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Abstract: Immunotherapy has emerged as an alternative strategy to treat malignancies in
addition to conventional radio- and chemotherapy. There has been a plethora of evidence
that the immune system is able to control tumor outgrowth and a number of strategies have
been put forward to utilize this ability for immunotherapy. However, some of these
strategies have not been very efficient and their success has been limited by tumor evasion
mechanisms. A promising approach to engage effector cells of the immune system overcoming
some of the escape mechanisms has been introduced more than two decades ago. This
approach is based on bispecific antibodies. Here we summarize the evolution of bispecific
antibodies, their improvement, remaining obstacles and some controversial reports.
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1. Introduction

The idea of immunotherapy is based on the premise that the immune system can recognize and
eradicate malignant cells. The concept of tumor immunosurveillance was introduced last century [1-3]
and for over 50 years has been an object of controversy [4,5]. However in the past two decades, due to
the advances in mouse genetics, data collected in many laboratories [6—11] have shown that in mice
deficient in key immunologic molecules, the development of both chemically induced and spontaneous
tumors is enhanced, and thus demonstrated the ability of the immune system to control outgrowth of
malignancies [12,13].

The concept of immunosurveillance has also been supported by a number of clinical observations in
humans, such as cases of spontaneous tumor regression [14,15], the increased risk of tumor
development in immunosuppressed patients [16,17], as well as improved prognosis related to the
presence of tumor reactive T and B cells [18-20].

The discovery in 2001 that the immune system controls not only tumor growth but also shapes its
immunogenicity [4,11] prompted a major revision of the cancer immunosurveillance hypothesis [21].

Today immunosurveillance is considered the stage of a long-lasting complex interaction between
the immune system and the tumor, termed cancer immunoediting [12,22,23], in which molecules and
cells of both innate and adaptive immunity work together to detect and eradicate the malignancy
before the tumor becomes eventually clinically apparent [13].

There are a number of mechanisms involved in the alerting of the immune system to the presence of
a growing tumor early during cancer development, namely damage-associated molecular pattern
molecules (DAMPs) [24,25], released either directly from the dying tumor cells or damaged tissues
ingrown by invasive tumors. DAMPs can be detected by different receptor types inducing a type I
interferon answer [26,27]. Another mechanism involves stress induced ligands (MIC A/B, ULBPs, etc.)
expressed on the surface of the malignant cells, which can bind to activating receptors on NK cells.
NK cells play an important role in tumor eradication and release of proinflammatory cytokines, which
in turn contribute to induction of adaptive anti-tumor immune responses [21,28]. All these mechanisms
can lead to activation of dendritic cells and the induction of an adaptive immune response. In order for
the adaptive immune system to react against a tumor, the latter must express antigens that are either
specific or at least over expressed in the tumor and are termed tumor-associated antigens (TAAs). The
presentation of TAA derived peptides can promote the generation of TAA-specific tumor-reactive
effector CD4" and CD8" T cells (21).

Activated TAA-specific T cells play a major role in the control of tumor growth either by
differentiating into cytotoxic CD8" T lymphocytes (CTL), which can recognize and directly kill tumor
cells presenting peptides of the corresponding TAA via MHC (Major histocompatibility complex)
class I molecules, or by becoming cytokine (i.e., IFN-y, IL-2) secreting CD4" helper T cells which can
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stimulate the activity of CTLs, macrophages, induce an antibody response etc. [29,30], or themselves
can contribute to the eradication of the malignancy [31,32].

The important role which T and NK cells play in immunosurveillance prompted the realization of
the potential of these cells in immunotherapy. In recent decades various therapeutic approaches have
been developed to utilize T and NK cells’ ability to control tumor growth, such as vaccination and
adoptive transfer of autologous ex vivo expanded or genetically modified T and NK cells [33—-42].
Unfortunately, the therapeutic effects were limited. The low response rates might be explained by the
various mechanisms utilized by the aberrant cells to evade immune recognition or to inhibit the
immune response, including downregulation of MHC molecules or downmodulation of proteins
involved in the antigen processing and presentation machinery [43], diminished expression or
shedding of ligands for activating NK cell receptors, or the presence of immunosuppressive molecules,
such as TGF-B, IL-10, FasL, PD-L1/B7-H1, or IDO [44—46] in the tumor microenvironment.

A promising way to bypass certain evasion mechanisms and to utilize efficiently the potential of the
effector mechanisms of the immune system in immunotherapy could be to target and destroy tumor
cells with monoclonal antibodies (mabs) or antibody based constructs against TAAs expressed on the
surface of the malignant cells.

2. Monoclonal Antibody Based Therapy

Mabs are considered the ‘magic bullets’ in cancer immunotherapy due to their high specificity and
ability to target the aberrant cell in a very selective manner.

There are a number of mechanisms used by abs to trigger tumor cell death. They can block
ligand-receptor interactions involved in growth and survival pathways. In addition mabs can invoke
innate immune effector mechanisms via their Fc portion either by engaging the soluble factors of the
complement to trigger complement-mediated cytotoxicity (CMC) or by ligating activating Fc receptors
on the surface of NK cells, macrophages and dendritic cells [47], resulting in antibody-dependent
cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) [48-50].

