s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Immunol Rev. Author manuscript; available in PMC 2016 December 13.

Published in final edited form as:
Immunol Rev. 2016 March ; 270(1): 178-192. doi:10.1111/imr.12391.

Immunocytokines and bispecific antibodies: two complementary
strategies for the selective activation of immune cells at the
tumor site

Jonathan D. Kiefer and Dario Neri
Department of Chemistry and Applied Biosciences, Swiss Federal Institute of Technology (ETH
Zurich), Vladimir Prelog Weg 1-5/10, CH-8093 Zurich (Switzerland)

Summary

The activation of the immune system for a selective removal of tumor cells represents an attractive
strategy for the treatment of metastatic malignancies, which cannot be cured by existing
methodologies. In this review, we examine the design and therapeutic potential of
immunocytokines and bispecific antibodies, two classes of bifunctional products which can
selectively activate the immune system at the tumor site. Certain protein engineering aspects, such
as the choice of the antibody format, are common to both classes of therapeutic agents and can
have a profound impact on tumor homing performance /n vivo of individual products. However,
immunocytokines and bispecific antibodies display different mechanisms of action. Future
research activities will reveal whether an additive of even synergistic benefit can be obtained from
the judicious combination of these two types of biopharmaceutical agents.
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Using the immune response to attack tumors

The pharmacotherapy of cancer has relied for many decades on chemotherapy (for the
majority of solid and liquid tumors) and on hormone therapy (for certain classes of
hormone-sensitive tumors). While therapeutic success has been achieved for various types of
hematological malignancies and some solid tumors (e.g., metastatic testicular cancer), the
majority of disseminated forms of solid cancer remain incurable. The therapeutic efficacy of
conventional cancer therapeutics is often limited not only by the activity of multidrug
resistance proteins and by the insurgence of mutations, but also by the inability of small
organic molecules to accumulate in sufficient amounts at the site of disease (1-3). These
limitations have stimulated the investigation of alternative strategies for the cancer treatment.
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Due to their ability to recognize cognate antigens with exquisite specificity, monoclonal
antibodies have attracted considerable interest as biopharmaceutical agents for the selective
inhibition of tumor-promoting factors or for the selective ablation of cancer cells. A number
of antibody products have gained marketing authorization for cancer therapy (4, 5).
However, since cancer cures are rarely observed with antibody products in patients with
metastatic solid malignancies, substantial research efforts have been devoted to the
development of “armed” forms of antibody therapeutics, in which the antibody molecule
serves as delivery vehicle for potent bioactive agents (e.g., drugs with cleavable linkers,
cytokines, radionuclides) (6). In this context, the development of bispecific antibodies
(capable of simultaneous recognition of a tumor cell and of a lymphocyte) and of antibody-
cytokine fusion proteins (also termed “immunocytokines”) represents a promising area of
antibody engineering research, with the potential to selectively modulate the activity of the
immune system at the site of disease. This review focuses on these two classes of therapeutic
agents, highlighting similarities and differences, opportunities and challenges.

Bispecific antibodies and immunocytokines represent only two of the many classes of
biopharmaceutical agents, which are being considered for industrial applications, harnessing
the activity of the patient’s immune system to fight tumors. Other classes of
immunomodulatory products, including immunological checkpoint inhibitors (7, 8),
recombinant cytokines (9), vaccines (10) and engineered T-cells (11) have been reviewed
elsewhere and will not be discussed in this article.

Recent advances in cancer genome sequencing have provided a quantitative analysis of the
somatic mutation rates in thousands of cancer specimens for various types of malignancies
(12). On average, the majority of tumor cells contains more than one million mutations. As a
consequence, it can be expected that some of these mutations, corresponding to expressed
genes and to non-synonymous variants, may correspond to peptides, suitable for
presentation in MHC class | or class Il proteins.

