling has been shown to be a potent mitogenic factor, particularly in
A431 cells [155]. The A431/ADCCR cells had reduced proliferation, which correlated
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with loss of EGFR. Although the reduction in EGFR protected the A431/ADCCR
cells from ADCC by antigen loss, it likely contributed to this reduced proliferation.
The balance between ADCC resistance and reduced proliferation — beyond invalidating viable cell density as a surrogate for assessing ADCC resistance — represents
a trade-off in adaption of A431/ADCCR cells to ADCC immune selection pressure.
A431/ADCCR had distinctive morphology with elongated ‘spindle-like’ or a
fibroblast-like character and loss of the ‘cobblestone’, epidermal appearance of A431
cells. The reduction in proliferation accompanied by morphological differences may
be indicative of two possible phenotypic changes in A431/ADCCR: an epithelialto-mesenchymal (EMT)-like transition; or epidermal-like differentiation [156, 157].
Although we have not characterized the A431/ADCCR cells for established protein markers of EMT and differentiation, we assessed for associated transcriptional
changes by whole genome gene expression analysis.
There was no definitive enrichment of genes for EMT or epidermal differentiation by GSEA (data not shown). However, upregulation of a subset of keratins
was evident (KRT5, KRT6A, KRT16, LOC400578, KRT16, and KRT17 ; Supplementary Table S3.2). Upregulation of these keratins — particularly the basal-associated
KRT5 — was also associated with increased expression of the epidermal transglutaminase, TGM1 (fold change of 1.66 and FDR-adjusted p of 5.37×10−03 ). Expression
of later markers of keratinocyte differentiation, such as involucrin and loricrin, were
not differentially-expressed or detected, respectively. This is consistent with the morphological changes observed that correlate with an early epidermal differentiation
(data not shown) [158]. As EGF and EGFR signaling are known to drive proliferation instead of differention in epidermal cells, loss of EGFR may have initiated a path
toward keratinocyte differentation [157, 159]. Nevertheless, further functional and
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biochemical characterization of A431/ADCCR is necessary to distinguish between an
EMT- or epidermal-like phenotype.
The predominating differential gene expression patterns in A431/ADCCR were
correlated with immune response functions. Upstream regulator analysis revealed
interferon-γ (IFNG) as a driver of many of these immune-related responses. However,
IFNG was not differentially expressed in A431/ADCCR cells. Instead, the IFNGmediated effects may be due to extrinsic production of IFNG. Besides inducing ADCC
on antibody-targeted cells, activating NK cells — including the NK92 cell line used
in these studies — can produce and release cytokines, including IFNG [160, 161]. In
prior studies, we observed that NK92-CD16V cells produced significant amounts of
IFNG in response to cetuximab-coated A431 target cells by multiplex cytokine assay
(data not shown).
It is plausible that several of the phenotypic changes in A431/ADCCR are due to
persistent exposure to IFNG-secreting activated NK cells. IFNG drives expression of
class I major histocompatibilty molecules (MHC) in cells, which can engage inhibitory
receptors on NK cells and block their activity [162]. MHC class I expression changes
were evident in A431/ADCCR. Loss of EGFR alone may render A431/ADCCR resistant to cetuximab-mediated ADCC, but IFNG-responses may have additional implications in inhibiting NK cell natural cytotoxicity as well.
In addition, IFNG has been shown to inhibit proliferation of and increase apoptosis
in tumor cells [162]. Therefore, IFNG could be responsible for reduced proliferation
of A431/ADCCR cells as well. Also, IFNG has been shown induce terminal differentiate A431 cells [163]. Therefore, the morphological changes suggestive of an early
epidermal differentiation of A431/ADCCR cells may be linked to IFNG, as well as
EGFR [157, 159]. IFNG treatment of hematological and solid cancer has been assessed
in pre-clinical and clinical studies, without much success in the latter [161, 162].
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A431/ADCCR cells may represent a unqiue model to investigate the combination of
ADCC resistance and IFGN adaptation.
Development of ADCC-resistant population of cells due to loss of a critical driver
of tumorigenesis raises several additional questions. As A431 cells express an enormous
amount of EGFR, it is unclear how EGFR was lost. As tumor cell heterogeneity is
evident in cancer and derived cell lines, it is possible that EGFR was not lost; existing,
low-expressing EGFR cells may have been selected over time from the A431 parental
cell line [81]. However, it is plausible that genetic loss or epigenetic modification of
expression are responsible. Although we found no evidence of differential expression of
microRNAs (miRs) targeting EGFR (data not shown), reduction in gene expression
around the EGRF locus was apparent. It is unclear if the loss of EGFR expression
— and possible effects of IFNG as well — have generated a more aggressive EMT or
cancer-initiating or, perhaps, a less aggressive epidermal differentiation phenotype. If
ADCC-promoting antibodies can readily induce loss of antigen expression by outright
elimination or acquired adaptation in vivo, the question remains whether this powerful
immunoselection yields favorable outcomes for patients.
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3.5
3.5.1

Supplementary Materials
Supplementary Tables

Table S3.1: Short tandem repeat (STR) analysis of A431/ADCCR. Genomic DNA
was isolated from vehicle-treated A431 and ADCC-resistant A431/ADCCR cells after
the last treatment cycle (C35) and subjected to DNA-fingerprinting by STR analysis.
STR markers were compared to those published by the American Tissue Culture
Collection (ATCC, http://www.atcc.org) for A431 cells (ATCC CRL-1555). The difference between the treated A431 and A431/ADCCR cells is italicized.
ATCC
Marker
A431
A431
Amelogenin
X, X
X, X
CSF1PO
11, 12
11, 12
D13S317
9, 13
9, 13
D16S539
12, 14
12, 14
D5S818
12, 13, —a
12, 13, 14
D7S820
10, 10
10, 10
THO1
9, 9
9, 9
TPOX
11, 11
11, 11
vWA
15, 17
15, 17
a
D21S11
—
28, 30
a
marker was not characterized by ATCC
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C35
A431/ADCCR
X, X
11, 12
13, 13
12, 14
12, 13, 14
10, 10
9, 9
11, 11
15, 17
28, 30
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5336

3113

1397

5010

ILMN_1815719

ILMN_1772218

ILMN_1694432

ILMN_1754103

85236

6288

ILMN_1796179

ILMN_2304512

400578

64108

ILMN_2173975

ILMN_1713813

9235

a

3575

ILMN_1778010

653506 ,

ILMN_2342579

ILMN_1780861

a b

4599

130576

ILMN_1693119

ILMN_1662358

3429

ILMN_2058782

653297a ,b

645638a

ILMN_3200140

ILMN_1803852

8638

ILMN_1674811

2634

3017

ILMN_1651496

ILMN_1774077

728461

ILMN_2412880

6695

5920

ILMN_1701613

ILMN_1746013

9235

ILMN_2368530

3872

6352

ILMN_2098126

ILMN_1666845

IL7R

84419

ILMN_1805410

3575a

115361

ILMN_1771385

728461

100133941

ILMN_2060413

ILMN_1761122

972

ILMN_2379644

ILMN_1691341

LYPD6B

389903

ILMN_2043126

SAA1

HIST1H2BK

LOC400578

CLDN11

CRIP2

HLA-DPA1

PLCG2

RTP4

IL32

IL7R

LOC653506

MX1

LOC653297

GBP2

SPOCK1

KRT17

CSAG3B

IFI27

LOC645638

OASL

HIST1H2BD

CSAG3B

RARRES3

IL32

CCL5

C15orf48

GBP4

CD24

CD74

CSAG3A

CLIC3

9022

ILMN_1796423

CD74

Gene symbol

972

Gene ID

ILMN_1736567

Probe ID

2.30

2.30

2.31

2.32

2.34

2.37

2.41

2.43

2.46

2.46

2.46

2.47

2.56

2.57

2.57

2.59

2.62

2.65

2.67

2.78

2.78

2.79

2.80

2.91

3.03

3.17

3.20

3.35

3.46

3.52

3.58

3.60

3.78

4.56

log2 -fold change

2’-5’-oligoadenylate synthetase-like, transcript variant 2, mRNA
misc_RNA, miscRNA

4.09×10−09

major histocompatibility complex, class II, DP alpha 1, mRNA
cysteine-rich protein 2, mRNA
claudin 11 (oligodendrocyte transmembrane protein), mRNA
similar to Keratin, type I cytoskeletal 14 (Cytokeratin-14) (CK-14) (Keratin-14) (K14), mRNA
histone cluster 1, H2bk, mRNA
serum amyloid A1, transcript variant 2, mRNA

3.30×10−05
1.83×10−04
1.66×10−08
1.90×10−06
4.90×10−07
7.52×10−06

receptor (chemosensory) transporter protein 4, mRNA
phospholipase C, gamma 2 (phosphatidylinositol-specific), mRNA

interleukin 32, transcript variant 7, mRNA

3.51×10−05

3.01×10−04

interleukin 7 receptor, mRNA

2.01×10−04

3.97×10−05

myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse), mRNA
similar to meteorin, glial cell differentiation regulator-like, mRNA

1.68×10−08

5.13×10−05
1.77×10−04

guanylate binding protein 2, interferon-inducible, mRNA
similar to CSAG family, member 2, mRNA

4.55×10−04

sparc/osteonectin, cwcv and kazal-like domains proteoglycan (testican) 1, mRNA

histone cluster 1, H2bd, transcript variant 2, mRNA

3.65×10−04

keratin 17, mRNA

CSAG family, member 3B, mRNA

3.96×10−06

8.99×10−07

retinoic acid receptor responder (tazarotene induced) 3, mRNA

3.38×10−05

CSAG family, member 3B, mRNA

interleukin 32, transcript variant 4, mRNA

9.88×10−05

3.03×10−05

chemokine (C-C motif) ligand 5, mRNA

1.43×10−06

interleukin 7 receptor, mRNA

chromosome 15 open reading frame 48, transcript variant 2, mRNA

3.89×10−05

2.62×10−05

guanylate binding protein 4, mRNA

3.26×10−06

1.03×10−05

CD24 molecule, mRNA

1.18×10−05

interferon, alpha-inducible protein 27, transcript variant 2, mRNA

CD74 molecule, major histocompatibility complex, class II invariant chain, transcript variant 2, mRNA

1.11×10−10

LY6/PLAUR domain containing 6B, mRNA

CSAG family, member 3A, mRNA

8.27×10−07

1.54×10−09

chloride intracellular channel 3, mRNA

7.91×10−06

4.70×10−06

CD74 molecule, major histocompatibility complex, class II invariant chain, transcript variant 1, mRNA

2.29×10−06

Description

5.85×10−08

Adj. p

Table S3.2: Differential gene expression in A431/ADCCR.

104
HIST1H2BK
MGC102966

85236

644945a

9636

3486

22998

10397

10379

284207a

155066

4973

3437

ILMN_1750748

ILMN_2054019

ILMN_2396875

ILMN_2139761

ILMN_1809931

ILMN_1745471

ILMN_1688775

ILMN_1785095

ILMN_1723035

ILMN_2239754

IFIT3

OLR1

ATP6V0E2

METRNL

IRF9

NDRG1

LIMCH1

IGFBP3

ISG15

OASL

KRT5

SAA4

HES4

S100A9

S100P

IFIT1

ILMN_1813314

IL6

CSAG3B

8638

728461

ILMN_2297352

HLA-F

ILMN_1681721

3134

ILMN_1762861

KRT16

3852

3868

ILMN_1736760

RNF144

ILMN_1801632

9781

ILMN_1777660

IFIT2

6291

3433

ILMN_1739428

HCP5

ILMN_1668055

10866

ILMN_1803945

NUAK1

57801

9891

ILMN_1689318

CD24

ILMN_1653466

100133941

ILMN_1805519

OAS2
IGFBP3

6280

3486

ILMN_1746085

ILMN_1750974

4939

ILMN_1674063

LYPD6B

6286

130576

ILMN_3245297

HLA-B

ILMN_1801216

3106

ILMN_1778401

RSAD2

3434

91543

ILMN_1657871

CCL5

ILMN_1707695

6352

ILMN_1773352

WFDC2

3569

10406

ILMN_3307693

HERC5

Gene symbol

ILMN_1699651

51191

Gene ID

ILMN_1729749

Probe ID
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1.89

1.89

1.89

1.90

1.90

1.92

1.92

1.92

1.93

1.95

1.96

1.98

2.00

2.02

2.02

2.03

2.03

2.06

2.07

2.07

2.08

2.08

2.09

2.10

2.11

2.14

2.16

2.19

2.21

2.24

2.25

2.26

2.27

2.28

2.28

log2 fold change

interferon-induced protein with tetratricopeptide repeats 2, mRNA
ring finger protein 144, mRNA
keratin 16 (focal non-epidermolytic palmoplantar keratoderma), mRNA
major histocompatibility complex, class I, F, transcript variant 1, mRNA
CSAG family, member 3B, mRNA

3.75×10−04
3.88×10−06
4.55×10−05
2.99×10−07
6.14×10−05

LIM and calponin homology domains 1, mRNA
N-myc downstream regulated gene 1, mRNA

3.67×10−04
2.02×10−05
2.48×10−05

interferon-induced protein with tetratricopeptide repeats 3, mRNA

insulin-like growth factor binding protein 3, transcript variant 1, mRNA

2.31×10−04

oxidized low density lipoprotein (lectin-like) receptor 1, mRNA

ISG15 ubiquitin-like modifier, mRNA

6.01×10−06

1.83×10−03

similar to Keratin, type I cytoskeletal 16 (Cytokeratin-16) (CK-16) (Keratin-16) (K16), misc RNA

4.07×10−07

ATPase, H+ transporting V0 subunit e2, transcript variant 1, mRNA

histone cluster 1, H2bk, mRNA

2.76×10−04

3.91×10−06

2’-5’-oligoadenylate synthetase-like, transcript variant 1, mRNA

6.57×10−05

1.38×10−07

keratin 5, mRNA

1.44×10−06

interferon regulatory factor 9, mRNA

serum amyloid A4, constitutive, mRNA

5.35×10−08

meteorin, glial cell differentiation regulator-like, mRNA

hairy and enhancer of split 4 (Drosophila), mRNA

1.11×10−03

4.09×10−09

S100 calcium binding protein A9 (calgranulin B), mRNA

4.80×10−03

1.93×10−03

interferon-induced protein with tetratricopeptide repeats 1, transcript variant 2, mRNA
S100 calcium binding protein P, mRNA