The development of the hybridoma technique in 1975 [51], allowing the relatively easy production
of murine mabs specific for a wide variety of targets, enabled the exploration of their therapeutic
potential. But two decades of advances in immunology and molecular biology were needed to
overcome the major limitations of murine mabs, such as inefficient effector functions, high
immunogenicity, and short half-lives, by using genetic engineering to generate chimeric [52],
humanized [53] or fully human abs [54,55], and to reach their true potential [56,57]. In order to further
improve the antibody treatment efficiency other approaches, such as conjugating mabs with toxins,
cytotoxic drugs or radioisotopes [58,59] have also been utilized.

Until today a series of mabs were developed for cancer therapy [60] targeting various tumor targets
such as CD20 [61,62], CD33 [63], human epidermal growth factor receptor 2 (Her2/neu) [64,65],
CD52 [66], vascular endothelial growth factor (VEGF) [67] and epidermal growth factor receptor
(EGFR) [68,69]. Unfortunately, even though they have shown significant clinical results, especially in
hematological malignancies, none of them were able to treat cancer as single agent [70].

A lot of major limitations are associated with the application of mabs for cancer therapy, which
were highlighted by several clinical and animal studies. One of these limitations is the size of the
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mabs. Although their molecular weight of 150 kDa improves their pharmacokinetic properties, in the
case of solid tumors it decreases the penetration and the retention of the therapeutic antibody in the
malignant tissues [71] thus reducing the efficiency of the treatment.

Other limitations of mabs are based on their mode of action. Abs used for interfering with the
survival and growth of the cancer cells might block redundant pathways, thus having poor effect on the
death of the aberrant cells [70]. The efficiency of abs relying on triggering the innate immune
mechanisms via their Fc region can be hindered by suboptimal interaction of Fc part of the mab with
the Fc receptors of the immune effector cells, due to alternative glycosylation of the Fc fragment [72]
or by the competition with the circulating IgGs [73]. Fc receptor polymorphism can also negatively affect
the clinical outcome of the antibody therapy [74,75], as can the ligation of inhibitory Fc receptor [76]
expressed on B-cells, neutrophils, macrophages and dendritic cells, which negatively regulates effector
functions [57]. Moreover, mabs cannot recruit cytotoxic T cells, due to their lack of Fc receptors, thus
omitting one of the most potent effector mechanisms of the immune system. Using toxins and
radioisotopes conjugated to mabs indeed overcomes some of these limitations and enhances the
efficiency of the therapy, but they also carry a significant drawback associated with high toxicity to the
healthy tissues and hence to the patients [59,77,78].

Already in the 1980s it was hypothesized [79] that bispecific antibody molecules that can recruit
selectively an effector mechanism to a defined cancer target can overcome the major shortcomings of
mabs, while taking advantage of their specificity [70,80].

Such a bispecific antibody (bsAb) can bind simultaneously a tumor antigen on the target cell and an
activating receptor on the effector cell, triggering efficient effector cell activation and resulting in the
eradication of the malignant cell. The activating receptor of choice on the surface of T cells is the CD3
complex, due to its expression on all T cells and its ability to provide strong triggering mechanisms.
Nevertheless, bsAbs targeting other effector cells, such as NK cells, macrophages, and neutrophils
have also been developed, using the respective Fc receptors (FcyRIII, FcyRI, FcaR) as trigger
molecules [81,82]. The targets on the aberrant cells are generally selected among TAAs of
hematological malignancies, such as CD20, CD19, CD33 and CD30, or of different solid tumors,
including carcinoembryonic antigen (CEA), prostate stem cell antigen (PSCA), prostate specific
membrane antigen (PSMA), epithelial cell adhesion molecule (EpCAM), EGFR and Her2/neu [83-92].

Even though the idea of bsAbs and the used target antigens for both effector and tumor cells
remained relatively constant over the years, their format has undergone significant evolution (Figure 1)
driven by the advances in technology and influenced by the requirements for efficient clinical outcome.

3. Evolution of Bispecific Antibodies

The earliest bsAbs were generated either by chemical cross-linking of whole antibodies or parts of
them (e.g., Fab fragments), or by fusion of two hybridomas resulting in hybrid hybridoma (quadroma),
secreting bispecific IgG molecules [93]. The limited efficiency of most of the first generation of
bsAbs [94] was attributed to two major drawbacks of these molecules: The first was connected with
the production approach. It was difficult to generate large, homogeneous batches of a well-defined and
clinically useful product, due to the random combination of two mabs in chemical cross-linking, or the
random association of two different heavy and two different light chains within one cell, in the case of
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quadroma technique, which resulted in a mixture of functional and non-functional molecules. The
second limitation was connected with the reduced efficacy of the murine fragments, resulting from the
induction of human anti-mouse antibody (HAMA) responses against the murine bsAbs. Moreover
some of the molecules triggered Fc-mediated side effects, such as cytokine release syndrome,
thrombocytopenia and leukopenia. Therefore, the maximal applicable dose of bsAbs was limited and
the possibility of multiple administrations was excluded [80].

