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1 Summary
Therapeutic anti-cancer agents, such as immuno-regulatory cytokines or cytotoxic
drugs, often display undesired systemic toxicity, which limits dose-escalation to
therapeutically active regimen. The use of tumor-specific monoclonal antibodies for
the targeted delivery of therapeutic payloads promises to facilitate the development
of safer and more efficacious biopharmaceuticals. Certain cancer-specific proteins
within the subendothelial aspect of tumor blood vessels are expressed by a broad
range of solid tumors, while being undetectable in most healthy adult tissues.
Alternative splice isoforms of fibronectin, such as those containing the extra-domain
A (EDA), have become validated targets for antibody-based vascular tumor
targeting. For the studies described in this thesis, multivalent antibody fragments of
the fully human antibody F8, with specificity for EDA, have been used as
pharmacodelivery vehicles. Over the past two decades, a multitude of different
cytokines and other immuno-modulatory molecules have been investigated as
therapeutic antibody payloads. This systematic analysis revealed that not all proteins
are

equally

suited

for

antibody-based

pharmacodelivery.

Several

different

mechanism are known, which can abrogate the tumor-homing ability of cancerdirected ligands such as the EDA-specific F8 antibody. The extravasation of
antibody-cytokine fusion proteins (immunocytokines) can, for example, be hindered
by peripheral receptor trapping if cognate cytokine receptors are abundantly
expressed by circulating immune cells. The costimulatory molecule CD40 ligand,
which was investigated within these studies, provides a classic example of how
receptor trapping can affect the biodistribution profile of antibody fusion proteins.
Protein extravasation and tumor targeting can also be abrogated by certain
distinctive biophysical properties of protein payloads such as a high charge density,
molecular size or glycosylation. Most extracellular proteins are glycoproteins and Nlinked glycosylation represents the most common form natural protein modification.
At the time of this thesis, it was not clear how N-linked glycan structures can interfere
with neovascular targeting. The preclinical investigation of interleukin-9 (IL9) as a
new therapeutic antibody payload has allowed the identification of distinct molecular
features of N-linked glycan structures, which can limit tumor targeting. By combining
quantitative biodistribution studies with detailed glycan analysis, a clear correlation
between the terminal glycan structure composition and the tumor-homing ability of
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corresponding F8-IL9 fusion proteins could be established. Additionally, we could
assess the therapeutic potential of mouse IL9 as a cytokine payload.
Clinical and preclinical investigations of immunocytokines have revealed, that
antibody-based pharmacodelivery can indeed substantially improve the therapeutic
index of the respective cytokine. However, infusion-related toxicity still represents the
major limitation of current immunocytokine therapies. Strategies with the aim to
reduce systemic side effects while still providing sufficient therapeutic activity at the
site of disease have therefore become an active field of research. Within this thesis,
we investigated a novel pharmaceutical strategy with the aim to achieve “activity-ondemand”, by the step-wise targeted reassembly of interleukin-12-derived splitimmunocytokines. The heterodimeric cytokine interleukin-12 (IL12) lends itself for
this purpose, since it consist of two protein subunits known as p35 and p40.
Naturally, p35 and p40 are covalently linked by an intermolecular disulfide bond,
which is, however, not essential for the biological activity of IL12 based on previous
reports. We therefore produced the individual p35 and p40 mutant subunits in the
context of F8-based antibody fusion proteins. The resulting split-immunocytokines
could be successfully reassembled upon antigen binding in vitro and exhibited good
tumor selectivity in quantitative biodistribution studies. Subsequent bioactivity assays
unexpectedly revealed single agent activity of the p35 fusion protein in absence of
p40. While this finding limited the in vivo translation of our reassembly strategy, the
successful in vitro reconstitution of IL12 mutant subunits provides a proof-of-concept
for the design of other pharmaceutical split-immunocytokines. Moreover, mutated
p35 alone may represent a new cytokine payload, whose therapeutic potential
remains to be elucidated in future therapy experiments.
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2 Zusammenfassung
Therapeutisch aktive Krebsmedikamente wie zum Beispiel, immun-regulierende
Zytokine oder Zytostatika führen oft zu ungewollten systemischen Nebenwirkungen
die eine Erhöhung der Dosis in einen Bereich, der für die optimale Wirksamkeit des
Medikaments

nötig

wäre,

verhindern.

Die

Verwendung

von

monoklonalen

Antikörpern für den zielgerichteten Transport von therapeutisch aktiven Wirkstoffen
verspricht eine vereinfachte Entwicklung von wirksameren und besser verträglichen
Medikamenten. Gewisse krebsspezifische Proteine, die sich auf der subendothelialen Seite von Tumorblutgefässen befinden, werden von einem breiten
Spektrum von Tumoren exprimiert, während diese in den meisten gesunden
Organen von Erwachsenen nicht detektierbar sind. Alternative Spleissvarianten von
Fibronektin, die zum Beispiel die Extradomäne A (EDA) beinhalten, sind zu
validierten

Zielproteinen

für

den

antikörperbasierten

Zieltransport

zu

Tumorblutgefässen geworden. Für die Studien, die in dieser Doktorarbeit
beschrieben sind, wurden multivalente Fragmente des humanen EDA-spezifischen
F8 Antikörpers verwendet. Während der letzten zwei Jahrzehnte wurde eine Vielzahl
von verschiedenen Zytokinen und anderen immun-regulierenden Molekülen als
Cargo von zielgerichteten Antikörpern untersucht. Diese systematische Analyse hat
gezeigt, dass nicht alle Proteine gleich gut für antikörperbasierte Krebstherapien
geeignet sind. Verschiedene Mechanismen, die die Anreicherung von Antikörpern
wie dem EDA-spezifischen F8, innerhalb eines Tumors verhindern können, sind
heutzutage

bekannt.

Manche

Antikörper-Zytokin-Fusionsproteine

(auch

Immunzytokine genannt) können zum Beispiel von Rezeptoren die sich auf der
Oberfläche von Immunzellen befinden aufgefangen werden, was die Extravasation
von solchen Molekülen erschwert. Unsere Studie hat gezeigt, dass das
kostimulierende

Protein

CD40

Ligand

(CD40L)

von

Immunzellrezeptoren

aufgefangen wird, was durch das Biodistributionsprofil des entsprechenden
Fusionsproteins zum Ausdruck kommt. Die Extravasation und die Anreicherung beim
Tumor

können

auch

durch

bestimmte

biophysikalische

Eigenschaften

des

Cargoproteins verhindert werden. Zum Beispiel können die Ladungsdichte, die
Molekülgrösse oder Glykosylierung mit dem antikörperbasierten Zieltransport
interferieren. Die meisten extrazellulären Proteine sind Glykoproteine, wobei die NGlykosylierung die häufigste natürliche Proteinmodifikation ist. Zu Beginn dieser
Doktorarbeit war nicht klar, inwiefern Glykane die Anreicherung innerhalb neu
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gebildeter Blutgefässe verhindern können. Durch eine Kombination von quantitativen
Biodistributionsstudien und detaillierten Glykananalysen des Zytokins Interleukin-9
(IL9),

konnte

der

Zusammenhang

zwischen

der

Zusammensetzung

von

endständigen Glykanstrukturen und der Anreicherung innerhalb von Tumoren
aufgezeigt werden. Zusätzlich konnte das therapeutische Potenzial von IL9basierten Fusionsproteinen ermittelt werden.
Präklinische

Studien

antikörperbasierte

von

Immunozytokinen

Zieltransport

in

der

Tat

haben
zu

gezeigt,

einer

dass

der

Verbesserung

des

therapeutischen Indexes des Zytokins führen kann. Trotzdem wird die Therapie mit
Immunozytokinen immer noch erheblich durch injektionsbedingte Nebenwirkungen
limitiert. Strategien, die auf eine Reduktion von systemischen Nebenwirkungen
abzielen, sind daher zu einem aktiven Forschungsgebiet geworden. Im Rahmen
dieser Doktorarbeit wurde eine neue pharmazeutische Strategie, mit dem Ziel
therapeutische Aktivität nach Bedarf zu erreichen, entwickelt. Die therapeutische
Wirkung soll durch den schrittweisen zielgerichteten Wiederaufbau des Zytokins
Interleukin-12 aus zwei Split-Zytokinen auf den Krankheitsort beschränkt werden.
Interleukin-12 (IL12) ist ein kovalentes Heterodimer bestehend aus den zwei
Untereinheiten p35 und p40 und bietet sich daher für diese Strategie an.
Natürlicherweise
Disulfidbrücke

werden

aneinander

die

zwei

gekoppelt.

Untereinheiten
Gemäss

durch

früheren

eine

Studien

kovalente
ist

diese

Disulfidbrücke jedoch nicht essenziell für die biologische Aktivität von IL12. Aufgrund
dieser Informationen entwickelten wir F8-basierte Fusionproteine, die nur eine der
beiden IL12 Untereinheiten beinhalteten. Die beiden Untereinheiten wurden so
mutiert, dass keine Disulfidbrücke zwischen p35 und p40 gebildet werden kann. Wir
konnten zeigen, dass die resultierenden Split-Zytokin-Fusionsproteine zu intaktem
IL12 zusammengesetzt werden können. Nachfolgende Untersuchungen der
biologischen Aktivität zeigten jedoch, dass das Fusionsprotein der p35 Untereinheit
auch alleine aktiv ist. Obwohl diese unerwartete Entdeckung die Übertragung
unserer Strategie in einen lebenden Organismus verhindert, konnten wir zeigen,
dass unsere Methode im Prinzip funktioniert. Diese neue Strategie könnte daher für
die Entwicklung von anderen Split-Zytokin-Therapien nützlich sein. Im Weiteren,
stellt die mutierte p35 Untereinheit möglicherweise einen neuen therapeutischen
Wirkstoff dar, dessen Potenzial in zukünftigen Therapie-Experimenten ermittelt
werden könnte.
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3 Introduction
3.1 Cancer
3.1.1 Definition and Background
Cancer is a disease characterized by abnormal and uncontrolled cell proliferation.
The underlying cause of all types of cancer is a progressive accumulation of
mutations within a cell. A single mutation rarely leads to a loss of growth control and
even multiple mutations within genes, which are not involved in the regulation of cell
proliferation and differentiation, may never result in cancer. However, if a critical
number of mutations within specific cancer-promoting genes (oncogenes) and/or
tumor-suppressor genes is acquired, a normal cell can transform into a so-called
malignant or neoplastic cancer cell. This process requires time, which is why cancer
predominantly occurs in elderly people, although certain forms of leukemia and
tumors within the central nervous system can also occur during childhood. Unlike
most forms of cancer in adults, pediatric cancers may be more influenced by genetic
predisposition (1). By contrast, the majority of pathogenic mutations found in adult
patients are thought to arise either spontaneously or are caused by environmental
factors such as carcinogenic substances or ultraviolet radiation. Cancer is therefore
a multifactorial disease that can occur in almost all organs or tissues. Oncologists
distinguish between hematologic malignancies, which comprise all cancer types
originating from hematopoietic and lymphoid tissues (leukemia, multiple myeloma
and lymphoma) and solid tumors. Notably, some types of lymphoma are considered
hematologic malignancies based on their cellular origin, but can also form solid
tumors within lymphoid organs. Solid tumors are further subdivided based on their
tissue of origin (e.g., sarcomas, which are derived from cells of the connective
tissues and carcinomas, originating from epithelial cells). According to recent cancer
statistics, the most common cancers in adult patients are all carcinomas. While
prostate, lung and colorectal cancer are predominant in men, breast followed by
colorectal and lung cancer are most common in women (2,3).
Irrespective of their clinical classification, all cancers are characterized by distinct
biological capabilities, famously known as “hallmarks of cancer”, which are acquired
during the development of the disease and distinguish cancer cells from normal cells
(4,5). Uncontrolled cell proliferation is one of these hallmarks and requires sustained
proliferative signaling, which is achieved by the independent production of growth
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factors and/or the upregulation of growth factor receptors (4). At the same time,
negative regulatory mechanisms of cell proliferation, normally mediated by the
products of tumor suppressor genes, have to be deactivated. Cancer cells also need
to acquire resistance to apoptotic signaling and the ability of unlimited replication
(4,5). Unlike normal cells, which follow a predefined proliferative program, cancer
cells proliferate infinitely and can be considered immortal within their physiological
context. Contributing to these transformations is an enhanced disposition for
mutagenesis and genetic instability. The genes encoding the DNA repair machinery,
which normally detects and repairs errors within DNA, are often mutated in cancer
(6). Another feature, which is important for therapeutic intervention is related to the
need of growing tumors for a sufficient supply of oxygen and nutrients. This
requirement is met by the stimulation of angiogenesis, i.e., the formation of new
blood vessels. Another characteristic of cancer is metastasis, which describes the
ability of malignantly transformed cells to detach from their surrounding tissue and
spread to often distant sites in the body via blood or lymph. In fact, primary tumors
are rarely the cause of death unless they cannot be removed by surgery and reside
within vital organs such as pancreas or lung (7). By contrast, metastases can occur
in all organs (most commonly in lymphoid organs, bones, liver, lungs and the brain)
where their uncontrolled growth can interfere with the physiological processes
necessary to sustain life (8). Cancer immune evasion, i.e., the ability to avoid
destruction by the immune cells, represents one of the more recently added
hallmarks because the intimate relationship between cancer and the immune system
has long been neglected (9). However, based our growing understanding of the
interplay between immune cells and cancer cells (9) and the recent clinical success
of immunotherapeutic modalities (10), the immune system is now considered to play
a central role in cancer development.

