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Abstract

Over the past 25 years, antibody therapeutics have emerged as clinically and commercially
successful pharmaceuticals, rapidly approaching 100 Food and Drug Administration approvals
with combined annual global sales exceeding $100 billion. Nearly half of the marketed antibody
therapeutics are used in oncology. These antibody-based cancer therapies can be broken down
into three categories based on their different mechanisms of action, i.e. (i) natural properties,

(i) engagement of cytotoxic T cells, and (iii) delivery of cytotoxic payloads. Both natural and
engineered properties of the antibody molecule are founded on its highly stable and modular
architecture. In this review we provide an overview and outlook of the rapidly evolving landscape
of antibody-based cancer therapy.

Introduction

Since the Food and Drug Administration (FDA) approval of the first mAbs for cancer
therapy, CD20-targeting rituximab (Rituxan®) in 1997 and HER2-targeting trastuzumab
(Herceptin®) in 1998, mAbs have become highly successful pharmaceuticals. Twenty years
later, the top 15 drugs based on global sales across all indications include five cancer mAbs
with combined revenues of approximately $40 billion [1]. This list is topped by immune
checkpoint inhibitors (ICIs) pembrolizumab (Keytruda®) and nivolumab (Opdivo®) which
both target PD1. The current number of FDA-approved and marketed antibody-based cancer
therapies is 43 and includes a variety of formats, targets, and indications (Table 1). Initially,
the success of mADbs as pharmaceuticals was driven by natural properties of the antibody
molecule, such as high affinity and specificity to virtually any antigen, the ability to block
receptor-ligand interactions, long circulatory half-life, and engagement of proteins and cells
of the innate immune system and in doing so mediate complement-dependent cytotoxicity
(CDC), antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent cellular
phagocytosis (ADCP) (marked in green in Table 1). Increasingly, mAbs with engineered
properties not found in nature are utilized for cancer therapy. These can be grouped

into antibody therapeutics that either engage cytotoxic T cells or deliver cytotoxic

payloads (marked in blue and orange, respectively, in Table 1). FDA-approved antibody
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therapeutics that deploy T cells as their mechanism of action (MOA) include seven ICls,
one T cell-engaging bispecific antibody (T-biAb), and five chimeric antigen receptor

T cells (CAR-Ts). FDA-approved payload-delivering antibody therapeutics include one
radioimmunoconjugate, nine antibody-drug conjugates (ADCs), and one immunotoxin. A
rich pipeline of antibody therapeutics from all three MOA categories is at various stages
of preclinical and clinical investigations, with another record number of FDA approvals
anticipated for 2021 [2].

Antibodies as pharmaceuticals

At the core of its success as a pharmaceutical is the highly stable and modular architecture
of the antibody molecule, reflecting its evolution to a key guardian of the vertebrate
immune system adapted to physically, chemically, and biologically harsh extracellular
environments. Its building block, the immunoglobulin (Ig) fold, is a p-sandwich composed
of two disulfide-linked antiparallel B-sheets with protruding p-turns. Both variable and
constant domains of the antibody molecule are Ig folds. In variable domains, three of the
B-turns serve as complementarity determining regions (CDRs) with hypervariable amino
acid sequences. The most common format of both natural and synthetic human antibodies
is the IgG1 molecule (Figure 1). Its concentration in the blood is 5-10 g/L, comprising
more than half of all immunoglobulins. Of the 43 FDA-approved antibody-based cancer
therapies 30 have an 1gG1 format (Table 1). The ~150-kDa 1gG1 molecule is composed

of two identical ~25-kDa light chains and two identical ~50-kDa heavy chains that are
covalently connected by four interchain disulfide bridges. Both light and heavy chain have
an N-terminal variable domain (V_ and V, respectively), each contributing three CDRs
which collectively comprise the paratope of the ~25-kDa Fv fragment that binds antigens
with high affinity and specificity, followed by one and three constant domains, respectively.
The ~50-kDa Fab fragment encompasses the Fv fragment and the adjacent constant domain
of the light chain (C_) and first constant domain of the heavy chain (Cy1). The two
C-terminal constant domains of the heavy chain (Cy2 and Ch3) form the Fc fragment of
the 1gG1 molecule which mediates its prolonged circulatory half-life through interaction
with the neonatal Fc receptor (FcRn) and its effector functions through interaction with
complement component C1q (triggering CDC) and Fcry receptors (FcyRs) I, 1A, and 111A
(triggering ADCC and ADCP) (Figure 1). The only conserved N-glycosylation site is an
asparagine in Cy2. The two branched glycans of the IgG1 molecule and their composition
impact the effector functions, specifically the interaction of the Fc fragment with FcryRs and
Clq, and as such have been subjected to glycoengineering [3]. For example, the absence of
fucose on the glycans increases binding to FcyRIIIA, enhancing ADCC. Both stability and
modularity of the antibody molecule are founded on the Ig fold itself and its intramolecular
and intermolecular assembly into multidomain and multichain proteins. First, the robust
tertiary structure of the Ig fold facilitates rational design and directed evolution. An example
of rational design is the grafting of the six CDRs from a nonhuman to a human scaffold,