7.93×10−04

interleukin 6 (interferon, beta 2), mRNA

HLA complex P5, mRNA

4.14×10−08

6.68×10−05

CD24 molecule, mRNA
NUAK family, SNF1-like kinase, 1, mRNA

insulin-like growth factor binding protein 3, transcript variant 2, mRNA

1.35×10−04

7.67×10−09

2’-5’-oligoadenylate synthetase 2, 69/71kDa, transcript variant 1, mRNA

1.92×10−03

8.12×10−07

major histocompatibility complex, class I, B, mRNA
LY6/PLAUR domain containing 6B, mRNA

radical S-adenosyl methionine domain containing 2, mRNA

1.45×10−04

4.06×10−09

chemokine (C-C motif) ligand 5, mRNA

8.45×10−04

5.17×10−08

hect domain and RLD 5, mRNA
WAP four-disulfide core domain 2, mRNA

Description

4.17×10−07

Adj. p
8.55×10−05

105

3437

51806

6196

3017

8337

55450

ILMN_1701789

ILMN_1749118

ILMN_1702501

ILMN_1758623

ILMN_1659047

ILMN_1794863

10874

723790

200958

8337

7077

10046

8322

7057

4938

3134

ILMN_2162253

ILMN_3242900

ILMN_1653278

ILMN_2144426

ILMN_1721876

ILMN_1680856

ILMN_1743367

ILMN_1686116

ILMN_2410826

ILMN_2186806

HLA-F

OAS1

THBS1

FZD4

MAMLD1

TIMP2

HIST2H2AA3

MUC20

HIST2H2AA4

NMU

1.61

1.61

1.61

1.65

1.65

1.70

1.71

1.71

1.71

1.72

1.72

1734

ILMN_1737650

DIO2

1.72

HIST2H2BE

8349

ILMN_1732071

1.72

1.74

1.75

1.75

1.78

1.79

1.81

1.82

1.83

1.83

1.84

1.84

1.85

1.85

1.85

1.86

1.86

1.87

1.87

1.87

1.89

log2 fold change

1.72

CPNE8

DDX58

SIRPA

CEACAM1

HIST1H2AC

CAMK2N1

HIST2H2AA3

HIST1H2BD

RPS6KA2

CALML5

IFIT3

FAM46A

MGP

XAF1

AHNAK

DDX60

CYP2J2

ISG20

HLA-H

MGP

SAA1

Gene symbol

ILMN_1856480

144402

55603

ILMN_1740466

ILMN_1722294

4256

ILMN_2071809

23586

54739

ILMN_1742618

ILMN_1797001

79026

ILMN_1792495

140885

55601

ILMN_1795181

ILMN_1758146

1573

ILMN_1758731

634

3669

ILMN_1659913

ILMN_1716815

3136

ILMN_2130441

8334

4256

ILMN_1651958

ILMN_1792689

6288

Gene ID

ILMN_1701017

Probe ID
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cytochrome P450, family 2, subfamily J, polypeptide 2, mRNA
DEAD (Asp-Glu-Ala-Asp) box polypeptide 60, mRNA
AHNAK nucleoprotein, transcript variant 1, mRNA
XIAP associated factor 1, transcript variant 2, mRNA
matrix Gla protein, mRNA
family with sequence similarity 46, member A, mRNA
interferon-induced protein with tetratricopeptide repeats 3, mRNA
calmodulin-like 5, mRNA
ribosomal protein S6 kinase, 90kDa, polypeptide 2, transcript variant 2, mRNA
histone cluster 1, H2bd, transcript variant 2, mRNA
histone cluster 2, H2aa3, mRNA
calcium/calmodulin-dependent protein kinase II inhibitor 1, mRNA

1.27×10−03
8.12×10−07
2.79×10−03
1.42×10−04
6.04×10−05
3.14×10−03
2.00×10−03
1.05×10−06
1.04×10−05
2.99×10−07
2.71×10−05

signal-regulatory protein alpha, transcript variant 2, mRNA
DEAD (Asp-Glu-Ala-Asp) box polypeptide 58, mRNA
copine VIII, mRNA
cDNA clone IMAGE:526317
histone cluster 2, H2be, mRNA
deiodinase, iodothyronine, type II, transcript variant 3, mRNA
neuromedin U, mRNA
histone cluster 2, H2aa4, mRNA
mucin 20, cell surface associated, transcript variant S, mRNA
histone cluster 2, H2aa3, mRNA
TIMP metallopeptidase inhibitor 2, mRNA
mastermind-like domain containing 1, mRNA
frizzled homolog 4 (Drosophila), mRNA
thrombospondin 1, mRNA
2’,5’-oligoadenylate synthetase 1, 40/46kDa, transcript variant 3, mRNA
major histocompatibility complex, class I, F, mRNA

1.96×10−08
2.39×10−04
1.07×10−05
2.17×10−06
9.49×10−05
2.08×10−03
1.34×10−06
8.61×10−06
4.27×10−05
3.27×10−05
1.30×10−06
1.90×10−06
1.33×10−03
5.23×10−04
4.44×10−03
6.85×10−07

mRNA

carcinoembryonic antigen-related cell adhesion molecule 1 (biliary glycoprotein), transcript variant 2,

interferon stimulated exonuclease gene 20kDa, mRNA

5.03×10−08

histone cluster 1, H2ac, mRNA

major histocompatibility complex, class I, H (pseudogene), non-coding RNA

1.20×10−04

6.44×10−04

matrix Gla protein, mRNA

1.02×10−08

1.18×10−05

serum amyloid A1, transcript variant 1, mRNA

Description

8.81×10−05

Adj. p
5.49×10−05

106

10370

54504

3600

11202

201895

2537

9891

9582

5264

389903

4147

ILMN_2400759

ILMN_1724181

ILMN_1735700

ILMN_1713892

ILMN_2347798

ILMN_2079786

ILMN_2219466

ILMN_1773073

ILMN_3260910

ILMN_1694840

730415a ,b

ILMN_3228688

ILMN_1663092

79026

ILMN_1752159

51316

4050

ILMN_2376205

ILMN_2093343

11145

ILMN_1667711

9781

11098

ILMN_1797776

ILMN_3238326

54809

ILMN_1814305

3868

8970

ILMN_1658702

ILMN_2228162

649970a ,b

ILMN_1715476

4600

163351

ILMN_1756953

ILMN_2231928

2625

ILMN_2406656

4938

3934

ILMN_1692223

ILMN_1675640

2537

ILMN_1687384

51296

158511

ILMN_1737640

ILMN_2085862

5420

ILMN_2413158

1906

1026

ILMN_1784602

ILMN_1682775

140462

Gene ID

ILMN_1786041

Probe ID

MATN2

CSAG3

PHYH

APOBEC3B

NUAK1

IFI6

C4orf34

KLK8

IL15

CPVL

CITED2

PLAC8

RNF144A

KRT16

MX2

OAS1

SLC15A3

EDN1

LOC730415

AHNAK

LTB

HRASLS3

PRSS23

SAMD9

HIST1H2BJ

LOC649970

GBP6

GATA3

LCN2

IFI6

CSAG1

PODXL

CDKN1A

ASB9

Gene symbol
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1.47

1.48

1.48

1.48

1.49

1.49

1.50

1.50

1.50

1.50

1.51

1.51

1.51

1.52

1.52

1.53

1.53

1.54

1.54

1.54

1.54

1.55

1.55

1.55

1.55

1.56

1.56

1.57

1.58

1.59

1.60

1.60

1.60

1.61

log2 fold change

keratin 16 (focal non-epidermolytic palmoplantar keratoderma), mRNA
ring finger protein 144A, mRNA
placenta-specific 8, mRNA
Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2, transcript variant 1,

1.17×10−04
8.94×10−06
6.52×10−04

interferon, alpha-inducible protein 6, transcript variant 2, mRNA
NUAK family, SNF1-like kinase, 1, mRNA
apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3B, mRNA
phytanoyl-CoA 2-hydroxylase, transcript variant 2, mRNA
CSAG family, member 3, transcript variant 1, mRNA
matrilin 2, transcript variant 1, mRNA

6.15×10−03
1.23×10−05
3.16×10−06
1.59×10−05
2.32×10−03
8.18×10−04

kallikrein-related peptidase 8, transcript variant 1, mRNA
chromosome 4 open reading frame 34, mRNA

6.62×10−05

interleukin 15, transcript variant 3, mRNA

2.28×10−05
3.40×10−05

carboxypeptidase, vitellogenic-like, transcript variant 1, mRNA

4.21×10−04

mRNA

myxovirus (influenza virus) resistance 2 (mouse), mRNA

6.73×10−05

1.36×10−03

2’,5’-oligoadenylate synthetase 1, 40/46kDa, transcript variant 3, mRNA

AHNAK nucleoprotein, transcript variant 2, mRNA
hypothetical LOC730415, transcript variant 2, mRNA

2.08×10−06

5.61×10−03

lymphotoxin beta (TNF superfamily, member 3), transcript variant 1, mRNA

4.93×10−04

solute carrier family 15, member 3, mRNA

HRAS-like suppressor 3, mRNA

2.44×10−06

6.94×10−03

protease, serine, 23, mRNA

4.98×10−06

endothelin 1, mRNA

sterile alpha motif domain containing 9, mRNA

5.80×10−04

7.20×10−04

histone cluster 1, H2bj, mRNA

6.55×10−06

5.93×10−04

guanylate binding protein family, member 6, mRNA

GATA binding protein 3, transcript variant 2, mRNA

1.57×10−06

similar to creatine kinase, mitochondrial 1B precursor, mRNA

lipocalin 2, mRNA

4.52×10−04

5.50×10−05

interferon, alpha-inducible protein 6, transcript variant 3, mRNA

3.39×10−03

3.27×10−05

podocalyxin-like, transcript variant 1, mRNA
chondrosarcoma associated gene 1, transcript variant b, mRNA

1.70×10−03

cyclin-dependent kinase inhibitor 1A (p21, Cip1), transcript variant 1, mRNA

2.55×10−08

ankyrin repeat and SOCS box-containing 9, transcript variant 2, mRNA

Description

6.00×10−06

Adj. p
1.34×10−06

107

56603

130574

55008

4582

25907

1316

343990

79098

ILMN_1812297

ILMN_1776724

ILMN_1654639

ILMN_1756992

ILMN_1792455

ILMN_1737406

ILMN_1776121

ILMN_1706483

55766

3489

56256

ILMN_1669362

ILMN_1730794

330

ILMN_1776181

ILMN_1708728

9961

ILMN_1803277

135112

414

ILMN_1684873

ILMN_1687768

55897

ILMN_1806603

3437

92815

ILMN_1779648

389903

55503

ILMN_1674533

ILMN_1671808

6590

ILMN_2114720

ILMN_1664543

567

338758

ILMN_2148459

ILMN_1795835

a

286676

94240

ILMN_2388547

ILMN_2043079

574036

ILMN_3241665

2534

1627

ILMN_1769926

ILMN_1686555

94121

ILMN_1719599

56241

629

ILMN_1774287

ILMN_1693270

3109

ILMN_1761733

7424

51316

ILMN_1653026

ILMN_1701204

3853

Gene ID

ILMN_2219002

Probe ID

SERTAD4

IGFBP6

H2AFJ

NCOA7

CSAG3A

IFIT3

BIRC3

MVP

ARSD

MESP1

HIST3H2A

TRPV6

SLPI

B2M

LOC338758

ILDR1

FYN

SUSD2

VEGFC

C1orf116

MGC42367

KLF6

TMEM158

MUC1

HERC6

LYPD6

CYP26B1

EPSTI1

C1orf133

DBN1

SYTL4

CFB

HLA-DMB

PLAC8

KRT6A

Gene symbol
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1.26

1.26

1.26

1.27

1.27

1.27

1.28

1.28

1.28

1.29

1.30

1.30

1.30

1.31

1.31

1.31

1.31

1.32

1.33

1.33

1.34

1.36

1.36

1.36

1.38

1.40

1.41

1.42

1.42

1.45

1.47

1.47

1.47

1.47

1.47

log2 fold change

major histocompatibility complex, class II, DM beta, mRNA
complement factor B, mRNA
synaptotagmin-like 4 (granuphilin-a), mRNA
drebrin 1, transcript variant 1, mRNA
chromosome 1 open reading frame 133, non-coding RNA. XM_00172076
epithelial stromal interaction 1 (breast), transcript variant 2, mRNA
cytochrome P450, family 26, subfamily B, polypeptide 1, mRNA
LY6/PLAUR domain containing 6, mRNA
hect domain and RLD 6, transcript variant 1, mRNA
mucin 1, cell surface associated, transcript variant 6, mRNA
transmembrane protein 158, mRNA
Kruppel-like factor 6, transcript variant 1, mRNA
similar to 2010300C02Rik protein, mRNA
chromosome 1 open reading frame 116, transcript variant 1, mRNA

1.48×10−03
6.17×10−07
6.82×10−05
4.55×10−06
1.08×10−03
8.44×10−07
2.31×10−05
9.63×10−04
9.54×10−03
3.61×10−03
9.57×10−03
8.97×10−04
1.79×10−06

nuclear receptor coactivator 7, mRNA
H2A histone family, member J, transcript variant 1, mRNA
insulin-like growth factor binding protein 6, mRNA
SERTA domain containing 4, mRNA

3.27×10−05
2.62×10−03
2.83×10−05

2.28×10−05

CSAG family, member 3A, mRNA

arylsulfatase D, transcript variant 1, mRNA

4.33×10−03

7.25×10−03

mesoderm posterior 1 homolog (mouse), mRNA

4.19×10−05

interferon-induced protein with tetratricopeptide repeats 3, mRNA

histone cluster 3, H2a, mRNA

9.57×10−04

4.80×10−03

transient receptor potential cation channel, subfamily V, member 6, mRNA

4.17×10−06

4.81×10−03

secretory leukocyte peptidase inhibitor, mRNA

7.79×10−06

major vault protein, transcript variant 2, mRNA

beta-2-microglobulin, mRNA

1.92×10−05

baculoviral IAP repeat-containing 3, transcript variant 1, mRNA

hypothetical protein LOC338758, mRNA

1.62×10−05

5.85×10−05

immunoglobulin-like domain containing receptor 1, mRNA

2.52×10−06

1.17×10−03

sushi domain containing 2, mRNA
FYN oncogene related to SRC, FGR, YES, transcript variant 2, mRNA

2.73×10−03

vascular endothelial growth factor C, mRNA

placenta-specific 8, mRNA

9.02×10−03

6.14×10−04

keratin 6A, mRNA

Description

4.55×10−06

Adj. p
3.58×10−04

108
PLEKHA7
KRT17P3

25818

8850

353091

117247

25818

144100

729682a
978

9052

3913

84419

ILMN_1718731

ILMN_3243142

ILMN_1659836

ILMN_1782938

ILMN_2264029

ILMN_1702899

ILMN_3195198

ILMN_1714592

ILMN_1682599

ILMN_1752968

ILMN_1654696

C15orf48

LAMB2

GPRC5A

CDA

KLK5

SLC16A10

RAET1G

KAT2B

KLK5

TGFBI

LOC441150

LAMP3

MAGEE1

MSRB2

KLK5

MDK

7045

DBNDD1

PSMB9

ILMN_1663866

5698

ILMN_2376108

OTUD1

441150a

220213a

ILMN_1723141

UBA7

ILMN_1743755

7318

ILMN_1794612

OPTN

27074

10133

ILMN_2381899

B2M

57692

567

ILMN_1725427

SCARA3

ILMN_2170814

51435

ILMN_1723358

AIM2

ILMN_2205032

9447

ILMN_1681301

CLYBL

22921

171425

ILMN_1663538

TRIM29

ILMN_1657977

23650

ILMN_1657766

MMD

25818

23531

ILMN_1733937

SSBP2

ILMN_2353054

23635

ILMN_1711608

KLK10

4192

5655

ILMN_1688205

HEG1

ILMN_2349393

57493

ILMN_1666122

FRAS1

79007

80144

ILMN_1806667

LEMD1

Gene symbol

ILMN_2374352

93273

Gene ID

ILMN_1785444

Probe ID
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1.15

1.15

1.15

1.15

1.16

1.16

1.17

1.17

1.17

1.17

1.18

1.18

1.18

1.18

1.18

1.19

1.19

1.19

1.19

1.20

1.20

1.21

1.21

1.21

1.21

1.22

1.22

1.22

1.23

1.24

1.24

1.24

1.24

1.25

log2 fold change

Fraser syndrome 1, mRNA
HEG homolog 1 (zebrafish), mRNA
kallikrein-related peptidase 10, transcript variant 1, mRNA
single-stranded DNA binding protein 2, mRNA
monocyte to macrophage differentiation-associated, mRNA
tripartite motif-containing 29, mRNA
citrate lyase beta like, mRNA
absent in melanoma 2, mRNA
scavenger receptor class A, member 3, transcript variant 1, mRNA
beta-2-microglobulin, mRNA
optineurin, transcript variant 4, mRNA
ubiquitin-like modifier activating enzyme 7, mRNA
OTU domain containing 1, mRNA
proteasome (prosome, macropain) subunit, beta type, 9 (large multifunctional peptidase 2), transcript