Various lines of evidence suggest that tumor cells may be recognized and attacked by
cellular components of the immune system, including lymphocytes and natural killer (NK)
cells. The “immune surveillance” hypothesis (13) is supported by many observations,
including the following ones:

0] mice lacking certain important components of the immune system develop
tumors
(i) immunosuppressed patients (e.g., HIV patients, post-transplant patients)

develop tumors more frequently compared to normal individuals

(iii) certain immunostimulatory products (e.g., cytokines, cancer vaccines,
antibodies against immunological checkpoint inhibitors) can induce potent
therapeutic responses (and, sometimes, cures) in mouse models of cancer and
in patients

(iv) allogeneic bone marrow transplantation for leukemia is largely successful via
the “graft versus leukemia” effect
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At the same time, tumors may avoid immune recognition by a variety of mechanisms. For
example, the down-regulation of peptide:MHC complexes or of co-stimulatory molecules
may decrease the efficacy of T cell-based killing activity (14, 15). Many tumors create an
immunosuppressive environment by a local upregulation of anti-inflammatory mediators,
such as TGF-p or I1L10 (16). Furthermore, tumor cells can accumulate mutations, which
inhibit crucial pathways for programmed cell death, making them less susceptible to the
action of death signals (e.g., FasL/Fas interaction, granzymes) (17). The relatively low
density of lymphocytes at the tumor site and the relatively high proportion of
immunosuppressive regulatory T cells (Teg) have been proposed as a characteristic feature
of a tumor-permissive environment, which needs to be altered in successful immunotherapy
(18), leading to a massive infiltration of T cells and/or NK cells into the neoplastic mass.

The tumor environment is often characterized by the presence of proteins, which are
typically not found in normal adult tissues and which can be used as targets for the
generation of monoclonal antibodies. Indeed, both immunocytokine and bispecific antibody
products typically incorporate at least one antibody moiety directed against a tumor-
associated antigen, in order to mediate a preferential accumulation of the therapeutic agent
at the site of disease. Many tumor-associated antigens have been proposed as possible targets
for cancer therapy applications, including proteins found on the tumor cell surface (such as
carcinoembryonic antigen, prostate-specific membrane antigen, A33 and various CD
antigens) or components of the modified extracellular matrix (e.g., splice isoforms of
fibronectins and of tenascins). As we will see later in this review, both target antigen and
antibody format crucially influence pharmacokinetic behavior and therapeutic activity of the
corresponding biopharmaceutical agent.

Immunocytokines

Immunocytokines are fusion proteins of antibodies and cytokines. Antibodies can be used as
full 19G’s or as recombinant fragments, leading to a large variety of possible formats, some
of which are depicted in Figure 1. Some cytokine payloads contain multiple subunits (e.g.,
those belonging to the IL12 superfamily), thus creating additional possibilities for the
topological joining of antibody and cytokine moieties.

Concepts and formats

1gG-based immunocytokines may exhibit a long circulatory half-life, as a consequence of
FcRn-mediated antibody recycling (19). However, some 1gG-I1L2 fusion proteins have
exhibited rather short and dose-dependent pharmacokinetic profiles, for reasons which are
still not fully understood (20). By contrast, immunocytokine products based on smaller
recombinant antibody fragments (e.g., scFv fragments) typically display faster blood
clearance profiles, which may be beneficial in order to reduce side effects associated with
the use of potent pro-inflammatory cytokine payloads.

Table 1 lists some of the cytokines, which have been fused to antibodies for disease-
targeting applications. The table indicates the target antigen, the recombinant protein format
and whether quantitative biodistribution studies have been published.
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Our laboratory has systematically investigated the tumor-targeting properties of
immunocytokines directed against the alternatively-spliced extradomain A (EDA) and
extradomain B (EDB) of fibronectin, recognized by the F8 and L19 antibodies, respectively
(21, 22). These targets are particularly suited for immunocytokine development activities, as
they are (i) conserved from mouse to man; (ii) virtually undetectable in normal adult tissues
(exception made for the endometrium in the proliferative phase and placenta), while being
expressed in the majority of solid tumors and lymphomas. Analysis of biodistribution
studies reveals five main types of pharmacokinetic behavior, which can be summarized as
follows:

€] payloads which can be efficiently delivered at the tumor site by fusion to
antibodies (e.g., IL2, IL4, IL6, IL10, IFNa, TNF) (23-28)

(b) payloads which can be efficiently delivered to the tumor in some
immunocytokine format but not in others (e.g., IL12) (29)