3.1.2 Anti-cancer immunity
Anti-cancer immune responses require the coordinated action of adaptive and innate
immune cells. In a first step, tumor-associated proteins need to be taken up via
phagocytosis by dedicated antigen-presenting cells (APCs), such as a dendritic cells,
which are constantly sampling peptide antigens while patrolling our body (9). Upon
proteolytic processing of these antigens, the resulting peptide are presented via
specific molecules called major histocompatibility complexes (MHCs) on the surface
of APCs. MHC class I and II molecules in complex with peptide antigens are the
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ligands for T cell receptors (TCRs) expressed by CD8+ and CD4+ T cells,
respectively. MHC class I peptide complexes are expressed by all nucleated cells
including cancer cells. By contrast, MHC class II peptide complexes are only
presented on the surface of APCs (11). Most of the tumor-derived peptide antigens
presented this way, are derived from endogenous proteins against which central or
peripheral T cell tolerance has been established. Only some of these peptide
antigens, which are either preferentially or even exclusively expressed by cancer
cells, are immunogenic (12). For example, so-called cancer-testis antigens are
normally only expressed by male germ line cells, but can occur in tumor cell as a
result of disturbed gene regulation (13). Another group of potentially immunogenic
tumor antigens are known as differentiation antigens. These are peptide antigens
derived from proteins characteristic for a certain cell differentiation state (e.g., for
melanocytes), which can be overexpressed by the corresponding cancer type (e.g.,
melanoma) (14). Cancer-testis and differentiation antigens are only immunogenic
given that peripheral T cell tolerance is partially broken. Hence, the most
immunogenic tumor antigens are thought to be neoantigens, i.e., antigens derived
from mutated cancer-specific proteins (12). The number and identity of such
neoantigens may vary from patient to patient and may even be different among
cancer cells within a tumor. Apart from the MHC presentation of immunogenic
peptides, dendritic cells require appropriate activation signals (e.g., CD40 ligand), in
order to mature and migrate into nearby draining lymph nodes where they can
activate T cells (11). The activation of naïve T cells (also known as priming) is
mediated by the engagement of MHC/peptide complexes with the cognate TCR but
also requires secondary costimulatory signals (15). Upon priming, a clonal expansion
of tumor-antigen specific T cells can occur. Mitogenic signals, provided by cytokines
such as interleukin-2, play an important role in this process. Based on our current
understanding, activated cytotoxic CD8 + T cells are considered to be the key T cell
subtype involved in the elimination of cancer cells from our body. Activated CD8+ T
cells can migrate back into tissues, where they can encounter cancer cells
expressing their cognate MHC/peptide antigen via engagement of their T cell
receptor. The interaction of multiple MHC/peptide complexes of a tumor cell with
corresponding TCRs of a cytotoxic T cell initiates the formation of an immunological
synapse triggering the release of cytotoxic granules. The contents of these cytotoxic
granules are pore-forming perforins and apoptosis inducing proteases known as
granzymes. Cellular CD8+ T cell-mediated immune responses are extremely
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powerful and are therefore controlled by negative regulatory mechanisms. Full
activation of cytotoxic T cells not only requires priming by immunogenic MHC/peptide
antigen complex but is further regulated by the action of CD4+ T helper cells, which
provide the necessary secondary signals (known as T cell help) in the form of
cytokines and costimulatory molecules. Type 1 T helper cells (Th1) are considered to
be the major T helper cell subset involved in the CD8+ T cell-mediated cancer
cytotoxicity. However, recent evidence suggests that also other T helper cell subset
may be involved. Regulatory T cells (known as Tregs) play particular role in anticancer immunity, since they feature TCRs specific for endogenous, i.e., nonimmunogenic, MHC/peptide antigens. Together with myeloid-derived suppressor
cells, Tregs are major producers of inhibitory signals such as interleukin-10 or
transforming growth factor ", which create an immuno-suppressive environment
limiting effective anti-cancer immune responses (16).
Humoral immune-responses involving antibody-producing B cells are thought to play
only a subordinate role in anti-cancer immunity. This may explained by the fact that
tumor-associated protein antigens are often not sufficiently immunogenic (17).
Antibody-coated cancer cells can be attacked by natural killer (NK) cells by means of
Fc receptor engagement, triggering a degranulation process similar to the one of
cytotoxic CD8+ T cells. This mechanism is crucial for the therapeutic action of many
recombinant monoclonal antibodies. NK cells can also be activated by other
mechanisms, e.g., by the absence of MHC class I molecules. Downregulation of
molecules involved in MHC/peptide presentation is thought to be another reason for
immune evasion of cancerous cells. NK cells are therefore considered to play an
important role in cancer immuno-surveillance by complementing the action of CD8+ T
cells (18).
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3.2 Cancer therapy
3.2.1 Chemotherapy
Chemotherapy involves the systemic administration of cytotoxic drugs, which
typically interfere with the cellular processes of cell division. Most cells in adults
proliferate in a relatively slow and controlled manner. By contrast, uncontrolled cell
growth is a defining hallmark of cancer cells. However, in some tissues (e.g., in the
bone marrow), stem cells are also constantly proliferating in order to give rise to a
multitude of different myeloid and lymphoid precursor cells, which later develop into
immune cells and erythrocytes. Not surprisingly, bone marrow toxicity, leading to
different forms of leukopenia (i.e., decreased levels of leukocytes in blood),
represents a major dose-limiting toxicity of many chemotherapeutics.
Chemotherapy has been a cornerstone of anti-cancer therapy for more than 60
years and a detailed discussion of all chemotherapeutic compounds is beyond the
scope of this thesis. Nevertheless, some prominent examples are discussed herein,
in order to illustrate the concepts and limitations of small molecule therapeutics.
Methotrexate was the first chemotherapeutic drug shown to be effective against
various cancer types (19). It is a competitive inhibitor of the enzyme dihydrofolate
reductase, which is essential for the biosynthesis of nucleotide precursors and some
amino acids. Upon metabolic processing, methotrexate is known to interfere with the
action of other enzymes involved in purine biosynthesis (20). As a consequence of
its mode of action, methotrexate not only exhibits potent anti-tumor activity but also
causes strong bone marrow toxicity, leading to a significant reduction of circulating
lymphocytes. For this reason, low dose methotrexate has also been investigated for
the treatment of different T cell-mediated autoimmune disorders such as rheumatoid
arthritis. Methotrexate resistance after prolonged treatment is common for most
forms of cancer (21). Furthermore, bone marrow toxicity not the only potentially lifethreatening side effect. As most chemotherapeutic agents, methotrexate is cleared
via the liver and kidney and can thereby cause substantial hepato- and
nephrotoxicity (22,23).
Over time, other compounds with cytostatic or cytotoxic activity were added to the
arsenal of chemotherapeutic drugs. Many of the currently used chemotherapeutics
interfere with DNA replication and cell division. For example, doxorubicin, a DNA
intercalating agent, inhibits the action of topoisomerase II, which is essential for DNA
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replication (24). Doxorubicin has found broad application for the treatment of a
variety of carcinomas and soft tissue sarcoma (25). Similarly, DNA-reactive agents
(such as cisplatin, cyclophosphamide or melphalan) exert their cytotoxicity by crosslinking adjacent DNA strands (26). Another successful chemotherapeutic strategy is
to interfere with microtubule reorganization, which is essential for cell division (27).
Microtubule inhibitors derived from natural products (e.g., vinca alkaloids or
taxanes), have become core components of standard chemotherapeutic regimens.
For example, paclitaxel (also known as Taxol®) and its semi-synthetic analog
docetaxel are used to treat a variety of advanced and metastatic solid tumors such
as ovarian and breast cancer (28,29). The therapeutic mode of action of taxanes and
vinca alkaloids is thought to be similar and involves the inhibition of microtubule
depolymerization, interfering with the dynamics of the spindle apparatus during
mitosis (27). This type of cytotoxic mechanism stands in contrast to DNA damaging
agents which are potentially mutagenic and can even cause a secondary druginduced cancer such as leukemia (30,31). However, also microtubule targeting drugs
have their drawbacks, such as, for example, a higher incidence of neurotoxicity (27).
As for methotrexate, resistance to individual chemotherapeutic agents is a frequently
observed phenomenon for most types of cancer. Therefore, clinically efficacious
chemotherapeutic regimens usually comprise a combination of different cytotoxic
compounds. Although these compounds may complement or even synergize with
each other in terms of anticancer activity, they often display overlapping toxicity
profiles. Immunotherapeutic modalities therefore represent a welcome alternative or
at least complementary treatment option.

3.2.2 Cytokine therapy
Recombinant cytokines (and derivatives thereof) represent the main focus of the
studies conducted during this thesis. Cytokines are a diverse group of soluble
signaling proteins capable of modulating immune cell function, which can either lead
to an enhancement or a suppression of immune responses against cancer. Most
cytokines are pleiotropic, i.e., they can exert multiple functions depending on the
immunological context. Immune cells express distinct cytokine receptor subsets, thus
triggering different intracellular signaling pathways in different cells. Additionally,
multiple cytokines can act in concert, which may further influence the biological
consequences of cytokine signaling. Another important feature of many cytokines is
their exceptionally potent biological activity. Generally, cytokines are thought to act in
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a paracrine fashion but may also be involved in autocrine signaling, which can result
in tremendous signal amplification. The rationale for the use of immuno-stimulatory
cytokines in cancer therapy, is based on their ability to promote cancer-directed
immune responses.
3.2.2.1 Clinical investigations
The first cytokine-based cancer immunotherapies were based on recombinant
versions of interferon-# (IFN#) and interleukin-2 (IL2), which have proven to be
efficacious against a variety of cancers. IFN# is a type I interferon involved in innate
immunity during viral infections and was the first cytokine produced by recombinant
DNA technology. In 1986, recombinant IFN# (Roferon A®) became approved for the
treatment of hairy cell leukemia but was later withdrawn from the market due to only
moderate efficacy compared to chemotherapy. Strong flu-like symptoms represented
the main limiting factor for the clinical application of IFN# (32). Interleukin-2, a
cytokine deeply involved in T cell biology, has been approved for the treatment of
late-stage metastatic melanoma and renal cell carcinoma and is still in clinical use
today. In healthy humans, IL2 plays a crucial role for T cell homeostasis and the
maintenance of peripheral T cell tolerance by promoting the differentiation and
proliferation of Tregs, which is necessary to prevent autoimmunity (33). During
inflammatory conditions (e.g., as a result of viral infections or cancer), IL2 stimulates
the activation and proliferation of cytotoxic CD8+ effector T cells and NK cells.
Interleukin-2 further provides an essential stimulus for the differentiation of CD4+ T
helper cells into different effector T cell subsets upon antigen-mediated activation
and for the generation of memory T cells, which are required for long-lasting
immunity (33).
Recombinant IL2, also known as Proleukin®, exhibits overall objective response
rates of 14 to 16% in patients with advanced metastatic melanoma and renal cell
carcinoma (34,35). Furthermore, recombinant IL2, is also capable of inducing
durable complete cancer remissions in approximately 5% of treated patients.
However, IL2 administration at doses up to 800 million international units within 1 to
2 weeks, is only possible for relatively fit cancer patients. Systemic administration
induces infusion-related toxicities known as cytokine-release and vascular leak
syndromes. These side effects, which are clinically manifested by flu-like symptoms
and hypotension, respectively, represent the main dose-limiting adverse events for
this therapy. The molecular masses of IFN# and IL2 are 43 kDa and 18 kDa,
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respectively, which is below the renal filtration cut-off of approximately 65 kDa. For
this reason, these therapeutic proteins exhibit extremely short serum half lives
(<30 min) and require frequent injection cycles in order to be efficacious. Since
cytokine-induced systemic side effects are thought to be mainly associated with peak
concentrations in blood, which are reached shortly upon injection, cytokine products
generally feature a relatively narrow therapeutic window.
Tumor necrosis factor (TNF) is another pleiotropic proinflammatory cytokine, of
which a recombinant version (Beromun®) is in clinical use. The product is approved
in Europe as combination therapy in conjunction with the cytostatic agent melphalan
for the treatment of advanced soft tissue sarcoma by isolated limb perfusion (36).
TNF signals through two different receptors, namely TNFR1 and TNFR2, but the role
of TNFR2 signaling is less well understood. TNFR1 signaling results in the
expression of a variety of genes, the products of which are known to promote
inflammation and enhance cytotoxic effector functions of T cells and NK cells (37).
Additionally, TNF also activates endothelial cells, leading to the upregulation of
adhesion molecules and vasodilation, which may promote immune cell infiltration
into tumors.
3.2.2.2 Preclinical developments
The biological functions of IL2, which comprise the activation of cytotoxic NK and T
cells during inflammation as well as the stimulation of regulatory T cells in steadystate conditions, may result in opposing immunological processes during cancer
therapy (33). Treg cells express high levels of IL2R# (CD25), while naïve CD8+ T
cells and NK cells feature generally lower levels of this receptor subunit. This fact
has been exploited with antibody-cytokine complexes of IL2 and IL2-specific
monoclonal antibodies which block the CD25 epitope. Such antibody/IL2 complexes
can therefore redirect the cytokine activity towards cytotoxic cells (38). CD25 is also
expressed by other somatic cell types such as endothelial cells (39). As a
consequence, antibody-IL2 complexes also exhibit reduced toxicity as demonstrated
in syngeneic mouse tumor models. A similar approach as been pursued with the
directed evolution of IL2 with the aim to reengineer the affinities for the respective
IL2 receptor subunits. This procedure has led to the generation of IL2 mutants
(termed IL2 “superkines”), which can potentiate the activation of cytotoxic cells and
improve tumor growth control (40). However, these new IL2-based therapeutics still
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exert their biological activity systemically. Hence, the targeted delivery of such agent
could further improve the therapeutic index.
The clinically validated therapeutic efficacy of recombinant IL2 has also motivated
the investigation of other T and NK cell-modulatory cytokines of the common ! chain
receptor family. For example, interleukin-15 (IL15), a close relative of IL2 with a wide
range of immunological functions including promotion of NK cell proliferation (41),
has been evaluated in different preclinical tumor models and is currently tested in
clinical trials (42). Interleukin-9 (IL9) is another common ! chain receptor family
cytokine, which has been mainly studied in the context of allergy and asthma (43).
However, according to recent reports, IL9 is also thought to be involved in T cell
biology and anti-cancer immunity. Interleukin-9 is considered to be the signature
cytokine of recently identified T cell subsets, namely CD4+ type 9 T helper (Th9) cells
and type 9 cytotoxic CD8+ T (Tc9) cells (44). Notably, Purwar and colleagues have
shown that recombinant IL9 is capable of substantial tumor growth retardation in
clinically relevant immuno-competent mouse models (45). Comparative studies in
different gene knock-out mice have demonstrated that Th9 cells may be superior in
terms of tumor growth control compared to type I CD4+ T helper (Th1) cells (46).
Similar findings were reported for Tc9 cells compared to cytotoxic T cells stimulated
by other cytokines (47). Previously, it was commonly believed that Th1 cells may be
the most important T helper cell subset for cancer-directed immune responses due
to their ability to provide T cell help for cytotoxic CD8+ T cells. Similarly, interleukin-4
(IL4), a cytokine which is characteristic for type 2 T helper cell-mediated immune
responses, may also play a more important role in anti-cancer immunity than
previously assumed. Recent studies on IL4 as a payload of tumor-specific
monoclonal antibodies have demonstrated that this cytokine can display potent antitumor activity (48).
The TNF cytokine superfamily is a large group of trimeric, soluble or membranebound immuno-modulatory proteins. In addition to recombinant TNF, several other
TNF family members have been considered for cancer therapy. For example, tumor
necrosis factor-inducing ligand (TRAIL), a soluble trimeric ligand known to induce
apoptosis in cells expressing death receptors DR4 and DR5, has been clinically
investigated (49). While it could be demonstrated that TRAIL induces apoptosis in
most cancer cell lines in vitro, no toxicity to healthy tissues was observed when
administered to non-human primates (50). Unfortunately, TRAIL and related pro-

