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Abstract

Over the past decade, the clinical utility of monoclonal antibodies has been realized and antibodies
are now a mainstay for the treatment of cancer. Antibodies have the unique capacity to target and
kill tumor cells while simultaneously activating immune effectors to kill tumor cells through the
complement cascade or antibody-dependent cellular cytotoxicity (ADCC). This multifaceted
mechanism of action combined with target specificity underlies the capacity of antibodies to elicit
anti-tumor responses while minimizing the frequency and magnitude of adverse events. This
review will focus on mechanisms of action, clinical applications and putative mechanisms of
resistance to monoclonal antibody therapy in the context of cancer.
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Introduction

The concept of utilizing immunotherapy for the treatment of cancer has been enticing to
researchers and clinicians for over a century. Cancer immunotherapy encompasses
knowledge gained from a wide range of disciplines and has the potential to procure the
‘magic bullet’ for the treatment of cancer. The advent of hybridoma technology in 1975 and
the development of chimeric, humanized, and human antibodies have increased the
availability and utility of immunotherapy for the treatment of cancer [1]. Currently, eleven
antibodies are approved for use in oncology, nine of those occurring in the past decade [2].
By targeting tumors through specific or associated antigens, it is possible to selectively
eliminate tumor cells and maintain an acceptable toxicity profile. Therapeutic antibodies that
target immune cells are also being developed with the goal of breaking local tolerance and
stimulating the patient’s anti-tumor immune response. As with other treatment modalities,
immunotherapy is far from perfect and requires additional study to optimize clinical
response and overcome therapeutic resistance. This review will focus on the current state of
cancer immunotherapy with the hope of highlighting mechanisms of action, clinical utility,
and determinants of resistance of monoclonal antibody therapy.
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1. Structure

Antibodies, or immunoglobulins (1gs), exist in five separate forms denoted from differences
in their constant region, which gives them unique properties and functions. They are IgA,
IgD, IgE, 1gG, and IgM, with IgG being the isotype most commonly used in cancer
immunotherapy. Antibodies have two antigen binding fragments (Fabs) and one constant
fragment (Fc). The Fab confers antigen specificity via complementarity determining regions
(CDRs) while the Fc domain connects 1gG antibodies to immune effector mechanisms by
engaging Fcy receptors (FcyRs) on natural killer (NK) cells, neutrophils, monocytes,
dendritic cells (DCs) and eosinophils [3]. The Fc region also binds neonatal Fc receptors
(FcRns), which is thought to protect circulating antibodies from degradation [4].

2. Mechanisms of action

Antibodies exert an anti-tumor effect through four mechanisms: perturbation of tumor cell
signaling, activation of complement dependent cytotoxicity (CDC), antibody dependent
cellular cytotoxicity (ADCC), and induction of adaptive immunity [5].

2.1 Signaling Perturbation

Antibodies can be designed to target soluble mediators such as cytokines to inhibit their
ability to bind to receptors and induce signaling, or they may target membrane bound
receptors, where they can act as agonists or antagonists. Growth factor receptors, such as
epidermal growth factor receptor (EGFR), are often overexpressed on tumors and
antagonistic antibodies inhibit their ability to mediate mitogenic signaling [6—7]. Likewise,
antibodies can inhibit immune suppressing receptors, e.g. CTLA-4, or enhance antigen
presentation on APCs through the activation of receptors such as CD40 [8-9]. Of the four
subsets of 1gG antibodies, 1gG2 and IgG4 do not activate CDC or ADCC and are designed
primarily for signal perturbation. This often results in fewer immune related adverse events
(irEVs) as a consequence of non-specific immune activation [10].

2.2 Complement Dependent Cytotoxicity (CDC)

As part of the innate immune system, complement is one of the first mediators of the
immune response to pathogens and cells with compromised ‘self’. It is a complex
proteolytic cascade comprised of over thirty proteins that act to lyse foreign cells through
assembly of the membrane attack complex (MAC), stimulate inflammatory processes
through anaphylatoxins, and remove opsonized targets [11-12]. When two or more
antibodies bind to a cell, the classical complement pathway is activated through the binding
of the C1 complex, a serine protease consisting of C1qg, C1r and C1s, to the antibody’s Fc
domains. This activates a proteolytic cascade that leads to the formation of the MAC and the
release of potent anaphylatoxins and opsonins resulting in cell lysis and phagocytosis [11,
13].

CDC is an important contributor to the anti-tumor activity of many therapeutic antibodies.
Rituximab, a type I chimeric antibody targeting CD20, is approved for treatment of many B-
cell malignancies and is a potent activator of CDC. As a type | anti-CD20 antibody,
rituximab inhibits internalization and shedding of CD20 and shifts CD20 onto lipid rafts,
increasing the likelihood of complement activation through the assembly of rituximab-
bound receptors [14]. To emphasize this, an in vivo lymphoma model found that loss of C1q
abrogated the protective effects of rituximab therapy [15]. The connection between CDC
and efficacy of rituximab is also seen clinically where polymorphisms in the C1gA gene in
patients with follicular lymphoma are associated with response to rituximab therapy [16].
The importance of CDC to the clinical efficacy of rituximab is not without controversy.
There is evidence to suggest that binding of C3b, an important effector protein in the
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complement cascade, to the cell surface of tumor cells inhibits rituximab mediated ADCC
and that inhibition of C3b enhances efficacy of rituximab in vivo [17-18].