(© payloads which are trapped by receptors at low doses, but which regain tumor
targeting performance at higher doses (e.g., when a cognate receptor has been
saturated /n vivo (e.g., IFNg, GM-CSF) (30, 31)

(d) payloads which are too positively or negatively charged, or simply too large,
thus preventing efficient extravasation (e.g., VEGF64 vs. VEGF120 in the
mouse) (32)

(e payloads which are extensively glycosylated and which are rapidly captured by
the asialoglycoprotein receptor in the liver and, as a consequence, removed
from circulation (e.g., IL9 produced in certain experimental conditions, B7
proteins) (33, 34)

In general, we prefer to use antibodies in bivalent or trivalent formats, in order to ensure a
high binding avidity to the target and, consequently, a long residence time at the tumor site.
We will discuss these aspects when examining the various formats of bispecific antibody
products.

At the site of disease, pro-inflammatory cytokines can mediate various types of biological
activity. For example, IL2, IL12 and TNF payloads mediate a massive infiltration of
leukocytes (particularly T cells and NK cells) into the tumor mass, which may be
responsible for the therapeutic activity of the products (35-38). Certain cytokines (most
notably, TNF and IL2) activate the endothelium at the site of disease, favoring an increased
uptake of therapeutic agents within the tumor mass (38, 39). The mechanism of antitumor
activity for immunocytokine products can be difficult to establish, even though depletion
experiments in immunocompetent mice facilitate the task to quantitatively assess the
contribution of CD4+ T cells, CD8+ T cells and NK cells (40, 41). Alternative views on the
contribution of tumor targeting to therapeutic activity have recently been proposed for 1gG-
based immunocytokines (42).

Not all cytokines that can be efficiently delivered to the tumor display a potent anti-cancer
activity, at least not in all models. For example, murine IFNa and IL6 could efficiently be
delivered to tumors but did not exhibit therapeutic activity when fused to antibodies specific
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to splice isoforms of fibronectin (25, 27). Interestingly, a xenograft model of U266 tumors in
NSG mice showed prolonged survival in mice treated with 1gG-1FNa fusion proteins, as
compared to the control group (43).

The seminal work of the groups of Reisfeld, Gillies, Morrison and Epstein with 1gG-based
immunocytokines has revealed potent therapeutic activities for products based on IL2, IL12,
GM-CSF, IFNa and IFNg in immunocompetent mice with various types of tumors, including
Lewis Lung Carcinoma, CT26 colon carcinoma, MAD109 lung carcinoma, B78D14
melanoma and B cell lymphoma (44-48). This work is reviewed in (49-51) and will not be
analyzed in detail here. It is important to mention, though, that in some tumor models T cells
appeared to play a crucial role in the anticancer activity of the immunocytokine product (52,
53), while in other models NK cells appeared to be more important (35).

In our experience, immunocytokines are typically not curative in mice when used
systemically at doses, which cause less than 5% loss of body weight. However, some tumor
models are more sensitive than others and can be cured with immunocytokine monotherapy
(e.g., TNF-based immunocytokines in mouse models of sarcoma) (28). Interestingly, cured
mice may gain protective immunity, which makes them resistant against subsequent
challenges with homologous or heterologous tumor cells (41).

Various types of anti-cancer therapeutic agents have been found to synergize with
immunocytokine products, including external beam radiation (54-57), certain cytotoxic
drugs (28, 58, 59), immunological checkpoint inhibitors (60), anti-cancer immunoglobulins
acting via antibody-dependent cell-mediated cytoxicity (ADCC) mechanisms (61) and other
immunocytokine products (38, 41, 62). This is an area of intense pharmaceutical research
and we expect, in the coming years, to learn more about those products that can be
potentiated by immunocytokines, and viceversa.

Table 2 lists immunocytokine products which have been studied in clinical trials in cancer
patients.

Below, we briefly summarize the main clinical findings for some of these products.

Selected examples

L19-TNF is a homotrimeric fusion protein, consisting of the L19 antibody in scFv format,
fused to human TNF. The product has been shown to be well tolerated up to 13 pug/Kg in a
monotherapy dose escalation trial, in which a Maximal Tolerated Dose was not established
(63). Currently, the product is being investigated in combination with doxorubicin for the
treatment of patients with metastatic soft tissue sarcoma, based on strong preclinical and
clinical findings (28).