a process known as humanization. The randomization of amino acid sequences in the
CDRs, scaffold, or both, followed by their selection by phage display, yeast display, or
other techniques, is an example of directed evolution toward affinity maturation. Second,
the quaternary structure of the IlgG1 molecule is based on strong variable (V| -Vy) and
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constant domain (C -Cn1 and Cx3-Ch3) interactions that are further stabilized by interchain
disulfide bridges (Figure 1). This highly defined assembly has enabled chimerization, the
combination of nonhuman variable domains with human constant domains as well as
numerous other synthetic assemblies to tailor valency, avidity, specificity, circulatory half-
life, and effector functions.

Collectively, the structural and functional modularity of the antibody molecule has served as
a preferred canvas for protein engineers. However, when compared to small molecules,
antibodies were initially not considered suitable pharmaceuticals due to their size and
variability, the latter caused by numerous posttranslational modifications (PTMs). Over the
past two decades, antibodies have been routinely manufactured at >1,000-kg scale along
with high precision PTM mapping. Thus, both antibody engineering and manufacturing have
driven the success of the antibody molecule as a pharmaceutical with broad therapeutic
utility in oncology and non-oncology indications.

MOA: Natural properties

High affinity and specificity of the paratope of the Fv fragment to a virtually unlimited
number and variety of antigens is achieved by a highly sophisticated natural sequence
diversification encompassing V| -J;_ and Vy-D-Jy recombination of light and heavy chain
germlines, respectively, in primary lymphoid tissues (such as human bone marrow) and their
stringent selection paired with further sequence diversification by somatic hypermutation

in germinal centers within secondary lymphoid tissues (such as human lymph nodes and
spleen) [4]. This primary, immunogen-independent, and secondary, immunogen-dependent
diversification gives rise to the naive and immune antibody repertoires, respectively. A
typical in vivo evolved antibody features a paratope with a large footprint (Figure 1) that
engages non-self-antigens with 100 pM to 100 nM monovalent affinity (and 10-100-fold
higher bivalent avidity) but does not cross-react with self-antigens. A recent extensive

deep sequencing study of circulating B cells from ten individuals revealed that the human
antibody repertoire is extremely diverse and individualized with an estimated 1016-1018
unique Fv sequences [5]. This massive paratope space serves as a highly effective, adaptive,
and memorizing defense system against infectious diseases caused by pathogenic viruses,
bacteria, fungi, and parasites. Although a role of the naive and immune antibody repertoire
in cancer prevention is less established, it clearly can target non-self-antigens on the cancer
cell surface.

The majority of FDA-approved antibody therapeutics contains an /in vivo evolved paratope
that originated from mouse or human immune antibody repertoires following immunization
with the antigen of interest. Initially hybridoma technology and increasingly B-cell cloning
have provided access to mouse and human monoclonal antibodies (mAbs) that contain the
original Fv, i.e. original Vi and V|_ domain pairing [6]. Chimerization (e.g., rituximab)
and humanization (e.g., trastuzumab) of mouse mAbs enabled their tolerization by the
human immune system, a prerequisite for therapeutic utility. Access to human mAbs

from transgenic mice with human Ig genes or directly from humans has delivered

mAbs that are indistinguishable from human antibodies. Not included in the majority of
FDA-approved antibody therapeutics that contain an /7 vivo evolved paratope are four
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human mAbs that were generated by phage display technology from naive or synthetic
human antibody libraries and randomly combine V' and V| domains [6]. These are
ramucirumab (Cyramza®), necitumumab (Portrazza®), atezolizumab (Tecentrig®), and
avelumab (Bavencio®) (Table 1). In addition to de novo mAb generation, directed evolution
technologies such as phage display and yeast display have been used to improve natural and
synthetic paratopes by affinity maturation, as was done for moxetumomab pasudotox-tdfk
(Lumoxiti®) (Table 1). Numerous additional human mAbs with /7 vitro evolved paratopes
are in clinical trials [7].