1.17×10−04
1.59×10−04
6.62×10−05
2.04×10−06
7.91×10−06
1.06×10−06
7.60×10−04
8.30×10−03
1.23×10−05
7.86×10−04
2.06×10−03
2.99×10−04
1.12×10−04

kallikrein-related peptidase 5, transcript variant 1, mRNA
methionine sulfoxide reductase B2, mRNA
melanoma antigen family E, 1, mRNA
lysosomal-associated membrane protein 3, mRNA
similar to RIKEN cDNA 2310039H08, mRNA
transforming growth factor, beta-induced, 68kDa, mRNA
kallikrein-related peptidase 5, transcript variant 2, mRNA
K(lysine) acetyltransferase 2B, mRNA
retinoic acid early transcript 1G, mRNA
solute carrier family 16, member 10 (aromatic amino acid transporter), mRNA
kallikrein-related peptidase 5, transcript variant 1, mRNA
pleckstrin homology domain containing, family A member 7, mRNA
misc_RNA, miscRNA
cytidine deaminase, mRNA
G protein-coupled receptor, family C, group 5, member A, mRNA
laminin, beta 2 (laminin S), mRNA
chromosome 15 open reading frame 48, transcript variant 2, mRNA

1.14×10−05
2.68×10−06
4.40×10−05
3.48×10−05
1.48×10−03
2.41×10−06
7.70×10−05
1.56×10−03
9.18×10−06
1.10×10−05
7.81×10−05
3.63×10−04
1.89×10−06
3.81×10−04
2.01×10−03
2.41×10−03

midkine (neurite growth-promoting factor 2), transcript variant 1, mRNA

1.53×10−04
5.12×10−07

dysbindin (dystrobrevin binding protein 1) domain containing 1, transcript variant 1, mRNA

2.16×10−06

variant 1, mRNA

LEM domain containing 1, mRNA

Description

1.03×10−06

Adj. p
3.38×10−03

109

4938
694

6507

80325

374918

7168

11221

55214

79170

140462

7041

8495

ILMN_1658247

ILMN_1775743

ILMN_1738552

ILMN_1802096

ILMN_1743950

ILMN_1716687

ILMN_2401873

ILMN_1657373

ILMN_1748970

ILMN_2373728

ILMN_2389876

ILMN_1675656

80328

ILMN_3238676

727

115362

ILMN_2114568

ILMN_1746819

244

ILMN_1778087

83543

10158

ILMN_1708580

ILMN_3246401

8942

ILMN_1746517

7117

11221

ILMN_2401878

ILMN_3240316

9455

ILMN_1671486

2534

668

ILMN_1681456

ILMN_2249920

3557

ILMN_1774874

7168

64135

ILMN_1781373

ILMN_2360710

169611

ILMN_1761425

3685

80765

ILMN_1784364

ILMN_2169439

8370

ILMN_2115340

54985

7915

ILMN_2372398

ILMN_1757877

6288

Gene ID

ILMN_1808732

Probe ID

PPFIBP2

TGFB1I1

ASB9

PRR15L

LEPREL1

DUSP10

TPM1

IGFL1

ABTB1

SLC1A3

BTG1

OAS1

C5

AIF1L

TMSL3

FYN

TPM1

ITGAV

HCFC1R1

ULBP2

GBP5

ANXA8

PDZK1IP1

KYNU

DUSP10

HOMER2

FOXL2

IL1RN

IFIH1

OLFML2A

STARD5

HIST2H4A

ALDH5A1

SAA1

Gene symbol
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1.04

1.04

1.04

1.05

1.05

1.05

1.06

1.06

1.06

1.06

1.06

1.06

1.07

1.07

1.07

1.08

1.08

1.09

1.09

1.09

1.10

1.10

1.11

1.11

1.11

1.12

1.13

1.13

1.13

1.14

1.14

1.14

1.15

1.15

log2 fold change

aldehyde dehydrogenase 5 family, member A1, nuclear gene encoding mitochondrial protein, transcript

allograft inflammatory factor 1-like, transcript variant 1, mRNA
complement component 5, mRNA
2’,5’-oligoadenylate synthetase 1, 40/46kDa, transcript variant 2, mRNA
B-cell translocation gene 1, anti-proliferative, mRNA
solute carrier family 1 (glial high affinity glutamate transporter), member 3, mRNA
ankyrin repeat and BTB (POZ) domain containing 1, transcript variant 1, mRNA
IGF-like family member 1, mRNA
tropomyosin 1 (alpha), transcript variant 7, mRNA
dual specificity phosphatase 10, transcript variant 3, mRNA
leprecan-like 1, mRNA
proline rich 15-like, mRNA
ankyrin repeat and SOCS box-containing 9, transcript variant 2, mRNA
transforming growth factor beta 1 induced transcript 1, transcript variant 2, mRNA
PTPRF interacting protein, binding protein 2 (liprin beta 2), mRNA

9.77×10−03
7.36×10−05
7.49×10−03
1.84×10−03
1.91×10−03
5.35×10−05
3.62×10−04
6.85×10−05
5.55×10−04
4.00×10−05
8.34×10−07
6.83×10−03

UL16 binding protein 2, mRNA

1.94×10−06

1.69×10−05

guanylate binding protein 5, mRNA

4.72×10−04

thymosin-like 3, mRNA

annexin A8, mRNA

2.88×10−04

1.79×10−05

PDZK1 interacting protein 1, mRNA

6.50×10−03

FYN oncogene related to SRC, FGR, YES, transcript variant 1, mRNA

kynureninase (L-kynurenine hydrolase), transcript variant 1, mRNA

9.17×10−04

1.79×10−06

dual specificity phosphatase 10, transcript variant 3, mRNA

2.14×10−04

tropomyosin 1 (alpha), transcript variant 3, mRNA

homer homolog 2 (Drosophila), transcript variant 3, mRNA

3.96×10−06

2.71×10−05

forkhead box L2, mRNA

4.49×10−05

integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51), mRNA

interleukin 1 receptor antagonist, transcript variant 4, mRNA

2.06×10−04

8.31×10−05

interferon induced with helicase C domain 1, mRNA

3.69×10−03

host cell factor C1 regulator 1 (XPO1 dependent), transcript variant 3, mRNA

olfactomedin-like 2A, mRNA

5.86×10−04

3.30×10−06

StAR-related lipid transfer (START) domain containing 5, mRNA

1.37×10−03

3.42×10−04

histone cluster 2, H4a, mRNA

9.61×10−05

variant 2, mRNA

serum amyloid A1, transcript variant 1, mRNA

Description

2.28×10−05

Adj. p
5.15×10−05

110

100129291a

80212

644760a ,b

7851

340371

441453a ,b

ILMN_3256017

ILMN_1731107

ILMN_1661743

ILMN_2063168

ILMN_1733248

ILMN_3277332

8654

7286

4494

114907

5480

79098

27294

5671

118433

1475

56652

10342

126382
968

118932

79696

9997

10544

6624

ILMN_1810836

ILMN_1781374

ILMN_1718766

ILMN_1703955

ILMN_1669032

ILMN_2073446

ILMN_1689200

ILMN_1685312

ILMN_1750273

ILMN_1669888

ILMN_1701243

ILMN_2341815

ILMN_2135798

ILMN_1714861

ILMN_2132599

ILMN_1686043

ILMN_1701621

ILMN_1717262

ILMN_1808707

6890

284207

ILMN_2342066

ILMN_1751079

59277

ILMN_2113490

6385

3576

ILMN_2184373

25915

2934

ILMN_1801043

ILMN_2354515

652846a ,b

ILMN_1799098

ILMN_1663042

5292

Gene ID

ILMN_1815023

Probe ID

FSCN1

PROCR

SCO2

FAM164C

ANKRD22

CD68

NR2C2AP

TFG

C10orf2

CSTA

RPL23AP7

PSG3

DHDH

C1orf116

PPIC

FBXO32

MT1F

TUFT1

PDE5A

TAP1

NDUFAF3

SDC4

LOC441453

NRBP2

MALL

LOC644760

CCDC92

LOC100129291

METRNL

NTN4

IL8

GSN

LOC652846

PIM1

Gene symbol
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-1.03

-1.03

-1.02

-1.02

-1.02

-1.02

-1.02

-1.01

-1.01

-1.01

-1.01

1.00

1.00

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.02

1.02

1.02

1.03

1.03

1.03

1.03

1.04

1.04

1.04

1.04

1.04

log2 fold change

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor 3, nuclear gene encoding mito-

4.87×10−06

chromosome 10 open reading frame 2, mRNA
TRK-fused gene, transcript variant 1, mRNA
nuclear receptor 2C2-associated protein, mRNA
CD68 antigen, mRNA

1.36×10−04
3.14×10−05
5.11×10−04
3.42×10−06

fascin homolog 1, actin-bundling protein (Strongylocentrotus purpuratus), mRNA

cystatin A (stefin A), mRNA

3.27×10−05

protein C receptor, endothelial (EPCR), mRNA

ribosomal protein L23a pseudogene 7, non-coding RNA

1.07×10−04

3.39×10−06

pregnancy specific beta-1-glycoprotein 3, mRNA

4.91×10−03

SCO cytochrome oxidase deficient homolog 2 (yeast), nuclear gene encoding mitochondrial protein, mRNA

dihydrodiol dehydrogenase (dimeric), mRNA

7.26×10−05

2.15×10−04

chromosome 1 open reading frame 116, mRNA

5.04×10−06

8.12×10−07

peptidylprolyl isomerase C (cyclophilin C), mRNA

5.44×10−06

ankyrin repeat domain 22, mRNA

F-box protein 32, transcript variant 2, mRNA

8.00×10−03

family with sequence similarity 164, member C, transcript variant 1, mRNA

metallothionein 1F, mRNA

1.66×10−03

4.63×10−07

tuftelin 1, mRNA

4.83×10−05

3.37×10−04

phosphodiesterase 5A, cGMP-specific, transcript variant 1, mRNA

6.32×10−05

transporter 1, ATP-binding cassette, sub-family B (MDR/TAP), mRNA

chondrial protein, transcript variant 1, mRNA

syndecan 4, mRNA

4.70×10−06

1.99×10−05

nuclear receptor binding protein 2, mRNA
misc_RNA, miscRNA

2.17×10−04

mal, T-cell differentiation protein-like, mRNA

1.74×10−03
1.01×10−04

hypothetical protein LOC644760, mRNA

1.60×10−03

meteorin, glial cell differentiation regulator-like, mRNA

1.05×10−05
hypothetical protein LOC100129291, mRNA

netrin 4, mRNA

8.66×10−03

coiled-coil domain containing 92, mRNA

interleukin 8, mRNA

3.24×10−03

1.44×10−06

gelsolin (amyloidosis, Finnish type), transcript variant 2, mRNA

2.08×10−04

4.46×10−05

similar to Annexin A8 (Annexin VIII) (Vascular anticoagulant-beta) (VAC-beta), mRNA

1.81×10−04

Description
pim-1 oncogene, mRNA

Adj. p
2.30×10−05

111

79697

51076

10252

255738

100132774a

10360

94120

ILMN_1711543

ILMN_1765044

ILMN_1691860

ILMN_1668850

ILMN_3289172

ILMN_2110252

ILMN_1720623

1743

7477

387703a

7056

3038

57291

25870

1848

23753

6535

23462

85495
638
794

55687

10972

51085

4907

ILMN_1773228

ILMN_2153495

ILMN_3290380

ILMN_1759787

ILMN_1794501

ILMN_3248882

ILMN_1685371

ILMN_2396020

ILMN_1749213

ILMN_1806349

ILMN_1788203

ILMN_1704056

ILMN_1770505

ILMN_1748840

ILMN_1733703

ILMN_1736585

ILMN_2399919

ILMN_1697220

118932

51241

ILMN_1706305

ILMN_1799848

81554

ILMN_1692650

2731

85457

ILMN_1788347

85457

84293

ILMN_1754538

ILMN_2097858

284467

ILMN_1764364

ILMN_1806754

57862

Gene ID

ILMN_1773247

Probe ID

NT5E

MLXIPL

TMED10

TRMU

CALB2

BIK

RPPH1

HEY1

SLC6A8

SDF2L1

DUSP6

SUMF2

KIAA0114

HAS3

THBD

LOC387703

WNT7B

DLST

ANKRD22

KIAA1737

GLDC

SYTL3

NPM3

LOC100132774

PCSK9

SPRY1

CUTC

C14orf169

C14orf112

WBSCR16

KIAA1737

C10orf58

FAM19A3

ZNF410

Gene symbol
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-1.16

-1.15

-1.15

-1.13

-1.13

-1.13

-1.13

-1.12

-1.12

-1.11

-1.11

-1.11

-1.11

-1.10

-1.10

-1.10

-1.10

-1.09

-1.09

-1.08

-1.06

-1.06

-1.06

-1.05

-1.05

-1.05

-1.05

-1.04

-1.04

-1.04

-1.04

-1.04

-1.04

-1.04

log2 fold change

hypothetical protein LOC100132774, transcript variant 2, mRNA

tRNA 5-methylaminomethyl-2-thiouridylate methyltransferase, nuclear gene encoding mitochondrial pro-

2.55×10−05

transmembrane emp24-like trafficking protein 10 (yeast), mRNA
MLX interacting protein-like, transcript variant 3, mRNA
5’-nucleotidase, ecto (CD73), mRNA

1.25×10−05
5.04×10−06
1.10×10−03

tein, transcript variant 1, mRNA

BCL2-interacting killer (apoptosis-inducing), mRNA
calbindin 2, transcript variant CALB2c, mRNA

ribonuclease P RNA component H1, RNase P RNA

1.42×10−04

hairy/enhancer-of-split related with YRPW motif 1, transcript variant 2, mRNA

1.26×10−03
1.44×10−06

solute carrier family 6 (neurotransmitter transporter, creatine), member 8, mRNA

1.74×10−05

5.45×10−04

sulfatase modifying factor 2, transcript variant 4, mRNA

6.50×10−05

4.34×10−05

KIAA0114, non-coding RNA

7.56×10−04

dual specificity phosphatase 6, transcript variant 2, mRNA

hyaluronan synthase 3, transcript variant 1, mRNA

2.62×10−06

stromal cell-derived factor 2-like 1, mRNA

thrombomodulin, mRNA

1.03×10−06

4.67×10−06

misc_RNA, miscRNA

3.58×10−05

1.67×10−04

dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-glutarate complex), mRNA
wingless-type MMTV integration site family, member 7B, mRNA

1.81×10−06

ankyrin repeat domain 22, mRNA

proprotein convertase subtilisin/kexin type 9, mRNA

3.74×10−05

KIAA1737, mRNA

sprouty homolog 1, antagonist of FGF signaling (Drosophila), transcript variant 2, mRNA

7.08×10−03

6.80×10−05

cutC copper transporter homolog (E. coli), mRNA

5.51×10−04

glycine dehydrogenase (decarboxylating), mRNA

chromosome 14 open reading frame 169, mRNA

1.46×10−06

4.50×10−05

chromosome 14 open reading frame 112, mRNA

3.39×10−06

3.69×10−05

Williams-Beuren syndrome chromosome region 16, transcript variant 2, mRNA

5.56×10−06

nucleophosmin/nucleoplasmin, 3, mRNA

KIAA1737, mRNA

3.75×10−07

synaptotagmin-like 3, mRNA

chromosome 10 open reading frame 58, transcript variant 1, mRNA

4.07×10−05

6.43×10−04

family with sequence similarity 19 (chemokine (C-C motif)-like), member A3, transcript variant 1, mRNA