L19-1L2 is a fusion protein, consisting of the L19 antibody in diabody format, fused to
human IL2. The product has been shown to be well tolerated at doses up to 22.5 Million 1U
IL2 equivalents, both when used as monotherapy (64) and in combination with dacarbazine
(65). Initial signs of activity have been reported in patients with metastatic melanoma. The
product is currently being investigated in combination with rituximab, for the treatment of
patients with refractory/relapsed DLBCL. Furthermore, potent therapeutic activity has been
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reported for the intralesional treatment of Stage 111 melanoma lesions, both as monotherapy
(66) and in combination with L19-TNF (67).

Similar to L19-1L2, also the F16-1L2 immunocytokine product is based on a diabody format,
but the F16 antibody recognizes the alternatively-spliced A1 domain of tenascin-C (68, 69).
Based on encouraging preclinical findings (23, 69, 70), the product has been studied in
combination with paclitaxel or with doxorubicin for the treatment of patients with various
types of malignancies (71), or in combination with low-dose cytarabine for the treatment of
patients with acute myeloid leukemia (23, 72).

Hu14.18-1L2 was the first immunocytokine to enter clinical trials and is based on a 19G
format. It is targeting the disialoganglioside GD2 (73), abundant in tumors of
neuroectodermal origin, including melanoma. In preclinical findings, the immunocytokine’s
murine analogue ch14.18-112 could eradicate metastases (20, 74) and could induce a tumor-
specific protective immunity in syngeneic mouse models (75). Hul4.18-I1L2 was studied in
pediatric neuroblastoma patients (76) as well as in adult patients with melanoma (77). In a
phase |1 study in pediatric patients with relapsed/refractory neuroblastoma, 21.7% of
patients with a low tumor burden experienced a complete response (78). In a phase I/11 study
in adult melanoma patients no objective tumor regressions could be observed (79).

NHS-IL2LT is a fusion protein of the antibody NHS76, which targets nucleic acids in the
necrotic core of tumors (80), and a mutant form of IL2 (IL2LT) with a lower toxicity profile
(52). In syngeneic mouse tumor models of neuroblastoma and non-small cell lung cancer,
NHS-IL2LT showed a substantial reduction of metastatic load in the lung and in the liver. In
a phase | dose-escalation study, disease stabilizations over long periods were reported, but
no objective tumor responses.

With anti-CEA-IL2v, Roche is developing a new class of immunocytokine products. The
antibody GA504 targets carcinoembryonic antigen (CEA) and features an engineered
heterodimeric Fc portion, which is devoid of FcyR and C1q binding. A single IL2 variant
(IL2v), which was engineered not to bind to CD25, is appended at C-terminus of one of the
two asymmetric antibody heavy chains.

IL12 based immunocytokines include NHS-IL12, an I1L12 fusion protein based on the
antibody chTNT3 in IgG format, which targets necrosis in tumors, and BC1-1L12, an IL12
fusion protein with the BC1 antibody, which recognizes an epitope on domain 7 of
fibronectin. Both antibodies are fused to the p35 subunit of 1L12 at the C-terminus of the
heavy chain, with the p40 subunit forming a disulfide-linked heterodimer, while being
expressed separately.

In a human PBL/SCID mouse model carrying DU145 prostatic carcinoma, a 44% reduction
in tumor growth could be observed upon treatment with NHS-1L12 (81). NHS-1L12 was
reported to induce a partial response in 2 out of 11 canine patients with spontaneously
developed tumors (82). A phase | dose-determining study in humans was started in July
2011 but, to our knowledge, no results have been published so far.
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BC1-1L12 showed initial signs of activity in various tumor models in SCID mice (83) and
was well tolerated (MTD of 15 ug/kg) in patients with malignant melanoma and metastatic
renal cell carcinoma (84).

Bispecific Antibodies

Bispecific antibodies are biopharmaceutical products, containing two antigen-binding
specificities. This property can be achieved by the association of two antibodies or antibody
fragments into a single molecular entity. For most therapeutic applications, one antibody
moiety serves as pharmacodelivery vehicle (e.g., targeting a tumor-associated antigen),
while the second antibody moiety is used to recruit and activate a suitable leukocyte (e.g., T
cell recruitment, by a binding interaction with the CD3 membrane protein).