13

apoptotic receptor antagonists (e.g., DR4- and DR5-directed monoclonal antibodies)
only led to objective responses in a small number of patients in subsequent clinical
trials (51). CD40 ligand (CD40L), another TNF family member mainly expressed by
CD4+ T cells, is considered to be one of the key costimulatory molecules for the
activation of dendritic cells and other antigen-presenting cells (52,53). Studies in
preclinical syngeneic mouse tumor models have revealed that anti-CD40 antibodies
can strongly synergize with IL2 in anti-tumor immunotherapy (54). Since CD40L
naturally also occurs as a soluble factor, a recombinant version of CD40L, has been
explored in a clinical phase I trial (55). In subsequent clinical trials, investigators
switched to agonistic anti-CD40 monoclonal antibodies instead of recombinant
CD40L, demonstrating potent efficacy in different hematologic malignancies (56,57),
while only low therapeutic activity was observed against advanced solid tumors (58).
Interleukin-12 (IL12) represents the most extensively studied member of the
heterodimeric IL12 cytokine family (59). Unlike some of the other IL12 family
cytokines, the two IL12 subunits (termed p35 and p40 according to their molecular
mass) are covalently linked via an intermolecular disulfide bond. The molecular
architecture of IL12 is conserved across different species and poses substantial
technical difficulties with regard to protein production. The p40 subunit of IL12 is
known to be secreted independently of p35 in mice (60) and patients during
inflammatory

conditions

(61,62).

Interleukin-12

preparations

produced

by

conventional means contain therefore significant amounts of p40 homodimers, which
can act as IL12 antagonists (63). The problem was overcome by the generation of
single-chain IL12 variants, in which the p35 and p40 subunits are connected via a
flexible glycine-serine linker (64). Interleukin-12 has exhibited extremely promising
therapeutic activity in syngeneic mouse tumor models of different types of cancer
(65-67). The therapeutic mechanism of action is thought to involve the production of
interferon-! (IFN!), which is secreted by NK cells, T cells and NKT cells in response
to IL12. Additionally, part of the therapeutic effect of IL12 could be allocated to the
IFN!-induced production of the anti-angiogenic chemokine IFN!-inducible protein-10
(IP-10) (68). However, the potent anti-tumor activity of IL12 observed in preclinical
studies, could not be translated into humans due to strong infusion reactions
manifested as flu-like symptoms, which were dose-limiting and could be ascribed to
systemic IFN! release. The maximum tolerated dose (MTD) of the product was
determined to be only 500 ng/kg when injected twice weekly (69), making IL12 one
of the most active therapeutic proteins known. IL12-induced toxicity was also found
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to be dependent on the dosing schedule and a change of this parameter has even
led to fatal toxicity in a clinical phase II trial (70). According to the literature, the
intermolecular disulfide bond is not required for the biological activity of recombinant
IL12 (71). However, non-covalent IL12 heterodimers have so far not been
considered for therapeutic intervention. As for most other proinflammatory cytokines,
the is a need for new IL12-based pharmaceutical strategies in order to improve its
therapeutic index.

3.2.3 Monoclonal antibodies
3.2.3.1 Concept and history
Therapeutic monoclonal antibodies are immunoglobulin molecules with specificity for
a given disease-associated antigen. They represent the most important class of
biopharmaceuticals for the treatment of cancer and autoimmune diseases, both, in
terms of sales and with respect to products in development (72). In 1975, Köhler and
Milstein invented a method, which allowed the generation of stable antibodyproducing cell lines, so-called hybridomas, derived from mouse B cell clones and
myeloma cells with infinite proliferative capacity (73). The invention of this
technology represented a major breakthrough for the development of antibodies,
since it allowed the isolation of large quantities of antibodies with defined specificity,
after immunization of mammals with a given protein antigen. However, hybridomaderived antibodies are not of human origin and therefore induce immune responses
when administered to patients. This immunogenicity is manifested by systemic
immune activation and high serum titers of anti-drug antibodies (ADAs) that can
interfere with antigen binding. As a consequence, the clinical application of this type
of products was limited, which spurred the development of more human-like
antibodies. Advances in recombinant DNA technology led to the generation of
chimeric antibodies in which the animal-derived constant antibody domains are
replaced with human homologs [Figure 1]. Although, several chimeric antibodies
have been approved for the treatment of various malignancies, these molecules still
induce ADAs in a substantial portion of treated patients (74-76). The risk of
immunogenicity could be further ameliorated by the humanization of antibodies. This
technology involves the grafting of the antigen-specific complementarity determining
regions (CDRs) of animal origin onto a human antibody scaffold as illustrated in
Figure 1 (77). Although infusion reactions and ADA generation were greatly reduced
by this measure, humanized products may still be immunogenic in some patients
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(76,78,79). The problem was largely overcome by the development of fully-human
antibody libraries from which specific monoclonal high-affinity binders can be
isolated by directed in vitro evolution. However, as a result of sequence
randomization, residual immunogenicity may reside within the CDRs of fully-human
immunoglobulins (80).

!"#$%&

'()*$+),

-.*/%)0$#

-.*/%

Figure 1: Schematic illustration of monoclonal antibodies exhibiting different
levels of humanization. Protein domains and grafted CDRs of rodent origin are
displayed in red (bright: light chain, dark: heavy chain) and are considered to
be immunogenic. Human-derived antibody parts are shown in blue. IgGspecific interchain disulfide-bonds are indicated in yellow. A more detailed
annotation of the individual protein domains is given in Figure 2.
The first method, enabling the directed in vitro evolution of human monoclonal
antibodies, was phage display (81). The technique relies on genetically engineered
filamentous bacteriophage, encoding large libraries of potential binders such as
antibody fragments. Upon transfection and expression in a bacterial host, the binders
are displayed on the surface of secreted bacteriophage via the genetic fusion to a
viral coat protein. The resulting connection between phenotype and genotype allows
the identification of antigen specific binders upon in vitro selection, which involves
the incubation of the library with an antigen of interest, followed by several washing
cycles. An alternative directed in vitro evolution method, which has found broad
application for the selection of human antibody products, is known as yeast display
(82). The link between genetic information and the corresponding antibody is
achieved by genetic fusion of the antibody to a cell surface protein normally involved
in cell-to-cell adhesion during the mating process of yeast. The selection of clones,
expressing antigen-specific antibodies on their surface, can be accomplished by
fluorescence-assisted cell sorting (FACS). All technologies have their relative
advantages and disadvantages. It has become generally accepted, that the isolation
of monoclonal antibodies from immunized animals requires at least some degree of
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humanization to reduce immunogenicity. Nevertheless, this method is still in use
since it is the easiest way for finding homogenous high-affinity antibodies with
suitable biophysical characteristics. Apart from circumventing the humanization step,
in vitro display technologies offer better control of the selection conditions and
therefore facilitate, e.g., the generation of antibodies binding to specific epitopes on a
target antigen (83). However, the generation of therapeutic antibodies by directed
evolution often requires several cycles of affinity maturation in order to obtain highaffinity. To date, most approved monoclonal antibodies are either chimeric or
humanized (72), but numerous fully human antibodies are currently investigated in
clinical trials.
3.2.3.2 Antibody formats
Most approved antibodies and the majority of antibody products currently in clinical
development are so-called full-length or intact immunoglobulins of the G isotype (full
IgGs) [Figure 2 A]. The distinguished feature shared by intact antibodies is the
constant Fc portion conferring a variety of effector functions and, most importantly, a
long circulatory half life to this type of therapeutics. The underlying mechanism is
mediated by the neonatal Fc receptor (FcRn) and is known as FcRn recycling (84).
Binding to FcRns, which are primarily expressed by monocytes or endothelial cells,
rescues bound IgGs from lysosomal degradation upon endocytosis and instead
“recycles” them to the cell surface. Internalized endocytic vesicles become gradually
acidified which favors the interaction between the Fc portion and the corresponding
FcRn receptor by protonation of specific histidine residues located at the FcRn
binding site. Once the IgG / FcRn complex is relocated to the cell surface,
deprotonation of the same histidine residues is thought to induce the release of the
IgG back into the bloodstream (85,86). A slow clearance from blood reduces the
number of injections needed to achieve a therapeutic effect for systemically acting
monoclonal antibodies (87). The IgG antibody isotype can be further subdivided into
4 subclasses (IgG1 to IgG4), which differ in terms of their Fc ! receptor (Fc!R)
binding properties. Immune cells express a variety of different Fc!Rs, which
transduce either inhibitory or activating signals to the respective target cell upon Fc
engagement (88). Most therapeutic immunoglobulins are either IgG1, IgG2 or IgG4,
depending on the desired mode of action. IgG1 are generally used for monoclonal
antibodies directed at cancer cell-specific cell surface antigens in order to enable
antibody-depended