2.42×10−03

1.34×10−04

zinc finger protein 410, mRNA

Description

1.79×10−06

Adj. p
1.10×10−06

112

100134361

81848

122961

3552

3490

5003

4809

5831

10252

79887

51077

29780

2877

79696

ILMN_1865056

ILMN_2086105

ILMN_2136635

ILMN_1658483

ILMN_2062468

ILMN_1691048

ILMN_1763460

ILMN_1796013

ILMN_2329914

ILMN_1707286

ILMN_2189870

ILMN_1787919

ILMN_2133205

ILMN_2354269

LOC645317

MGC87042
LOC100129673
LOC100134361

6300

9048

3553

100216001

7468

100134265a ,b

645317a

256227a

100129673a ,b

100134361a

51077

51129

54541

ILMN_1797786

ILMN_1803691

ILMN_1775501

ILMN_3239576

ILMN_2334112

ILMN_3235379

ILMN_1815124

ILMN_1663575

ILMN_3179620

ILMN_3241081

ILMN_2189869

ILMN_1707727

ILMN_1661599

DDIT4

ANGPTL4

FCF1

LOC100134265

WHSC1

LOC100216001

IL1B

ARTN

MAPK12

SLC6A10P

386757

ILMN_1704446

EFCAB1

LOC100132439

79645

100132439

STEAP1

FAM164C

GPX2

PARVB

FCF1

FLJ22662

SPRY1

PYCR1

NHP2L1

SLC22A18AS

IGFBP7

IL1A

ISCA2

SPRY4

LOC100134361

CRELD2

KLHDC8B

Gene symbol

ILMN_1699562

ILMN_3248057

a

26872

79174

ILMN_1748707

ILMN_1733094

200942

Gene ID

ILMN_1695246

Probe ID
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-1.43

-1.40

-1.40

-1.39

-1.39

-1.38

-1.33

-1.32

-1.32

-1.31

-1.28

-1.27

-1.27

-1.27

-1.26

-1.26

-1.25

-1.24

-1.23

-1.23

-1.23

-1.23

-1.23

-1.22

-1.22

-1.21

-1.20

-1.20

-1.19

-1.19

-1.18

-1.18

-1.17

log2 fold change

hypothetical protein FLJ22662, mRNA
FCF1 small subunit (SSU) processome component homolog (S. cerevisiae), mRNA
parvin, beta, transcript variant 2, mRNA
glutathione peroxidase 2 (gastrointestinal), mRNA
family with sequence similarity 164, member C, transcript variant 2, mRNA

4.47×10−08
1.62×10−04
5.92×10−05
4.67×10−06
2.14×10−07

artemin, transcript variant 2, mRNA
interleukin 1, beta, mRNA
hypothetical LOC100216001, non-coding RNA
Wolf-Hirschhorn syndrome candidate 1, transcript variant 1, mRNA
similar to calbindin 2 full length protein, mRNA
similar to Coiled-coil-helix-coiled-coil-helix domain-containing protein 2 (HCV NS2 trans-regulated protein)

9.53×10−06
2.67×10−05
1.07×10−05
7.79×10−06
4.33×10−05
8.51×10−07

similar to Six transmembrane epithelial antigen of prostate, mRNA
similar to hCG2042915, mRNA
similar to hCG1811002, mRNA
FCF1 small subunit (SSU) processome component homolog (S. cerevisiae), mRNA
angiopoietin-like 4, transcript variant 1, mRNA
DNA-damage-inducible transcript 4, mRNA

1.67×10−05
8.51×10−07
8.12×10−07
1.01×10−05
2.12×10−03
9.71×10−04

(NS2TP), transcript variant 3, mRNA

mitogen-activated protein kinase 12, mRNA

5.23×10−07

16

solute carrier family 6 (neurotransmitter transporter, creatine), member 10 (pseudogene) on chromosome

sprouty homolog 1, antagonist of FGF signaling (Drosophila), transcript variant 1, mRNA

3.88×10−04

EF-hand calcium binding domain 1, mRNA

pyrroline-5-carboxylate reductase 1, transcript variant 2, mRNA

7.37×10−04

1.40×10−05

NHP2 non-histone chromosome protein 2-like 1 (S. cerevisiae), transcript variant 2, mRNA

9.76×10−07

similar to Protein FAM27E3, mRNA

solute carrier family 22 (organic cation transporter), member 18 antisense, mRNA

3.69×10−05

1.14×10−05

insulin-like growth factor binding protein 7, mRNA

2.46×10−04

six transmembrane epithelial antigen of the prostate 1, mRNA

interleukin 1, alpha, mRNA

2.22×10−04

1.34×10−06

iron-sulfur cluster assembly 2 homolog (S. cerevisiae), mRNA

1.50×10−07

1.14×10−05

clone IMAGE:5241654, mRN
sprouty homolog 4 (Drosophila), mRNA

4.75×10−06

cysteine-rich with EGF-like domains 2, mRNA

2.28×10−05

kelch domain containing 8B, mRNA

Description

2.08×10−06

Adj. p
1.55×10−05

113

LOC728476
LOC392221

392221a

23170

5228

6319

649553a ,b

1948

3170

644254a ,b

8892

81552

4809

ILMN_1740724

ILMN_1663113

ILMN_1809813

ILMN_1689329

ILMN_3277307

ILMN_1703852

ILMN_1668052

ILMN_1747924

ILMN_1713380

ILMN_2226955

ILMN_1697614

414918

ILMN_3230435

ILMN_1659029

79584b

2631

ILMN_2072622

ILMN_1778611

FAM113B
LOC645317

CHCHD9

100132240a

27349

55816

646630a

25870

91523

645317a

645345a

56666

649553a ,b
908

ILMN_3275206

ILMN_1745513

ILMN_1728572

ILMN_1691449

ILMN_2345872

ILMN_1712431

ILMN_1704291

ILMN_1677237

ILMN_1694810

ILMN_3200830

ILMN_1722502

CCT6A

LOC649553

PANX2

SUMF2

LOC646630

DOK5

MCAT

LOC100132240

100132240

ILMN_3203196

LOC100132240

GBAS

FLJ12684

51142

ILMN_2191681

a

CHCHD2

81552

ILMN_1757827

ECOP

FAM116B

HSPBL2
LOC729086

653553

729086a

ILMN_3236821

NHP2L1

VOPP1

EIF2B2

LOC644254

FOXA2

EFNB2

LOC649553

SCD

PGF

TTLL12

Gene symbol

Gene ID

728476a ,b

ILMN_3301974

Probe ID
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-2.19

-2.17

-2.16

-2.15

-2.14

-2.04

-1.97

-1.81

-1.80

-1.76

-1.76

-1.73

-1.70

-1.68

-1.64

-1.62

-1.62

-1.61

-1.61

-1.54

-1.52

-1.52

-1.51

-1.51

-1.50

-1.49

-1.48

-1.47

-1.45

-1.45

-1.44

log2 fold change

similar to EGFR-coamplified and overexpressed protein, mRNA
family with sequence similarity 116, member B, mRNA

2.00×10−08
8.51×10−07

glioblastoma amplified sequence, mRNA
misc_RNA, miscRNA
misc_RNA, miscRNA
malonyl CoA:ACP acyltransferase (mitochondrial), nuclear gene encoding mitochondrial protein, transcript

4.26×10−06
3.61×10−07
9.51×10−05
7.96×10−05
1.57×10−07

similar to Coiled-coil-helix-coiled-coil-helix domain containing protein 2 (HCV NS2 trans-regulated protein)

2.22×10−09

family with sequence similarity 113, member B, mRNA
similar to Coiled-coil-helix-coiled-coil-helix domain-containing protein 2 (HCV NS2 trans-regulated protein)

1.05×10−07
4.30×10−10

pannexin 2, mRNA
misc_RNA, miscRNA
chaperonin containing TCP1, subunit 6A (zeta 1), transcript variant 2, mRNA

2.80×10−10
3.95×10−11

coiled-coil-helix-coiled-coil-helix domain containing 9, mRNA
8.97×10−07

1.55×10−10

(NS2TP), transcript variant 3, mRNA

sulfatase modifying factor 2, transcript variant 4, mRNA

2.99×10−07

(NS2TP), mRNA

docking protein 5, mRNA

2.10×10−08

variant 1, mRNA

coiled-coil-helix-coiled-coil-helix domain containing 2, mRNA
hypothetical protein FLJ12684, mRNA. XR_00125

2.76×10−08

EGFR-coamplified and overexpressed protein, mRNA

heat shock 27kDa protein-like 2 pseudogene, non-coding RNA

2.30×10−08

1.21×10−06

vesicular, overexpressed in cancer, prosurvival protein 1, mRNA
NHP2 non-histone chromosome protein 2-like 1 (S. cerevisiae), transcript variant 2, mRNA

4.66×10−06

eukaryotic translation initiation factor 2B, subunit 2 beta, 39kDa, mRNA

1.60×10−08
2.34×10−08

forkhead box A2, transcript variant 2, mRNA
hypothetical protein LOC644254, mRNA

5.12×10−07

ephrin-B2, mRNA

1.23×10−05
1.46×10−06

stearoyl-CoA desaturase (delta-9-desaturase), mRNA
misc_RNA, miscRNA

1.82×10−07

placental growth factor, mRNA

1.46×10−06
9.19×10−03

tubulin tyrosine ligase-like family, member 12, mRNA

8.94×10−06

(NS2TP), mRNA

similar to Coiled-coil-helix-coiled-coil-helix domain-containing protein 2 (HCV NS2 trans-regulated protein)

2.93×10−08

Description
hypothetical LOC728476, mRNA

Adj. p
1.14×10−07

114

5723
908

1956

8910

5723

55915

4809

1956

10891

ILMN_2147114

ILMN_1719611

ILMN_1728858

ILMN_1674620

ILMN_1776105

ILMN_1708009

ILMN_1709809

ILMN_1798975

ILMN_1750062

b

a

a discontinued identifier

a predicted gene product

1956

51373

ILMN_1804851

ILMN_1696521

51702

ILMN_1758888

3315

LOC728324

728324a

ILMN_3304555

ILMN_1674236

LOC728324

728324a

ILMN_3228639

EGFR

HSPB1

PPARGC1A

EGFR

NHP2L1

LANCL2

PSPH

SGCE

EGFR

CCT6A

PSPH

MRPS17

PADI3

CCT6P1

Gene symbol

643253

Gene ID

ILMN_2050617

Probe ID
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-5.63

-4.96

-4.25

-4.01

-3.96

-3.79

-3.05

-3.03

-2.65

-2.62

-2.61

-2.60

-2.47

-2.44

-2.36

-2.35

log2 fold change

phosphoserine phosphatase, mRNA
chaperonin containing TCP1, subunit 6A (zeta 1), transcript variant 1, mRNA
epidermal growth factor receptor (erythroblastic leukemia viral (v-erb-b) oncogene homolog, avian), tran-

1.15×10−10
1.15×10−10
3.62×10−08

LanC lantibiotic synthetase component C-like 2 (bacterial), mRNA
NHP2 non-histone chromosome protein 2-like 1 (S. cerevisiae), transcript variant 1, mRNA
epidermal growth factor receptor (erythroblastic leukemia viral (v-erb-b) oncogene homolog, avian), tran-

2.41×10−11
1.22×10−12
9.27×10−11

epidermal growth factor receptor (erythroblastic leukemia viral (v-erb-b) oncogene homolog, avian), tran-

3.12×10−08
script variant 2, mRNA

heat shock 27kDa protein 1, mRNA

1.00×10−09

peroxisome proliferator-activated receptor gamma, coactivator 1 alpha, mRNA

script variant 1, mRNA

phosphoserine phosphatase, mRNA

3.95×10−11

3.16×10−10

sarcoglycan, epsilon, transcript variant 3, mRNA

2.19×10−09

script variant 4, mRNA

peptidyl arginine deiminase, type III, mRNA
mitochondrial ribosomal protein S17, nuclear gene encoding mitochondrial protein, mRNA

misc_RNA, miscRNA

1.15×10−10

misc_RNA, miscRNA

5.79×10−11
8.51×10−07

chaperonin containing TCP1, subunit 6 (zeta) pseudogene 1, non-coding RNA

Description

2.47×10−11

Adj. p
2.54×10−09

Chapter 4
Conclusions & Future Work

Here, we summarize the conclusions from our studies on molecular determinants of
sensitivity (Chapter 2) and resistance (Chapter 3) to ADCC. Additional and ongoing
observations made during these studies as well future directions and work are discussed.

4.1

Modulating Sensitivity to ADCC

A functional genomics screening platform for ADCC was developed. An siRNA library
of EGFR-related gene was screened in A431 cells to identify genes whose knockdown
modulated sensitivity to cetuximab-mediated ADCC. Three genes were identified
whose knockdown enhanced ADCC in primary screens and validated in secondary
screens: GRB7, PRKCE, and ABL1. ABL1 knockdown reduced tumor cell proliferation and increased sensitivity to ADCC. Overexpression of c-Abl reduced ADCC and
rescued the effects of ABL1 knockdown. Imatinib, an inhibitor of c-Abl kinase activity,
also enhanced cetuximab-mediated ADCC in four of eight (50%) of the HNSCC cell
lines assessed. Imatinib also enhanced antibody-independent natural cytotoxicity in
two HNSCC cell lines (25%). Enhanced ADCC was not due to increased EGFR surface expression, but did correlate with c-Abl kinase inhibition. Nilotinib is a c-Abl
kinase inhibitor similar to imatinib, which was also found to enhance ADCC. A clinical trial has been initiated assessing nilotinib with cetuximab in colorectal and head
and neck cancers.
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The mechanim by which c-Abl modulation affects ADCC must still be uncovered.
As we discussed in Chapter 2, we observerd subtle morphological changes, such as
membrane ruffling, in ABL1 knockdown and imatinib-treated suggestive of altered
adhesion and migration. Several groups have identified c-Abl has been shown to
modify the cytoskeleton and migration through its capacity to bind F-actin [164–
166]. We intend to assess whether these morphological changes enhance the ability of
NK cells to engage cells with altered c-Abl activity by assessing NK-target cell conjugation. c-Abl has been demonstrated to affect immune effector cells at the immune
synapse and may modulate the targeted cell as well [167]. One challenge to address
is that the changes we observed in vitro occurred in the setting of adherent cells. As
most conjugation assays are flow cytometry-based, the phenotype in solution may be
distinct from those observed on tissue-culture surfaces [168].
The clinical trial assessing nilotinib and cetuximab in colorectal and head and neck
cancers will yield useful clinical correlates for the assessment of c-Abl inhibition on
cetuximab therapy in patients. Although it is a Phase I clinical trial assessing safety
and not efficacy, the clinical trial protocol allows for collection of peripheral blood and
pre- and post-treatment tumor biopsies. We will assess the biopsied tissues, perhaps
after generation of conditionally-reprogrammed cells, for their sensitivity to ADCC
pre- and post-treatment [169, 170]. We will correlate clinical responses with these
findings as well other markers of response to cetuximab-mediated ADCC, including
EGFR surface expression and FCGR3A polymorphisms.
Besides our work on ABL1 and c-Abl, we have assessed the effects of GRB7 and
PRKCE knockdown on ADCC. Knockdown of GRB7 did not affect the viability or
proliferation of A431 cells prior to assessment of ADCC. Knockdown of GRB7 did not
affect EGFR surface expression. However, GRB7 knockdown enhanced caspase-3/7
functional response to staurosporine-induced apoptosis.
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Although knockdown of GRB7 altered susceptibility to apoptosis, it did not affect
natural cytotoxicity of A431 cells by NK92-CD16V cells. However, as A431 cells lack
significant capacity to induce natural cytotoxicity at baseline, further investigation is
required, as enhanced sensitization of cells to apoptosis by knockdown of GRB7 may
prove a useful strategy for enhancing EGFR-targeted therapies.
Knockdown of PRKCE dramatically reduced proliferation of A431 cells by RTCA
cell index and viability-based proliferation assays. Intriguingly, PRKCE knockdown
correlated with an increase in EGFR surface expression by flow cytometry, without a
change in total EGFR expression by Western blot. PRKCE knockdown did not alter
caspase-3/7 functional responses to staurosporine-induced apoptosis.
It was surpising that EGFR surface expression could be enhanced in A431 cells,
as they already overexpress millions of copies on their cell surface [155]. Although the
specific enhancement of ADCC by increased EGFR expression seems a reasonable
pre-clinical mechanism, it is unclear whether therapeutic inhibition of PRKCE and
increase in EGFR would be a safe and effective clinical approach. Increased expression
of EGFR in vivo by knockdown of PRKCE must be assessed first, as the balance of
EGFR expression, proliferation, and ADCC must be swayed toward tumor elimination.