Concepts and formats

Two major classes of bispecific antibodies can be defined: (i) those featuring a full antibody
format (consisting, however, of two different heavy chains and two different light chains),
and (ii) those based on the assembly of two distinct antibody fragments. Some of the most
commonly used bispecific antibody formats are shown in Figure 2.

Bispecific antibodies in 1gG format have traditionally been generated by the fusion of two
different hybridoma cells, resulting in a “quadroma” cell line (85). However, the
combinatorial assembly process for heavy and light chains determines that only a small
portion of the resulting antibody molecules have the desired functionality. In order to favor
the formation of homogenous preparations of 1gG-based bispecific antibodies, various
technologies have been developed. Carter and coworkers described the “knobs-into-holes”
technology, where point mutations within the Cy3 domain of the heavy chain are used to
generate an asymmetric bispecific antibody molecule. This technology requires the co-
expression of four different polypeptides within the same cell line used for production.

Scientists at Genmab introduced a technology (termed “Duobody™™) for the assembly of
bispecific 19gG products, based on the separate expression of two parental antibodies. Both
antibodies, which carry a single matched point mutation in their C3 domains, can be mixed
together and then separated into HL half-molecules by reducing conditions in vitro. A
subsequent re-assembly and purification step leads to the formation of 1gG-based bispecific
antibodies.

In double-variable-domains Immunoglobulins (DVD-1gGs™), the structure of an IgG is
extended at the N-terminal extremities of heavy and light chains with additional VH and VL
domains, respectively, thus creating a second antigen-binding specificity (86).

Bispecific antibody products can also be generated by appending antibody-like molecules
(e.g., scFv fragments, globular domains of other proteins) at the extremities of heavy and
light chains of an IgG molecule (87-89).

All bispecific formats described so far contain an Fc portion, which de facto renders the
molecule multispecific. Indeed, the Fc moiety may interact with the neonatal FcRn receptor
(thus contributing to a longer circulatory half-life in blood), with Fcy receptors and with
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complement components (e.g., C1q). For certain pharmaceutical applications, however, it
may be preferable to generate bispecific antibodies devoid of the Fc portion.

Examples of bispecific antibodies, consisting of antibody fragments, include products
generated by chemical cross-linking of two Fab fragments (90), as well as recombinant
proteins designed to incorporate two antigen-binding specificities without the need for
chemical modification [Figure 2].

BIiTEs™ are fusion proteins consisting of tandem repeats of two different scFv fragments. In
most cases, short Gly-Ser-rich linkers are used and a domain order VLa-VHa-VHg-VLg is
preferred (91), but other arrangements can be considered (92). The technology has been
successfully used to generate clinical products (e.g., Blinatumomab), but could in principle
lead to the undesired pairing of non-cognate VH and VL domains or to the formation of
multimeric species (e.g., Tandabs™, see below) [Figure 3].

In 1993, Philipp Holliger and Sir Gregory Winter described a procedure to create bispecific
antibodies (termed “diabodies”) by shortening the linker between VH and VL domain of
scFv molecules. For linkers shorter than 11 aminoacids, the two domains cannot pair
intramolecularly and are forced to homodimerize or heterodimerize [Figure 3]. A variation
of this technology features the introduction of a cysteine residue at the end of each diabody
subunit, thus leading to the formation of disulfide-stabilized diabodies, also known as
“DARTS”™(93).

The design of tandem scFv structures with linkers of suitable length has been used to
generate higher order oligomeric structures, termed “Tandabs”™ (94) [Figure 2]. Although
various types of molecular assemblies could be generated [Figure 3], the canonical
Tandab™ format features the formation of two pairs of antigen-binding specificities.

Obviously, bispecific molecules could also be generated by the tandem arrangements of
other antibody-like fragments, such as VHH domains of camelid antibodies (95) or other
types of globular binding domains (96).