cellular

cytotoxicity

(ADCC)
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and

complement-dependent

cytotoxicity (CDC), while IgG2 and IgG4 are mostly used to circumvent these
mechanisms (89). Notably, IgG / Fc!R-mediated immune cell activation is further
modulated by the specific nature of N-linked glycan structures, which are located at
the dimerization interface between the constant domains of the Fc portion of IgGs
(see Chapter 3.5.4).
The full IgG format may be preferred for certain therapeutic strategies, which require
a long serum half life of the product. By contrast, for antibody-based pharmacodelivery applications, smaller antibody fragment may be more suitable. Smaller
molecules generally exhibit faster clearance from blood, which may lead to reduced
systemic toxicity. At the same time, antibody fragments are thought to exhibit
enhanced diffusion into the tumor mass as a result of their smaller size (90). Genetic
engineering allowed the generation of a variety of different antibody formats. The
smallest human antibody fragment, which can be readily produced, is known as
single-chain variable fragment (scFv) [Figure 2 B]. While monovalent scFvs are
useful for the in vitro characterization of new monoclonal antibodies, they are rarely
used for therapeutic applications due to their limited affinity for a given antigen.
Additionally, molecules as small as scFvs are rapidly cleared via the kidney, which
may prevent antigen binding in the first place. Bivalent antibody fragments typically
exhibit a longer serum half life and, importantly, also prolonged tumor residence
times as a result of avidity (rebinding) effects. Tandem scFv and diabodies
[Figure 2 B] are still amenable to kidney clearance but can exhibit higher selectivity
and longer tumor residence times than scFvs (91). Diabodies are easier to express
in a soluble form, which is why they are usually preferred over tandem scFv. The
small immune protein (SIP) format is too large to be cleared via the kidneys and
therefore exhibits substantially slower pharmacokinetics. Different heterodimerization
domains, e.g., the human IgE-derived $CH4 domain, have been investigated. SIPs
containing an $CH4 domain are further stabilized by an intermolecular disulfide bond,
which can be reduced and chemically modified without destroying the integrity of the
homodimer [Figure 2 B].
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Figure 2: Schematic illustration of different antibody formats. A) Full IgG with
annotated antibody domains. B) Antibody fragments. Variable antigen-binding
domains are colored in blue and constant protein domains in gray. VH:
variable heavy chain, VL: variable light chain, CH1-3: constant heavy chain
domains, CL: constant light chain, !CH4: constant heavy chain derived from
human IgE. Disulfide bonds are indicated in yellow. Insert: Light-chain of a
humanized antibody with CDRs constituting the antigen binding site (adapted
from the scFv crystal structure of Herceptin®, PDB file 4X4X).
3.2.3.3 Clinical investigations
Monoclonal antibodies have become important treatment options for cancer therapy.
The most efficacious antibody products are directed against cell surface antigens of
leukemia and lymphoma cells. In fact, some of these products are curative when
used in combination with chemotherapeutic regimen. A prominent example is the
chimeric antibody rituximab (market as Rituxan® or Mabthera®) with specificity for
CD20, which has become the first line treatment for several types of advanced B cell
lymphomas. Rituximab plus CHOP (cyclophosphamide, doxorubicin, vincristine and
prednisolone) chemotherapy leads to complete responses in approximately 76% of
diffuse large B cell lymphoma (DLBCL) patients (92). Similarly, alemtuzumab or
Camapth®, a humanized anti-CD52 IgG1 approved for chronic lymphocytic leukemia
(CLL) and cutaneous T cell lymphoma (CTCL), can induce complete cancer
remissions in a substantial portion of patients (93,94). The therapeutic mode of
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action of these antibodies is thought be ADCC and/or CDC. Since rituximab and
alemtuzumab are both IgG1s, their Fc portions represent ligands for activating Fc
receptors, e.g., Fc!RIII, expressed by natural killer (NK) cells or the complement
component C1. Upon administration, rituximab and alemtuzumab bind to targetexpressing cells present in blood and lymphoid organs. Circulating NK cell can
recognize the antibody-coated cell by means of their Fc!RIII, which triggers the
release of perforin and granzymes onto the target cell ultimately leading to the
destruction of the cancer cell. Alternatively, cancer cell lysis may also be initiated by
the classical complement cascade.
While the therapeutic contribution of cancer cell-specific monoclonal antibodies is
well documented for hematologic malignancies, similar strategies are less effective
for solid tumors. For example, the Her2/neu-specific humanized monoclonal antibody
trastuzumab (Herceptin®) in combination with chemotherapy shows an enhancement
in terms of median overall and disease-free survival compared to chemotherapy
alone in patients with advanced Her2/neu-positive tumors (95,96). However, the
incidence of complete responses of the combination therapy regimen is relatively
low. Similar findings were also made for other monoclonal antibodies directed
against solid tumor antigens, e.g., with the anti-EGFR antibody cetuximab (Erbitux®)
in patients with colorectal cancer (97). Growth factor inhibitors such as bevacizumab
(Avastin®), an inhibitor of vascular endothelial growth factor (VEGF), are also
approved in combination with chemotherapy for solid cancer indications. Although
Avastin® provides only modest therapeutic benefits, it exhibits relatively mild side
effects, thus justifying its clinical use (98).
Recently, several new therapeutic antibodies with specificity for T cell surface
receptors such as cytotoxic T lymphocyte-associated protein 4 (CTLA-4) or
programmed death 1 (PD-1) receptor have become approved. These products have
demonstrated remarkable therapeutic activity against solid tumors. CTLA-4 and PD1 are so-called immune checkpoints, i.e., cell surface receptors, which suppress the
cytotoxic action T cells upon engagement with their MHC/peptide ligands. The
corresponding monoclonal antibodies are commonly referred to as “checkpoint
inhibitors”. Ipilimumab (Yervoy®) is a chimeric monoclonal directed against CTLA-4,
which has been approved for the treatment of melanoma and is currently
investigated for a variety of other solid tumor indications. The antibody-mediated
blockade of CTLA-4 is thought to prevent the negative regulation of CD8 + T cells by
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CTLA-4 ligand and therefore promote the cytotoxic activation of these cells (99). A
concurring mechanism involving the intratumoral depletion of Tregs by means of
ipilimumab-mediated ADCC was recently revealed (100). Based on its therapeutic
mode of action, ipilimumab therapy is not free of immune-related side effects.
Indeed, substantial toxicity, i.e., inflammation of the skin and the gastrointestinal
tract, was observed in approximately 60% of treated melanoma patients. These side
effect may be severe and can even be fatal (101). Nevertheless, a significant
prolongation in overall survival due to ipilimumab treatment has been observed in the
same study, which has led to marketing authorization.
Another negative regulator of cytotoxic CD8+ T cells is the PD-1 receptor.
Engagement of its ligand PD-L1, which is expressed by various cancer types (102),
induces a state of anergy or exhaustion in tumor-resident T lymphocytes. PD-1
blocking antibodies have demonstrated the potential to reverse this process and
overcome PD-L1 mediated immune resistance in mouse tumor models (103) and
cancer patients (104). However, tumor immunogenicity, i.e., MHC presentation of
mutated tumor-specific peptide antigens, seems to be a strict requirement for
successful anti-PD-1 therapy (105,106). In 2015, two new PD-1 inhibitors, known as
nivolumab (Opdivo®) and pembrolizumab (Keytruda®), have received marketing
authorization. Pembrolizumab exhibited superior therapeutic efficacy and fewer side
effect than ipilimumab against late-stage melanoma during its pivotal clinical trial
(107). Moreover, sequential therapy with ipilimumab and nivolumab can potentiate
the therapeutic outcome. Notably, PD-1 inhibition also seem to be effective against
other cancers such as Hodgkin’s lymphoma, renal cell carcinoma and non-small-cell
lung carcinoma (108,109).
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3.3 Tumor targeting
Most types of solid tumors and hematologic malignancies express protein antigens,
which are more or less specific for the respective type of disease. Chapter 3.3.1
illustrates some of most clinically relevant cancer-associated antigens with respect to
antibody therapeutics in order to provide the context for a subsequent discussion of
antibody-based tumor targeting.

3.3.1 Tumor-associated antigens
For most cancer types, one or more tumor-associated target antigens have been
described and many of them have been characterized by immunohistochemistry.
Publically available databases such as the Protein Atlas (110), provide useful tools to
assess the tissue distribution of these antigens in healthy organs and in cancer.
Hematologic malignancies such as leukemia, lymphoma and multiple myeloma
derive from hematopoietic stem cells or lymphoid progenitor cells in the bone marrow
and therefore express cell surface markers characteristic for these cell types. CD19
is for example one of the most ubiquitously expressed cell surface protein of B cells.
It is up-regulated early during B cell development (at the pre-B cell state) and is
continuously expressed over the course of the differentiation process until the final
differentiation state (antibody-secreting plasma cells) is reached (111). As a
consequence of their cellular origin, most B cell-derived non-Hodgkin's lymphoma
(NHL) and acute lymphocytic leukemia (ALL) express CD19. Likewise, CD20,
another B cell-specific antigen with a similar expression profile as CD19, has found
broad therapeutic application as a target for multiple B cell malignancies including
chronic lymphocytic leukemia (CLL). Since phenotypic abnormalities are common
occurrence in cancer, it is not surprising that such targets are also expressed by e.g.,
a subset of acute myeloid leukemia (AML) cells. CD19 and CD20 expression
becomes downregulated in antibody-secreting plasma cells. Therefore, different
cancer antigens are required for multiple myeloma therapy (112). CD38 is one of the
validated multiple myeloma targets for which a monoclonal antibody has been
approved (113). Other cell surface proteins such as CD52 are expressed by all
lymphocytes, i.e., B and T cells. CD52-specific antibody products are therefore used
for peripheral T cell lymphoma, the most common T cell malignancy, as well as for B
cell-derived lymphocytic leukemias (114). Targets with a high turn-over rate such as
CD30 or CD33 are frequently used for when antigen internalization is desired (e.g.,
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for some antibody-drug conjugates). CD33 is expressed by leukemic cells in a
subset of AML patients (115), but can also be found on the cell surface of nonmalignant immune cells such as cytotoxic CD8+ T and NK cells (116). CD30
represents a diagnostic marker of Hodgkin lymphoma and anaplastic large-cell
lymphoma (117,118). According to the literature its expression in healthy humans is
restricted to activated B and T cells while their precursors are antigen-negative
(119).
Most solid tumor antigens are overexpressed by a specific type of cancer, but are
also expressed by normal cells. The relative level of overexpression by the tumor
compared to healthy tissues can vary widely depending the antigen and cancer type.
For example, the epithelial cell adhesion molecule (EpCAM) is overexpressed by
some carcinomas, but is also found at lower levels on non-malignant epithelial cells
(120).

Similarly,

epidermal

growth

factor

receptors

such

as

Her2/neu

is

overexpressed in approximately 25% of breast cancers and in various other
carcinomas (121), but also in a variety of healthy organs (see Protein Atlas). By
contrast, other tumor-associated antigens display a more organ-specific target
expression. Prostate-specific membrane antigen (PSMA) is expressed by prostate
epithelial cells and its expression becomes upregulated during most stages of
prostate cancer. Other sites of low PSMA expression are the central nervous system
and the gastrointestinal tract. Interestingly, PSMA is also expressed in certain
neovascular endothelial structures in other types of solid tumors (122). Another
example is carcinoembryonic antigen (CEA), the expression of which is normally
restricted to the gastrointestinal tract during embryonic development. Furthermore,
CEA is also a validated marker of colorectal cancer (123). Another characteristic
antigen for colorectal cancer is A33. Notably, A33 is expressed by nearly all primary
and metastatic colorectal cancers while it only occurs in the gastrointestinal mucosa
of healthy patients (124). Some cancers, such as glioblastoma multiforme, express a
multitude of different-tumor associated antigens (125). However, the presence of
individual markers is difficult to predict as a result of substantial genetic variability.
Antibody targets are not restricted to proteins. For example, the predominance of a
glycolipid known as ganglioside GD2 is associated with a variety of cancers (126).
Only a few antigens, which are expressed across a wide range of solid tumors are
known. Carbonic anhydrase 9 (CAIX) is, for example, a general marker of hypoxia,
which can be found in hypoxic regions of most tumors (127). However, these regions
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are usually distant from the blood stream and therefore provide only limited
accessibility for intravenously administered antibodies (128). Oncofetal splice
isoforms of extra-cellular matrix components, such as fibronectin or tenascin C, are
abundantly expressed by most solid tumors (129). For example, the extra-domains A
and B (EDA and EDB) of oncofetal fibronectin as well as the Tenascin C A1 domain
(TnC A1) can be found in a multitude of primary and metastatic carcinomas and
melanomas (130-132). Notably, EDA, EDB and TnC A1 are also expressed in a
variety of hematologic malignancies such as lymphomas (133,134). In healthy
adults, sites of EDA, EDB and TnC A1 expression are restricted to the reproductive
organs and certain regions of the gastrointestinal tract. In addition to their abundance
and cancer specificity, these targets are also readily accessible from the
bloodstream since they are often located within the subendothelial extracellular
matrix of the tumor neovasculature.