4.2

Characterizing Resistance to ADCC

An ADCC-resistant cell population, A431/ADCCR, was developed through serial
treatments of A431 cells with cetuximab-mediated ADCC. The A431/ADCCR
cell population had reductions in sensitivity to ADCC, surface and total EGFR
expression, and proliferation. A431/ADCCR cells were morphologically distinct
from parental cells, with characteristics of EMT or epidermal differentiation. Over
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330 differentially-expressed genes were identified in the A431/ADCCR cells, with
reduction of gene expression changes found on chromosome 7 — around the EGFR
gene locus. Immune-related pathways and biological functions were enriched in
A431/ADCCR. Interferon-γ (IFNG) was identified as a putative upstream regulator
of gene expression changes in A431/ADCCR cells, which was not differentiallyexpressed in A431/ADCCR, but likely derived from NK cell release. Together, loss of
EGFR and induction of IFNG-responsive gene expression could contribute to changes
in proliferation, morphology, and differentiation state of A431/ADCCR cells.
We have begun preliminary biochemical assessment of markers of EMT in
A431/ADCCR cells by Western blot. Initial studies indicate the A431/ADCCR
cells upregulated N-cadherin (CDH2) and cadherin-11 (CDH11), both makers of
EMT. No change was observed in E-cadherin (CHD1), which is often found downregulated during EMT. As EMT is associated with enhanced migration, we have begun
preliminary assessments of A431/ADCCR by scratch assays, but need to conduct
more rigorous assessments that control for variation in proliferation compared to
parental A431 cells.
Our initial observations from gene expression analysis suggest that epidermal
differentiation of A431/ADCCR may have occurred, which we will characterize by
assessment of keratinocyte differentation markers by Western blot. Immunoselection
of other EGFR family member-expressing tumor cells by ADCC has suggested that
a stem-like or cancer-initiating cell phenotype was evident [83]. We plan to assess
whether such markers are present in A431/ADCCR cells. Findings of EMT, differentiation, or enrichment of cancer-initating markers would direct further assessments of
the tumorigeneicity of A431/ADCCR cells, by in vitro colony formation assays and
in vivo xenografts studies in immunodeficient mice.
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The whole genome gene expression analysis has afforded us ample data from
which to generate additional hypotheses. We are still assessing these data for further insights, particuarly with respect to the drivers and consequences of EGFR
regulation in A431/ADCCR. Furthermore, although the A431/ADCCR match their
A431 parental cells by DNA fingerprinting, we anticipate that epigenetic regulation of
gene transcription — perhaps with respect to EGFR and IFNG changes — may have
occurred [171, 172]. Although microRNA-mediated effects were not evident from the
whole genome gene expression, methylation and other chromatin-modifications could
be assessed for their effects on transcription as well.

4.3

Integration & Context of Our Findings

Aside from the primary findings from our studies, it is clear that we have confirmed
one mechanism of modulating ADCC: modulating antigen expression. In A431 cells,
knockdown of PRKCE enhanced EGFR surface expression, which was correlatd with
enhanced ADCC. In A431/ADCCR cells, EGFR expression was lost, which correlated
with loss of ADCC. The results confirm our previous work and that of many others,
both in vitro and in vivo [79, 82, 83, 173].
Although an obvious mechanism of resistance to ADCC, it leaves open the question
of how this information can be used clinically. If ADCC can lead to acquired resistance
to ADCC by antigen loss, that may be sufficient to result in clinical efficacy if the
antigen drives tumorigenesis, like EGFR. However, antigen loss can occur in more
subtle ways, including acquired mutations in EGFR that otherwise leave oncogeneic
signaling intact [84]. The concept of immunoselection of resistance clones within a
heterogeneous tumor is not new, but must be addressed [81].
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That ADCC-inducing antibodies are sufficient to immunoselect tumor sub-clones
— or drive adaptation in tumor cells — suggests that ADCC is a powerful anti-tumor
mechanism that can also be self-limiting. This is not different in context of most cancer
therapies, as few exists where resistance does not eventually occur. Future studies
of ADCC and other immune-related therapies must address ways to simultaneously
enhance sensitization and reduce resistance in targeted tumor cells to allow for clinical
efficacy.

120

Bibliography

[1] R G Cotton and C Milstein. Letter: Fusion of two immunoglobulin-producing
myeloma cells. Nature, 244(5410):42–43, July 1973.
[2] L Riechmann, M Clark, H Waldmann, and G Winter. Reshaping human antibodies for therapy. Nature, 332(6162):323–327, March 1988.
[3] Aaron L Nelson, Eugen Dhimolea, and Janice M Reichert. Development trends
for human monoclonal antibody therapeutics. Nat Rev Drug Discov, 9(10):
767–774, October 2010.
[4] Louis M Weiner, Rishi Surana, and Shangzi Wang. Monoclonal antibodies:
versatile platforms for cancer immunotherapy. Nat Rev Immunol, 10(5):317–
327, May 2010.
[5] Xu-Rong Jiang, An Song, Svetlana Bergelson, Thomas Arroll, Bhavin Parekh,
Kimberly May, Shan Chung, Robert Strouse, Anthony Mire-Sluis, and Mark
Schenerman. Advances in the assessment and control of the effector functions
of therapeutic antibodies. Nat Rev Drug Discov, 10(2):101–111, February 2011.
[6] Matthias Peipp, Jeroen J Lammerts van Bueren, Tanja Schneider-Merck, Wim
W K Bleeker, Michael Dechant, Thomas Beyer, Roland Repp, Patrick H C van
Berkel, Tom Vink, Jan G J van de Winkel, Paul W H I Parren, and Thomas
Valerius. Antibody fucosylation differentially impacts cytotoxicity mediated by
NK and PMN effector cells. Blood, 112(6):2390–2399, September 2008.
121

[7] Boxu Yan, Daniel Boyd, Timothy Kaschak, Joni Tsukuda, Amy Shen, Yuwen
Lin, Shan Chung, Priyanka Gupta, Amrita Kamath, Anne Wong, Jean-Michel
Vernes, Gloria Y Meng, Klara Totpal, Gabriele Schaefer, Guoying Jiang, Bartek
Nogal, Craig Emery, Martin Vanderlaan, Paul Carter, Reed Harris, and Ashraf
Amanullah. Engineering upper hinge improves stability and effector function
of a human IgG1. Journal of Biological Chemistry, December 2011.
[8] Bernd Schlereth, Iduna Fichtner, Grit Lorenczewski, Petra Kleindienst, Klaus
Brischwein, Antonio da Silva, Peter Kufer, Ralf Lutterbuese, Ilse Junghahn,
Sabine Kasimir-Bauer, Pauline Wimberger, Rainer Kimmig, and Patrick A
Baeuerle. Eradication of tumors from a human colon cancer cell line and from
ovarian cancer metastases in immunodeficient mice by a single-chain Ep-CAM/CD3-bispecific antibody construct. Cancer Res, 65(7):2882–2889, April 2005.
[9] Bryan D Choi, Chien-Tsun Kuan, Mingqing Cai, Gary E Archer, Duane A
Mitchell, Patrick C Gedeon, Luis Sanchez-Perez, Ira Pastan, Darell D Bigner,
and John H Sampson. Systemic administration of a bispecific antibody targeting
EGFRvIII successfully treats intracerebral glioma. Proc Natl Acad Sci USA,
110(1):270–275, January 2013.
[10] M Steiner and D Neri. Antibody-Radionuclide Conjugates for Cancer Therapy:
Historical Considerations and New Trends. Clinical Cancer Research, 17(20):
6406–6416, October 2011.
[11] Anas Younes, Uma Yasothan, and Peter Kirkpatrick. Brentuximab vedotin.
Nat Rev Drug Discov, 11(1):19–20, January 2012.
[12] Sunil Verma, David Miles, Luca Gianni, Ian E Krop, Manfred Welslau, Jose
Baselga, Mark Pegram, Do-Youn Oh, Véronique Diéras, Ellie Guardino, Liang
122

Fang, Michael W Lu, Steven Olsen, Kim Blackwell, and EMILIA Study Group.
Trastuzumab emtansine for HER2-positive advanced breast cancer. N Engl J
Med, 367(19):1783–1791, November 2012.
[13] D G Maloney, A J Grillo-López, C A White, D Bodkin, R J Schilder, J A
Neidhart, N Janakiraman, K A Foon, T M Liles, B K Dallaire, K Wey, I Royston,
T Davis, and R Levy. IDEC-C2B8 (Rituximab) anti-CD20 monoclonal antibody
therapy in patients with relapsed low-grade non-Hodgkin’s lymphoma. Blood,
90(6):2188–2195, September 1997.
[14] David Cunningham, Yves Humblet, Salvatore Siena, David Khayat, Harry
Bleiberg, Armando Santoro, Danny Bets, Matthias Mueser, Andreas Harstrick,
Chris Verslype, Ian Chau, and Eric van Cutsem. Cetuximab monotherapy and
cetuximab plus irinotecan in irinotecan-refractory metastatic colorectal cancer.
N Engl J Med, 351(4):337–345, July 2004.
[15] J Baselga, D Tripathy, J Mendelsohn, S Baughman, C C Benz, L Dantis, N T
Sklarin, A D Seidman, C A Hudis, J Moore, P P Rosen, T Twaddell, I C
Henderson, and L Norton. Phase II study of weekly intravenous recombinant
humanized anti-p185HER2 monoclonal antibody in patients with HER2/neuoverexpressing metastatic breast cancer. J Clin Oncol, 14(3):737–744, March
1996.
[16] Cary D Austin, Ann M De Mazière, Paul I Pisacane, Suzanne M van Dijk,
Charles Eigenbrot, Mark X Sliwkowski, Judith Klumperman, and Richard H
Scheller. Endocytosis and sorting of ErbB2 and the site of action of cancer
therapeutics trastuzumab and geldanamycin. Mol Biol Cell, 15(12):5268–5282,
December 2004.
123

[17] Ian E Krop, Patricia LoRusso, Kathy D Miller, Shanu Modi, Denise Yardley,
Gladys Rodriguez, Ellie Guardino, Michael Lu, Maoxia Zheng, Sandhya Girish,
Lukas Amler, Eric P Winer, and Hope S Rugo. A phase II study of trastuzumab
emtansine in patients with human epidermal growth factor receptor 2-positive
metastatic breast cancer who were previously treated with trastuzumab, lapatinib, an anthracycline, a taxane, and capecitabine. J Clin Oncol, 30(26):
3234–3241, September 2012.
[18] Louis M Weiner, Joseph C Murray, and Casey W Shuptrine. Antibody-based
immunotherapy of cancer. Cell, 148(6):1081–1084, March 2012.
[19] Caroline Robert, Luc Thomas, Igor Bondarenko, Steven O’Day, Jeffrey Weber
M D, Claus Garbe, Celeste Lebbe, Jean-François Baurain, Alessandro Testori,
Jean-Jacques Grob, Neville Davidson, Jon Richards, Michele Maio, Axel
Hauschild, Wilson H Miller, Pere Gascon, Michal Lotem, Kaan Harmankaya,
Ramy Ibrahim, Stephen Francis, Tai-Tsang Chen, Rachel Humphrey, Axel Hoos,
and Jedd D Wolchok. Ipilimumab plus dacarbazine for previously untreated
metastatic melanoma. N Engl J Med, 364(26):2517–2526, June 2011.
[20] Suzanne L Topalian, F Stephen Hodi, Julie R Brahmer, Scott N Gettinger,
David C Smith, David F McDermott, John D Powderly, Richard D Carvajal, Jeffrey A Sosman, Michael B Atkins, Philip D Leming, David R Spigel,
Scott J Antonia, Leora Horn, Charles G Drake, Drew M Pardoll, Lieping
Chen, William H Sharfman, Robert A Anders, Janis M Taube, Tracee L
McMiller, Haiying Xu, Alan J Korman, Maria Jure-Kunkel, Shruti Agrawal,
Daniel McDonald, Georgia D Kollia, Ashok Gupta, Jon M Wigginton, and
Mario Sznol. Safety, activity, and immune correlates of anti-PD-1 antibody
in cancer. N Engl J Med, 366(26):2443–2454, June 2012.
124

[21] Julie R Brahmer, Scott S Tykodi, Laura Q M Chow, Wen-Jen Hwu, Suzanne L
Topalian, Patrick Hwu, Charles G Drake, Luis H Camacho, John Kauh, Kunle
Odunsi, Henry C Pitot, Omid Hamid, Shailender Bhatia, Renato Martins, Keith
Eaton, Shuming Chen, Theresa M Salay, Suresh Alaparthy, Joseph F Grosso,
Alan J Korman, Susan M Parker, Shruti Agrawal, Stacie M Goldberg, Drew M
Pardoll, Ashok Gupta, and Jon M Wigginton. Safety and activity of anti-PD-L1
antibody in patients with advanced cancer. N Engl J Med, 366(26):2455–2465,
June 2012.
[22] Jérôme Galon, Anne Costes, Fatima Sanchez-Cabo, Amos Kirilovsky, Bernhard Mlecnik, Christine Lagorce-Pagès, Marie Tosolini, Matthieu Camus, Anne
Berger, Philippe Wind, Franck Zinzindohoué, Patrick Bruneval, Paul-Henri
Cugnenc, Zlatko Trajanoski, Wolf-Herman Fridman, and Franck Pagès. Type,
density, and location of immune cells within human colorectal tumors predict
clinical outcome. Science, 313(5795):1960–1964, September 2006.
[23] Robert D Schreiber, Lloyd J Old, and Mark J Smyth. Cancer immunoediting:
integrating immunity’s roles in cancer suppression and promotion. Science, 331
(6024):1565–1570, March 2011.
[24] Kavita M Dhodapkar, Joseph Krasovsky, Barbara Williamson, and Madhav V
Dhodapkar. Antitumor monoclonal antibodies enhance cross-presentation of
cellular antigens and the generation of myeloma-specific killer T cells by dendritic cells. J Exp Med, 195(1):125–133, January 2002.
[25] Shannon P Hilchey, Ollivier Hyrien, Tim R Mosmann, Alexandra M Livingstone, Jonathan W Friedberg, Faith Young, Richard I Fisher, Raymond J Kelleher, Richard B Bankert, and Steven H Bernstein. Rituximab
125

immunotherapy results in the induction of a lymphoma idiotype-specific T-cell
response in patients with follicular lymphoma: support for a "vaccinal effect"
of rituximab. Blood, 113(16):3809–3812, April 2009.
[26] Stephen I Rudnick and Gregory P Adams. Affinity and avidity in antibodybased tumor targeting. Cancer Biother. Radiopharm., 24(2):155–161, April
2009.
[27] Nicola Di Gaetano, Elena Cittera, Rachele Nota, Annunciata Vecchi, Valeria
Grieco, Eugenio Scanziani, Marina Botto, Martino Introna, and Josée Golay.
Complement activation determines the therapeutic activity of rituximab in vivo.
J Immunol, 171(3):1581–1587, August 2003.
[28] Emilian Racila, Brian K Link, Wen-Kai Weng, Thomas E Witzig, Stephen
Ansell, Matthew J Maurer, Jian Huang, Christopher Dahle, Ahmad Halwani,
Ronald Levy, and George J Weiner. A polymorphism in the complement component C1qA correlates with prolonged response following rituximab therapy
of follicular lymphoma. Clin. Cancer Res., 14(20):6697–6703, October 2008.
[29] Siao-Yi Wang, Suresh Veeramani, Emilian Racila, Jeffrey Cagley, David C
Fritzinger, Carl-Wilhelm Vogel, William St John, and George J Weiner. Depletion of the C3 component of complement enhances the ability of rituximabcoated target cells to activate human NK cells and improves the efficacy of
monoclonal antibody therapy in an in vivo model. Blood, 114(26):5322–5330,
December 2009.
[30] Jessica L Teeling, Ruth R French, Mark S Cragg, Jeroen van den Brakel,
Marielle Pluyter, Haichun Huang, Claude Chan, Paul W H I Parren, C Erik
Hack, Michael Dechant, Thomas Valerius, Jan G J van de Winkel, and Martin J
126