Figure 1. Evolution of bispecific antibodies. First bispecific antibodies were developed by
chemical cross-linking of monoclonal antibodies (mabs) or of Fab fragments, or by
quadroma technology (upper row). Recombinant antibody engineering allowed for the
generation of small recombinant bispecific antibodies comprising the variable heavy (Vi)
and light (VL) domains of the parental mabs (lower row). scFv: single-chain fragment
variable; bsDb: bispecific diabody; scBsDb: single-chain bispecific diabody; scBsTaFv:
single-chain bispecific tandem variable domain; DNL-(Fab)s: dock-and-lock trivalent Fab;
sdAb: single-domain antibody; bssdAb: bispecific single-domain antibody (only formats
discussed in this manuscript are included, additional formats reviewed in [81]).
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These observations prompted the need to set a number of requirements for clinically useful
bsAbs [95]. BsAbs should possess high affinity and selectivity for the TAA. They should be
non-immunogenic, and should have a defined structure. In addition, bsAbs should bind monovalently
to the effector cells to avoid inappropriate activation in the absence of the target cells. Moreover they
should not contain an Fc-region in order to prevent Fc-mediated side effects, and their size should
allow efficient penetration into tumor tissues, without affecting the pharmacokinetic properties in a
way limiting the therapeutic effects.

In the nineties, advances in antibody engineering provided novel approaches of design and
development of recombinant antibody constructs which can overcome the drawbacks of the bsAbs
produced by chemical cross-linking or the quadroma technique, as well as fulfill the above mentioned
requirements. Since then, a wide variety of different recombinant bsAb formats were developed [96].
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One of them is the bispecific diabody (bsDb) format. BsDbs are produced from two different single
chain fragment variable (scFv) fragments, comprising the heavy variable domain of one and the light
variable domain of the other paternal mab. In these scFvs the polypeptide linker connecting the
variable domains is reduced to about five amino acid residues [97], thus forcing the crossover pairing
of the two scFv polypeptide chains. Even though such bsDbs can be produced with high yield in
bacteria, significant drawbacks of this approach are their reduced stability and the presence of inactive
homodimers along with the functional heterodimers [98]. In part these problems were overcome by
introducing artificial cysteine residues that can be oxidized leading to stable disulfide bridges between
the two scFvs in a diabody. A more promising format was developed by fusing the two antibody
domains resulting in single-chain bsAbs. In general, such single-chain bsAbs consist of two variable
heavy and two variable light chains which can be rearranged in many different ways with respect to
the order of the variable domains and, in addition to the size and sequence of the linker elements in
between the antibody domains. In the single-chain bispecific diabody (scBsDb) format, one of the
binding moieties, in the form of a scFv, is inserted into the linker between the variable heavy- and
light-chain portions of the other scFv [90,99,100]. Alternatively, the two different scFvs can be arranged
in a row, by fusing one to the C-terminus of the other, with the help of a polypeptide linker [101],
forming a single-chain bispecific tandem fragment variable (scBsTaFv). In this case, the two scFvs
present in the scBsTaFv form separate folding entities. Different linkers varying in the length and
complexity can be used to connect the two scFv fragments, as long as they do not interfere with the
proper folding and the functionality of the resulting molecule [102—104]. Another approach for the
generation of bispecific and trivalent molecules was recently developed. The so called dock-and-lock
(DNL) method is based on homo- and heterodimerization of the dimerization and docking domain
(DDD) of human cAMP-dependent protein kinase A and the anchoring domain (AD) from A-kinase
anchor protein (AKAP). When a Fab fragment recognizing the first antigen is fused to the AD and the
Fab fragment specific for the second antigen is attached to DDD (forming homodimers in the cell), the
DDD dimer spontaneously associates with the AD. Upon association the covalent complex which is
stable for more than a week at 37 °C in human serum is created due to the formation of two disulfide
bonds [105].

In the last few years an additional format of recombinant antibodies—single-domain antibodies
(sdAbs)-was established, by eliminating one of the partner domains from a variable fragment (Fv) [106].
These can be generated by selecting individual recombinant variable domains either cloned from
spleen of immunized mice [107], or identified by screening human phage-display libraries.
Furthermore, a source of sdAbs can be the naturally occurring heavy chain Abs (hcAbs), which can be
found in the serum of camelids, lacking the first constant domain of the heavy chain and the complete
light chain [108]. The variable heavy domain of these hcAbs (Vyu) can be subjected to humanization
and thus used for the development of so called nanobodies (Nb) [109]. In addition, single domains can
be selected by exploring various protein scaffolds, which have been established as antibody
mimetics [110,111]. Due to their simple structure sdAbs and antibody mimetics are very easy to
manipulate, engineer and produce. It is even possible to fuse two single domains to generate bispecific
molecules [112]. However, there are also certain drawbacks associated with these molecules. Their
small size (molecular weight often below 20 kDa) can hinder their therapeutic efficiency, since they
are rapidly cleared from the circulation.
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4. Recombinant Bispecific Antibodies for Targeted Tumor Therapy