Although not yet among FDA-approved antibody-based cancer therapies, bispecific
antibodies (biAbs) that target two different cancer cell surface antigens, such as
EGFRXMET biAb amivantamab, which is in pivotal clinical trials for the treatment of
non-small cell lung cancer (NSCLC) [2], have confronted the “one-antibody, one-antigen”
paradigm and revealed improved targeting properties when compared to the monospecific
antibodies on their own or in combination [8]. Nonetheless, the MOAs of such c/s-acting
biAbs directed against two different antigens in the same cell membrane are still based on
natural properties.

The size, stability, diversity, and adaptability of their paratope bestow antibody molecules
not only with exceptional affinity and specificity but also with the ability to interfere

with protein-protein interactions that involve large buried surface areas and as such are
difficult to block with small molecules [9]. To clear pathogens, antibodies not only

need to bind tightly and selectively but also recruit proteins and cells of the innate

immune system using CDC, ADCC, and ADCP as their effector functions. Combining
Fab-mediated recognition with Fc-mediated eradication constitutes a highly precise and
effective extracellular interception system. Optimized for fighting infectious diseases, the
natural properties of the antibody molecule have been exploited by antibody-based cancer
therapies. While these can be collectively defined as pharmaceuticals that target antigens
through antibody-based recognition, their MOAs differ widely. Natural effector functions
can be tailored by using different 1gG isotypes [10], for example 1gG4 for mitigating CDC,
ADCC, and ADCP, or by subjecting the Fc fragment to protein or carbohydrate engineering
[11]. All of these modulations have resulted in FDA-approved mAbs. Of the 19 mAbs
with natural MOAs (marked in green in Table 1), four have an engineered Fc fragment,
including three of the last five FDA approvals. It can be anticipated that this trend will
continue for both new mAbs to new targets and new mAbs, also known as biobetters, to
old targets. Beyond maintaining, reducing, or increasing natural effector functions as their
MOA:s, antibody-based cancer therapies can deploy synthetic MOAs not found in nature.
These are discussed in the following two sections.

MOA: Engagement of cytotoxic T cells

While the natural properties of antibodies are confined to deploying the innate immune
system, the discovery and development of antibodies that engage components of the
adaptive immune system, in particular cytotoxic T cells, constitutes a major advancement
for cancer therapy (highlighted in blue in Table 1). This is founded on the realization

that cancer and the immune system are in a constant battle involving immunosurveillance,
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immunosuppression, and immunoediting [12]. As depicted in Figure 2, FDA-approved
antibody therapeutics that deploy T cells as their MOA include seven ICls, one T-biAb,
and five CAR-Ts.

The FDA-approved ICls targeting (i) T cells via CTLA4 (ipilimumab (Yervoy®)) or PD1
(pembrolizumab (Keytruda®), nivolumab (Opdivo®), and cemiplimab-rwlc (Libtayo®)) and
(ii) cancer cells and antigen-presenting cells (APCs) in the tumor microenvironment (TME),
such as macrophages and dendritic cells, via PDL1 ((atezolizumab (Tecentrig®), avelumab
(Bavencio®), and durvalumab (Imfinzi®)) have broad utility in solid malignancies (Table 1)
and act by suppressing the cancer cell and APC-mediated inhibition of tumor-infiltrating
cytotoxic T cells. As such, they provide a powerful boost to the cancer patients’ immune
system, albeit at the risk of evoking autoimmune disease [13]. Immune checkpoint targeting
antibody therapeutics in pivotal clinical trials [2] include 13 mAbs to first-generation targets
CTLA4, PD1, and PDL1, along with four mAbs to next-generation targets LAG3, NKG2A,
TIGIT, and TIM3, whose MOAs may involve both T cells and NK cells. Notably, this list
also includes biAbs that simultaneously engage two different immune checkpoints, namely
PD1xCTLA4, PD1xLAG3, and PDL1xCTLAA4 [2]. These dual targeting approaches were
prompted by findings that revealed overall survival benefits of advanced melanoma patients
treated with a combination of two ICls [14, 15]. Combining two IClIs in one biAb as an
alternative to a mixture of two mAbs has the potential of saving costs but the disadvantage
of losing freedom for discordant dosing of the two mAbs, which may be important for
optimizing the therapeutic index [16]. Mixtures of anti-CTLA4 mAb ipilimumab (Yervoy®)
and anti-PD1 mAb nivolumab (Opdivo®) have now received FDA approval for the treatment
of several different cancers. ICIs, i.e. mAbs antagonizing inhibitory receptors [17], along
with mAbs agonizing activating receptors, such as ICOS, CD28, and CD137 [18], and their
various combinations will likely continue to dominate the preclinical and clinical pipelines
of immuno-oncology (10) drugs for the treatment of a broad range of solid malignancies.
Notably, this includes cancers that are defined by specific molecular anomalies rather

than by their tissue of origin. In 2017, pembrolizumab (Keytruda®) became the first
tissue-agnostic cancer therapy by receiving FDA approval for microsatellite instability-high
(MSI-H) or mismatch repair deficient (dMMR) solid malignancies (Table 1) [19]. Despite
their promise, only a small subset of cancer patients responds to the FDA-approved