Ofatumumab is another type-I anti-CD20 antibody that binds to a distinct epitope of CD20
and induces greater CDC compared to rituximab [19]. Ofatumumab has been reported to
bind C1q with greater avidity than rituximab and efficiently kills rituximab-resistant large
B-cell lymphoma cell lines [20]. In addition, ofatumumab is able to lyse cell lines
expressing low levels of CD20, which are not efficiently killed by rituximab [21]. In clinical
trials, ofatumumab showed high response rates in patients with refractory chronic
lymphocytic leukemia (CLL), leading to its approval by the FDA in 2009 [22].

Activation of the complement cascade may be partially responsible for irEVs associated
with antibody therapy. One small clinical study found an association with high circulating
levels and rapid accumulation of circulating complement components and severe toxicity
following rituximab therapy [23].

2.3 Antibody Dependent Cell-Mediated Cytotoxicity (ADCC)

The Fc domain of antibodies can activate ADCC through interactions with FcyRs on effector
immune cells. The stimulation of immunoreceptor tyrosine-based activation motifs (ITAMS)
and immunoreceptor tyrosine-based inhibitory motifs (ITIMs) results in activating or
inhibitory signals through FcyRs, respectively. There are three activating FcyRs: FcyRI
(CD64), FcyRIIA (CD32A), and FcyRIIIA (CD16A) and one inhibitory receptor, FcyRIIB
(CD32B)[24-25]. Natural killer (NK) cells, which predominantly express FcyRIIIA, are the
main effector cells of ADCC, although macrophages and granulocytes cells have been
shown to mediate ADCC to a lesser extent [25]. These effector cells, through FcyRs,
recognize an antibody coated target cell and cause direct lysis of the target cell through
release of granzymes and perforin [5]. A seminal study by Clynes et al. showed that the in
vivo anti-tumor effect of two clinically useful antibodies, trastuzumab and rituximab,
required functional activating FcyRs [26]. In addition, animals lacking expression of
FcyRIIB displayed a greater anti-tumor response when treated with therapeutic antibodies
[26]. Thus, the balance between expression of activating and inhibitory FcyRs may be an
important determinant of the clinical efficacy of therapeutic antibodies. In support of this
hypothesis, one clinical study showed that the FcyRIIA polymorphisms FcyRIIA 131 H/H
and FcyRIIIA 158 V/V are associated with increased response rates to patients with
follicular non-Hodgkin’s lymphoma (NHL) treated with rituximab [27]. These
polymorphisms result in the enhanced affinity of NK cells, monocytes, and granulocytes to
the Fc domain of rituximab [25]. These results were further validated in larger clinical
studies, which found that the same polymorphisms were independent markers of improved
response to rituximab therapy in patients with B-cell non-Hodgkin’s lymphoma [28], to
cetuximab therapy in patients with metastatic colorectal cancer [29-30], and to trastuzumab
therapy in patients with metastatic breast cancer [31].

High levels of macrophages, which can act as an effector for ADCC, are normally a
prognostic factor for poor survival but two separate clinical studies have shown that
follicular lymphoma patients with high levels of tumor associated macrophages (TAMs)
have an improved response to rituximab [32—33]. This enhanced effect of rituximab in
patients with increased levels of macrophages is hypothesized, by the two groups, to be due
to an increase in ADCC. More studies are required to test this hypothesis and confirm the
clinical effects of ADCC on patient outcome.
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2.4 Induction of Adaptive Immunity

Several groups have suggested that maximal benefit of antibody therapy is achieved through
induction of adaptive immunity. In support of this hypothesis is the amount of time it takes
to see clinical benefits of antibody therapy; clinical responses to rituximab were observed
six weeks after initiation of treatment [34]. Mechanistically, antibodies can generate
adaptive immunity through CDC, ADCC, or antibody dependent cell-mediated phagocytosis
(ADCP). CDC and ADCC generate tumor cell fragments and release tumor antigens that can
be taken up by professional APCs, such as DCs, to initiate tumor directed adaptive
immunity. In addition, antibodies can trigger adaptive immunity by acting as an opsonin and
triggering Fc dependent phagocytosis of tumor cells by APCs [35]. Tumor antigens are
processed by DCs through the endocytic pathway and presented on MHC Il to prime CD4+
T cells. In addition, DCs are capable of presenting engulfed tumor antigens on MHC |
molecules to generate tumor-specific CD8+ cytotoxic T-cells (CTLs) in a process called
cross presentation [35]. Upon activation, CTLs can directly kill tumor cells that express the
cognate peptide loaded on MHC I, or further differentiate into tumor specific memory T
cells [36]. Numerous pre-clinical studies support the claim that tumor targeted antibodies
can elicit adaptive immune responses, and a growing pool of clinical evidence suggests that
this mechanism may contribute to the clinical efficacy of antibodies. DCs loaded with
antibody coated ovarian and melanoma cells were able to elicit tumor specific CTLs [37].
Moreover, these CTLs were capable of killing the primary ovarian and melanoma cells [37].
Human DC loaded with myeloma cells coated with anti-syndecan-1 antibodies were able to
generate CTLs specific for cancer-testis antigens expressed by the tumor cells [36]. These
results were confirmed by a recent study showing that colon cancer cell lines coated with
cetuximab, an anti-EGFR antibody, were able to generate tumor specific CTLs from
autologous DCs [38]. Blockade of inhibitory FcyRIIB signaling by selective antibodies
enhanced the antigen processing ability of DCs and suggests a potential mechanism of
boosting antibody initiated adaptive immunity [39]. Antibody-Fc interactions allow for the
processing and presentation of native tumor antigens and may explain why DCs loaded with
antibody coated tumor cells elicit stronger CTL responses than DCs loaded with peptide
[36]. Induction of adaptive immunity has the potential to create and maintain a sustained
anti-tumor immune response in patients. However, the tumor microenvironment is a key
determinant of whether this adaptive immune response promotes tolerance or an anti-tumor
response [40-41]. Thus, approaches to neutralize tolerogenic factors in the tumor
microenvironment are a rational approach to enhance antibody initiated adaptive immunity.