3.3.2 Antibody-based targeting
A tumor-restricted expression profile of the target antigen does not guarantee that a
corresponding antibody will display a favorable tumor targeting performance in vivo.
While this discrepancy may be less important for leukemia and other hematologic
cancers, the morphological heterogeneity common to most solid tumors requires an
experimental investigation of the tumor-homing capacity of cancer-directed
antibodies. A potential explanation for some unsatisfactory clinical results of
antibodies directed against solid tumors may be related to insufficient tumor uptake
of the product. The neovasculature of solid tumor is often irregular and disorganized,
leading to poor blood supply and consequently to limited accessibility for
biopharmaceuticals (135). A high interstitial pressure as a result of uncontrolled cell
proliferation, is another feature of solid tumors, which hinders the diffusion of
intravenously administered products into the tumor tissue (136). Additionally, if the
target antigen is abundantly expressed by the majority of tumor cells, the
corresponding antibodies can be trapped by peripheral tumor cells while the core of
the tumor is not reached (137,138). Only few clinical-stage monoclonal antibodies
have been characterized by immuno-positron emission tomography (Immuno-PET)
or other imaging techniques. Different radio-iodinated A33-directed antibodies have
been investigated in a large number of colorectal cancer patients, clearly revealing
primary and metastatic tumor sites. Thus, A33 is a validated antigen for this type of
cancer (139). Likewise, radio-labeled PSMA-specific antibodies have demonstrated
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high tumor selectivity for metastatic prostate cancer lesions (140). However, the
localization of the majority of solid tumor-directed antibodies remains elusive, even if
corresponding products are approved. A possible reason for this absence of
biodistribution data could be that many cancer cell surface targets exhibit a relatively
high turnover rate, i.e., the targets are not stably expressed on the cell surface,
leading to poor biodistribution profiles. By contrast, tumor-associated extracellular
matrix components are considered to be extremely stable, as evidenced by the long
tumor retention of antibodies specific for such targets. The stability and accessibility
of oncofetal splice isoforms of fibronectin and tenascin C, allow indeed high
resolution imaging of corresponding high-affinity antibodies for prolonged periods of
time (141-143).
The next chapter of this thesis discusses some of the most advanced classes
antibody-based conjugates and fusion proteins. The attachment of a therapeutic
payload, which can be either a small organic molecule or a protein, can have a
substantial impact on the targeting performance of the corresponding antibody.
Various factors, which can influence the tumor-homing ability of monoclonal
antibodies have been identified. A systematic analysis of different protein payloads
with respect to their isoelectric point (pI), has revealed that extremely charged
protein payloads (pI <5.0 or >9.0) can abrogate antibody-based vascular tumor
targeting (144). Molecular size represents another limiting factor, based on
comparative studies of differently sized VEGF variants as antibody payloads (145).
Furthermore, cytokines can bind to their cognate receptors on the surface of immune
cells present in the bloodstream, thereby preventing a selective accumulation at the
tumor site (146). The fusion of bioactive protein payloads to antibodies may lead to
the introduction of O- or N-linked glycans in the resulting fusion protein when
expressed in eukaryotic expression systems. Previous studies have shown that
extensive glycosylation can interfere with antibody-based tumor targeting (147).
However, the molecular structures, which are responsible for the targeting failure of
therapeutic glycoprotein were unknown before this thesis.
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3.4 Armed antibodies
Parts of this section have been adapted from:
Hess C., Venetz D. and Neri. D.: Emerging classes of armed antibody
therapeutics against cancer. MedChemComm (2014), 5(4), 408-431.
As discussed above, many cancer-directed monoclonal antibodies investigated in
clinical trials do not exhibit strong therapeutics efficacy. Certain antibodies directed
against leukemia and lymphoma antigens, e.g., anti-CD20 or anti-CD52 antibodies,
have become indispensable treatment options. By contrast, it has become clear that
many monoclonal antibodies with specificity for cell surface antigens of solid tumorforming cancers are not able to eradicate their indicated disease. Various reasons
for these unsatisfactory clinical performances have been identified. Antibody-binding
to cell surface antigens rarely kills cells directly by inducing apoptosis in the target
cell and also Fc effector functions are often insufficient to achieve immune-mediated
cell death. Moreover, physiological barriers within solid tumors limit the diffusion into
the tissue, resulting in low tumor uptake. On the other hand, antibodies directed
against the tumor-associated subendothelial matrix, display exceptional tumor
selectivity.

This

tumor-homing

capability

provides

the

possibility

for

the

pharmacodelivery of a wide spectrum of therapeutically active agents, including
cytotoxic drugs, radionuclides, immuno-modulatory cytokines or a second (e.g.,
immune cell-recruiting) antibody moiety. Antibodies equipped with such therapeutic
agents are known as “armed antibodies” or immunoconjugates. Immunocytokines,
antibody-drug conjugates and bispecific antibodies are reviewed and compared in
subsequent chapters. Dedicated reviews on radioimmunotherapy can be found in the
literature (148,149).