Various formats of recombinant bispecific antibodies have been introduced and there are a number
of studies, which demonstrated their efficiency in targeting malignancies in preclinical and clinical
settings [87]. There have been several reports showing potent anti-tumor response of bsDbs and
scBsDbs, such as CD19xCD3 and CD19xCD16 bsDbs, displaying synergistic effect in the eradication
of aberrant cells in non-Hodgkin’s lymphoma [113], or EGFRxCD3 Db, which efficiently eliminated
tumors in xenografted mice retargeting lymphokine activated killer cells [114], or PSMAxCD3 bsDb,
used for the treatment of xenografted mice bearing prostate cancer cells [115], as well as scBsDb
CD3xPSCA also targeting prostate cancer [90] and many others [81]. So far, no bispecific ab in a
bsDb or scBsDb format has been put forward into clinical trials [70], even though they have shown
great potential as therapeutic compounds.

The other major format of recombinant single-chain bispecific constructs has also been extensively
studied, namely the single-chain tandem antibodies. There have been several reports describing
different tandem abs, for example CD3xCD33 scBsTaFv targeting efficiently blasts derived from
AML patients [92], or the tandems PSMAxCD3 and CD3-PSCA, which potently redirect T cells to
prostate cancer cells [90,91]. Another interesting example for a bispecific tandem antibody is rM28
which recognizes the co-stimulatory receptor CD28 as an effector molecule and melanoma-associated
proteoglycan NG2 as a tumor-associated target. This molecule spontaneously forms stable dimers and
induces target cell restricted T cell activation independent of the TCR/CD3 complex, triggering
effective cancer cell lysis by so called “targeted super-agonistic stimulation” [116]. Recently, this
effective mode of action was also utilized in a scBsTaFv targeting lymphoma cells by exchanging the
anti-NG2 moiety with an anti-CD20 scFv, showing the reproducibility of this approach [117]. Phase
I/IT clinical studies investigating the safety and efficiency of rM28 have been initiated in 2005,
however some concerns were raised, due to the systemic T-cell activation and severe cytokine release
syndrome induced when six healthy volunteers were injected with monospecific “super-agonistic”
CD28 antibody [118]. Nevertheless, it was shown that the “supra-agonistic” CD28 stimulation by
rM28 is strictly target-cell restricted over a wide concentration range [119].

Tandem scFvs consisting of an anti-CD3 and an anti-TAA domain are also termed bispecific T cell
engagers (BiTEs). Usually, BiTEs are generated by fusing an anti-CD3 scFv to an anti-TAA scFv via a
short five amino acid long linker elements. With the exception of the recently described CD3xCD33
and CD3-PSCA [89,90,92] scBsTaFvs BiTEs are commonly constructed starting from anti-CD3 mabs
with strong T cell activation capabilities such as the anti-CD3 mab OKT3. The first description of such
a tandem antibody targeting EpCAM as a TAA was published in 1995. Redirection of unstimulated
human PBMC toward TAA positive tumor cells resulted in high cytotoxicity even at very low
concentrations of the bsAb [120].When later the anti-EpCAM scFv was exchanged by an anti-CD19
scFv a novel BiTE with also outstanding properties was generated [121]. Since then, Baeuerle and
coworkers have demonstrated the fascinating properties of bispecific abs in this format [122,123].
Currently, two BiTEs are undergoing clinical studies—CD3xCD19 (blinatumomab or MT103) and
EpCAMxCD3 (MT110). Blinatumomab is the most advanced BiTE in clinical trials and has been
studied as a treatment for lymphoma and leukemia. The Phase I studies demonstrated that even low
doses (5 pg/m?) led to elimination of the aberrant cells in the blood of relapsed NHL patients and all
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patients treated with 60 pg/m” of the MT103 experienced tumor regression [124]. Because of its small
size blinatumomab has a short serum half-life and in order to achieve the required concentration
continuous infusion was required. To demonstrate a significant effect in patients cumulative doses of
several milligrams were needed, whereas conventional antibody treatment requires grams of the
compound per treatment cycle.

Currently, MT103 is also being tested in Phase II trials in patients with B-precursor lymphoblastic
leukemia (B-ALL) with minimal residual disease (MRD). In 80% of the 20 patients treated T cells
activated by blinatumomab were able to locate and eradicate the rare disseminated tumor cells in the
bone marrow, rendering the patients MRD negative. 78% of the patients were relapse free after a
follow up of 405 days. MT103 was also able to engage T cells to eradicate chemotherapy-resistant
tumor cells, which can otherwise cause clinical relapse. In the Phase II trial adverse events, such as
lymphopenia, were also observed, but they were completely reversible [125].