Antigen-binding specificities for bispecific antibody products

The majority of applications of bispecific antibodies have been, so far, in the Oncology field.
In most cases, one antibody moiety was specific to tumor-associated antigens on the cell
surface of cancer cells, while the second antigen-binding specificity was directed against a
leukocyte antigen. In virtually all applications, the recruitment of T cells was mediated by
the use of anti-CD3 binders, but other molecular targets (e.g., CD16 on NK cells) have also
been proposed (97).

The cross-linking of a tumor cell with a T cell by means of a suitable bispecific antibody
may lead to an MHC-independent retargeting of cytolytic activity. Indeed, the use of suitable
bispecific antibodies and T cells /7 vitro may lead to a potent and selective killing of target
tumor cells at extremely low concentration of biopharmaceutical agent. Little is known,
however, about the tumor targeting performance of bispecific antibodies /n vivo, as (to the
best of our knowledge) there is only one published quantitative biodistribution study
performed in an immunocompetent syngeneic setting (98). Most of the information on the
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tumor-targeting performance of bispecific antibody products derives from the observation of
therapeutic activity in animal models or in patients.

In most cases, the same antibody products cannot be used in immunocompetent animal
models and in patients, as the target antigens are not conserved. It is therefore common
practice to implant human tumors in immunocompromised mice, followed by the
administration of human hemapoietic stem cells (HSCs). However, therapy studies with
fully-murine bispecific antibodies in immunocompetent settings have been described and
have led to impressive anti-tumor activities, especially for the treatment of hematological
malignancies (99).

Complete tumor regressions have been reported for the use of bispecific antibodies, directed
against markers expressed on the surface of solid tumor cells. For those studies, human
tumors were grafted into immunocompromised mice, which received an injection of human
T cells prior to the administration of the bispecific antibody product. Tumor-associated
antigens considered for bispecific antibody product development include prostate-specific
membrane antigen (PSMA) (100), carcinoembryonic antigen (CEA) (101), epidermal
growth factor receptor (EGFR) (102) and A33 (103).

Therapy with a bispecific antibody binding a tumor associated antigen (TAA) and CD3
could lead to problems due to unspecific binding of the molecules either to healthy cells
expressing the target antigen or to Fc receptors (for molecules bearing a Fc moiety).
Potentially, this could lead to off-target T cell activation due to unspecific CD3 crosslinking
(104).

Toxicities associated with the use of bispecific antibodies were reported in earlier clinical
studies (105, 106). For this reason, the administration of bispecific antibodies is often
limited to very low doses, in most cases with serum levels below 1 ng/ml (107). Toxicology
studies in Balb/c mice with a murine analogue of Blinatumomab revealed no difference in
administration of either one daily IV bolus dosing or a twice daily subcutaneous injection
(108). However, clinical differences were observed for different administration modalities,
as outlined in the next section.

Selected examples

Blinatumomab (Blincyto™)—Blinatumomab is a bispecific antibody in the BITE™
format, developed by Micromet (now Amgen). It targets the CD3 antigen on T cells and the
CD19 antigen, expressed on B cells in a majority of B cell malignancies.

T cells are activated upon binding, which in turn induces release of inflammatory cytokines
and their transient proliferation.

The product received accelerated approval from the U.S. Food and Drug Administration for
the treatment of Philadelphia-negative (Ph-) relapsed/refractory B-precursor acute
lymphoblastic leukemia (ALL) in December 2014. In 2015, approval was also recommended
for the E.U. by the Committee for Medicinal Products for Human Use (CHMP). At the
moment, Blinatumomab is also being investigated in Phase Il clinical studies for the

Immunol Rev. Author manuscript; available in PMC 2016 December 13.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kiefer and Neri

Page 10

treatment of relapsed/refractory diffuse large B-cell lymphoma and in Phase | for treatment
with relapsed, indolent B-cell non-Hodgkin's Lymphoma (NHL).

Blinatumomab consists of two murine scFv antibody fragments fused together by a G4S-
linker. The sequential arrangement of variable domains is VLA-VHa-(G4S)-VHg-VLg. It
was shown that this bispecifc antibody construct is cytotoxically active at very low
concentrations (109), making it much more potent than Rituximab, a chimeric anti-CD20
antibody (110) in /n vitro comparative assays.