3.4.1 Immunocytokines
3.4.1.1 Concept
Immunocytokines are fusion proteins consisting of tumor-targeting antibodies, armed
with cytokines or related immuno-stimulatory proteins. Clinical and preclinical
investigations have demonstrated that intratumoral administration of cytokines can
result in complete and long-lasting tumor remissions (150-152). Immunocytokines
with antibody-specificities directed against stable tumor-associated protein antigens
could further enhance this effect by retaining the cytokine within the tumor for a
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longer period of time (153). Unfortunately, metastatic tumor lesions are often not
superficial or visible by eye and abscopal affects may not always be achieved. Such
hidden tumor sites could be reached by systemically administered immunocytokines.
The attachment of therapeutic cytokines can therefore potentiate the efficacy of
cancer-directed monoclonal antibodies. At the same time, immunocytokines also
improve the therapeutic index of the corresponding cytokine by lowering the dose
required to achieve a given therapeutic effect (154). As a consequence, systemically
administered immunocytokines may exhibit superior therapeutic efficacy in
comparison with the individual cytokine, although infusion-related toxicity still
presents a limiting factor.
3.4.1.2 Technology
Advances in protein engineering have allowed the generation of antibody fragments
of different size and valency, directly influencing their in vivo targeting properties, as
defined by tissue penetration, tumor accumulation and blood clearance. A variety of
antibody-cytokine fusion proteins in different formats have been evaluated over the
past years (155). Antibody formats of immunocytokines range from scFvs to full IgGs
[Figure 3]. Molecular size by itself represents a key parameter determining the
pharmacokinetic behavior of biopharmaceuticals and FcRn-mediated recycling can
further extend the serum half life of IgG-derived immunocytokines. The tumor uptake
of fusions proteins based on intact IgGs is therefore often higher than the one of
smaller fragments, but comes at the price of suboptimal tumor-to-organ and tumorto-blood ratios (91,156). Furthermore, Fc-mediated ADCC and CDC may contribute
to the therapeutic efficacy of immunocytokines. However, the use of IgG-based
immunocytokines can also promote cytokine-induced stimulation of immune cells in
healthy tissues, with a negative impact on the drugs’ side effect profile. In order to
minimize systemic toxicity, the use of antibody fragments as cytokine delivery
vehicles may be advantageous. Since monomeric scFvs clear very rapidly from
circulation and do not exhibit long tumor residence times, a number of multivalent
antibody formats have been developed with intermediate properties in terms of size,
extravasation, target site retention and tissue penetration. The most widely used
small bivalent formats include diabodies and SIPs [Figure 3 B] (157). However, for
certain cytokines such as homotrimeric TNF, monomeric scFv fragments are
preferred as fusion partners, in order to preserve the natural oligomeric state of the
cytokine. While tandem scFvs may be problematic with respect to expression and
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yield, immunocytokines containing two flanking scFvs (e.g., F8-IL12-F8, see
Figure 3 B), often exhibit ideal pharmaceutical properties in terms of biodistribution
and tumor targeting (158). The antibody-fusion should, however, not interfere with
receptor binding of the cytokine. If structural data of the cytokine/receptor complex is
missing, it is worthwhile to compare amino- and carboxy-terminal cytokine fusions in
dedicated bioassays. Flexible glycine / serine linkers normally provide sufficient
stability against proteolysis, are rarely immunogenic and do not interfere with
cytokine function. In general, the in vivo behavior of individual immunocytokines
depend on protein-specific properties such as stability, affinity for the target antigen
or cytokine receptors but also on the physiological characteristics of the target, which
are accessibility form blood, localization within the tumor and the ability to internalize.
The relative advantages of different immunocytokine formats should therefore be
tested with respect to therapeutic performance and biodistribution in order to reduce
systemic immune activation. The study of three different F8/IL12-based fusion
protein formats with respect to pharmaceutical quality, manufacturability and in vivo
tumor targeting efficiency provides a good example of how the antibody format can
impact immunocytokine production and performance (159).
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Figure 3: Schematic illustration of validated immunocytokine formats and
corresponding products. A) Full IgG-based immunocytokine. B) Antibody
fragment-based immunocytokines. Variable antigen-binding domains are
colored in blue and constant protein domains in gray. Disulfide bonds are
indicated in yellow. IL12sc: Recombinant single-chain IL12.
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3.4.1.3 Clinical investigations
To date, most clinically investigated immunocytokines have been developed for the
treatment of solid tumors, but recent studies have confirmed that immunocytokines
can also be efficacious against hematologic malignancies (160,161). Common
immunocytokine targets investigated in the clinic are tumor cell surface receptors,
such as EpCAM, GD2 disialoganglioside and EGFR or extracellular matrix proteins
such as EDA, EDB or TnC A1. Another clinical-stage immunocytokine is based on
an antibody with broad specificity for DNA, commonly found within necrotic tumor
regions (162). At present, the most advanced immunocytokine programs are focused
on IL2, IL12 and TNF as therapeutic payloads. Recombinant versions of these
cytokines have been previously investigated for cytokine-based immunotherapy
against solid cancers. Detailed information on the individual cytokine products is
given in Chapter 3.2.2.1.
The first immunocytokine to enter clinical trials was based on a humanized IgG
directed against the GD2 disialoganglioside, genetically fused to human IL2. The
fusion protein (termed h14.18-IL2) was tested in adult late-stage melanoma patients
as well as in pediatric neuroblastoma patients (163,164). At the maximum tolerated
dose, 58% of the melanoma patients receiving h14.18-IL-2 enjoyed disease
stabilization, but only 24% of the patients did not experience cancer progression
after 6 weeks. Similarly, in a subsequent phase II study, 22% patients reached
prolonged disease stabilization but no objective responses were observed (164,165).
In a phase II efficacy study for the treatment of children with neuroblastoma, the
relationship between tumor burden and response was assessed. Approximately 54%
of the patients with a high tumor burden enjoyed disease stabilization for more than
6 weeks. By contrast, patients with low tumor burden exhibited complete responses
in 22% of the cases, lasting up to 35 months (166). The side effect profile of h14.18IL2 was reported to be comparable to the one of recombinant IL2. Dose-limiting
toxicities included hypoxia, hypotension, flu-like symptoms, skin rash and elevated
serum levels of liver transaminases indicating liver toxicity (164). The same dosing
schedule was used for the EpCAM-directed IL2-based immunocytokine huKS-IL2 in
a phase I clinical initiated by Merck in patients with hormone refractory prostate
cancer. Again, disease stabilization but no objective responses were observed. The
most common side effects were rash and flu-like symptoms (167). Another IgG-IL2
fusion protein, known as NHS-IL2LT, was tested in a phase I dose-escalation study
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in combination with the alkylating agent cyclophosphamide in patients with solid
tumors (168). The corresponding IgG1 features broad specificity for extracellular
DNA. As for other IL2 / full IgG-based immunocytokines, no objective responses
were reported.
Targeting the tumor-associated extracellular matrix, rather than the tumor cells
directly, often leads to better immunocytokine uptake and longer residence times
within tumors. The first fragment-based immunocytokine to enter clinical trials was
L19-IL2. This product comprises human IL2 and the EDB-specific antibody L19 in
the diabody format, resulting in high avidity and efficient tumor targeting as
evidenced in animal models of cancer (169). Because of its smaller size, the product
exhibits a rapid clearance from the circulation in mouse and in man (170,171). L19IL2 was first investigated in patients with metastatic renal cell carcinoma. A
stabilization of the disease could be observed in 83% of the patients. The
recommended dose of approximately 320’000 IU/kg per day at 3 injections per week,
is slightly lower than reported for huKS-IL2. The median progression-free survival
was eight months (172). Promising results have been reported for the combination
therapy of L19-IL2 with dacarbazine in metastatic melanoma (170,171). The
immunocytokine in combination with dacarbazine showed an excellent tolerability
profile, with manageable and reversible toxicities. Objective responses were
observed in 28% of the cases, which included a complete response in one patient
who was still tumor-free after 21 months. The median progression-free survival of
pretreated melanoma patients with standard therapy is approximately 6 to 9 months.
Out of the 26 patients treated with L19-IL2 at the recommended dose, 16 were still
alive after 12 months. Currently, a controlled phase IIb study with 90 metastatic
melanoma patients is in progress. Intratumoral melanoma therapy with L19-IL2
resulted in an objective response rate of 59.3%, while complete and long-lasting
responses (> 24 months) were observed in 25% of the treated patients (173).
F16-IL2 is an IL2-based immunocytokine directed against the tenascin C A1 domain.
It is currently being tested in a phase I/II trial in patients with breast cancer, lung
cancer and acute myeloid leukemia (174). Initially, F16-IL2 was studied in the clinic
in combination with paclitaxel, based on promising preclinical data (174). Patients
with non-small cell lung cancer and melanoma exhibited objective responses and
long-lasting disease stabilization in combination with paclitaxel (175,176). Recently,
it has been found that TnC A1 is also expressed in the bone marrow of patients with
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AML and ALL. The successful treatment of a patient with AML-derived chloromas
has been reported (161), which suggested the clinical investigation of IL2-based
immunocytokines in hematologic cancers. Later studies in patients with relapsed
AML after allogeneic hematopoietic stem cell transplantation have revealed that F16IL2 is highly efficacious in combination with cytarabine (177).
Single-chain variable fragments of the L19 antibody fragment fused to TNF are
produced as a stable, non-covalent homotrimeric L19-TNF immunocytokines (178).
L19-TNF has been investigated in clinical trials for the systemic treatment of patients
with various types of advanced solid tumors (179) and in the isolated limb perfusion
setting in patients with melanoma (180). Intravenous L19-TNF was given 3 times per
week on a 3-weekly schedule and was found to be safe up to 13 µg/kg. No objective
tumor response, but transient disease stabilization was reported in 61% of the
treated patients. Since the maximum tolerated dose was not reached in this study,
further dose-escalation of L19-TNF in combination with chemotherapy seem
possible. In another study, L19-TNF plus melphalan (10 mg/L) was given to
melanoma patients by isolated limb perfusion. At doses of 325 %g or 650 µg of the
fusion protein (corresponding to 3.125% and 6.25% of the approved recombinant
TNF dose), objective responses were observed in 86% and 89% of the patients,
respectively. In 4 patients of the high dose group, complete responses lasting for 12
months were observed. By contrast, no complete responses were reported at a dose
of at 325 µg, supporting the exploration of higher doses in a phase II trial. Only mild
toxicities in few patients were associated with L19-TNF in this setting. At present,
L19-TNF is being investigated in a phase I/II clinical trial for the therapy of soft tissue
sarcoma in combination with doxorubicin, on the basis of promising preclinical data
(178,181). In addition, the intralesional administration of L19-IL2 plus L19-TNF
proved to be efficacious in mice (182) and has therefore been investigated for the
loco-regional treatment of patients with stage II melanoma (183). Notably, complete
responses were not only observed for lesions injected with the two products but also
in non-injected lesions, implicating an abscopal effect.
The antibody NHS76, C-terminally fused to two human IL12 cytokine moieties (NHSIL12), is currently evaluated in a phase I clinical trial for patients with advanced solid
tumors. Furthermore, an EDB-specific immunocytokine, consisting of the human IgG
BC1 and single-chain IL12, has been clinically investigated. Results of a phase I
safety study in melanoma and renal cell carcinoma patients have been published
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(184). At an MTD of 25 µg/kg weekly (3-5 fold molar increase compared to the
published MTD of recombinant IL12), 6 out of 13 patients experienced a stable
disease and two experienced a partial response lasting for 7 and 17 months,
respectively. Elevated levels of IFN!, IP-10 and liver transaminases were detected in
serum samples. Dose-limiting toxicities were flu-like symptoms and liver function
abnormalities.
3.4.1.4 Preclinical developments
The preclinical and clinical development of immunocytokines poses translational
challenges. If the target antigen and/or cytokine receptors substantially differ
between species, it is not possible to use the same product in mouse and man. At
the same time, the use of xenograft models of human cancer, which relies on the
use of immuno-compromised mice, may not allow a reliable assessment of the
immuno-modulatory properties of antibody-cytokine fusion proteins. Furthermore,
cytokines may have a different biology and activity in different species. In spite of
these challenges, a systematic preclinical evaluation of the therapeutic potential of
different cytokines still holds the promise of discovering more efficacious
immunocytokines. Our group has recently investigated IL4 as a payload for the
vascular targeting antibody F8 in various mouse models of cancer. The results
suggest that F8-IL4 may be broadly efficacious against various cancer types (185).
An engineered IL2 mutant variant, reminiscent of the IL2 superkine, fused to a CEAdirected monoclonal antibody, has been brought to clinical development by Roche
(186). Interleukin-15 represents another interesting cytokine payload due to its NK
cell-specific stimulatory activity. A fusion protein, consisting of the soluble form of the
human IL15R# domain linked to human IL15, showed superior biological activities
compared to IL15 in vitro and stronger anti-tumor activity in mice (187). A new
immunocytokine, based on a IL15-IL15R# fusion as therapeutic payload and a GD2
disialoganglioside-specific targeting antibody, has demonstrated high potency in two
mouse tumor models (188).
As for cytokine therapy, the major clinical limitation of immunocytokines is related to
the activation of endothelial cells, leading to hypotension and the induction systemic
cytokine release causing flu-like symptoms. Pharmaceutical strategies aiming to
achieve disease-restricted cytokine activation therefore represents a major focus of
preclinical immunocytokine research (189,190).
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3.4.2 Antibody-drug conjugates
3.4.2.1 Concept
Antibody-drug conjugates (ADCs) represent an advanced class of armed antibodies,
which is reflected by the fact that two ADCs are on the market and more thirty
products are currently in clinical development (191). The concept of ADCs relies on
the use of antibodies for the disease-specific delivery of extremely potent cytotoxic
agents. In order to spare healthy organs, the toxin should ideally not be active when
linked to the antibody and remain stably conjugated as long as the ADC circulates in
the blood. Once the ADC product reaches its target tissue, the toxic payload has to
be released to exert its cytotoxic effect. Internalization of the ADC/antigen complexes
and subsequent drug release mediated by lysosomal degradation represent the most
commonly employed mechanism. This strategy may, however, be restricted to
antigen-positive cells if the free drug is not able to diffuse across cell membranes.
3.4.2.2 Technology
3.4.2.2.1 Antibody format
The performance of ADC products depends on serum stability, antigen recognition
and subsequent drug release mechanisms. All of those parameters need to be
engineered in order to achieve optimal therapeutic activity. So far, all clinical-stage
ADCs use antibodies in the full IgG format. Consequently, these ADCs exhibit long
FcRn-mediated circulatory half-lives in the range of 1-2 weeks, although drug
conjugation may result in more rapid clearance (192). Additionally, other interactions
with Fc-receptors expressed by immune cells are also possible, depending on which
IgG isotype is used. In contrast to other antibody-based therapeutics, Fc-mediated
effector functions (such as ADCC or CDC) are not considered to be essential for the
therapeutic activity of ADCs. Interactions with Fc-receptors expressed on innate
immune cells could partially explain hematologic toxicity, which is commonly
observed during ADC therapy. Extensive research has been devoted to the
development of drug linkers with high plasma stabilities in order to prevent
premature drug release in the blood.
Recently, antibody fragments have been considered for the pharmacodelivery of
cytotoxic payloads. The therapeutic potential of these products has been
investigated in different animal models (193-196). Being smaller than intact
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immunoglobulins, antibody fragments could potentially extravasate more efficiently,
while exhibiting rapid blood clearance from healthy organs (90). Small bivalent
antibody fragments, such as diabodies or SIPs, are the preferred for targeting
applications because they preserve the binding avidity of IgGs, which results in
longer tumor residence times. In mice, anti-CD30 diabody-based ADCs could
compete with the IgG format in terms of therapeutic activity, in spite of their faster
blood clearance (195). SIP-based ADCs have also been considered, as this format
proved to be superior to diabody-based ADCs in comparative biodistribution studies