There are several new BiTEs in the process of development, utilizing either humanized or fully
human scFvs, which are cross-reactive with orthologous antigens in non-human primates, allowing the
direct determination of the safety and the pharmacokinetics of the respective BiTE (e.g., CD33,
melanoma associated chondroitin sulfate proteoglycan), or by reformatting approved therapeutic
antibodies as BiTE molecules (e.g., panitumumab, cetuximab, etc.) [70].

Taken together, until now, a series of recombinant single-chain bispecific abs have been created
either in the diabody or various tandem formats. Both formats seem to have advantages and
disadvantages. E.g., scBsDbs appear to be more protease-resistant although experimental evidence has
so far not been provided. On the other hand the antibody domains in scBsDbs might be less flexible
than in scBsTaFvs. Controversial data had been published in the literature with respect to the efficacy
of scBsDbs versus scBsTaFvs. In a first side by side comparison it was shown that scBsTaFvs are far
more superior to scBsDbs [126]. However, the antibody components in this manuscript were not
completely identical and, thus, a clear-cut conclusion remained open. In a more recent study, we
presented scBsDbs and scBsTaFvs both targeting PSCA which were prepared from the same antibody
domains [90]. The direct comparison of these bispecific abs in both formats did not show obvious
differences. However, the bispecific ab in the tandem format could be further improved by modifying
the linker elements and the order of the heavy and light chains and also easily be humanized [89]. The
same was true for a CD3xCD33 scBsTaFv [89]. In contrast, until now we failed to improve their
respective bispecific counterparts in the scBsDb format [127]. The more rigid structure of a scBsDb
may be responsible for these problems and may limit the chance of improving bispecific abs in this
format. However, our experience does not necessarily mean that this must be true for all bispecific abs
in the scBsDb format.

Another unexpected effect which we observed during optimization of bispecific abs is shown in
Figure 2. When we altered the order of the heavy and light chain of the first scFv in an antibody in the
tandem format this had not only an effect on the binding affinity of the first domain to its target
antigen: Unexpectedly, it also effected the binding affinity of the second antibody domain although
this domain was not modified at all (Figure 2A,B, and black graph versus red graph). The same was
true when the linker size in one of the scFv domains was altered which also effected the binding
capability of the second unmodified scFv domain (Figure 2A,C, and black graph versus blue graph).
Also rearranging the two scFv domains in a different order had dramatic effects on the binding
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capability (Figure 2C,D, and blue graph versus purple graph). It is of interest to mention that the
scBsDb (Figure 2E, green graph) showed a balanced binding towards both epitopes. In spite of this,
the killing capability was impaired [127]. In summary, these data indicate the difficulties of improving
the functionality of a bispecifc ab molecule. At least currently there are no common rules helping to
predict the best structure of a novel bispecific ab, thus every novel ab requires an individual
optimization. Unfortunately, this optimization process is time consuming and thus expensive. One has
also to keep these in mind when replacing one of the domains, e.g., the anti-human CD3 domain with
an anti-mouse CD3 domain, e.g., if a safety study in an immunocompetent mouse or monkey model is
considered. Such a construct may be helpful for collecting mechanistic data. However, it might have
completely unpredictable properties with respect to the capability to mediate the killing of tumor cells
via redirected human T cells and even more important to side effects such as the risk of cytokine

storms in humans.

Figure 2. Effect of the heavy (Vy) and light (VL) chain domains as well as the linker
lengths on the binding capabilities of single-chain bispecific abs; G4S: block of four
glycine and one serine residues as a peptide linker; Igk: leader sequence.
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5. Mechanism of Action of the Bispecific Antibodies

Several publications in the last few years have offered an insight in the mechanism utilized by
bsAbs to mediate recognition and eradication of the malignant cells by T cells (Figure 3). It has been
shown for BiTEs and other bispecific molecules that they function as adaptor molecules between the T
and the tumor cells that bring them closer together and trigger activation of the signaling cascade of
the T cell receptor (TCR) complex facilitated by the binding of the bispecific abs to the CD3
component of the receptor (Figure 3A). Since the activation is based on CD3 and not on the highly
variable TCR, bispecific abs can redirect all antigen experienced CD4" and CD8" T cells [91,127-130]
in the patient against the aberrant cells independent of their specificity. The activation of the T cells
results only from the polyvalent ligation of CD3 [70,90] that induces the formation of a transient
cytolytic synapse between the cytotoxic T cells and the target cells (Figures 3B and 4) [104,131]. As a
consequence granzyme and perforine containing granules fuse with the T cell membrane, and release
their contents towards the target cell. The perforine forms pores in the cancer cell membrane,
facilitating the entry of the granzymes, that in turn triggers apoptosis of the tumor cell by activating the
caspase pathway (Figure 3B) [123,130-132]. Besides mediating cancer cell death bispecific abs
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contribute to the potent activation of the killer T cell. Activation markers like CD69 and CD25 are
markedly upregulated. In addition, T cells transiently release proinflammatory cytokines (i.e., IFN-y,
TNF-a, [L-2, efc.) and start to proliferate, which can increase their number in the target tissue [70,130 ,133]
(see also Figure 5). As already mentioned, the formed synapses are transient and after eradicating the
target cells activated T cells can move on to the next target cell and continue killing in a “serial
killing” manner. This was suggested by the efficiency of the target cell elimination even at low
effector to target cell ratios and was visualized by video-assisted microscopy [134]. Since the
formation of the bispecific ab mediated cytolytic synapse is independent of the expression of MHC
class I molecules [131], their utilization as therapeutic compounds is not influenced by the antigen
presentation machinery and therefore can overcome some of the major immune evasion mechanisms,
which normally interfere with immunotherapeutic efficacy in case of other cancer immunotherapy
approaches based on specific T cell responses [123].