ICls. T-cell-inflamed (“hot™) tumors with high mutational burden that triggers cytotoxic
T-cell infiltration, such as melanoma and NSCLC, respond better than non-T-cell-inflamed
(“cold”) tumors. Triggering immunogenic cell death (ICD) in cold tumors can promote
cytotoxic T-cell infiltration and as such is being investigated in combination with 10 drugs
[20]. Potential ICD-triggering regimens include chemotherapy, radiotherapy, and oncolytic
viruses [21]. Selective chemotherapy mediated by ADCs holds substantial promise for
combination with ICIs [22] and is investigated in several clinical trials [23].

Beyond T cells and NK cells, ICIs have also been used to engage macrophages

by interfering with the CD47-SIRPa axis [24]. When expressed on the cancer cell

surface, CD47, commonly known as a “don’t eat me” signal, inhibits phagocytosis by
immunosurveilling macrophages. On their own and in combination with other antibody
therapeutics, anti-CD47 mAbs and SIRPa-Fc fusion proteins that block this immunoescape
mechanism are in early to advanced clinical trials for the treatment of both hematologic and
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solid malignancies [24]. In general, it can be anticipated that our increasing understanding
of the TME and its role in supporting and suppressing tumor growth will be reflected by
an increasing number of TME-engaging antibody therapeutics in preclinical and clinical
pipelines.

While the FDA-approved IClIs suppress inhibitory receptors on T cells or their ligands,
T-biAbs bind activating receptors on T cells with one arm and cancer cell surface antigens
with the other arm (Figure 2), effectively bridging cytotoxic T cells and cancer cells to
enable major histocompatibility complex (MHC)-independent recognition and destruction
[25]. As such, T-biAbs are trans-acting biAbs that bridge two different cell membranes.

The currently only FDA-approved T-biAb, blinatumomab, binds to CD19 on malignant B
cells of acute lymphocytic leukemia (ALL) and CD3e, a T-cell receptor (TCR) component.
Numerous additional T-biAbs are in preclinical and clinical pipelines [16, 26], including
flotetuzumab (CD123%xCD3) and mosunetuzumab (CD20xCD3) in pivotal clinical trials
for, respectively, acute myeloid leukemia (AML) and follicular lymphoma, a B-cell non-
Hodgkin lymphoma (B-NHL) subtype [2]. The above-mentioned ICD-triggering regimens
for overcoming immunosuppression in the TME may facilitate an expansion of the
therapeutic utility of T-biAbs from hematologic to solid malignancies. In terms of formats,
T-biAbs are exceptionally diverse [27, 28], taking full advantage of the modularity of

the antibody molecule to tailor the valency and affinity of their T cell-engaging and

cancer cell-engaging arms along with their distance and flexibility. All of these parameters
influence cytolytic synapse formation between T cell and cancer cell [29]. Notably, to
address manufacturing challenges and short circulatory half-lives of certain T-biAb formats,
preclinical investigations have revealed that they can also be delivered as MRNA or DNA for
in situ generation in the cancer patient [26].

Conceptually related to T-biAbs are CAR-Ts of which five have been approved by the
FDA. Four of these, i.e. tisagenlecleucel (Kymriah®), axicabtagene ciloleucel (Yescarta®),
brexucabtagene autoleucel (Tecartus®), and lisocabtagene maraleucel (Breyanzi®), are
targeting CD19 in relapsed or refractory (r/r) B-ALL or B-NHL (Figure 2). In addition,

the anti-BCMA CAR-T idecabtagene vicleucel (Abecma®) was recently approved by the
FDA for the therapy of r/r multiple myeloma. CAR-Ts are formally categorized as cell
therapy (-cel suffix in their generic name) rather than antibody therapy (-mab suffix).
However, they can be considered antibody-based cancer therapies based on our above
definition as pharmaceuticals that target antigens through antibody-based recognition. They
are built by retrovirally transducing autologous T cells from cancer patients with chimeric
antigen receptors (CARS) that fuse an extracellular antibody fragment, typically a scFv,