3. Fc Engineering

The capacity of antibodies to activate immune effector mechanisms is highly influenced by
post-translational modifications of the Fc domain. Highly fucosylated Fc domains results in
abrogated immune activation, therefore, many groups have engineered antibodies lacking Fc
fucosylation [5]. One such non-fucosylated antibody, obinutuzumab (GA101, Genentech),
targets CD20 and has shown clinical efficacy, even in patients with rituximab-refractory
disease [42]. Obinutuzumab is currently undergoing three phase Il clinical trials to evaluate
its effectiveness compared to rituximab therapy and in rituximab refractory lymphomas
(NCT01332968). Two other anti-CD20 antibodies, AME-133 (LY 2469298, Mentrik) and
PR0O131921 (Genentech), both glycoengineered to lack Fc fucosylation, underwent Phase I/
Il clinical trials in B cell NHL [42]. AME-133 recently successfully completed the dose-
escalating trial while trials involving PRO131921 were terminated.

4. Antibody-like Molecules

To further optimize the anti-tumor functions of monoclonal antibodies, numerous antibody-
like molecules are in preclinical and clinical trials. These structures adopt certain features of
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antibody structure, but are structurally distinct from traditional monoclonal antibodies.
Antibody-like molecules include bispecific antibodies (bsAbs), DARPIns, adnectins,
diabodies, and tandem scFvs. Bispecific antibodies often lack functional Fc domains and
have two distinct Fab regions and are thus capable of binding two distinct epitopes.
Bispecific antibodies that retain functional Fc domains are termed bispecific tri-functional
antibodies (triomabs) due to their capability to bind tumor cells and immune cells while
maintaining the capacity to mediate Fc dependent effector functions such as CDC and
ADCC. This technology has evolved to overcome the suppressive tumor microenvironment,
but due to their complexity, widespread development has been cost prohibitive [43].
Catumaxomab is a triomab that targets the tumor antigen EpCAM and the T-cell stimulatory
receptor CD3, which allows for direct stimulation of CTLs in the tumor
microenvironment[44]. It is currently undergoing numerous phase I, 11, and I11 trials for a
variety of EpCam positive tumors and has been shown to enhance survival in patients with
malignant ascites [45]. Other triomabs targeting EGFR, HER2, VEGFA, CD64, and CD30
are currently in preclinical and clinical development, [43, 46].

Another type of bsAb are bispecific T cell engagers (BiTEs), which have two single-chain
variable fragments (scFvs) fused together and therefore lack an Fc domain. Blinatumomab
(MT103, Micromet), a BiTE that targets CD19 and CD3, has been successful in clinical
trials for B-precursor ALL and NHL [47]. Another BIiTE, MT110 (Micromet), targets both
EpCAM and CD3 and is currently undergoing a Phase | study for numerous solid tumors
(NCT00635596).

Adnectins are antibody mimetics that consist of the type 111 domain of fibronectin
engineered to contain an antigen binding domain. Since adnectins are created from a
fibronectin backbone, they are significantly smaller, allowing for a simpler structure and
easier manipulation without substituting the affinity or specificity seen with antibodies [48].
CT-322 (Adnexus) is a novel adnectin targeting VEGFR-2, which is important for tumor
angiogenesis [49]. It is currently undergoing numerous phase Il trials for the treatment of
gliomas (NCT00562419), non-small cell lung cancer (NCT00850577), and NHL
(NCT00374179).

5. Targeting Immune Cells

5.1 Regulatory T-cells (Tregs)

One approach to cancer immunotherapy is to target the effector cells that largely contribute
to the immune suppressive tumor microenvironment. CD4+ CD25+ FOXP3+ T cells, also
known as regulatory T cells, transmit inhibitory signals to immune cells [25]. Evidence of
their pro-tumor effects is suggested by the association of high Treg content and a negative
overall survival in cancer patients [50]. Daclizumab (Zenapax, Roche), a humanized 1gG1
mADb targeting CD25 (IL-2Ra), depletes Tregs in patients with metastatic breast cancer
when administered with a cancer vaccine [51]. It is currently undergoing phase I/11 trials for
the treatment of gliomas, breast cancer, melanoma, lymphoma, and leukemia with and
without additional vaccines.

Instead of focusing on reducing the quantity of Tregs, another method is to disrupt the
potent immune suppressor molecule CTLA-4 that is expressed by Tregs. By inhibiting the
functions of CTLA-4, the capacity of Tregs to inhibit the anti-tumor immune response is
diminished, resulting in increased levels of CTLs, CD4+ T cells, and APCs [8]. Ipilimumab
(Yevroy, Bristol-Myers Squibb), an antagonistic antibody that targets CTLA-4, is effective
in activating an anti-tumor immune response and was FDA approved for the treatment of
melanoma in early 2011 [52]. In a landmark phase I11 study, ipilimumab increased the
median overall survival of patients with unresectable stage Il or IV melanoma from 6.4
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months to 10.1 months [53]. This antibody represents a breakthrough in the treatment of
metastatic melanoma, as no promising treatments previously existed. Another anti-CTLA-4
antibody, tremelimumab (CP-675-206, Pfizer) is an 1gG2 that is being studied for the
treatment of numerous metastatic carcinomas [2]. A phase 11 trial with tremelimumab for
melanoma patients was terminated due to treatment failure, but further analysis determined
that a patient subgroup may benefit from tremelimumab treatment 8. Tremelimumab is also
undergoing two phase | trials for prostate (NCT00702923), and bladder cancer
(NCT00880854) and recently completed a phase Il trial for colorectal cancer
(NCT00313794).