Glennie. Characterization of new human CD20 monoclonal antibodies with
potent cytolytic activity against non-Hodgkin lymphomas. Blood, 104(6):1793–
1800, September 2004.
[31] Steven J Lemery, Jenny Zhang, Mark D Rothmann, Jun Yang, Justin Earp,
Hong Zhao, Andrew McDougal, Anne Pilaro, Raymond Chiang, Joseph E
Gootenberg, Patricia Keegan, and Richard Pazdur. U.S. Food and Drug Administration approval: ofatumumab for the treatment of patients with chronic lymphocytic leukemia refractory to fludarabine and alemtuzumab. Clin. Cancer
Res., 16(17):4331–4338, September 2010.
[32] Frank J Beurskens, Margaret A Lindorfer, Mohammed Farooqui, Paul V Beum,
Patrick Engelberts, Wendy J M Mackus, Paul W H I Parren, Adrian Wiestner,
and Ronald P Taylor. Exhaustion of cytotoxic effector systems may limit
monoclonal antibody-based immunotherapy in cancer patients. The Journal
of Immunology, 188(7):3532–3541, March 2012.
[33] Falk Nimmerjahn and Jeffrey V Ravetch. Fc-receptors as regulators of immunity. Adv Immunol, 96:179–204, 2007.
[34] R A Clynes, T L Towers, L G Presta, and J V Ravetch. Inhibitory Fc receptors
modulate in vivo cytoxicity against tumor targets. Nat. Med., 6(4):443–446,
April 2000.
[35] Lewis L Lanier. Up on the tightrope: natural killer cell activation and inhibition.
Nat Immunol, 9(5):495–502, May 2008.
[36] J G Altin, E B Pagler, B F Kinnear, and H S Warren. Molecular associations
involving CD16, CD45 and zeta and gamma chains on human natural killer
cells. Immunol Cell Biol, 72(1):87–96, February 1994.
127

[37] P Mark Hogarth and Geoffrey A Pietersz. Fc receptor-targeted therapies for
the treatment of inflammation, cancer and beyond. Nat Rev Drug Discov, 11
(4):311–331, April 2012.
[38] Falk Nimmerjahn and Jeffrey V Ravetch. Fcgamma receptors as regulators of
immune responses. Nat Rev Immunol, 8(1):34–47, January 2008.
[39] E MOELLER. CONTACT-INDUCED CYTOTOXICITY BY LYMPHOID
CELLS CONTAINING FOREIGN ISOANTIGENS. Science, 147(3660):873–
879, February 1965.
[40] I C MacLennan and G Loewi. Effect of specific antibody to target cells on their
specific and non-specific interactions with lymphocytes. Nature, 219(5158):
1069–1070, September 1968.
[41] I C MacLennan, G Loewi, and B Harding. The role of immunoglobulins in
lymphocyte-mediated cell damage, in vitro. I. Comparison of the effects of target
cell specific antibody and normal serum factors on cellular damage by immune
and non-immune lymphocytes. Immunology, 18(3):397–404, March 1970.
[42] P K Wallace, A L Howell, and M W Fanger. Role of Fc gamma receptors in
cancer and infectious disease. J Leukoc Biol, 55(6):816–826, June 1994.
[43] Sébastien Dall’Ozzo, Sophie Tartas, Gilles Paintaud, Guillaume Cartron,
Philippe Colombat, Pierre Bardos, Hervé Watier, and Gilles Thibault.
Rituximab-dependent cytotoxicity by natural killer cells: influence of FCGR3A
polymorphism on the concentration-effect relationship. Cancer Res, 64(13):
4664–4669, July 2004.

128

[44] Zhihong Chen and Mark S Freedman. CD16+ gammadelta T cells mediate antibody dependent cellular cytotoxicity: potential mechanism in the pathogenesis
of multiple sclerosis. Clin Immunol, 128(2):219–227, August 2008.
[45] M A Cooper, T A Fehniger, and M A Caligiuri. The biology of human natural
killer-cell subsets. Trends Immunol, 22(11):633–640, November 2001.
[46] Eric Vivier, Elena Tomasello, Myriam Baratin, Thierry Walzer, and Sophie
Ugolini. Functions of natural killer cells. Nat Immunol, 9(5):503–510, May
2008.
[47] K Kärre, H G Ljunggren, G Piontek, and R Kiessling. Selective rejection of
H-2-deficient lymphoma variants suggests alternative immune defence strategy.
Nature, 319(6055):675–678, January 1986.
[48] Ariane Thielens, Eric Vivier, and Francois Romagné. NK cell MHC class I specific receptors (KIR): from biology to clinical intervention. Curr Opin Immunol,
24(2):239–245, April 2012.
[49] Hollie J Pegram, Daniel M Andrews, Mark J Smyth, Phillip K Darcy, and
Michael H Kershaw. Activating and inhibitory receptors of natural killer cells.
Immunol Cell Biol, 89(2):216–224, February 2011.
[50] Sandra Lopez-Vergès, Jeffrey M Milush, Suchitra Pandey, Vanessa A York,
Janice Arakawa-Hoyt, Hanspeter Pircher, Philip J Norris, Douglas F Nixon,
and Lewis L Lanier. CD57 defines a functionally distinct population of mature
NK cells in the human CD56dimCD16+ NK-cell subset. Blood, 116(19):3865–
3874, November 2010.

129

[51] Jordan S Orange. Formation and function of the lytic NK-cell immunological
synapse. Nat Rev Immunol, 8(9):713–725, September 2008.
[52] D N Burshtyn, J Shin, C Stebbins, and E O Long. Adhesion to target cells is
disrupted by the killer cell inhibitory receptor. Curr Biol, 10(13):777–780, June
2000.
[53] Dongfang Liu, Yenan T Bryceson, Tobias Meckel, Gaia Vasiliver-Shamis,
Michael L Dustin, and Eric O Long. Integrin-dependent organization and bidirectional vesicular traffic at cytotoxic immune synapses. Immunity, 31(1):99–
109, July 2009.
[54] Catharina C Gross, Joseph A Brzostowski, Dongfang Liu, and Eric O Long.
Tethering of intercellular adhesion molecule on target cells is required for
LFA-1-dependent NK cell adhesion and granule polarization. The Journal of
Immunology, 185(5):2918–2926, September 2010.
[55] Joseph A Trapani and Mark J Smyth. Functional significance of the perforin/granzyme cell death pathway. Nat Rev Immunol, 2(10):735–747, October
2002.
[56] Jamie A Lopez, Olivia Susanto, Misty R Jenkins, Natalya Lukoyanova, Vivien R
Sutton, Ruby H P Law, Angus Johnston, Catherina H Bird, Phillip I Bird,
James C Whisstock, Joseph A Trapani, Helen R Saibil, and Ilia Voskoboinik.
Perforin forms transient pores on the target cell plasma membrane to facilitate
rapid access of granzymes during killer cell attack. Blood, February 2013.
[57] Kirstin Veugelers, Bruce Motyka, Ing Swie Goping, Irene Shostak, Tracy
Sawchuk, and R Chris Bleackley. Granule-mediated killing by granzyme B
130

and perforin requires a mannose 6-phosphate receptor and is augmented by cell
surface heparan sulfate. Mol Biol Cell, 17(2):623–633, February 2006.
[58] J B Alimonti, L Shi, P K Baijal, and A H Greenberg. Granzyme B induces
BID-mediated cytochrome c release and mitochondrial permeability transition.
J Biol Chem, 276(10):6974–6982, March 2001.
[59] Nigel J Waterhouse, Karin A Sedelies, Kylie A Browne, Michelle E Wowk,
Andrea Newbold, Vivien R Sutton, Chris J P Clarke, Jane Oliaro, Ralph K
Lindemann, Phillip I Bird, Ricky W Johnstone, and Joseph A Trapani. A
central role for Bid in granzyme B-induced apoptosis. J Biol Chem, 280(6):
4476–4482, February 2005.
[60] C M Eischen, J D Schilling, D H Lynch, P H Krammer, and P J Leibson. Fc
receptor-induced expression of Fas ligand on activated NK cells facilitates cellmediated cytotoxicity and subsequent autocrine NK cell apoptosis. J Immunol,
156(8):2693–2699, April 1996.
[61] Paul J Choi and Timothy J Mitchison. Imaging burst kinetics and spatial
coordination during serial killing by single natural killer cells. Proc Natl Acad
Sci USA, 110(16):6488–6493, April 2013.
[62] Simone de Haij, J H Marco Jansen, Peter Boross, Frank J Beurskens, Jantine E
Bakema, Desiree L Bos, Anton Martens, J Sjef Verbeek, Paul W H I Parren,
Jan G J van de Winkel, and Jeanette H W Leusen. In vivo cytotoxicity of type
I CD20 antibodies critically depends on Fc receptor ITAM signaling. Cancer
Res, 70(8):3209–3217, April 2010.
[63] Pascale Hubert, Adele Heitzmann, Sophie Viel, Andre Nicolas, Xavier SastreGarau, Pablo Oppezzo, Otto Pritsch, Eduardo Osinaga, and Sebastian
131

Amigorena.

Antibody-dependent cell cytotoxicity synapses form in mice

during tumor-specific antibody immunotherapy. Cancer Res, 71(15):5134–5143,
August 2011.
[64] Guillaume Cartron, Laurent Dacheux, Gilles Salles, Philippe Solal-Celigny,
Pierre Bardos, Philippe Colombat, and Hervé Watier. Therapeutic activity
of humanized anti-CD20 monoclonal antibody and polymorphism in IgG Fc
receptor FcgammaRIIIa gene. Blood, 99(3):754–758, February 2002.
[65] Wen-Kai Weng and Ronald Levy. Two immunoglobulin G fragment C receptor
polymorphisms independently predict response to rituximab in patients with
follicular lymphoma. J Clin Oncol, 21(21):3940–3947, November 2003.
[66] Antonino Musolino, Nadia Naldi, Beatrice Bortesi, Debora Pezzuolo, Marzia
Capelletti, Gabriele Missale, Diletta Laccabue, Alessandro Zerbini, Roberta
Camisa, Giancarlo Bisagni, Tauro Maria Neri, and Andrea Ardizzoni.
Immunoglobulin G fragment C receptor polymorphisms and clinical efficacy
of trastuzumab-based therapy in patients with HER-2/neu-positive metastatic
breast cancer. J Clin Oncol, 26(11):1789–1796, April 2008.
[67] Wu Zhang, Michael Gordon, Anne M Schultheis, Dong Yun Yang, Fumio
Nagashima, Mizutomo Azuma, Heung-Moon Chang, Eva Borucka, Georg Lurje,
Andy E Sherrod, Syma Iqbal, Susan Groshen, and Heinz-Josef Lenz. FCGR2A
and FCGR3A polymorphisms associated with clinical outcome of epidermal
growth factor receptor expressing metastatic colorectal cancer patients treated
with single-agent cetuximab. J Clin Oncol, 25(24):3712–3718, August 2007.
[68] Frédéric Bibeau, Evelyne Lopez-Crapez, Frédéric Di Fiore, Simon Thezenas,
Marc Ychou, France Blanchard, Aude Lamy, Frédérique Penault-Llorca, Thierry
132

Frébourg, Pierre Michel, Jean-Christophe Sabourin, and Florence BoissièreMichot. Impact of FcgammaRIIa-FcgammaRIIIa polymorphisms and KRAS
mutations on the clinical outcome of patients with metastatic colorectal cancer
treated with cetuximab plus irinotecan. J Clin Oncol, 27(7):1122–1129, March
2009.
[69] Suresh Veeramani, Siao-Yi Wang, Christopher Dahle, Sue Blackwell, Laura
Jacobus, Tina Knutson, Anna Button, Brian K Link, and George J Weiner.
Rituximab infusion induces NK activation in lymphoma patients with the highaffinity CD16 polymorphism. Blood, 118(12):3347–3349, September 2011.
[70] H Ida, M J Robertson, S Voss, J Ritz, and P Anderson. CD94 ligation induces
apoptosis in a subset of IL-2-stimulated NK cells. J Immunol, 159(5):2154–2160,
September 1997.
[71] Rizwan Romee, Bree Foley, Todd Lenvik, Yue Wang, Bin Zhang, Dave Ankarlo,
Xianghua Luo, Sarah Cooley, Mike Verneris, Bruce Walcheck, and Jeffrey Miller.
NK cell CD16 surface expression and function is regulated by a disintegrin and
metalloprotease-17 (ADAM17). Blood, March 2013.
[72] Rosa Barreira da Silva, Claudine Graf, and Christian Munz. Cytoskeletal stabilization of inhibitory interactions in immunological synapses of mature human
dendritic with natural killer cells. Blood, September 2011.
[73] Emily M Mace and Jordan S Orange. Multiple distinct NK-cell synapses. Blood,
118(25):6475–6476, December 2011.
[74] Yenan T Bryceson, Hans-Gustaf Ljunggren, and Eric O Long. Minimal requirement for induction of natural cytotoxicity and intersection of activation signals
by inhibitory receptors. Blood, 114(13):2657–2666, September 2009.
133

[75] Atul Bedi, Xiaofei Chang, Kimberly Noonan, Vui Pham, Rishi Bedi, Elana J
Fertig, Michael Considine, Joseph A Califano, Ivan Borrello, Christine H Chung,
David Sidransky, and Rajani Ravi. Inhibition of transforming growth factor-β
enhances the in vivo antitumor efficacy of epidermal growth factor receptortargeted therapy. Mol Cancer Ther, August 2012.
[76] C Renvoizé, R Roger, N Moulian, J Bertoglio, and J Bréard. Bcl-2 expression
in target cells leads to functional inhibition of caspase-3 protease family in
human NK and lymphokine-activated killer cell granule-mediated apoptosis. J
Immunol, 159(1):126–134, July 1997.
[77] J P Medema, J de Jong, L T Peltenburg, E M Verdegaal, A Gorter, S A Bres,
K L Franken, M Hahne, J P Albar, C J Melief, and R Offringa. Blockade of the
granzyme B/perforin pathway through overexpression of the serine protease
inhibitor PI-9/SPI-6 constitutes a mechanism for immune escape by tumors.
Proc Natl Acad Sci USA, 98(20):11515–11520, September 2001.
[78] Li Wang, Qian Li, Lianfeng Wu, Shengwu Liu, Yong Zhang, Xuan Yang, Pingping Zhu, Honglian Zhang, Kai Zhang, Jizhong Lou, Pingsheng Liu, Liang Tong,
Fei Sun, and Zusen Fan. Identification of SERPINB1 as a physiological inhibitor
of human granzyme H. The Journal of Immunology, 190(3):1319–1330, February
2013.
[79] Stefanie Derer, Philip Bauer, Stefan Lohse, Andreas H Scheel, Sven Berger,
Christian Kellner, Matthias Peipp, and Thomas Valerius. Impact of Epidermal
Growth Factor Receptor (EGFR) Cell Surface Expression Levels on Effector
Mechanisms of EGFR Antibodies. The Journal of Immunology, 189(11):5230–
5239, November 2012.
134