Figure 3. Mode of action of bispecific antibodies. (A) The bispecific antibody functions as
an adaptor molecule between the T cell and the tumor cell, cross-linking the two cells and
triggering CD3-mediated T cell activation, leading to lysis of the tumor cell; (B) The
killing of the tumor cell is a result of the formation of cytolytic synapse, whereafter
activated T cells release granules containing toxic payload of perforine and granzyme,
which trigger apoptosis in the tumor cell. TCR: T cell receptor complex; TAA:
tumor-associated antigen; bsAb: bispecific antibody.
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Another highlight of bispecific abs, which is mainly contributed to the BiTEs but is also observed
for other bispecific molecules, is that they can activate T cells without the need of a co-stimulatory
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signal. There are currently two theories that try to give an explanation for this phenomenon. One is
associated with the possibility of co-signaling, which can occur upon cross-linking of the target and
effector cell via the bispecific ab, that is mediated by the interaction between CD28 and B7, known to
be expressed on some malignant cells. However, some bispecific abs targeting a variety of tumor cells
that do not express B7 molecules show similar efficacy [70]. The other theory is based on the
observation that the activity of bsAbs is mediated by effector memory T cells, which do not require
CD28 co-stimulation during secondary responses, whereas naive T cells do not contribute to the killing
of the target cells [70,121], thus explaining the lack of necessity for further co-stimulation. A possible
explanation for these findings comes from the observation, that CD28 triggering results in a rather
quantitative amplification of TCR initiated signaling pathways instead of stimulating additional unique
signaling pathways, thus, if the signaling threshold for activation in different T cell populations varies
(e.g., memory versus naive), potent triggering of the TCR-CD3 pathway via bsAbs might be sufficient
to initiate activation without any additional costimulatory signals in certain T cell populations. This
arguments are in line with observations, that under certain circumstances even memory T cells need
costimulatory assistances for full blown activation [135].

It was also recently shown that bispecific abs targeting CD3 as an effector molecule can activate not
only effector CD8" and CD4" T cells, but redirect regulatory T cells (Tregs) as well [133,136]. As
shown in Figure 4, T,.g are not only cross-linked by bispecific abs with target cells. The cross-linkage
also results in an immune synapse-like interaction as in case of classical effector T cells. Activation of
Tregs could have a detrimental effect on the efficiency of the tumor cell targeting in tumors where Tiegs
have accumulated. However, in clinical trials so far bispecific abs did not show a reduced efficacy in
cancer treatment. One possible explanation may be that CD8" T cells are capable to start killing
immediately after cross-linkage with a tumor cell via a bsAb while there is a gap of about five hours
for conventional CD4" T cells until they have achieved their killing capability. This gap is most likely
due to the fact that only CD8" T cells have preformed perforine and granzyme molecules. A delayed
onset of response may also be true for CD4" regulatory T cells. According to a recent abstract, Tregs
may even be converted into killer cells by the cross-linkage with a bispecific ab in BiTE format [134].
It should, however, be mentioned that isolated Ty are usually contaminated with effector T cells.
Moreover, freshly isolated T have different properties compared to expanded Tiee, One obvious
example is shown in Figure 5: While freshly isolated T, secrete 1L-10, expanded Tieg fail to do so.
Consequently, future studies using more carefully characterized T, preparations are required to show
whether or not co-ligated T,.e can indeed efficiently work as killer cells. At least when Tes were co-
injected with effector T cells in an animal model the tumor growth was clearly accelerated by Tre,s in
the presence of a bispecific co-ligating ab and not improved [133]. Moreover, Trg transduced with a
chimeric antigen receptor were also capable to restore tumor growth [137]. Thus, according to these
studies it appears rather unlikely that T..,s have a major contribution in killing of tumor cells after
cross-linkage via bispecific abs. If so, it may become necessary to develop strategies to circumvent the
potential activation of T, when malignant diseases are targeted with CD3-engaging bispecific abs.
However, in view of the importance of T in establishing and maintaining peripheral tolerance, an
antigen specific retargeting of Tre using bispecific abs may provide a promising therapeutic
opportunity for the treatment of autoimmunity and graft rejection [133].
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Figure 4. Formation of immune synapse (S)-like structures by cross-linked Treg with
tumor (Tu) cells. (A) GFP labeled bispecific antibody. (B) overlay of DAPI staining (C)
with GFP signal (A). (D) overlay of (B) with the corresponding phase contrast image.