CDA40 is a TNF family receptor whose activation results in release of IL-12 and increased
expression of MHC and the co-stimulatory receptor CD86, leading to increased antigen
presentation and T cell activation by APCs [10]. CD40 can also be expressed on B-cell
malignancies, melanomas, and numerous solid tumors [54]. Ligation of CD40 on tumor cells
results in direct cytotoxic effects [55]. As a proinflammatory receptor, CD40 also appears to
be vital to the induction of the adaptive immune system [55]. Thus, targeting CD40 can
boost anti-tumor immunity and also have a direct cytotoxic effect on tumor cells making it a
promising candidate for the treatment of cancer. One CD40 agonist (CP-870.893, Pfizer)
was shown to be well tolerated in patients with solid tumors and caused a rapid increase in
the percentage of circulating levels of B cells expressing CD86 as well as resulting in one
complete and four partial responses [10]. As an 1gG2, CP-870.893 does not activate ADCC
or CDC, highlighting the efficacy of CD40 ligation in the stimulation of B cells. It is
currently undergoing phase | trials for melanoma and advanced pancreatic cancer.
Preliminary results show that CP-870.893 in combination with gemcitabine exhibits anti-
tumor activity in patients with pancreatic cancer and pre-clinical data suggests that
CP-870.893 may function independent of T-cells [56]. In another phase I trial, the CD40
agonist dacetuzumab (SGN-40, Seattle Genetics), resulted in six patients with B-cell non-
Hodgkin’s lymphoma displaying an objective response and thirteen patients having stable
disease [57]. Unlike CP-870.893, dacetuzumab is an 1gG1 antibody whose antitumor
response is partially attributed to induction of ADCC by NK cells [54]. It is currently
undergoing a phase Il trial to study its effect on patients with diffuse large B-cell lymphoma
when given in conjunction with R-ICE chemotherapy (NCT00529503).

5.3 Other promising targets

Many other avenues of targeting immune cells are being evaluated as potential treatments of
cancer. CT-011 (CureTech Ltd) is an antagonistic antibody to PD1, whose inhibition can
reverse tumor escape from the immune system [58]. It is involved in seven phase Il clinical
trials for a variety of malignancies. Another target, CD137, has been shown to stimulate
CTLs and APCs upon activation [59]. Two CD137 agonists, PF-05082566 (Pfizer) and
BMS-663513 (Bristol-Myers Squibb) are currently in a phase I trial for solid tumors and
NHL (NCT01307267) and a phase |1 trial for melanoma (NCT00612664).

6. Targeting the Tumor Microenvironment

6.1 TGF-B

As mentioned above, the tumor microenvironment is enriched with factors that inhibit the
anti-tumor immune response and promote tumor cell growth. Elevated levels of TGF-p,
which is produced by Tregs and by some tumor cells, serves to potently inhibit CTLs in the
tumor microenvironment[41]. GC-1008 is an 1gG4 that targets multiple isoforms of TGF-
[60]. It is currently in a phase | clinical trial for metastatic renal cell carcinoma or malignant
melanoma (NCT00356460) and a phase Il trial for mesothelioma (NCT01112293).
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6.2 Angiogenesis

Anti-angiogenic antibodies represent a novel method of reducing tumor growth, by
preventing vital nutrients from reaching the tumor. Bevacizumab (Avastin; Genentech) is an
anti-VEGFA antibody that sequesters VEGFA, preventing it from binding to its receptors
[61]. Due to the development of clinical resistance and recent disappointing clinical trials,
other ant-angiogenic antibodies have entered clinical trials. Ramucirumab (IMC-1121B,
ImClone Systems) is a human 1gG1 that blocks VEGFR-2 [62]. It is currently undergoing a
phase I11 clinical trial to compare its utility to docetaxel chemotherapy for HER2-negative
metastatic breast cancer (NCT00703326) [62]. Similarly, IMC-18F1 (ImClone Systems) is a
human IgG1 that blocks VEGFR-1, and due to promising preclinical data, is being pursued
in phase Il clinical trials for colorectal and breast cancer [63].

In addition to the VEGF/VEGF-R axis, angiogenesis can be stimulated by platelet-derived
growth factor receptors (PDGFRs). IMC-2C5 is an antagonist PDGFRf antibody that
reduced tumor growth in preclinical models [64]. Other pre-clinical data suggest that
targeting PDGFRo may be a more effective anti-cancer strategy than targeting PDGFRp.
IMC-3G3 (ImClone Systems) is an 1gG1 that binds to PDGFRa with high affinity, blocking
its activation [65]. In a mouse prostate cancer model, treatment with IMC-3G3 reduced the
growth of xenografts as well as inhibiting the growth of metastases [66]. Presently, it is
undergoing three phase I clinical trials for the treatment of gliomas (NCT00895180),
metastatic gastrointestinal stromal tumors (NCT01316263), and prostate cancer
(NCT01316263). These antibodies represent a compelling strategy to inhibit angiogenesis
and metastasis and will see the most benefit when used in combination with tumor targeted
therapy.