to a transmembrane segment, followed by the cytoplasmic signaling domain of a T cell
costimulatory receptor (typically CD28 or 4-1BB) and the cytoplasmic signaling domain of
CD3( of the TCR complex. As such, a CAR-T links antibody-mediated MHC-independent
recognition of cancer cell surface antigens to cytotoxic T-cell engagement [30]. CAR-Ts
have cured previously incurable r/r B-cell malignancies and are being pursued as paradigm-
changing therapy in other cancers [31, 32]. The ability to engineer autologous or allogeneic
T cells ex vivo, provides an opportunity for equipping CAR-Ts with a plethora of features
that promote their efficacy and safety /7 vivo. This includes logic gate CAR-Ts whose
activity is controlled by two different cancer cell surface antigens and switchable CAR-Ts
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that use a universal CAR that can be turned on and off with an adaptor molecule [33].
CRISPR-Cas9-edited CAR-Ts to remove the TCR a and B chains as well as PD1 have also
entered clinical trials [34]. Combinations of CAR-Ts with ICD-triggering regimens and ICls
have the potential of expanding the therapeutic utility of CAR-Ts from hematologic to solid
malignancies [35]. Nonetheless, as living drugs, CAR-Ts face unique impediments in terms
of manufacturing, logistics, and pharmacology, prompting increasing interest in side-by-side
comparisons of CAR-Ts and T-biAbs in clinical trials [26].

Life-threatening adverse events, particularly cytokine release syndrome (CRS) and immune
effector cell-associated neurotoxicity syndrome (ICANS), have remained key challenges
for both CAR-Ts and T-biAbs and necessitate hospitalization for close monitoring and
immediate intervention. Notably, simultaneously with the FDA approval of the first CAR-T,
tisagenlecleucel (Kymriah®), in 2017, the anti-1L6 receptor mAb tocilizumab (Actemra®)
received FDA approval for CAR-T-induced CRS [36]. Switching from T cells to NK cells,
i.e. pursuing NK-biAbs and CAR-NKs [37, 38], has potential to mitigate toxicity while
imitating activity of T-biAb and CAR-T treatments. This is a rapidly advancing area of high
promise for cancer immunotherapy.

Engaging immune effector cells can also be achieved with so called immunocytokines.
Here, a cancer cell surface antigen-targeting antibody is fused to a cytokine to enable

its targeted delivery to the TME [39]. This approach effectively increases the therapeutic
index of cytokines, such as IL-2, which on its own was the first FDA-approved cancer
immunotherapy [40] but can only be administered at low doses due to systemic toxicity.
Although immunocytokines have not received FDA approval for cancer therapy yet, a
diverse panel of antibody-cytokine fusion proteins is being investigated preclinically and
clinically. This includes Daromun, a combination of two immunocytokines that fuse a scFv
directed to the extra domain B of fibronectin to IL-2 and TNF-a, respectively. In a pivotal
clinical trial for the therapy of melanoma, Daromun is tested as neoadjuvant intratumoral
injection followed by surgery.

MOA: Delivery of cytotoxic payloads

Highlighted in orange in Table 1, eleven antibody-based cancer therapies feature the delivery
of a cytotoxic payload as their MOA. Serving as a carrier of cytotoxic payloads effectively
bestows antibodies with the ability to deliver chemotherapy or radiotherapy selectively to
cancer cells while sparing healthy cells and tissues. Among the FDA-approved cytotoxic
payloads are a radioisotope, various small molecules, and a bacterial toxin. Attached to an
antibody carrier, the ensuing hybrid molecules are referred to as radioimmunoconjugates,
ADCs, and immunotoxins, respectively.

With only one radioimmunoconjugate and one immunotoxin currently available to cancer
patients, the nine FDA-approved ADCs (Figure 3) clearly dominate this category and will
continue to do so based on a rich clinical and preclinical pipeline [23]. This includes

seven ADCs in pivotal clinical trials, six of which are investigated for the therapy of solid
malignancies. Among these, tusamitamab ravtansine (NSCLC), mirvetuximab soravtansine
(ovarian cancer), and tisotumab vedotin (cervical cancer) target new indications not covered
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by the nine FDA-approved ADCs [2]. All ADCs are composed of an antibody, a linker,

and a small molecule payload, i.e. the drug. Although the antibody of first-generation

ADCs is exclusively based on an 1gG1 or 1gG4 format, they differ widely with respect to

the composition of linker and drug (Figure 3). Linkers can be categorized as cleavable or
non-cleavable. Cleavable linkers permit release of the drug in endosomes and lysosomes
following receptor-mediated endocytosis of the ADC. Release is triggered by acidic or
reducing conditions or enzymatically. Non-cleavable linkers stay attached to the drug and to
at least one amino acid of the antibody following its proteolysis in lysosomes. For example,
the active drug of ado-trastuzumab emtansine (Kadcyla®) is the lysine-linker-drug catabolite
(Figure 3). As for the drugs and specifically their MOAs, they can be broadly classified

into natural product derivatives that interfere with tubulin polymerization (maytansine and
auristatin used in 5 FDA-approved ADCs) or damage DNA (calicheamicin and camptothecin
used in 4 FDA-approved ADCs). First-generation ADCs are stochastic assemblies of
antibody and drug, using surface lysine and hinge cysteine residues for conjugation.