Figure 5. Comparison of IL-10 release from freshly isolated and expanded T, after

cross-linkage with tumor cells via bispecific abs.
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6. Immunoligands

As already mentioned, besides T cells, NK cells are another class of immune effector cells which
have great potential in immunotherapy. In addition to the Fc receptors on their surface, which can
trigger ADCC, NK cells possess a number of activating receptors that can be involved in the detection
of malignant cells [138,139]. One of these receptors, the activating receptor NKG2D (natural-killer
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group 2, member D) plays an important role in the NK immune response to tumors. The interest
towards NKG2D is raised by the fact that its ligands (MIC A/B, and ULBPs) are frequently expressed
by aberrant cells and in malignant tissues, but are rarely detected on the surface of their healthy
counterparts. Therefore, NKG2D can mediate efficient anti-tumor response without damaging the
normal tissues. However, some malignant cells use downregulation or shedding of these molecules as
an evasion mechanism [140,141]. Based on the observation that tumor cells expressing high levels of
NKG2D ligands were more susceptible to NK cell mediated killing, whereas tumor cells expressing
low or intermediate levels of NKG2D ligands were less immunogenic [142], a promising strategy to
activate efficiently anti-tumor immune responses and to overcome some of the escape mechanisms
would be to increase the density of NKG2D ligands on tumor cells. One possible strategy would be to
“decorate” the surface of the malignant cells with these ligands. This can be achieved by creating a
recombinant protein, which comprises a single-chain antibody or an antibody fragment (Fab) against a
TAA fused to such a ligand molecule. In this way tumor cells expressing a certain TAA can be
specifically targeted and thereby be sensitized to NK cell mediated eradication. There have been
several reports for aforesaid bispecific immunoligands, such as Fab fragment recognizing CD20
(targeting NHL) fused to MICA [143], or anti-CD33 scFv (targeting AML) or anti-CD138 (targeting
multiple myeloma) fused to ULBP-2 [92,144], showing that indeed, antibody-mediated coating of
tumor cells with NKG2D ligands triggers efficient NKG2D-dependent NK cell lysis of the target cells,
therefore implying that cell activation via NKG2D has a potential in mediating an immune response to
a broad number of tumors [145].

Furthermore, NKG2D is expressed on the surface of CD8" T cells as well, and provides an
important co-stimulatory signal to these cells [146]. Therefore, the combination of such an
immunoligand with a T cell engaging bispecific ab in view of redirecting both T and NK cells against
target cells expressing a TAA may have synergistic effects, resulting in an improved cytotoxicity and
increase of secretion of proinflammatory cytokines, which could be important for breaking tolerance of
the effector cells established in the malignant milieu [92]. In addition, co-signaling via NKG2D in T
cells leads to upregulation of the additional co-stimulatory molecule 4-1BB [147], which has the
ability to reverse inhibition of CD8" T-cell responses mediated by TGF-B1—a factor responsible for
tumor immune escape [148,149]. Therefore, the combination of bispecific abs with immunoligands
might have the potential not only to improve the cytotoxicity of NK and T cells, but also to help the
modulation of the immune response in a way to overcome some of the evasion mechanisms utilized by
tumors to escape recognition and killing.

Another class of antibody derivatives also holds great potential to act as immunomodulators, the so
called immunocytokines. Many proinflammatory cytokines such as IL-2, IL-12, IL-15 and GM-CSF
have demonstrated potent anti-tumor activity and have the ability to enhance the immunogenicity of
certain tumor types [150,151]. Unfortunately, preclinical and clinical studies have shown limited
success due to a number of drawbacks, such as rapid blood clearance of cytokines and their lack of
tumor specificity, and the need of high dose administration to ensure sufficient concentration of the
cytokine in the tumor microenvironment to trigger an efficient immune response. Furthermore, the
systemic administration of high doses of these cytokines have been associated with severe toxic effects
such as tachycardia, hypotension, respiratory failure, vascular permeability, anemia, fevers and
chills [152—154], and in some cases fatal consequences [155]. Therefore, the antibody-based targeted
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delivery of cytokines to the tumor environment is a promising strategy to enhance the therapeutic
efficiency and improve the safety of these potent anti-cancer agents [156,157].

There have been several examples of fusing mabs or scFvs specific for different TAAs i.e. CD20,
CD30, glycosphingolipid GD2, Her2, EpCAM, extra-domain B of fibronectin (EDB), etc., to a number
of cytokines (IL-2, IL-12, IL-15, GM-CSF), which have yielded impressive results in preclinical
studies, and several of these constructs are currently under investigation in the clinic (reviewed
extensively in [158]).