Blinatumomab was tested in humans for the first time in 2001. Three phase | dose escalation
studies were started with short-term intravenous infusion. These administrations took place
twice or three times a week, each being a short term 2 or 4 hour i.v. infusion. Due to
neurologic adverse events, cytokine release syndrome and infections, all three phase |
studies were terminated early. Three years later, in 2004, a new phase | study was started to
evaluate the safety profile and the benefit/risk ratio of a continuous i.v. administration over a
period of 4 or 8 weeks. Due to the ”sustained presence of blinatumomab in serum at highly
predictable drug levels” (111), all further clinical studies were performed using continuous
infusion. Continous i.v. infusions are administered via an implanted port and a portable
pump system.

In a phase I clinical study, which represented the basis for regulatory approval, 81 out of
189 ALL patients reached the primary endpoint of complete response or hematological
complete response (112).

Catumaxomab (Removab™)—Catumaxomab is a trifunctional bispecific antibody
which targets CD3 and the antigen epithelial cell adhesion molecule (EpCam). The product
was approved for malignant ascites in 2009. Phase 11 clinical studies for the treatment of
gastrointestinal and breast cancer are ongoing. Regulatory approval was granted on the basis
of a pivotal phase II/111 study, in which treatment of patients with malignant ascites due to
epithelial tumors resulted in a significant reduction of ascites signs and clinically relevant
prolongation of puncture-free survival (113).

Catumaxomab is a hybrid between a mouse 1gG2a and a rat 1gG2a and is produced in
mouse-rat quadromas (85). As a consequence, the molecule is also able to bind human Fc
gamma receptors | and I11. It has been proposed that the multifunctionality of Catumaxomab
facilitates the interaction of the antibody with tumor cells, the recruitment of T cells by
interaction with the epsilon domain of CD3, as well as the activation of NK cells, dendritic
cells, monocytes and macrophages (114), creating complex immunological synapses.

In a phase I /Il study the maximum tolerated dose was defined at 10, 20, 50, 200 and 200 pg
for the first five doses. Side effects included fever, nausea and vomiting in the majority of
patients. Treatment prevented the accumulation of ascites and eliminated tumor cells (115).

Other products in clinical development—Other bispecific antibodies in BITE™
format which are currently being studied in the clinic include MT111 (targeting CD3 and
CEA, for the treatment of advanced gastric cancer and colon adenocarcinoma), MT112
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(targeting CD3 and PSMA, for the treatment of prostate cancer) and MT110 (targeting CD3
and EpCam, for the treatment of colorectal cancer, lung cancer and gastrointestinal cancer).

Clinical-stage products in DART™ format include MGDO006 (CD123 x CD3) (116),
MGDO007 (gpA33 x CD3) (103) and MGDO011 (CD19 x CD3) (117). MGDO0O06, targeting
CD123 (the IL3 receptor alpha chain) is being investigated in a phase | dose-escalation study
in patients with refractory acute myeloid leukemia (AML). MGDO0O7 is currently being
studied in a phase | dose finding study in two cohorts of patients: patients with K-Ras
wildtype metastatic colorectal cancer and patients with K-Ras mutant colorectal cancer. For
the treatment of hematological B cell malignancies, MGDO011 is being developed as a Fc
fusion to improve the half-life of the molecule, allowing for a more convenient dosing than
CD19xCD3 products of competitors.

Analogies and differences between the two approaches

In principle, certain immunocytokine products could mimic the action of bispecific
antibodies. The cytokine moiety can engage in a binding interaction with its cognate
receptor on the surface of T-cells, thus creating an immunological synapse with the tumor
cell. It remains to be investigated to which extent this mechanism happens /n vivo and
whether it contributes to selective tumor cell killing.

There are fundamental mechanistic differences between the anti-tumor activities of
immunocytokines and bispecific antibodies. The latter class of molecules crucially depends
on the formation of a “bridge” between tumor cells and leukocytes (in most cases, T cells).
Experimental evidence suggests that it may be difficult for antibody products to diffuse into
solid tumor masses and reach all neoplastic cells (118). However, bispecific antibodies are
extremely efficient in mediating targeted cell killing even at low concentrations, provided
that accessory lymphocytes are available at the site of action.