6.3 Cancer Associated Fibroblasts (CAFs)

CAFs constitute 20-50% of cells in the microenvironment of various carcinomas [67]. They
contribute to tumor initiation, progression and metastasis, but are not themselves
transformed [68]. One potential target, fibroblast activating protein (FAP), appears to be
present in CAFs but absent in normal fibroblasts [69]. FAP is a type 1l membrane bound
glycoprotein whose blockade inhibits the ability of CAFs to simulate proliferation and
invasion [68]. Sibrotuzumab (F19, Boehringer Ingelheim Pharma), is a humanized antibody
that targets FAP. It was shown to have a good safety profile with metastatic FAP-positive
cancer, resulting in two patients with stable disease and twenty one with progressive disease
[67]. Another phase I trial for patients with colorectal cancer was recently completed
(NCT00004042). Tenascin, another molecule expressed by CAFs, has been associated with
colon cancer metastases [68]. 81C6 is an IgG2 chimeric antibody that acts as an antagonist
to tenascin and recently completed a phase Il trial for the treatment of metastatic brain
cancer {NCT00002752}. Results for these studies are expected soon.

7. Targeting Solid Tumors

7.1 EGFR (ErbB1)

EGFR is overexpressed in many different cancers including colon, head and neck, ovary,
lung and malignant gliomas [70]. Signaling via EGFR leads to cell proliferation, migration
and invasion primarily via activation of the MAPK and AKT pathways. Cetuximab, the
most thoroughly studied anti-EGFR therapeutic antibody, induces cell cycle arrest and
apoptosis in tumor cells by blocking ligand binding [71] and receptor dimerization [72]. It
has been proposed that cetuximab exerts its in vivo anti-tumor effect in part through
induction of ADCC and CDC [73]. However, the clinical relevance of these effector
mechanisms in the context of cetuximab therapy is still controversial. Cetuximab has limited
impact on progression free survival (PFS) when used as monotherapy for colorectal cancer
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but increases PFS when combined with FOLFIRI chemotherapy [74]. Recent data form the
CRYSTAL trial showed that addition of cetuximab increased PFS by 1.5 months and
improved median overall survival by 3.5 months compared to FOLFIRI alone in patients
harboring wild type KRAS [75].

In addition to cetuximab, panitumumab, a fully human anti-EGFR antibody, is also
approved for the treatment of metastatic colorectal cancer. Like cetuximab, panitumumab
binds to EGFR and inhibits ligand binding and receptor dimerization [76], however, given
its 1gG2a isotype, panitumumab is not thought to mediate ADCC. Recent work has
challenged this hypothesis by demonstrating that panitumumab is capable of inducing
ADCC in vitro using myeloid effector cells [77]. Panitumumab monotherapy is well
tolerated [78] and significantly improves PFS in patients with refractory metastatic
colorectal cancer [79]. When combined with FOFLOX4 chemotherapy, panitumumab
increased PFS in patients with previously untreated, wild-type KRAS metastatic colorectal
cancer although no improvement in overall survival was reported [80].

Three new anti-EGFR antibodies are currently being evaluated in phase 111 studies:
necitumumab, zalutumumab, and nimotuzumab. Necitumumab binds to a similar epitope
compared with cetuximab [81], is well tolerated [82] and is currently in a phase Il study
with or without cisplatin and pemetrexed in patients with non-small cell lung cancer
(NCT00982111). Zalutumumab, in addition to blocking receptor activation, has been shown
to induce ADCC in vitro [77]. Phase 111 studies in patients with refractory squamous
carcinoma of the head and neck showed a modest increase in PFS compared to best
supportive care, but with no improvement in overall survival [83]. Nimotuzumab is
approved in many countries for the treatment of head and neck cancer and malignant
gliomas and is currently being investigated as a treatment for pancreatic [84] and non small
cell lung cancer [85]. Unlike other anti-EGFR antibodies, nimotuzumab has not been
associated with development of severe adverse events such as aciniform rash [86]. Talavera
and colleagues suggest that the absence of rash could be explained by nimotuzumab’s
unique binding properties: nimotuzumab binds to EGFR with a 10-fold lower affinity
compared to cetuximab and panitumumab [87], and allows EGFR to adopt an active
confirmation, thereby allowing low levels of ligand-independent signaling through EGFR
[86]. This low level of signaling may be enough to maintain survival of normal epithelial
cells and avoid toxicities associated with destruction of epithelial tissues [86]. This is in
contrast to other anti-EGFR antibodies that promote the inactive conformation of EGFR and
thus block signaling through the receptor.