The ensuing mixtures are composed of a variety of ADC species with different drug-to-
antibody ratios (DAR) and different pharmacokinetic and pharmacodynamic properties. This
heterogeneity has been addressed in two recently FDA-approved ADCs, fam-trastuzumab
deruxtecan-nxki (Enhertu®) and sacituzumab govitecan-hziy (Trodelvy®), in which all
hinge cysteine residues involved in interchain disulfide bridges in the IgG1 molecule are
conjugated to the linker-drug for a uniform DAR of 8. Next-generation ADCs, which
typically have a DAR of 2 and are highly homogeneous, use a variety of methods for
site-specific antibody-drug conjugation which can be grouped into chemical and enzymatic
assemblies. In addition to engineered natural and unnatural amino acids, the glycans of the
Cn2 domain have been used for site-specific drug conjugation [41]. In addition to the ability
to build molecularly defined ADCs with high precision, novel drugs with different MOASs
have the potential to further broaden the therapeutic utility of ADCs by overcoming cancer
resistance. Advances in antibody engineering have enabled the generation of bispecific
ADCs as well as ADCs carrying two different payloads to further enhance their specificity
and potency, respectively. In addition, as mentioned above, combinations of ADCs with

ICls are widely investigated preclinically and clinically. Collectively, next-generation ADCs
are among the most promising pharmaceuticals for broadening and deepening cancer
therapy. As for other antibody-based cancer therapies, their therapeutic utility relies on the
identification of suitable targets. Specifically, ADCs require cancer cell surface antigens
that are efficiently internalized and trafficked to lysosomes. Despite their promise, a

number of ADCs in preclinical and clinical pipelines have been discontinued due to
encountering on-target-off-tumor and off-target-off-tumor toxicities [23]. Extremely potent
investigational payloads, such as the DNA damaging pyrrolobenzodiazepine dimers, require
careful tailoring to indication, target, linker, and antibody in order to achieve an acceptable
safety profile.

The overall success of ADCs has fueled other antibody-based cancer therapies that

rely on the delivery of cytotoxic payloads as their MOA. Moxetumomab pasudotox-tdfk
(Lumoxiti®) is an FDA-approved immunotoxin for the therapy of hairy cell leukemia, a B-
NHL subtype. It consists of a CD22-targeting Fv recombinantly fused to PE38, a fragment
of a highly cytotoxic bacterial protein, Pseudomonas exotoxin A, which inhibits translation
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in mammalian cells [42]. Closing in on FDA approval for the therapy of bladder cancer is
oportuzumab monatox, which combines an EPCAM-targeting scFv with PE38. Due to the
use of a bacterial protein, immunotoxins have to overcome immunogenicity that prevents
repeated administration. Numerous approaches for removing B-cell and T-cell epitopes of
the bacterial protein as well as using concomitant immunosuppressive treatment have been
developed to improve the therapeutic utility of next-generation immunotoxins [43].

The first two FDA-approved antibody-based cancer therapies that delivered a cytotoxic
payload were both radioimmunoconjugates. CD20-targeting *3Liodine-tositumomab
(Bexxar®), which was withdrawn from the market in 2014, and “Oyttrium-ibritumomab
tiuxetan (Zevalin®), proved to be safe and efficacious for B-NHL therapy but failed
wider adoption in clinical practice due to logistic and other obstacles [44]. A renaissance
of radioimmunoconjugates is seen in ongoing pivotal clinical trials of B7H3-targeting
13ljodine-omburtamab for the therapy of neuroblastoma and CD45-targeting 13Liodine-
apamistamab for conditioning of AML patients prior to allogeneic hematopoietic stem
cell transplantation [2]. Separating the administration of antibody and radioisotope in so
called pretargeted radioimmunotherapy can lower systemic exposure to irradiation from
circulating conventional radioimmunoconjugates [44]. One approach is the utilization of
bispecific antibodies that combine a cancer cell surface antigen-binding antibody module
with a hapten-binding antibody module. Following accumulation of the slower clearing
bispecific antibody at the tumor site, a faster clearing hapten-derivatized chelate loaded with
a radioisotope is administered [45].