and therapy experiments (156,193). Recent experiments with SIP(F8) and IgG(F8)based ADCs have revealed that ADC formats have to be analyzed on the basis of
the corresponding drug release rates, in order to get a meaningful comparison (197).
IgG-mediated Fc-receptor engagement by immune cells within non-disease tissues
could potentially limit tumor-specific drug release and cause off-target toxicities.
Fragment-based ADCs lack functional Fc-domains and are therefore considered to
be more immunologically inert. Additionally, their rapid elimination from the body
could further reduce systemic cytotoxicity.
3.4.2.2.2 Cytotoxic drugs
Initial proof-of-concept studies in the ADC field have focused on approved
chemotherapeutic agents, such as doxorubicin, as cytotoxic payloads (198). These
first-generation ADC products performed poorly in the clinic because of insufficient
drug potency (199). Subsequent ADC developments focused on the use of novel
cytotoxic agents, which were orders of magnitude more potent than conventional
chemotherapeutics. Indeed, these agents are too toxic to be administered
systemically in a non-conjugated form. This next generation of drug payloads has led
to the market approval of three ADCs products (whereby one of them has been
withdrawn). Also the majority of ADCs currently in clinical development is based on
these drugs, which are calicheamicins, auristatins, maytansinoids and derivatives
thereof.
Calicheamicins bind to the DNA minor groove where they can induce double-strand
breaks leading to chromosomal disruption, which can induce apoptosis (200), while
the other two drugs are microtubule depolymerization inhibitors (201,202).
Auristatins were originally derived from the naturally occurring pentapeptide
dolastatin-10. Mono-methyl auristatin E (MMAE) and F (MMAF) are the most
commonly used dolastatin-10 derivatives. These fully synthetic analogues differ from
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natural dolastatin-10 in terms of an N-terminal methyl group, which results in
superior proteolytic stability. Additionally, MMAF features a phenylalanine residue at
the C-terminus, which attenuates its cytotoxic activity compared to MMAE (203).
Maytansinoids such as DM1 and DM4 are derivatives of the natural product
maytansine and represent two of the most widely used ADC payloads to date. Upon
lysosomal degradation of the antibody, the mechanism of action of DM1 and DM4 is
considered to be identical (204). However, the linker region of the drug can have a
profound impact on ADC performance. It has been reported for disulfide-linked DM4,
that the two additional methyl groups directly adjacent to the disulfide bond can
substantially increase plasma stability of the conjugate compared to the DM1 analog
(205).
Emerging evidence suggests that specific types of tumors may exhibit a variable
degree of sensitivity to different types of cytotoxic drugs. For example, a recently
described pyrrolo-benzodiazepine dimer conjugated to an anti-CD33 targeting
antibody showed enhanced in vitro activity against several AML cell lines and
primary AML cells compared to Mylotarg®, a calicheamicin-based ADC (206).
Calicheamicin-mediated DNA double strand scissions could potentially be repaired
by the cell’s DNA repair machinery. By contrast, the DNA cross-linking mediated by
PBD is thought to irreversibly inhibit DNA replication. Mouse tumor xenograft studies
suggest a possible superiority of pyrrolo-benzodiazepine dimers over calicheamicin
as ADC payload for some cancer types (207).
3.4.2.2.3 Conjugation strategies
Early attempts to conjugate cytotoxic drugs to monoclonal antibodies exploited the
reactivity of solvent-accessible lysine residues, which are abundant on protein
surfaces. The resulting ADCs were heterogeneous in terms of drug-to-antibody ratio
(DAR) and conjugation site occupancy, which led to high batch-to-batch variability,
with implications on pharmacokinetic properties. Alternatively, cysteine residues
involved in interchain disulfide bonds [Figure 2] were investigated for drug
conjugation, since non-covalent domain interactions are sufficient to preserve the
integrity of IgG molecules. Upon mild reduction, up to eight solvent-accessible
cysteine residues become susceptible to chemical reaction. However, also these
conjugation reactions rarely go to completion, which results in a variable DAR.
Chromatographic separation and subsequent in vivo analysis of different ADC
species revealed that the DAR can be a key determinant for optimal therapeutic
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activity (192,207). Based on these studies, optimal DAR values are considered to be
between 2 : 1 and 4 : 1 for full IgG-based ADCs, depending on the type of linker and
drug used.
In order to overcome these problems, research efforts have been devoted to the
development of other methods for the site-specific coupling of drugs to antibodies.
Current strategies focus, for example, on the introduction of non-natural amino acids,
which can be conveniently coupled to cytotoxic drugs using bioorthogonal
conjugation chemistries (208,209). The site-specific introduction or substitution of
cysteine residues, at positions not essential for antibody function, represents another
avenue (210). Emerging experimental results suggest that chemically-defined ADCs
may exhibit favorable pharmacokinetic and side effect profiles (210). Furthermore,
solvent accessibility and the charge environment of the conjugation site seem to be
critical for tumor-specific drug release (211). These findings are in good agreement
with our observations regarding antibody-drug spacer length (212). Site-specific
antibody-drug coupling strategies are easier to perform with antibody fragments due
to reduced molecular complexity. For example, thiol-containing drugs can easily be
attached to the C-terminal cysteine of a SIP (193). Alternative coupling methods
exploit the distinctive reactivity of N-terminal cysteine residues, which may facilitate
the site-selective conjugation of drugs by means of a disulfide, amide or thiazolidine
linkage (194). Recently, solvent accessible tyrosine residues have been used for
ADC production (213). Also the selective oxidation of vicinal diols in carbohydrate
structures can be considered for site-specific coupling, since the IgG molecule
typically contains a single N-glycosylation site per heavy chain (214). Finally,
transglutaminase-based conjugation strategies have also been investigated (215).
3.4.2.2.4 Linker technology
Ideally, drug linkers would preserve ADC integrity in circulation, while being
efficiently cleaved at the site of disease. The first generation of ADC linkers
contained acid-labile hydrazone functional groups, which decompose upon
ADC/antigen internalization because of the gradual acidification of early endosomes.
Many antibody-drug linkers are based on disulfide bonds, which can be reduced at
the site of disease in the presence of cellular reducing agents such as glutathione or
cysteine. These linkers may exhibit a shorter half life (with respect to disulfide bond
reduction) compared to the long circulatory half life of intact IgGs, potentially leading
to systemic drug release. Protease-sensitive peptide linkers with superior plasma
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stabilities have been used to minimize premature drug release. Trastuzumab-DM1
(T-DM1) features a non-cleavable thioether-based linker. Interestingly, this linker
remains stably conjugated to DM1 even after lysosomal degradation and does not
impair the therapeutic activity of the drug (204). In case of brentuximab vedotin, a
valine-citrulline linker has been used. Upon cleavage by lysosomal proteases such
as cathepsin B, the active auristatin drug is liberated by means of a self-immolating
structure (216,217).
3.4.2.3 Clinical investigations
The first clinically efficacious ADCs were developed for the therapy of cancers of
lymphoid or myeloid origin. ADCs intended for hematologic cancer therapy crucially
rely on internalizing antigens in order to ensure cell specificity and drugs, which not
diffuse back through the plasma membrane upon release. Mylotarg® (gemtuzumab
ozogamicin) was the first ADC to receive marketing authorization, as a second-line
treatment for patients with relapsed AML. The ADC comprises a humanized antiCD33 antibody of the IgG4 isotype, conjugated to a calicheamicin derivative via a
composite hydrazine/disulfide linker as displayed in Figure 4 (218). Initial clinical
phase I/II trials, which had led to accelerated approval of gemtuzumab ozogamicin,
yielded promising results, with an objective response rate of approximately 30%
(219). However, at an intravenously administered dose of 9 mg/m2, life-threatening
signs of hepatotoxicity (hepatic veno-occlusive disease symptoms), became evident
in some patients (220,221). Subsequent clinical trials failed to confirm an added
therapeutic benefit in combination with chemotherapy and seemed to increase lethal
hepatotoxicity in some cases (222). For this reason, Pfizer voluntarily withdrew
Mylotarg® from the market in 2010 after a request by the FDA.
The second marketed ADC, Adcetris® (brentuximab vedotin), was developed by
Seattle Genetics. Adcetris® has been approved in 2011 for Hodgkin lymphoma
patients after autologous stem cell transplantation and for anaplastic large cell
lymphoma, refractory to standard chemotherapeutic care (223). Brentuximab vedotin
consists of an anti-CD30 antibody, termed cAC10, conjugated to the auristatin
MMAE via a protease-cleavable valine-citrulline peptide linker as shown in Figure 4
(217). Pivotal clinical trial results for Hodgkin lymphoma can be summarized as
follows. After intravenous administration of 1.8 mg/kg brentuximab vedotin every
three weeks, 75% of the treated patients responded to the therapy, including 34%,
which enjoyed a complete response (224). For anaplastic large cell lymphoma
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patients, Adcetris® also provided a substantially improved benefit compared to
preexisting combination chemotherapy. Approximately 86% of the patients achieved
at least a partial remission, while 57% of them experienced a complete remission
(225). The studies also confirmed that brentuximab vedotin was well tolerated. The
most common reported side effects in these studies were peripheral sensory
neuropathy, thrombocytopenia, neutropenia and, to a lesser extent, fatigue and
diarrhea (224,225).
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Figure 4: Schematic representation of approved antibody-drug conjugates for
hematologic malignancies and chemical structures of corresponding cytotoxic
drug payloads. Mylotarg® has been withdrawn from the market in 2011.
Most clinical-stage ADCs aim at the treatment of B-cell malignancies such as diffuse
large B cell lymphoma (DLBCL) and follicular Non-Hodgkin’s lymphoma (NHL).
ADCs intended for the therapy of these diseases employ antibodies directed against
well-characterized B-cells markers, such as CD19 or CD22, for which competing
clinical ADC programs are ongoing. The most advanced ADC for hematological
applications in clinical development is Pfizer’s CMC-544 (inotuzumab ozogamicin),
which is being used for the treatment of NHL and DLBCL. In analogy to Mylotarg ®,
CMC-544 uses calicheamicin, conjugated via a hydrazone linker to an anti-CD22
antibody (226). The MTD of inotuzumab ozogamicin was determined to be
1.8 mg/m2 in a phase I/II dose-escalation study (227). This dose resulted in an
overall response rate of 68% and 15% for NHL and DLBCL patients, respectively.
Reported side effects were thrombocytopenia, neutropenia, asthenia and nausea in
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both patient groups. Sanofi’s SAR-3519 is another humanized anti-CD19 antibody
conjugated to DM4 and represents an alternative ADC for the treatment of refractory
or relapsed NHL or DLBCL. A phase I dose-escalation study revealed overall
responses in 74% of the patients at an MTD of 160 mg/m2 given every three weeks.
According to the study report, only minor hematologic and hepatic toxicities were
observed (228). CD79b is another ADC target for DLBCL and NHL. As part of the Bcell antigen receptor, this target is restricted to mature B cells. Initial clinical trial
results of the corresponding ADC drug candidate RG-7596 (anti-CD79b-vcMMAE)
are expected soon. Also the B-cell costimulatory molecule CD70 has been
considered as an ADC target for several indications, including solid tumors, and two
anti-CD70 ADCs are currently being investigated in clinical trials (229).
As for hematologic malignancies, most of the solid tumor antigens targeted by
clinical-stage ADCs, have been chosen based on their ability for ligand-induced
internalization. Trastuzumab emtansine, also known as T-DM1 or Kadcyla®, is the
first ADC approved for a solid cancer indication, more specifically, for the treatment
of metastatic Her2/neu-positive breast cancer. The ADC consists of trastuzumab
(Herceptin®), a previously approved Her2/neu-directed antibody, conjugated to the
maytansinoid DM1 via a stable maleinimide-based linker [Figure 4] (230). In a
randomized multicenter phase III clinical trial, T-DM1 was confirmed to be superior to
the previous standard of care, which is combination chemotherapy with lapatinib and
capecitabine (231). Progression-free survival was prolonged by a factor 1.5
compared to chemotherapy. The study also revealed complete remissions in 4% of
the treated patients. Overall, 42.6% of the patients responded to T-DM1. The safety
profile was also improved compared to chemotherapy, with adverse effects higher
than grade 3 mainly manifested as transient thrombocytopenia and hepatotoxicity.
Such events were observed in 41% of the treated patients at an administered dose
of 3.6 mg/kg. T-DM1 is currently evaluated in a phase III clinical trial as fist-line
treatment for advances breast cancer. The trial is still ongoing but intermediate
reports state that the new T-DM1 regimen was not superior to current standard
therapy.
CR011-vcMMAE (glembatumumab vedotin) is an ADC directed against a solid tumor
antigen known as glycoprotein NMB, which is overexpressed in a variety of cancer
types including metastatic melanoma and certain forms of breast cancer (232-234).
Glembatumumab vedotin demonstrated its efficacy in phase I/II clinical trials while
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showing a favorable safety profile (235). Another promising ADC currently evaluated
in phase II trials is PSMA-ADC developed by Progenics. As suggested by its name,
this ADC is based on an antibody directed against PSMA, conjugated to MMAE
(236).
3.4.2.4 Preclinical developments
Apart from novel conjugation and linker technologies, some new concepts for the
antibody-based delivery of cytotoxic agents have been recently described. For
example, ADCs have been developed against mutated forms of cell-surface
receptors, which are exclusively expressed by certain cancer cells. A interesting
example of a mutant target is epidermal growth factor receptor variant III (EGFRvIII),
a truncated version of EGFR, which is frequently found in conditions such as
glioblastoma multiforme or head-and-neck cancer (237,238). Unlike EGFR, EGFRvIII
is not expressed by normal cells, which could potentially confer an additional level of
specificity to the corresponding AMG-595 product, currently investigated in phase I
studies.
More recently, our group could show that antigen internalization is not a mandatory
requirement for the therapeutic efficacy of ADCs (193,194). Proof-of-principle studies
were performed using the clinical-stage SIP(F8). Therapy experiments with SIP(F8)DM1 revealed curative single agent activity in a DM1-sensitive tumor model (239).
Furthermore, it was shown that this type of ADC can exhibit synergistic effects in
combination with F8-IL2 (240). DM1 was also successfully incorporated in a F8-IL2DM1 immunocytokine-drug conjugate (241). These findings pave the way for future
ADC development programs based on non-internalizing ADC targets. Stable
components of the tumor-associated extracellular matrix or cell-surface antigens with
a low turnover rate could be advantageous for ADC-based therapy of solid tumors,
as their expression is often less heterogenous than the one of cellular antigens.
Antigen-negative tumor cells could potentially be killed more efficiently by means of a
bystander effect, due to drug diffusion within the neoplastic mass.
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3.4.3 Bispecific antibodies
3.4.3.1 Concept
Bispecific antibodies are a special class of armed antibodies because the payload,
responsible for therapeutic activity, is a second antibody moiety. The engineering of
antibody products with dual specificities opens a broad range of different therapeutic
strategies for the treatment of solid and hematological cancers. The field has made
considerable progress over the past two decades. In particular, bispecific antibodies
capable of recruiting cytotoxic T lymphocytes to tumor cells, have proven to be
clinically efficacious in certain settings. Other strategies for bispecific antibody
therapy may include the simultaneous binding to pairs of tumor-associated antigens
on the same cancer cell or the inhibition of two soluble cancer-promoting factors.
3.4.3.1.1 Immune-cell recruitment
The anti-tumor activity of unmodified antibodies may depend on Fc-effector
functions, such as ADCC and CDC. Fc!-receptors are expressed by a variety of
immune cells, such as NK cells, which are known to mediate anti-tumor responses.
However, based on the clinical performance of T cell modulatory therapies, it
became clear that the action of cytotoxic CD8+ T cells may be crucial for cancer
eradication. Paradoxically, T cells do not express Fc! receptors and can therefore
not participate in ADCC. The use of engineered bispecific antibodies, which are
capable of simultaneous binding to a tumor cell-surface antigen and to the T cell coreceptor CD3, can recruit T cells to cancer cells (242). When cytotoxic T cells are
brought into close proximity to malignant cells, cancer-specific cytolysis may occur.
The recruitment of CD3-positive cells represents the basis of the therapeutic strategy
employed by Removab® and Blincyto®, the two market-approved bispecific
antibodies. The mechanism of action of these molecules is thought to involve the
immunological synapse between a cytotoxic cell and its target cell (243). The
formation of an immunological synapse induces the release of cytotoxic granules
leading to tumor cell death. Remarkably, bispecific antibodies initiate these events in
the absence of other T cell co-stimulatory signals, which are normally needed to
potentiate TCR/MHC signaling.