7.2 HER2 (ErbB2)

HER?2 is gene amplified and overexpressed in approximately 30% of breast cancer[88] and
overexpressed by some adenocarcinomas of the gastrointestinal tract, lung, ovary and
prostate [89]. In contrast to other members of the EGFR family, HER2 has no known ligand
and constitutively adopts an open configuration priming it for heterodimerization and
increased mitogenic signaling. Currently, trastuzumab is the only FDA approved anti-HER2
antibody. In patients with previously untreated metastatic breast cancer, trastuzumab
monotherapy showed a 35% objective response rate [90]. Trastuzumab’s exact mechanisms
of action are still unknown, but are thought to include signaling perturbation, inhibition of
HER2 shedding, and activation of immune effector mechanisms such as ADCC [91].
Trastuzumab emtansine is a new immunoconjugate in which trastuzumab is conjugated to a
derivative of maytansine called DM1. DML is a potent anti-mitotic, however, its clinical use
is limited by significant toxicity. Trastuzumab-DMZ1 provides targeted delivery of DM1 and
has shown promise in pre-clinical models [92]. Several clinical trials are currently ongoing
involving patients with metastatic breast cancer.
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Pertuzumab (Omnitarg), another HER?2 directed antibody, is clinically well tolerated [93]
and is currently in phase 11 clinical trials for the treatment of breast and ovarian cancer.
Pertuzumab binds to a unique epitope on HER2, but has similar mechanisms of action
compared to trastuzumab [94]. Interestingly, unlike trastuzumab, preclinical data suggests
that pertuzumab can induce cell death in the absence of HER2 overexpression, possibly by
inhibiting ligand-induced HER?2 heterodimerization [95-96]; however, no apparent clinical
benefit of pertuzumab is seen in patients with HER2 negative metastatic breast cancer [96].

7.3 HER3 (ErbB3)

HER3 is overexpressed by certain types of cancers including lung, breast, ovarian and
prostate [97]. Although catalytically inactive, HER3 is capable of binding ligand, most
notably neuregulin-1, and heterodimerizing with EGFR or HER2 to promote cell
proliferation and invasion [97]. MM-121, a fully human IgG2a anti-HER3 antibody, inhibits
ligand induced HER3 signaling, HER2-HER3 dimerization, and growth of HER3-expressing
xenografts in vivo. MM-121 is currently in phase I clinical trials in patients with advanced
solid tumors (NCT00734305).

7.4 IGF/IGF-R

Signaling through the insulin-like growth factor receptor (IGF-1R) is reported to play an
important role in transformation and cell growth and is overexpressed in a wide range of
cancers [98]. Strategies to target IGF-1R and its ligands, IGF-I and IGF-I1, using antibodies
are being explored in both pre-clinical models and clinical trials. EM164 is a humanized
anti-IGF-1R antibody that has been reported to inhibit signaling through IGF-1R in vitro and
delays growth of human pancreatic and neuroblastoma xenografts in vivo [98-99].
Dalotuzumab is another humanized IGF-1R antibody that shows anti-tumor efficacy against
breast and lung tumor xenografts [100] and is currently in clinical trials for the treatment of
breast (NCT01234857), lung (NCT00654420) and colon cancer (NCT00614393). Similarly,
MEDI-573, a fully human antibody that neutralizes the IGF-1R ligands IGF-I and IGF-II,
has shown anti-tumor efficacy in pre-clinical models [101] and is currently being studied in
a phase | clinical trial (NCT00816361).

8. Combination Approaches

8.1 Surgery

The clinical utility of antibodies in the adjuvant setting is the subject of ongoing
investigation. A one year follow up of the Herceptin Adjuvant Trial (HERA) demonstrated
that trastuzumab increased disease free survival when given for one year following adjuvant
chemotherapy [102] and this benefit persisted four years after initial trastuzumab treatment,
although significant crossover between treatment groups was observed [103]. Adding
trastuzumab after adjuvant chemotherapy improved survival at two years follow up [104],
however, this improvement was lost after four years [103]. Despite the biases and
confounding variables in the HERA trial, results of the trial support previously published
data on the clinical utility of trastuzumab in the adjuvant setting [105]. In the setting of
colorectal cancer, addition of cetuximab to mFOLFLOX6 chemotherapy did not improve
outcomes in patients with resected stage 111 disease [106]. More studies are needed to clearly
define the role of tumor targeted antibodies in the adjuvant setting [107].

8.2 Cytotoxic Chemotherapy

Cytotoxic chemotherapy has generally been viewed as a modality to induce tumor cell
death, with negligible impact on the anti-cancer immune response. However, cell death
induced by cytotoxic agents’ results in release of tumor antigens and danger signals, which
could lead to activation of immune effectors and development of tumor-targeted adaptive
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immunity [38, 108]. This putative mechanism of synergy between tumor targeted antibodies
and cytotoxic chemotherapy could underlie the clinical benefits seen in numerous clinical
trials combining antibodies with chemotherapeutic regimens. Addition of trastuzumab to
chemotherapy resulted in a higher objective response rate and longer time to disease
progression compared to chemotherapy alone in patients with metastatic breast cancer [109].
One preliminary study showed that breast cancer patients who developed anti-HER2
humoral responses after treatment with trastuzumab and chemotherapy had a more favorable
outcome compared to patients who failed to develop a humoral response [110]. Similar
findings of synergy between cytotoxic chemotherapy and tumor targeted antibodies have
been observed using rituximab in patients with non-Hodgkin’s lymphoma and using
cetuximab in patients with advanced colon cancer [111]. However, adding antibodies to
chemotherapeutic regiments is not always beneficial. Recently, a study showed that addition
of cetuximab to a regimen of oxaliplatin and capecitabine showed no improvement in
progression free survival and overall survival in patients with colorectal cancer, possibly due
to the toxicity profile of the oxaliplatin and capecitabine regimen [112].