Another approach is near-infrared photoimmunotherapy [46, 47]. Here, the antibody is
conjugated to a small molecule dye. Unlike in ADCs and radioimmunoconjugates, the
payload is not toxic on its own. Rather, following binding of the photoimmunoconjugate to a
cancer cell surface antigen, the dye is activated with a near infrared light source and induces
cell membrane perforations followed by ICD. An EGFR-targeting photoimmunoconjugate,
cetuximab sarotalocan, has reached pivotal clinical trials for the therapy of head and neck
cancer [2]. Rapid induction of ICD makes photoimmunotherapy attractive for combination
with ICIs, T-biAbs, and CAR-Ts.

Fueled by its remarkable track record of clinical and commercial viability, the landscape
of antibody-based cancer therapy is rapidly evolving. What are the limiting factors of this
success and progress?

First of all, antibodies are only as good as their antigens, i.e. they rely on the existence of
tumor-specific antigens (TSASs) and tumor-associated antigens (TAAs) with different levels
of spatially and temporarily restricted expression patterns. Finding additional cancer cell
surface antigens that permit to apply antibody-based cancer therapy with high precision

and to tailor a suitable MOA are achievable objectives. Other campaigns build on targeting
antigen combinations to improve selective intervention. An exciting alternative approach is
conditionally active antibody-based cancer therapy that takes advantage of unique properties
of the TME to confine the activity of antibody therapeutics to the tumor site. Examples
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include pro-antibody therapeutics that only engage their antigens after activation by
proteases [48], acidic pH [49], or ATP [50] in the TME. Notably, this approach is applicable
to essentially all antibody therapeutics regardless of their MOA. Furthermore, the ability to
generate antibodies to MHC-peptide complexes has the potential to expand antibody-based
cancer therapy from cell surface antigens to intracellular antigens. Also known as TCR-like
antibodies [51], their recognition and destruction of cancer cells is MHC-dependent. A
recent study expanded the target range of TCR-like antibodies to neoantigens of cancer
cells, such as a common mutation of tumor suppressor p53, and demonstrated that the
corresponding T-biAbs can potently and selectively kill cancer cells that have fewer than 10
copies of the MHC-peptide complex presenting the neoantigen [52].

Second, like most cancer therapies, contemporary antibody therapeutics are countered

by cancer refraction and resistance and often only have modest benefits in terms of

overall survival. There is unexploited potential for biobetters with tailored valency, avidity,
specificity, circulatory half-life, and effector functions to improve upon first-generation
antibody therapeutics with respect to both pharmacokinetics and pharmacodynamics.
Preclinical investigations of next-generation antibody therapeutics how include rigorous
in vitro and /n vivo comparisons of antibodies and antibody fragments with a variety of
different compositions and epitopes. In addition, moving from monoclonal to oligoclonal
antibody-based cancer therapies and at the same time combining different MOASs has the
potential to prolong complete responses in currently incurable cancers.

Another point to consider is our categorization of all FDA-approved and clinically
investigated antibody-based cancer therapies into three MOAs. It is likely that other MOAs
will enter clinical trials in the near future. One new category is emerging from cis-acting
biAbs that exert activity by crosslinking two different antigens in the same cell membrane.
For example, cis-acting biAbs can mediate the ubiquitination and subsequent degradation of
a cancer cell surface antigen through its crosslinking to a transmembrane E3 ligase, as was
recently shown for a PDL1xXRNF43 biAb [53].

Overall, antibody-based cancer therapies have seen a steady increase from preclinical

and clinical pipelines to market share. Next-generation antibody engineering, conjugation,
production, and administration technologies along with innovative combination treatments
tailored to cancer patients will continue to fuel the success of these pharmaceuticals.
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antigen

Figure 1. Structural and functional modularity of the antibody molecule.
Two-dimensional (A) and three-dimensional (B) depictions of the light and heavy chain

assembly of the 1gG1 molecule. The Y-shaped IgG1 format is composed of two Fab arms
linked through the Fc stem and consists of a total of twelve g domains organized into

two light chains (white) and two heavy chains (gray) that are connected by a total of four
interchain disulfide bridges (S-S). The four N-termini and four C-termini are indicated as