[80] Stephen I Rudnick, Jianlong Lou, Calvin C Shaller, Yong Tang, Andres J P
Klein-Szanto, Louis M Weiner, James D Marks, and Gregory P Adams. Influence of Affinity and Antigen Internalization on the Uptake and Penetration of
Anti-HER2 Antibodies in Solid Tumors. Cancer Res, 71(6):2250–2259, March
2011.
[81] Andriy Marusyk, Vanessa Almendro, and Kornelia Polyak. Intra-tumour heterogeneity: a looking glass for cancer? Nat Rev Cancer, 12(5):323–334, May
2012.
[82] Keith L Knutson, Bond Almand, Yushe Dang, and Mary L Disis. Neu antigennegative variants can be generated after neu-specific antibody therapy in neu
transgenic mice. Cancer Res, 64(3):1146–1151, February 2004.
[83] Florian Reim, Yvonne Dombrowski, Cathrin Ritter, Mathias Buttmann,
Sebastian Häusler, Monika Ossadnik, Mathias Krockenberger, Dagmar Beier,
Christoph P Beier, Johannes Dietl, Jürgen C Becker, Arnd Hönig, and Jörg Wischhusen. Immunoselection of breast and ovarian cancer cells with trastuzumab
and natural killer cells: selective escape of CD44high/CD24low/HER2low breast
cancer stem cells. Cancer Res, 69(20):8058–8066, October 2009.
[84] Clara Montagut, Alba Dalmases, Beatriz Bellosillo, Marta Crespo, Silvia Pairet,
Mar Iglesias, Marta Salido, Manuel Gallen, Scot Marsters, Siao Ping Tsai,
André Minoche, Somasekar Seshagiri, Seshagiri Somasekar, Sergi Serrano, Heinz
Himmelbauer, Joaquim Bellmunt, Ana Rovira, Jeff Settleman, Francesc Bosch,
and Joan Albanell. Identification of a mutation in the extracellular domain
of the Epidermal Growth Factor Receptor conferring cetuximab resistance in
colorectal cancer. Nat. Med., 18(2):221–223, February 2012.
135

[85] Jordan S Orange, K Eliza Harris, Milena M Andzelm, Markus M Valter, Raif S
Geha, and Jack L Strominger. The mature activating natural killer cell immunologic synapse is formed in distinct stages. Proc Natl Acad Sci USA, 100(24):
14151–14156, November 2003.
[86] Dominika Rudnicka, Anna Oszmiana, Donna K Finch, Ian Strickland, Darren J
Schofield, David C Lowe, Matthew A Sleeman, and Daniel M Davis. Rituximab
causes a polarisation of B cells which augments its therapeutic function in NK
cell-mediated antibody-dependent cellular cytotoxicity. Blood, April 2013.
[87] Stanley Cohen. Isolation of a Mouse Submaxillary Gland Protein Accelerating
Incisor Eruption and Eyelid Opening in the New-born Animal. Journal of
Biological Chemistry, 1962.
[88] Stanley Cohen. The stimulation of epidermal proliferation by a specific protein
(EGF). Dev Biol, 12(3):394–407, December 1965.
[89] S Cohen, G Carpenter, and L King. Epidermal growth factor-receptor-protein
kinase interactions. Co-purification of receptor and epidermal growth factorenhanced phosphorylation activity. J Biol Chem, 255(10):4834–4842, May 1980.
[90] Axel Walther, Elaine Johnstone, Charles Swanton, Rachel Midgley, Ian Tomlinson, and David Kerr. Genetic prognostic and predictive markers in colorectal
cancer. Nat Rev Cancer, 9(7):489–499, July 2009.
[91] William Pao and Juliann Chmielecki. Rational, biologically based treatment
of EGFR-mutant non-small-cell lung cancer. Nat Rev Cancer, 10(11):760–774,
November 2010.

136

[92] C René Leemans, Boudewijn J M Braakhuis, and Ruud H Brakenhoff. The
molecular biology of head and neck cancer. Nat Rev Cancer, 11(1):9–22, January
2011.
[93] Shiqing Li, Karl R Schmitz, Philip D Jeffrey, Jed J W Wiltzius, Paul Kussie, and
Kathryn M Ferguson. Structural basis for inhibition of the epidermal growth
factor receptor by cetuximab. Cancer Cell, 7(4):301–311, April 2005.
[94] Nancy E Hynes and Heidi A Lane. ERBB receptors and cancer: the complexity
of targeted inhibitors. Nat Rev Cancer, 5(5):341–354, May 2005.
[95] Deric L Wheeler, Emily F Dunn, and Paul M Harari. Understanding resistance
to EGFR inhibitors-impact on future treatment strategies. Nat Rev Clin Oncol,
7(9):493–507, September 2010.
[96] D L Wheeler, S Huang, T J Kruser, M M Nechrebecki, E A Armstrong,
S Benavente, V Gondi, K-T Hsu, and P M Harari. Mechanisms of acquired
resistance to cetuximab: role of HER (ErbB) family members. Oncogene, 27
(28):3944–3956, June 2008.
[97] Christian Berger, Inger Helene Madshus, and Espen Stang. Cetuximab in combination with anti-human IgG antibodies efficiently down-regulates the EGF
receptor by macropinocytosis. Exp Cell Res, September 2012.
[98] Jason Andrew Wilken, Marianela Perez-Torres, Rene Nieves-Alicea, Elsa M
Cora, Trace A Christensen, Andre T Baron, and Nita J Maihle. Shedding of
Soluble Epidermal Growth Factor Receptor (sEGFR) Is Mediated by a Metalloprotease/Fibronectin/Integrin Axis and Inhibited by Cetuximab. Biochemistry,
June 2013.
137

[99] Andrea Cavazzoni, Roberta R Alfieri, Daniele Cretella, Francesca Saccani,
Luca Ampollini, Maricla Galetti, Federico Quaini, Gallia Graiani, Denise
Madeddu, Paola Mozzoni, Elena Galvani, Silvia La Monica, Mara Bonelli,
Claudia Fumarola, Antonio Mutti, Paolo Carbognani, Marcello Tiseo, Elisabetta Barocelli, Pier Giorgio Petronini, and Andrea Ardizzoni. Combined use
of anti-ErbB monoclonal antibodies and erlotinib enhances antibody-dependent
cellular cytotoxicity of wild-type erlotinib-sensitive NSCLC cell lines.

Mol

Cancer, 11(1):91, December 2012.
[100] Roberta Rosa, Roberta Marciano, Umberto Malapelle, Luigi Formisano, Lucia
Nappi, Claudia D’Amato, Valentina D’Amato, Vincenzo Damiano, Gabriella
Marfe, Silvana Del Vecchio, Antonella Zannetti, Adelaide Greco, Alfonso De Stefano, Chiara Carlomagno, Bianca Maria Veneziani, Giancarlo Troncone, Sabino
de Placido, and Roberto Bianco. Sphingosine kinase 1 overexpression contributes to cetuximab resistance in human colorectal cancer models. Clin.
Cancer Res., 19(1):138–147, January 2013.
[101] S Kasper, F Breitenbuecher, H Reis, S Brandau, K Worm, J Köhler, A Paul,
T Trarbach, K W Schmid, and M Schuler. Oncogenic RAS simultaneously protects against anti-EGFR antibody-dependent cellular cytotoxicity and EGFR
signaling blockade. Oncogene, July 2012.
[102] Stefanie Derer, Sven Berger, Martin Schlaeth, Tanja Schneider-Merck, Katja
Klausz, Stefan Lohse, Marije B Overdijk, Michael Dechant, Christian Kellner,
Iris Nagelmeier, Andreas H Scheel, Jeroen J Lammerts van Bueren, Jan G J
van de Winkel, Paul W H I Parren, Matthias Peipp, and Thomas Valerius.
Oncogenic KRAS impairs EGFR antibodies’ efficiency by C/EBPβ-dependent
suppression of EGFR expression. Neoplasia, 14(3):190–205, March 2012.
138

[103] J Barriere, J Fischel, P Formento, N Renee, M Francoual, J Formento,
M Chefrour, M Etienne-Grimaldi, E Francois, and G Milano. Cetuximabmediated antibody-dependent cellular cytotoxicity (ADCC) against tumor cell
lines characterized for EGFR expression and K-ras mutation. J Clin Oncol, 27:
suppl.; abstract e14583, June 2009.
[104] Yosef Yarden and Gur Pines. The ERBB network: at last, cancer therapy meets
systems biology. Nat Rev Cancer, 12(8):553–563, August 2012.
[105] Shazad Q Ashraf, Angela M Nicholls, Jennifer L Wilding, Triantafyllia G
Ntouroupi, Neil J Mortensen, and Walter F Bodmer. Direct and immune mediated antibody targeting of ERBB receptors in a colorectal cancer cell-line panel.
Proc Natl Acad Sci USA, 109(51):21046–21051, December 2012.
[106] Raghvendra M Srivastava, Steve C Lee, Pedro A Andrade Filho, Christopher A
Lord, Hyun-Bae Jie, Carter Davidson, Andrés López-Albaitero, Sandra P
Gibson, William E Gooding, Soldano Ferrone, and Robert L Ferris. Cetuximabactivated natural killer (NK) and dendritic cells (DC) collaborate to trigger
tumor antigen-specific T cell immunity in head and neck cancer patients. Clin.
Cancer Res., February 2013.
[107] Xuanming Yang, Xunmin Zhang, Eric D Mortenson, Olga Radkevich-Brown,
Yang Wang, and Yang-Xin Fu.

Cetuximab-mediated Tumor Regression

Depends on Innate and Adaptive Immune Responses. Mol Ther, 21(1):91–100,
January 2013.
[108] Liat Binyamin, R Katherine Alpaugh, Tracey L Hughes, Charles T Lutz,
Kerry S Campbell, and Louis M Weiner. Blocking NK cell inhibitory selfrecognition promotes antibody-dependent cellular cytotoxicity in a model of
139

anti-lymphoma therapy. J Immunol, 180(9):6392–6401, May 2008.
[109] J H Gong, G Maki, and H G Klingemann. Characterization of a human cell line
(NK-92) with phenotypical and functional characteristics of activated natural
killer cells. Leukemia, 8(4):652–658, April 1994.
[110] Caroline A Schneider, Wayne S Rasband, and Kevin W Eliceiri. NIH Image to
ImageJ: 25 years of image analysis. Nat Methods, 9(7):671–675, July 2012.
[111] R Core Team. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria, 2013.
[112] Deepayan Sarkar. Lattice: Multivariate Data Visualization with R. Springer,
New York, 2008.
[113] Deepayan Sarkar and Felix Andrews. latticeExtra: Extra Graphical Utilities
Based on Lattice, 2012.
[114] Hadley Wickham. Reshaping data with the reshape package. Journal of Statistical Software, 21(12), 2007.
[115] Hadley Wickham.

The Split-Apply-Combine Strategy for Data Analysis.

Journal of Statistical Software, 40(1):1–29, 2011.
[116] Torsten Hothorn, Frank Bretz, and Peter Westfall. Simultaneous Inference in
General Parametric Models. Biometrical Journal, 50(3):346–363, 2008.
[117] JH Zhang, TD Chung, and KR Oldenburg. A Simple Statistical Parameter
for Use in Evaluation and Validation of High Throughput Screening Assays. J
Biomol Screen, 4(2):67–73, 1999.

140

[118] Igor Astsaturov, Vladimir Ratushny, Anna Sukhanova, Margret B Einarson,
Tetyana Bagnyukova, Yan Zhou, Karthik Devarajan, Joshua S Silverman,
Nadezhda Tikhmyanova, Natalya Skobeleva, Anna Pecherskaya, Rochelle E
Nasto, Catherine Sharma, Sandra A Jablonski, Ilya G Serebriiskii, Louis M
Weiner, and Erica A Golemis. Synthetic lethal screen of an EGFR-centered
network to improve targeted therapies. Sci Signal, 3(140):ra67, 2010.
[119] Barbara Tanos and Ann Marie Pendergast. Abl tyrosine kinase regulates endocytosis of the epidermal growth factor receptor. J Biol Chem, 281(43):32714–
32723, October 2006.
[120] C L Sawyers, J McLaughlin, A Goga, M Havlik, and O Witte. The nuclear
tyrosine kinase c-Abl negatively regulates cell growth. Cell, 77(1):121–131,
April 1994.
[121] John Colicelli. ABL tyrosine kinases: evolution of function, regulation, and
specificity. Sci Signal, 3(139):re6, 2010.
[122] B J Druker, S Tamura, E Buchdunger, S Ohno, G M Segal, S Fanning, J Zimmermann, and N B Lydon. Effects of a selective inhibitor of the Abl tyrosine
kinase on the growth of Bcr-Abl positive cells. Nat. Med., 2(5):561–566, May
1996.
[123] S Hirota, K Isozaki, Y Moriyama, K Hashimoto, T Nishida, S Ishiguro,
K Kawano, M Hanada, A Kurata, M Takeda, G Muhammad Tunio, Y Matsuzawa, Y Kanakura, Y Shinomura, and Y Kitamura. Gain-of-function mutations of c-kit in human gastrointestinal stromal tumors. Science, 279(5350):
577–580, January 1998.

141

[124] George D Demetri, Margaret von Mehren, Charles D Blanke, Annick D Van den
Abbeele, Burton Eisenberg, Peter J Roberts, Michael C Heinrich, David A
Tuveson, Samuel Singer, Milos Janicek, Jonathan A Fletcher, Stuart G Silverman, Sandra L Silberman, Renaud Capdeville, Beate Kiese, Bin Peng, Sasa
Dimitrijevic, Brian J Druker, Christopher Corless, Christopher D M Fletcher,
and Heikki Joensuu. Efficacy and safety of imatinib mesylate in advanced gastrointestinal stromal tumors. N Engl J Med, 347(7):472–480, August 2002.
[125] Charles D Blanke, Cathryn Rankin, George D Demetri, Christopher W Ryan,
Margaret von Mehren, Robert S Benjamin, A Kevin Raymond, Vivien H C
Bramwell, Laurence H Baker, Robert G Maki, Michael Tanaka, J Randolph
Hecht, Michael C Heinrich, Christopher D M Fletcher, John J Crowley, and
Ernest C Borden. Phase III randomized, intergroup trial assessing imatinib
mesylate at two dose levels in patients with unresectable or metastatic gastrointestinal stromal tumors expressing the kit receptor tyrosine kinase: S0033.
J Clin Oncol, 26(4):626–632, February 2008.
[126] Ronald P DeMatteo, Karla V Ballman, Cristina R Antonescu, Robert G Maki,
Peter W T Pisters, George D Demetri, Martin E Blackstein, Charles D Blanke,
Margaret von Mehren, Murray F Brennan, Shreyaskumar Patel, Martin D
McCarter, Jonathan A Polikoff, Benjamin R Tan, Kouros Owzar, and American
College of Surgeons Oncology Group (ACOSOG) Intergroup Adjuvant GIST
Study Team. Adjuvant imatinib mesylate after resection of localised, primary
gastrointestinal stromal tumour: a randomised, double-blind, placebo-controlled
trial. Lancet, 373(9669):1097–1104, March 2009.