8.3 Radiotherapy

Antibody therapy has also been combined successfully with radiotherapy for the treatment
of several cancers. Addition of cetuximab to radiotherapy significantly improved five year
survival in patients with squamous cell carcinoma of the head and neck [113]. Recently,
Blumenschein and colleagues reported the feasibility of adding cetuximab to a regimen of
chemotherapy and radiation in patients with non-small cell lung cancer [114].
Mechanistically, similar to chemotherapy, it has been hypothesized that radiotherapy
induces release of danger signals and subsequent activation of the anti-tumor immune
response. Clinically, there are numerous reports of elimination of non-irradiated tumor cells
at a distant site after local radiotherapy, the so-called “abscopal effect” [115]. Although the
mechanism of the abscopal effect is currently unknown, it has been hypothesized that local
radiotherapy induces an anti-tumor adaptive immune response that is responsible for
eliminating the distant metastases [116]. In addition, ionizing radiation has been shown to
increase expression of tumor associated antigens and MHC | leading to enhanced CTL
mediated tumor cell killing [117] and potentially enhanced ADCC.

8.4 Immunomodulators

Many studies have investigated the rationale of combining immunostimulatory agents with
antibody therapy to boost immune effector mechanisms such as ADCC and development of
adaptive immunity. IL-2 has been shown to enhance the efficacy of rituximab against non-
Hodgkin’s lymphoma xenografts in pre-clinical models [118]. This enhancement of tumor
cell killing was Fc dependent, suggesting that IL-2 enhanced the capacity of rituximab to
mediate ADCC or CDC [118]. However, a phase Il study found no clinical benefit in adding
riL-2 to rituximab in patients with indolent non-Hodgkin’s lymphoma [119]. Similarly, GM-
CSF is capable of enhancing the capacity of monocytes and macrophages to mediate ADCC
and was tested in a phase Il study in combination with rituximab in patients with follicular
lymphoma. Patients receiving GM-CSF and rituximab showed a high response rate and an
increased complete response rate compared to rituximab monotherapy [120]. In addition,
patients receiving combination therapy had more circulating monocytes, granulocytes and
dendritic cells, although no difference in cell counts was observed between the complete
responders and non-complete responders, confounding the link between effector cell
recruitment and efficacy [120-121]. Studies are ongoing to evaluate the ability of peptide
vaccination in combination with antibody therapy to boost tumor-specific adaptive immune
responses. Pre-clinical studies using a HER2 peptide vaccine in combination with an anti-
HER?2 antibody showed generation of HER2 specific T-cells and tumor regression in mice
[122]. A phase I/11 study showed that combination therapy of HER2 peptide vaccine with

Semin Cancer Biol. Author manuscript; available in PMC 2013 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shuptrine et al.

Page 11

trastuzumab was well tolerated and resulted in generation of long lived HER2 specific T
cells [123]. Another phase I study showed similar results using a HER2 plasmid-DNA
vaccine and trastuzumab [124]. The true impact of combining a tumor targeted antibody
with vaccination regimens on survival has yet to be determined but early studies are
promising.

9. Mechanisms of Resistance to Antibody Therapy

9.1 Amplification of downstream signaling and alternative signaling pathways

The most thoroughly described example of a molecular determinant of primary resistance to
antibody therapy is KRAS mutational status and sensitivity to the anti-EGFR antibodies
cetuximab and panitumumab. Numerous clinical trials have demonstrated that response to
cetuximab and panitumumab requires colorectal cancer patients to harbor wild type KRAS.
Patients with activating KRAS mutations, most frequently in codons 12 and 13, fail to
benefit from anti-EGFR antibody therapy [75, 125-126]. Interestingly, the link between
KRAS mutational status and response to anti-EGFR antibodies may not apply to all type of
cancers. Initial reports show that KRAS mutational status is not a predictor of clinical
response to cetuximab in patients with non-small cell lung cancer [127].

Since KRAS mutations only account for 35-45% of patients who do not respond to anti-
EGFR antibody therapy [126], recent studies have focused on the mutational status of BRAF
and PIK3CA/PTEN, both of which are activated following engagement of EGFR. Results
from the CRYSTAL trial showed that patients harboring V600E BRAF mutations had worse
clinical outcomes at all end points [75]. However, due to a small sample size, this trial could
not determine the clinical utility of adding cetuximab to FOLFIRI chemotherapy [75].
Indeed, retrospective analysis suggests that BRAF mutations confers resistance to cetuximab
therapy, however, definitive prospective studies are needed to confirm this trend [126, 128].
If the trend between BRAF mutations and cetuximab resistance is confirmed, adding a
BRAF inhibitor to a regimen of cetuximab and FOLFIRI chemotherapy would be a rational
approach to overcome resistance to cetuximab in patients harboring mutated BRAF and wild
type KRAS. Vemurafenib, a small molecule inhibitor of mutated BRAF, is currently in
clinical trials and has been shown to prolong survival in patients with advanced melanoma
[129].

Studies on PIK3CA/PTEN and cetuximab resistance have been conflicting, but suggest that
PIK3CA mutations and PTEN loss are associated with resistance to cetuximab [126, 130-
131]. It has been difficult to directly implicate PIK3CA/PTEN alterations in cetuximab
resistance since PIK3CA mutations and PTEN loss/inactivation can co-exist, unlike KRAS
and BRAF mutations which are mutually exclusive [126, 132]. In contrast, activating
PIK3CA mutations and PTEN loss are thought to be mutually exclusive in breast cancer
[133] and mediate resistance to trastuzumab [134-135]. Additionally, PI3K inhibitors
reversed trastuzumab resistance mediated by PTEN loss in vitro and patients with
trastuzumab resistant breast cancer who were treated with an mTOR inhibitor, which is
downstream of PI3K, showed promising clinical responses [136].