7. Improving the Efficacy and Pharmacokinetics

One of the major limitations for the efficacy of murine mabs and their derivatives appears to be
their immunogenicity and the induction of HAMA responses although this was recently challenged:
While the treatment with catumaxomab resulted in the development of HAMAs patients who
developed HAMAS sooner derived greater benefit from the treatment [159]. On the other hand there is
certainly no doubt, that the occurrence of HAMASs increases the risk of anaphylactic reactions as
already known from the earliest passive vaccination attempts based on antisera developed in animals.
It was reported that the replacement of the constant (C) regions of the heavy and the light chains by
human C regions can already help to overcome this problem or at least to reduce the immunogenicity
of murine abs. However, in some cases this exchange is not sufficient, since the variable regions can
also be immunogenic [160—162]. Therefore, this limitation might be valid for the recombinant single-
chain abs as well and strategies to overcome it have to be considered. One way to reduce the
immunogenicity of a bispecific ab would be the humanization of the variable domains comprising it.
This can be done by grafting the complementarity determining regions (CDRs) of the murine variable
domain into the best fitting human framework regions [163,164]. Other options are the selection of the
variable domains from a human phage display library [165,166] or to isolate them from mabs raised in
transgenic mice in which the murine immunoglobulin genes have been disrupted and replaced with
human immunoglobulin gene clusters [55,167].

Another potential limitation of the recombinant bispecific abs is their short half-life, resulting from
their small size (~50—60 kDa). Unlike mabs, which have a half-life of several days, bispecific abs are
retained in the circulation only for a few hours. As seen during the clinical trials with BiTE
blinatumomab, it has a half-life of two hours and in order to ensure sufficient concentration for
efficient response an application form of continuous intravenous infusion over four to eight weeks per
cycle was necessary [122]. Therefore, there is a need to increase the half-life of these molecules and thus
to facilitate application and improve efficacy. Several strategies to this end have been proposed [168].
It has been shown that the fusion of single-chain bispecific abs to human serum albumin (HSA) or to
an albumin-binding domain derived from streptococcal protein G, resulted in a significantly increased
half-life [169,170]. This strategy is based on the observation that albumin has a similar half-life as
IgGs and takes advantage of recycling process mediated via neonatal Fc receptor (FcRn) in the
endosomal compartment of endothelial cells after endocytosis. During this process a pH-dependent
binding of IgGs and albumin to FcRn diverts the bound proteins from lysosomal degradation and
results in their recycling back into the blood plasma [81].
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In addition to the prolonged time in the circulation, HSA-ab fusion proteins have demonstrated
increased accumulation in the malignant tissue of tumor bearing mice [171]. Recently, human domain
abs and Nbs binding to HSA have been identified, and their fusion to other therapeutic proteins
resulted in improved retention in the circulation [172,173], therefore giving rise to a new strategy for
extension of the half-life. An alternative strategy, which takes advantage of the same mechanism, is
fusion of the therapeutic protein to Fc region, which in addition leads to homodimerization. This
approach might be of interest in the cases where increased avidity is required to improve the
functionality of the therapeutic compound [174], whereas HSA fusion is more suitable in the cases
where a monovalent binding is required to avoid target cell independent activation of the effector cells.

Another option to prolong the half-life of single-chain bispecific abs would be to increase their
hydrodynamic radius, which can be done by chemical conjugation to polyethylene glycol (PEG)
chain [81]. Results to this effect have been shown for a number of recombinant antibody
constructs [175]. However, the addition of PEG to recombinant abs can interfere with their antigen
binding activity [176]. Furthermore, conjugation of PEG to single-chain bispecifc ab can significantly
reduce the ability of the construct to trigger target cell dependent T cell cytotoxicity, even though its
binding capability to the target and effector cell was not affected [171,175].

8. Experimental Section

Expression and isolation of bispecific antibodies was performed as described in [80]. Epifluorescence
analysis using directly labeled bispecific antibodies was performed as described in [104]. Killing
assays and cytokine measurements were performed as described, e.g., in [133].

9. Conclusions

BsAbs have undergone a significant evolution since the 1980s, when the idea was formulated for
the first time. Advances in immunology, molecular biology and antibody engineering, as well as
deeper understanding of the molecular mechanisms governing effector cell activation were necessary
to overcome the obstacles and limitations faced by the first bsAbs. In the past few years, bsAbs have
shown great potential in immunotherapy. Several molecules have demonstrated promising anti-tumor
potential including in first clinical trials [123] and even one bsAb (catumaxomab) has been approved
for cancer therapy [177]. Whether these bispecific abs will establish themselves as single agents or as
adjuvants for conventional tumor treatment (e.g., chemotherapy) remains to be seen.

Most of the developed recombinant bsAbs targeting leukemias have shown very efficient
anti-cancer effect, and even though bispecific compounds targeting TAA expressed on solid tumors
have also been very efficient in preclinical studies, further investigations are needed to determine if
they will have the same clinical success. Furthermore, there are still a few challenges with respect to
pharmacokinetics and efficiency which need to be overcome. However, with all the work and
improvements already achieved in this field one can expect that soon there will be more bsAbs entering

into clinical practice.
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