N and C, respectively. The N-terminal four Ig domains are known as the variable domains;
V_ for the light chain and V for the heavy chain, each consisting of three CDRs depicted
as smaller rectangles or ovals. Together, V| and V and their six CDRs form the Fv that
harbors the unique paratope that binds a distinct antigen with high affinity and specificity.
(C) The antibody-antigen interaction is defined by complementary shapes and charges

of paratope (on the antibody) and epitope (on the antigen), shown here in a co-crystal
structure determined by X-ray crystallography at 1.4-A resolution (PDB: 60SV) [54]. The
interaction of paratope (left) and epitope (right) typically involves a large buried surface
area, which was determined to be 720-AZ in this example. (D) The Fc stem is formed by
the two C-terminal constant domains of the heavy chain (CH2 and Cy3) and mediates the
prolonged circulatory half-life of the IgG1 molecule through interaction with FcRn and its
various effector functions (CDC, ADCC, and ADCP) through interactions with complement
component C1q as well as NK cells, macrophages, and other FcyR-expressing myeloid and
lymphoid cells. In cancer therapy, the natural effector functions are triggered upon arrayed
engagement of the mAb with cancer cell surface antigens.
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Figure 2. Structural and functional diversity of FDA-approved T-cell engaging antibodies.
T-cell engaging antibodies, which fall into the category of 10 drugs, can have numerous

different structures and functions. Shown here are the 13 FDA-approved and marketed
antibody-based cancer therapies that directly interface with T cells in one of four principal
ways, including as T-biAbs (upper left), CAR-Ts (lower left), or ICls that target inhibitory
receptors on T cells (right) or their ligands on cancer cells (middle) and APCs in the TME
(not shown).
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Figure 3. Composition of FDA-approved ADCs.

The top row shows first-generation heterogeneous ADCs targeting CD30, CD79B, and

NECTIN4, respectively, in which the drug is stochastically linked to reduced cysteine
residues in the hinge region using a thiosuccinimide, a caproyl spacer, an enzymatically
cleavable unit (a valine-citrulline dipeptide fused to a para-aminobenzylcarbamate),
followed by the cytotoxic payload which is monomethylauristatin E (MMAE), a
subnanomolar inhibitor of tubulin polymerization. The mean DAR is approximately 4,
ranging from 0 to 8. The second row shows another auristatin-based and stochastically
assembled ADC that targets BCMA and links monomethylauristatin F (MMAF) through
a non-cleavable linker to hinge cysteine residues. Recently, the first homogeneous ADCs
shown in the third and fourth row received FDA approval. They target HER2 and TROP2,

Oncogene. Author manuscript; available in PMC 2021 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Goydel and Rader

Page 17

respectively, and use the same thiosuccinimide connector to hinge cysteine residues but
rather than doing this stochastically, all eight cysteines are involved. This requires the use
of more hydrophilic linkers but, due to their high DAR, also affords slightly less cytotoxic
payloads, which are two different camptothecin derivatives that inhibit topoisomerase I.

The bottom row shows the three first-generation ADCs that target HER2, CD22, and

CD33, respectively, and use surface lysine residues for drug attachment. With 80-90

of these in the average antibody molecule, the location and distribution is even more
stochastic. Cytotoxic payloads include tubulin polymerization inhibitor maytansine linked
through a non-cleavable linker (left) and the DNA damaging calicheamicin linked through a
hydrazone-disulfide linker that gets cleaved in acidic or reducing conditions (right).

Oncogene. Author manuscript; available in PMC 2021 November 04.



Page 18

Goydel and Rader

lenoaddy 190ue) 19048 peojAed Jew.a04 aweN

‘(ebure.o) speojAed 21x010149 BuLiaAlap
uo pue ‘(anjq) S99 1 21x010149 Buibebus uo ‘(usalb) sqww Jo sanJadoid einjeu pasueyus Jo [einjeu Uo paseq SWYOIN 21edIpul SMOJ Paio]od Ajluaiayip
3y 'sieaA anly 1sed ay1 Ul pappe Jley Ueyl aiow ylim ‘sannadelayl Apogiiue 1ualalp S 01 SS8dJe aAey SalelS paliun ayl ul sjuaited Jadued ‘Ajuaiin)

'sardeuay) 193ued paseq-Apogiue palaydew pue panoidde-yq4
‘T 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Oncogene. Author manuscript; available in PMC 2021 November 04.



Page 19

Goydel and Rader

lenoaddy

J13oue)d 19648 peojAed

1eW.04

aweN

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Oncogene. Author manuscript; available in PMC 2021 November 04.



	Abstract
	Introduction
	Antibodies as pharmaceuticals
	MOA: Natural properties
	MOA: Engagement of cytotoxic T cells
	MOA: Delivery of cytotoxic payloads
	Outlook
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.