Immunocytokines can be directed against tumor cell antigens or against targets found in the
tumor extracellular matrix. In both cases, an influx into the tumor mass and a potent
activation of various types of leukocytes has been reported, both in animal models and in
cancer patients. The exploitation of multiple cell types (e.g., T cells and NK cells) to fight
malignancies represents an attractive feature of immunocytokines. Importantly, these
products typically do not display myelotoxicity, making them ideally suited for combination
with certain cytotoxic drugs (23, 28, 59).

It is not known, at this moment in time, whether bispecific antibodies and immunocytokines
may display an additive or synergistic activity, when used in combination.

Discussion and Outlook

Both immunocytokines and bispecific antibodies have exhibited impressive anti-cancer
activity in preclinical cancer models. Two bispecific antibodies have gained marketing
approval, while at present no immunocytokine product has been introduced in the market.
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The tumor homing performance of immunocytokines has extensively been analyzed in
animal models using quantitative biodistribution studies with radiolabeled protein
preparation. A similar analysis has not been performed for bispecific antibodies. The choice
of individual formats for bispecific antibodies (and, to a certain extent, for
immunocytokines) continues to be guided by preferences in product manufacturing and by
an empirical testing of biological activities. Nuclear Medicine studies with radiolabeled
products would be invaluable, in order to better assess the tumor homing properties of these
biopharmaceuticals in cancer patients.

Success with bispecific antibody products will crucially rely on the availability of good-
quality tumor-associated antigens. Down-regulation of these targets on the surface of tumor
cells could represent an easy avenue to generate resistance to treatment. Validated targets are
available for hematological malignancies. On-going clinical investigations will reveal the
potential of bispecific antibodies for the treatment of disseminated solid tumors.

Immunocytokines typically do not cure cancer when used as single agents (even notable
exceptions have been observed, both in mouse models and in individual patients). However,
these biopharmaceuticals have proven to be versatile agents, capable of boosting the activity
of other classes of therapeutic drugs. Not all anti-cancer agents can be potentiated by
immunocytokines. For this reason, a judicious evaluation of the best combination strategies
(including the choice of the best targets and cytokine payloads) will continue to need
experimental studies. Dosing and treatment schedules have a strong impact on therapeutic
outcome (59).

As cancer cures with immunocytokine-based regimens are increasingly being observed in
mouse models, it becomes possible to perform mechanistic studies, aimed at the
identification of tumor-rejection antigens and of the cellular contribution to the insurgence of
protective immunity. Innovative techniques, such as mass spectrometry-based HLA
peptidome analysis (119) and multiplex tetramer analysis (120), should facilitate
mechanistic investigations.
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Fig. 1. Overview of common formats for immunocytokines.
a) 1gG format, cytokine fused to the light chain, b) 1gG format, cytokine fused to the heavy

chain, ¢) Diabody, d) bivalent scFv format, here in fusion with heterodimeric cytokine IL12,
e) trivalent scFv format, here in fusion with trimeric cytokine TNF, f) SIP format. Constant
regions indicated in grey, VH indicated in dark blue, VL indicated in light blue, cytokines
indicated in green (circle: monomeric cytokine like e.g. IL2, circle connected to half-circle:
heterodimeric cytokine like e.g. 1L12, hexagon: homotrimeric cytokine like e.g. TNF).
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Fig. 2. Overview of common formats for bispecifc antibodies.
a) knobs-into-hole bispecific antibody, like it is used in the Duobody™ format, b) globular

domain proteins fused to 1gGs, e.g. FynomAbs™, c) double-variable-domains
Immunoglobulins (DVD-IgGs™), d) Bispecific T Cell Engager (BiTE™), e) single-chain
diabody (scDb), f) Tribody, g) DART™, h) chemical cross-linking of two Fab fragments, i)
TandAb™. Constant regions indicated in grey, VH1 indicated in dark blue, VL1 in light
blue, VH2 in dark green and VL2 in light green. Globular domain proteins indicated as dark
green hexagons.
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Fig. 3. Overview of commonly used scFv-based antibody fragments.
a) Shorter linkers force two scFv fragments to homo- or heterodimerize, resulting in a

diabody fragment b) chain order and linker length variations lead to a great diversity of
different bispecific antibody fragments
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