142

[127] Divyamani Srinivasan and Rina Plattner. Activation of Abl tyrosine kinases
promotes invasion of aggressive breast cancer cells. Cancer Res, 66(11):5648–
5655, June 2006.
[128] Uwe Rix, Oliver Hantschel, Gerhard Dürnberger, Lily L Remsing Rix, Melanie
Planyavsky, Nora V Fernbach, Ines Kaupe, Keiryn L Bennett, Peter Valent,
Jacques Colinge, Thomas Köcher, and Giulio Superti-Furga. Chemical proteomic profiles of the BCR-ABL inhibitors imatinib, nilotinib, and dasatinib
reveal novel kinase and nonkinase targets. Blood, 110(12):4055–4063, December
2007.
[129] Thomas O’Hare, William C Shakespeare, Xiaotian Zhu, Christopher A Eide,
Victor M Rivera, Frank Wang, Lauren T Adrian, Tianjun Zhou, Wei-Sheng
Huang, Qihong Xu, Chester A Metcalf, Jeffrey W Tyner, Marc M Loriaux,
Amie S Corbin, Scott Wardwell, Yaoyu Ning, Jeffrey A Keats, Yihan Wang,
Raji Sundaramoorthi, Mathew Thomas, Dong Zhou, Joseph Snodgrass, Lois
Commodore, Tomi K Sawyer, David C Dalgarno, Michael W N Deininger,
Brian J Druker, and Tim Clackson. AP24534, a pan-BCR-ABL inhibitor for
chronic myeloid leukemia, potently inhibits the T315I mutant and overcomes
mutation-based resistance. Cancer Cell, 16(5):401–412, November 2009.
[130] David G T Hesslein, Emil H Palacios, Joseph C Sun, Joshua N Beilke, Susan R
Watson, Arthur Weiss, and Lewis L Lanier. Differential requirements for CD45
in NK-cell function reveal distinct roles for Syk-family kinases. Blood, 117(11):
3087–3095, March 2011.
[131] Ashley Mentlik James, Hsiang-Ting Hsu, Prachi Dongre, Gulbu Uzel, Emily M
Mace, Pinaki P Banerjee, and Jordan S Orange. Rapid activation receptor143

or IL-2-induced lytic granule convergence in human natural killer cells requires
Src, but not downstream signaling. Blood, February 2013.
[132] J Rubin Grandis, M F Melhem, W E Gooding, R Day, V A Holst, M M Wagener,
S D Drenning, and D J Tweardy. Levels of TGF-alpha and EGFR protein in
head and neck squamous cell carcinoma and patient survival. J Natl Cancer
Inst, 90(11):824–832, June 1998.
[133] Athanassios Argiris, Michalis V Karamouzis, David Raben, and Robert L Ferris.
Head and neck cancer. Lancet, 371(9625):1695–1709, May 2008.
[134] Rodney J Taylor, Siaw-Lin Chan, Aaron Wood, Caroline J Voskens, Jeffrey S
Wolf, Wei Lin, Andrei Chapoval, Dan H Schulze, Guoliang Tian, and Scott E
Strome. FcgammaRIIIa polymorphisms and cetuximab induced cytotoxicity in
squamous cell carcinoma of the head and neck. Cancer Immunol Immunother,
58(7):997–1006, July 2009.
[135] Andrés López-Albaitero, Steve C Lee, Sarah Morgan, Jennifer R Grandis,
William E Gooding, Soldano Ferrone, and Robert L Ferris. Role of polymorphic
Fc gamma receptor IIIa and EGFR expression level in cetuximab mediated, NK
cell dependent in vitro cytotoxicity of head and neck squamous cell carcinoma
cells. Cancer Immunol Immunother, 58(11):1853–1864, November 2009.
[136] Luis A Diaz, Richard T Williams, Jian Wu, Isaac Kinde, J Randolph Hecht,
Jordan Berlin, Benjamin Allen, Ivana Bozic, Johannes G Reiter, Martin A
Nowak, Kenneth W Kinzler, Kelly S Oliner, and Bert Vogelstein. The molecular evolution of acquired resistance to targeted EGFR blockade in colorectal
cancers. Nature, 486(7404):537–540, June 2012.

144

[137] Sandra Misale, Rona Yaeger, Sebastijan Hobor, Elisa Scala, Manickam Janakiraman, David Liska, Emanuele Valtorta, Roberta Schiavo, Michela Buscarino, Giulia Siravegna, Katia Bencardino, Andrea Cercek, Chin-Tung Chen,
Silvio Veronese, Carlo Zanon, Andrea Sartore-Bianchi, Marcello Gambacorta,
Margherita Gallicchio, Efsevia Vakiani, Valentina Boscaro, Enzo Medico,
Martin Weiser, Salvatore Siena, Federica Di Nicolantonio, David Solit, and
Alberto Bardelli. Emergence of KRAS mutations and acquired resistance to
anti-EGFR therapy in colorectal cancer. Nature, 486(7404):532–536, June 2012.
[138] Ethan Cerami, Jianjiong Gao, Ugur Dogrusoz, Benjamin E Gross, Selcuk Onur
Sumer, Bülent Arman Aksoy, Anders Jacobsen, Caitlin J Byrne, Michael L
Heuer, Erik Larsson, Yevgeniy Antipin, Boris Reva, Arthur P Goldberg, Chris
Sander, and Nikolaus Schultz. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer Discovery,
2(5):401–404, May 2012.
[139] R Daniel, Y Cai, P M Wong, and S W Chung. Deregulation of c-abl mediated cell growth after retroviral transfer and expression of antisense sequences.
Oncogene, 10(8):1607–1614, April 1995.
[140] Christophe Borg, Magali Terme, Julien Taïeb, Cédric Ménard, Caroline Flament, Caroline Robert, Koji Maruyama, Hiro Wakasugi, Eric Angevin, Kris
Thielemans, Axel Le Cesne, Véronique Chung-Scott, Vladimir Lazar, Isabelle
Tchou, Florent Crépineau, François Lemoine, Jacky Bernard, Jonhantan A
Fletcher, Ali Turhan, Jean-Yves Blay, Alain Spatz, Jean-François Emile,
Michael C Heinrich, Salah Mécheri, Thomas Tursz, and Laurence Zitvogel.
Novel mode of action of c-kit tyrosine kinase inhibitors leading to NK celldependent antitumor effects. J Clin Invest, 114(3):379–388, August 2004.
145

[141] Cédric Ménard, Jean-Yves Blay, Christophe Borg, Stefan Michiels, Francois
Ghiringhelli, Caroline Robert, Céline Nonn, Nathalie Chaput, Julien Taïeb,
Nicolas F Delahaye, Caroline Flament, Jean-François Emile, Axel Le Cesne, and
Laurence Zitvogel. Natural killer cell IFN-gamma levels predict long-term survival with imatinib mesylate therapy in gastrointestinal stromal tumor-bearing
patients. Cancer Res, 69(8):3563–3569, April 2009.
[142] Nathalie Chaput, Caroline Flament, Clara Locher, Melanie Desbois, Annie Rey,
Sylvie Rusakiewicz, Vichnou Poirier-Colame, Patricia Pautier, Axel Le Cesne,
Jean-Charles Soria, Angelo Paci, Michelle Rosenzwajg, David Klatzmann,
Alexander Eggermont, Caroline Robert, and Laurence Zitvogel. Phase I clinical trial combining imatinib mesylate and IL-2: HLA-DR(+) NK cell levels
correlate with disease outcome. Oncoimmunology, 2(2):e23080, February 2013.
[143] Patricia Pautier, Clara Locher, Caroline Robert, Alain Deroussent, Caroline
Flament, Axel Le Cesne, Annie Rey, Ratislav Bahleda, Vincent Ribrag, JeanCharles Soria, Gilles Vassal, Alexander Eggermont, Laurence Zitvogel, Nathalie
Chaput, and Angelo Paci. Phase I clinical trial combining imatinib mesylate
and IL-2 in refractory cancer patients: IL-2 interferes with the pharmacokinetics
of imatinib mesylate. Oncoimmunology, 2(2):e23079, February 2013.
[144] Stephen J Blake, A Bruce Lyons, Cara K Fraser, John D Hayball, and Timothy P Hughes. Dasatinib suppresses in vitro natural killer cell cytotoxicity.
Blood, 111(8):4415–4416, April 2008.
[145] Julia Salih, Julia Hilpert, Theresa Placke, Frank Grünebach, Alexander Steinle,
Helmut Rainer Salih, and Matthias Krusch. The BCR/ABL-inhibitors imatinib,

146

nilotinib and dasatinib differentially affect NK cell reactivity. International
Journal of Cancer, 127(9):2119–2128, November 2010.
[146] Nicole Hassold, Katharina Seystahl, Kristina Kempf, Doris Urlaub, Michael
Zekl, Hermann Einsele, Carsten Watzl, Jörg Wischhusen, and Ruth SeggewissBernhardt. Enhancement of natural killer cell effector functions against selected
lymphoma and leukemia cell lines by dasatinib. International Journal of Cancer,
131(6):E916–27, September 2012.
[147] Anna Kreutzman, Vesa Juvonen, Veli Kairisto, Marja Ekblom, Leif Stenke,
Ruth Seggewiss, Kimmo Porkka, and Satu Mustjoki. Mono/oligoclonal T and
NK cells are common in chronic myeloid leukemia patients at diagnosis and
expand during dasatinib therapy. Blood, 116(5):772–782, August 2010.
[148] Brandon G Smaglo, Hongkun Wang, Kenneth Steadman, Joseph Murray,
Michael Pishvaian, Aiwu Ruth He, Jimmy J Hwang, Deepa Suresh Subramaniam, John F Deeken, and Louis M Weiner. A phase I study of the BCR-ABL
tyrosine kinase inhibitor nilotinib and cetuximab in patients with solid tumors
that can be treated with cetuximab. J Clin Oncol, 31: suppl.; abstract TPS2624,
June 2013.
[149] Pan Du, Warren A Kibbe, and Simon M Lin. lumi: a pipeline for processing
Illumina microarray. Bioinformatics, 24(13):1547–1548, July 2008.
[150] Gordon K Smyth. Limma: linear models for microarray data. In R Gentleman,
V Carey, S Dudoit, R Irizarry, and W Huber, editors, Bioinformatics and
Computational Biology Solutions Using R and Bioconductor, pages 397–420.
Springer, New York, 2005.

147

[151] Arthur Liberzon, Aravind Subramanian, Reid Pinchback, Helga Thorvaldsdottir, Pablo Tamayo, and Jill P Mesirov.

Molecular signatures database

(MSigDB) 3.0. Bioinformatics, 27(12):1739–1740, June 2011.
[152] Aravind Subramanian, Pablo Tamayo, Vamsi K Mootha, Sayan Mukherjee,
Benjamin L Ebert, Michael A Gillette, Amanda Paulovich, Scott L Pomeroy,
Todd R Golub, Eric S Lander, and Jill P Mesirov. Gene set enrichment analysis:
a knowledge-based approach for interpreting genome-wide expression profiles.
Proc Natl Acad Sci USA, 102(43):15545–15550, October 2005.
[153] E M Wakshull and W Wharton. Stabilized complexes of epidermal growth factor
and its receptor on the cell surface stimulate RNA synthesis but not mitogenesis.
Proceedings of the National Academy of Sciences, 82(24):8513–8517, 1985.
[154] S Y Lin, K Makino, W Xia, A Matin, Y Wen, K Y Kwong, L Bourguignon, and
M-C Hung. Nuclear localization of EGF receptor and its potential new role as
a transcription factor. Nat Cell Biol, 3(9):802–808, September 2001.
[155] A Ullrich, L Coussens, J S Hayflick, T J Dull, A Gray, A W Tam, J Lee,
Y Yarden, T A Libermann, and J Schlessinger. Human epidermal growth factor
receptor cDNA sequence and aberrant expression of the amplified gene in A431
epidermoid carcinoma cells. Nature, 309(5967):418–425, June 1984.
[156] Jakob Mejlvang, Marina Kriajevska, Cindy Vandewalle, Tatyana Chernova,
A Emre Sayan, Geert Berx, J Kilian Mellon, and Eugene Tulchinsky. Direct
repression of cyclin D1 by SIP1 attenuates cell cycle progression in cells undergoing an epithelial mesenchymal transition. Mol Biol Cell, 18(11):4615–4624,
November 2007.

148

[157] I King and A C Sartorelli. Epidermal growth factor receptor gene expression,
protein kinase activity, and terminal differentiation of human malignant epidermal cells. Cancer Res, 49(20):5677–5681, October 1989.
[158] F Jin, A B Reynolds, M D Hines, P J Jensen, K R Johnson, and M J Wheelock. Src induces morphological changes in A431 cells that resemble epidermal
differentiation through an SH3- and Ras-independent pathway. J Cell Sci, 112
( Pt 17):2913–2924, September 1999.
[159] I C King and A C Sartorelli. The relationship between epidermal growth factor
receptors and the terminal differentiation of A431 carcinoma cells. Biochem
Biophys Res Commun, 140(3):837–843, November 1986.
[160] Ruipeng Wang, Jessica J Jaw, Nicole C Stutzman, Zhongcheng Zou, and Peter D
Sun. Natural killer cell-produced IFN-γ and TNF-α induce target cell cytolysis
through up-regulation of ICAM-1. J Leukoc Biol, November 2011.
[161] Kate Schroder, Paul J Hertzog, Timothy Ravasi, and David A Hume. Interferongamma: an overview of signals, mechanisms and functions. J Leukoc Biol, 75
(2):163–189, February 2004.
[162] M Raza Zaidi and Glenn Merlino. The two faces of interferon-γ in cancer. Clin.
Cancer Res., 17(19):6118–6124, October 2011.
[163] J Ridge, J Muller, P Noguchi, and E H Chang. Dynamics of differentiation
in human epidermoid squamous carcinoma cells (A431) with continuous, longterm gamma-IFN treatment. In Vitro Cell. Dev. Biol., 27A(5):417–424, May
1991.

149

[164] P J Woodring, T Hunter, and J Y Wang. Inhibition of c-Abl tyrosine kinase
activity by filamentous actin. J Biol Chem, 276(29):27104–27110, July 2001.
[165] Elizabeth A Burton, Timothy N Oliver, and Ann Marie Pendergast. Abl kinases
regulate actin comet tail elongation via an N-WASP-dependent pathway. Mol.
Cell. Biol., 25(20):8834–8843, October 2005.
[166] Pamela J Woodring, Tony Hunter, and Jean Y J Wang. Regulation of F-actindependent processes by the Abl family of tyrosine kinases. J Cell Sci, 116(Pt
13):2613–2626, July 2003.
[167] Yanping Huang, Erin O Comiskey, Renell S Dupree, Shuixing Li, Anthony J
Koleske, and Janis K Burkhardt. The c-Abl tyrosine kinase regulates actin
remodeling at the immune synapse. Blood, 112(1):111–119, July 2008.
[168] Sabrina C Hoffmann, André Cohnen, Thomas Ludwig, and Carsten Watzl.
2B4 engagement mediates rapid LFA-1 and actin-dependent NK cell adhesion
to tumor cells as measured by single cell force spectroscopy. The Journal of
Immunology, 186(5):2757–2764, March 2011.
[169] Xuefeng Liu, Virginie Ory, Sandra Chapman, Hang Yuan, Chris Albanese,
Bhaskar Kallakury, Olga A Timofeeva, Caitlin Nealon, Aleksandra Dakic, Vera
Simic, Bassem R Haddad, Johng S Rhim, Anatoly Dritschilo, Anna Riegel,
Alison McBride, and Richard Schlegel. ROCK Inhibitor and Feeder Cells Induce
the Conditional Reprogramming of Epithelial Cells. Am. J. Pathol., December
2011.
[170] Frank A Suprynowicz, Geeta Upadhyay, Ewa Krawczyk, Sarah C Kramer,
Jess D Hebert, Xuefeng Liu, Hang Yuan, Chaitra Cheluvaraju, Phillip W Clapp,
150

Richard C Boucher, Christopher M Kamonjoh, Scott H Randell, and Richard
Schlegel. Conditionally reprogrammed cells represent a stem-like state of adult
epithelial cells. Proc Natl Acad Sci USA, 109(49):20035–20040, December 2012.
[171] Sichuan Xi, Kevin F Dyer, Mark Kimak, Qing Zhang, William E Gooding,
J Richard Chaillet, Raymond Liu Chai, Robert E Ferrell, Beth Zamboni, Jennifer Hunt, and Jennifer Rubin Grandis. Decreased STAT1 expression by promoter methylation in squamous cell carcinogenesis. J Natl Cancer Inst, 98(3):
181–189, February 2006.
[172] Gavin P Dunn, Catherine M Koebel, and Robert D Schreiber. Interferons,
immunity and cancer immunoediting.

Nat Rev Immunol, 6(11):836–848,

November 2006.
[173] Marije B Overdijk, Sandra Verploegen, Jeroen H van den Brakel, Jeroen J
Lammerts van Bueren, Tom Vink, Jan G J van de Winkel, Paul W H I Parren,
and Wim K Bleeker. Epidermal Growth Factor Receptor (EGFR) AntibodyInduced Antibody-Dependent Cellular Cytotoxicity Plays a Prominent Role in
Inhibiting Tumorigenesis, Even of Tumor Cells Insensitive to EGFR Signaling
Inhibition. The Journal of Immunology, August 2011.

151