IGF-IR has been implicated in resistance to trastuzumab in many pre-clinical studies, as it is
capable of heterodimerizing with members of the EGFR family [137-138]. In support of the
pre-clinical data, a small study showed that overexpression of IGF-IR correlates with a poor
response to trastuzumab plus chemotherapy [139]. Clinical trials evaluating the efficacy of
combination therapy of IGF-1R inhibition in the setting of trastuzumab resistance are
currently underway (NCT00788333).
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9.2 Modulation of immune effector mechanisms

Tumor cells often express immune inhibitory molecules that limit the efficacy of antibody
therapy and promote resistance. Pre-clinical data demonstrated that HLA-G, a non-classical
MHC molecule, is robustly expressed on human ovarian cancer cell lines and is capable of
inhibiting NK mediated lysis in vitro [140]. Similarly, Levy et al. demonstrated that HLA-E,
another non-classical MHC molecule, is expressed by primary colon cancer tissue and
showed preliminary data suggesting that high HLA-E levels could correlate with shorter
disease free survival [141]. Further study revealed that HLA-E expression by colon cancer
cell lines inhibited the capacity of cetuximab to mediate ADCC in vitro [142].

Tumors also actively inhibit CDC by expression of membrane bound complement regulatory
proteins (MCRPs) such as CD46, CD55, and CD59. mCRPs control the activation of C3 and
are expressed by a wide range of cancers including breast, colon, lung and hematological
malignancies [143]. Neutralization of mMCRPs has been reported to enhance the capability of
trastuzumab [144] and rituximab [145] to mediate CDC in vitro. A small study showed that
low expression of CD46 and CD55 were associated with response to rituximab. Similarly,
CD55 and CD59 expression were correlated with bulky disease in patients with non-
Hodgkin’s lymphoma [146]. This is in contrast to a previous study that showed no
correlation between mCRP expression and response to rituximab [147]. Furthermore, there
is marked variation in expression of mCRPs in tumor samples and the clinical utility of
targeting mCRPs in combination with antibody therapy has not yet been justified using
appropriate in vivo models [143].

Impairment of proper antigen presentation is another putative mechanism of resistance to
antibody therapy. Tumor cells often down regulate expression of MHC I and as a result
evade destruction by MHC-restricted CTLs [148]. A study by Watson and colleagues
showed that high MHC | expression, as determined by immunohistochemistry, was
associated with longer disease-specific survival (DSS) and that down regulation of MHC |
was associated with a worse prognosis in patients with colorectal cancer [149]. Down-
regulation of MHC may have a clinically relevant impact on the efficacy of antibody therapy
given the evidence that therapeutic antibodies can elicit adaptive immune responses [110].

As mentioned above, the tumor microenvironment is heavily infiltrated by Tregs and
MDSCs that serve to suppress the anti-cancer immune response. Tregs inhibit anti-tumor
immunity by causing apoptosis of immune effectors via perforin and granzymes, by
expression of indolamine 2,3 dioxygenase and by production of soluble mediators such as
TGF-B and IL-10 [150]. In addition to its negative effect on immune effectors, TGF-p in the
setting of HER2 amplification and overexpression has been reported to potentiate oncogenic
signaling mediated by HER2 and promote resistance to trastuzumab [151]. IL-10 could limit
the induction of tumor directed adaptive immunity due to its capacity to downregulate MHC
Il and B7 expression on antigen presenting cells. MDSCs are capable of recruiting Tregs to
the tumor microenvironment and have the capacity to directly inhibit T-cell signaling
through nitrosylation of the T-cell receptor [152]. Taken together, cellular and soluble
factors in the tumor microenvironment have the capacity to limit the efficacy of antibody
therapy by inhibiting immune effectors and promoting oncogenic signaling.

Conclusion

Monoclonal antibody therapy has revolutionized the treatment of cancer and will continue to
be an important treatment modality for cancer in the decades to come. Clinical success of
antibody therapy is dependent on understanding the effects of antibody therapy on tumor
biology and the anti-cancer immune response. Rational combinations of tumor targeted
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antibodies with other anti-cancer drugs and agents that target the immunosuppressive tumor
microenvironment offer the best hope of maximizing the clinical benefit of antibodies.
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Figure 1. Proposed mechanisms of resistance to antibody therapy

The most thoroughly characterized mechanism of resistance to antibody therapy is
amplification of downstream signaling. In the case of EGFR, resistance to anti-EGFR
antibodies can be mediated by mutations (stars) in K-Ras, B-Raf, or PI3K/PTEN that allow
tumor cells to bypass receptor activation to activate pro-survival genes (A). Tumor cells may
upregulate expression of inhibitory receptors, such as HLA-E and HLA-G, which engage
inhibitor receptors on NK cells to inhibit ADCC (B). Similarly, tumor cells may express
membrane bound complement regulatory proteins (MCRP), such as CD55 and CD46, which
act to inhibit cleavage of C3 by C3 convertase and inhibit generation of the membrane attack
complex (MAC) (C). Tumor cells that express MHC | can be recognized by activated CD8+
cytotoxic T lymphocytes (CTL), which release perforin and granzyme to induce tumor cell
apoptosis. However, tumor cells often downregulate expression of MHC | and display
aberrant antigen processing machinery, resulting in loss of MHC | expression on the cell
surface and protection from CTL mediated killing (D). The tumor microenvironment is
enriched with myeloid-derived suppressor cells (MDSC) and T regulatory cells (Treg) that
produce IL-10, TGF-p and reactive oxygen species (ROS) to inhibit tumor cell killing by
CTL (E).
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