41

3.4.3.1.2 Dual-inhibition and targeting
The progression of many cancer types is driven to a varying degree by growth
factors such as epidermal growth factor, insulin-like growth factor or platelet-derived
growth factor. In addition, cancer growth and metastatic spread are promoted by the
formation of new blood vessels (angiogenesis), a process mediated by various
proteins, including VEGF. However, the antibody-mediated blockade of individual
cancer-associated proteins rarely results in long-lasting tumor remissions. Therefore,
the simultaneous inhibition of multiple growth factors (or corresponding receptors)
has become an emerging strategy in oncology research (244,245). Such approaches
could potentially expand the therapeutic applicability of inhibitory antibodies since the
expression of cancer-associated factors is often variable among different cancer
types and patients. Furthermore, dual-targeting antibodies could have the potential
to improve the tumor targeting specificity of antibody-based therapeutics. This could
either be achieved by using biparatopic antibodies, i.e., bispecific antibodies
recognizing two adjacent epitopes on the same target molecule (246,247), or by
antibodies with two different cancer antigen specificities (248).
3.4.3.2 Technology
Early attempts to generate bispecific antibodies have relied on the fusion of two
different hybridoma cell lines, resulting in so-called “quadroma” cell lines (249). The
coexpression of two antibodies within the same cell leads to the random association
of heavy and light chains and, consequently, to low production yields (250). These
limitations have initially prevented the preclinical development of IgG-based
bispecific antibodies. A first major breakthrough with respect to product homogeneity
occurred in 1995 with the TriomAb® technology (251). By fusing two hybridoma cell
lines with distinct IgG-subtypes from different species, i.e., mouse IgG2a and rat
IgG2b, distinct heavy/light chain pairing could be achieved. The resulting bispecific
TriomAbs® could be easily separated from the parental IgGs, which permitted their
large-scale production. Surprisingly, these molecules were found to exhibit different
Fc effector functionalities than the parental IgGs. The Fc-portions of TriomAbs®
preferentially bind to activating Fc!RI and Fc!RIII but not to inhibitory Fc!RIIb
receptors. Consequently, TriomAbs® display enhanced NK cell-mediated ADCC
(252). Additionally, TriomAb®-based bispecific antibodies directed against CD3 and a
tumor-cell surface antigens are able to engage both, cytotoxic T cells and NK cells
and are therefore considered as trifunctional therapeutic agents (253). An obvious
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drawback, which initially raised concerns, was the rodent origin of these products,
which could potentially lead to drug-induced immunogenicity when administered to
patients. However, the TriomAb® technology proved to be safe in several clinical
trials and has led to the market-approval of Removab® (catumaxomab), although
patients typically receive only few loco-regional injections of the product.
Several research groups have explored alternative methods for the generation of
human bispecific antibodies. A graphical summary of clinically investigated bispecific
IgG formats, which are discussed in this paragraph, is presented in Figure 5. An
established method for generating bispecific human IgGs is known as the “knob-intohole” approach. It relies on the structure-based reengineering of Fc-domains, with
reciprocal mutations in opposite CH3 domains, favoring the correct heterodimerization of two different half-antibodies (254,255). In contrast to the conventional
coexpression of two wild-type antibodies, the resulting IgG pool contains more than
90% of the desired bispecific antibody (254). While the assembly of heavy and light
chains could still go wrong, progress has also been made by introducing further
mutations within the Fab portion. The exchange of the constant CH1 and CL
domains for one of the two Fab portions of an IgG can result in highly pure IgGbased bispecifics, with correctly assembled heavy and light chains (256). The
development of such domain crossover IgGs (CrossMabs®) may be generally
applicable and should not require further sequence optimization. A different way of
generating dual-specificity antibody products is to evolve hypervariable loops of
variable antibody domains by phage display, with the aim to generate binding sites
capable of recognizing multiple antigens (257). It has been shown that such “two-inone” antibodies can exhibit superior therapeutic activities (245,258). Bispecific
multivalent antibodies can also be produced by the genetic incorporation of
heterodimerization domains into two different antibodies. An example for this kind of
bispecific is the Dock-and-Lock® technology of Immunomedics, which relies on the
natural docking domains of protein kinase A and its A-kinase anchoring protein
(259).
To date, close to fifty different multispecific antibody formats have been reported
(260), the majority of them are based on full IgGs. However, small antibody
fragments are favored for a variety of applications, which do not necessarily rely on
Fc-mediated effector functions. Bivalent bispecific fragments directed against CD3
and a tumor cell surface markers seem to be particularly suited for redirecting T cells
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to lymphoma and leukemia cells. Experimental evidence exists that fragment-based
bispecifics may be superior to full-IgG bispecifics in terms of cytolytic activity (261).
The most prominent immune cell-recruiting molecules are so-called bispecific T cell
engagers (BiTEs®). These molecules consist of two different scFvs fused in tandem
via a flexible linker [Figure 5] (262). The first clinically investigated BiTE known as
blinatumomab (Blincyto®) features specificity for CD19 and CD3 and has received
marketing authorization in 2014. Based on the impressive clinical performance of
blinatumomab, other BiTE-like compounds have recently advanced to clinical
programs. An example of such an alternative is the dual-affinity retargeting (DART®)
platform of MacroGenics. DARTs are structurally different from BiTEs, since they are
based on a disulfide-stabilized diabody format rather than tandem scFvs [Figure 5]
(263). A recent comparative study of a DART® directed against CD3 and CD19 with
the blinatumomab has been published (264). The same study also demonstrated
that a CD19xTCR DART® binding to a TCR epitope not involved in TCR function,
was equivalent in potency to the corresponding CD19xCD3-directed DART®. This
finding indicates that several targets on CD8+ cells could be used for product
development. A third format used for bispecific antibody development is the tandem
diabody, also known as TandAb®. These products are composed of two different
diabodies genetically fused by distinct flexible linkers, mediating the non-covalent
association and formation of a bispecific tetravalent molecules [Figure 5]. The
resulting constructs can bind to both targets with high avidity resulting in slower
dissociation from the tumor cells and their target leukocytes (265). This format
results in avidity effects, which may be advantageous for solid tumor targeting
applications, since cytotoxic cells may require more time to encounter their target
cells within the malignant tissue. However, to date, definite comparative in vivo
evaluations of TandAbs®, BiTEs® or DARTs® are missing (266,267). For vascular
tumor targeting applications, which normally benefit from prolonged tumor residence
times, tetravalent bispecifics, such as TandAbs®, proved to be an appropriate format
(268).
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Figure 5: Schematic illustration of bispecific antibody formats investigated in
clinical and preclinical studies. A) Bispecific full IgGs. B) Fragment-based
bispecific antibodies. Antibody specificities are indicated in red and blue.
Disulfide bond illustrated in yellow.
3.4.3.3 Clinical investigations
The engagement of cytotoxic T cells and malignant blood cells via small bispecific
antibody fragments, represents one of the most advanced therapeutic applications of
bispecific antibodies. Blinatumomab (Blincyto®), a BiTE® directed against CD19xCD3
has been approved for the treatment of certain forms of ALL. Prolonged infusion of
very low doses of this compound can result in complete clearance of different types
of malignant blood cells from the circulation and lymphoid organs (269,270). In a
phase I/II clinical trial, patients suffering from follicular and mantle cell NHL or CLL
responded strongly to blinatumomab therapy. Commonly reported side effects were
pyrexia, lymphopenia and leukopenia. In another phase II study, blinatumomab
displayed therapeutic activity against persistent minimal residual disease in ALL
patients (270). In comparison with the NHL trial, blinatumomab exhibited a more
favorable side effect profile, which mainly involved lymphopenia, although a few
patients also developed cytokine release syndrome (271). The probability for
relapse-free survival was determined as 78% after around 8 weeks. In both trials
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described above, blinatumomab was administered by continuous infusion at a dose
of 0.06 mg/m2/24h for at least 4 weeks. A long-term follow-up study of the ALL
patients revealed that 61% of these patients did not experience disease relapse after
33 months (272).
An advanced clinical-stage bispecific antibody for hematologic cancers is the
TriomAb® Bi20 (Lymphomun® or FBTA05), whose specificities are directed against
CD3 and CD20. Bi20 has been investigated in clinical phase I/II trials, together with
donor-lymphocyte infusions for relapsed CLL and NHL patients, which did not
respond to previous allogeneic stem cell transplantation (273,274). A complementary
immune cell recruitment approach is based on the recruitment of NK cells rather than
T cells. An example this strategy is represented by the TandAb® AMF13, which
cross-links CD30-positive Hodgkin lymphoma cells with the activating NK cell
receptor CD16A. Patients, which have been treated with AMF13 in a phase I safety
study, exhibited restored NK-mediated cytotoxicity (275). The use of bispecific dualtargeting antibodies for hematological applications has mainly been investigated in
vitro and in animal models. For example, a hexavalent bispecific antibody directed
against CD20 and CD74, which was produced by the DNL method, showed superior
activity against a variety of lymphoma and leukemia cell lines than the constitutive
antibodies alone or in combination (248).
Catumaxomab (Removab®) is the only bispecific antibody that has received
marketing authorization for a solid tumor indication until to date. Catumaxomab is a
trifunctional bispecific full IgG with specificity for EpCAM and for CD3. The third
functionality is given by the Fc-portion, which is of the chimeric mouse/rat IgG2a/bisotype and therefore primarily binds to activating Fc!-receptors. Catumaxomab is
indicated

for

the

treatment

for

malignant

ascites

and

is

administered

intraperitoneally. Malignant ascites are a common manifestation of various advanced
cancer types for which parenthesis, i.e., peritoneal fluid drainage, had represented
the only treatment option prior Removab® approval. Because of its rodent origin,
catumaxomab-related immunogenicity was carefully monitored during its clinical
investigation. It was found that catumaxomab is already efficacious at low doses
ranging from 10 to 200 µg per patient and has to be injected only four to five times
within a period of 10 days. Under these conditions, the development of ADAs was
not preventing the therapeutic application of catumaxomab (276,277). In fact, there
clinical evidence suggests that an increased occurrence of ADAs in Removab®-
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treated patients correlates with positive clinical outcome (278). Upon intraperitoneal
administration, 95% of the treated patients exhibited prolonged puncture-free
survival in comparison with parenthesis alone in a combined phase I/II study. The
therapeutic benefit of catumaxomab has later been confirmed in a randomized
phase II/III multicenter clinical trial, which led to the approval of the drug (279).
Throughout these studies, the most commonly reported side effects were pyrexia,
nausea and abdominal pain, which occurred only transiently and were manageable.
EpCAM also represents an attractive target for other bispecific antibodies, due to its
expression by a variety of carcinomas. The clinical-stage BiTE® MT110, directed
against EpCAM and CD3, proved to be efficacious in several preclinical tumorxenograft mouse models. This finding was surprising since the anti-CD3 specificity is
not cross-reactive with mouse CD3, suggesting that MT110 is able to reactivate
exhausted or anergic human T cells still present within the xenografted tumors (280).
Bispecific T cell recruiting antibodies have also been developed with the second
specificity directed against Her2/neu. Ertumaxomab (Rexomun®), a TriomAb® which
also features a mouse/rat IgGa/b Fc-portion, demonstrated clinical efficacy against
Her2/neu-positive

malignant

ascites

when

administered

analogously

to

catumaxomab (281). Ertumaxomab is currently investigated in a phase II doseescalation study for metastatic breast cancer, after safety and efficacy have been
confirmed in phase I (282).
Most dual targeting or blocking antibodies have not yet reached clinical trials. A
notable exception is MEHD7945A, a fully human bispecific IgG1 antibody whose
variable domains are capable of recognizing two different antigens, namely Her1 and
Her3 (245). EGFR-related cell surface receptors are often mutated or overexpressed
in cancer, thereby promoting abnormal cell growth. However, their expression levels
and activity varies widely among different forms of cancer and blocking only one
growth factor receptor often results in an upregulation of other receptors (283). Dual
inhibition of Her1 and Her3 could therefore result in superior potency and broader
therapeutic applicability, particularly when used together with anti-Her2/neu
antibodies such as Herceptin®. Furthermore, resistance to approved EGFR inhibitors
or radiotherapy is a frequently observed phenomenon in the clinic, which can
potentially be overcome by MEHD7945A as shown in human tumor xenograft
models (284). For these reasons, MEHD7945A is currently being evaluated in
phase I/II against colorectal cancer and head-and-neck cancer.

47

3.4.3.4 Preclinical developments
Although progress has been made in terms of production methods and formats, the
field of bispecific antibody continues to evolve. Recently, the coexpression of two
different half-antibodies assembled via the knob-into-hole system has been shown to
work in a coculture of two bacterial strains (285). Although this production method
could be very cost-effective, the resulting bispecific IgG will lack N-linked glycans
within the Fc-domains, which may be important for ADCC. A new bispecific format is
based on the natural occurrence of bispecific IgG4 antibodies. Such antibodies are
transiently formed in vivo by a mechanism known as Fab-arm exchange (286).
Inspired by these mechanisms, researchers have recently succeeded in realizing
Fab-arm exchange in vitro by introducing two complementary point mutations within
the heavy chain CH3 domains of two separately produced IgG1 half-antibodies
(287). Under controlled reducing conditions, two such half-antibodies can be
assembled into the desired bispecific IgG1 antibody.
Two-in-one antibodies, i.e., bispecific blocking or targeting agents, offer a vast
number of specificity combinations, all of which require preclinical studies in order to
develop

more

broadly

efficacious

antibody-based

therapeutics.

The

dual

targeting/blocking approach is challenged by conventional combination therapy
comprising individual therapeutic agents. Obviously, clinical development of a single
bispecific antibody is simpler and more economic, as it involves the investigation of
only one product. However, such products do not permit individual dose
adjustments, which could be advantageous in light of the highly variable target
expression of most cancer types.

3.4.4 Comparison
Various strategies using armed antibodies have been pursued for the treatment of
solid cancers and hematologic malignancies. A direct evaluation of the relative
advantages and weaknesses of ADCs, bispecific antibodies and immunocytokines is
difficult, since direct comparative studies are missing. Over time, products reaching
marketing authorization will provide information about the indications, for which a
certain class of armed antibody products may be most efficacious. Certain general
considerations can still be made on the basis of extensive preclinical and clinical
research activities of the past two decades.
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The development of immunocytokines is facilitated by the ease of expression of
these armed antibodies as fusion proteins, without the need for subsequent chemical
modification. Multiple payloads with different immuno-regulatory properties can be
considered and a wealth of biodistribution data has been collected in animals. Initial
preclinical studies have exhibited promising results, with the ability to eradicate
cancer in a number of difficult tumor models, which can also not be cured by
conventional chemotherapy. However, there is no certainty that the same cytokine
will exhibit a comparable therapeutic activity in humans. Clinical studies have so far
mainly been focused on IL2 and TNF. Long-lasting cures of cancer patients were
reported only rarely so far.
Antibody-drug conjugates are currently evaluated in numerous clinical trials.
Compared to conventional chemotherapy, ADCs have the potential to achieve higher
cancer selectivity by means of antibody-mediated targeting. However, ADCs are
highly complex molecules and a detailed understanding of the in vivo properties of
the individual components is missing, particularly with respect to their biodistribution
profiles. Ideally, ADCs would be investigated by immuno-PET or related
methodologies and dosimetric studies. Little is known about the amount of product,
which reaches the tumor cells in vivo and the microscopic localization within the
neoplastic mass. Furthermore, the most efficacious drug for each type of cancer
remains to be elucidated. It has also been proposed that ADC internalization may
play a less significant role, than what was originally thought. As more ADCs featuring
cytotoxic drugs with different biological activities, e.g., DNA damaging agents and
microtubule inhibitors, will reach clinical trials, the therapeutic potential for different
types of solid tumors should become more evident.
The field of bispecific antibodies may be the most versatile of all classes of armed
antibody products, since a huge variety of formats and antibody combinations could
be considered. Bispecifc antibodies have demonstrated to be extremely efficacious
for the therapy of hematologic cancers. Bypassing the naturally required interaction
between tumor cell-associated MHC/peptide complexes and TCRs of cytotoxic T
cells, provides an effective way to overcome the inherent problem of poor
immunogenicity of some cancers. The intraperitonal administration of bispecific
antibodies proved to be efficacious against advanced metastatic cancers. By
contrast, the therapeutic potential of intravenously administered bispecific antibodies
for solid tumor indications remains to be evaluated. Information on the tumor
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targeting performance of bispecific antibodies is rare, as only few quantitative
biodistribution studies have been reported. Other parameters, which may affect the
performance of bispecific antibodies, are the binding affinities and kinetics for the
individual targets, offering an opportunity and a challenge for product development,
at the same time.
The molecular format of armed antibody products can have a profound influence on
the therapeutic window and should therefore be chosen with respect to the target
antigen and payload-related toxicities. Target accessibility is probably the most
crucial aspect determining therapeutic efficacy of armed antibodies. So far, the
majority of investigated targets are cell-surface proteins, which exhibit variable levels
of specificity for a given cancer type. While these targets are relatively easy to
access on hematologic cancer cells, they are rarely targeted with the same efficiency
in solid cancer indications. The targeting of tumor-specific subendothelial matrix
proteins is therefore attractive, especially because the expression of such antigens is
not restricted to a single cancer type. In fact, oncofetal splice isoforms of fibronectin
and tenascin-C occur in most aggressive tumor types including solid manifestations
of lymphomas and leukemia. Furthermore, armed antibodies for vascular tumor
targeting are in principle amenable to all kinds of bioactive payloads, maybe with the
exception of T cell-recruiting antibody moieties. Vascular targeting of solid tumors
does not rely on long plasma half life because small bivalent antibody fragments
display very favorable biodistribution profiles (high tumor uptake values relative to
other organs, are already reached after 24 h). By contrast, IgG-based antibody
therapeutics have been used to target internalizing tumor cell-surface antigens, in
order to ensure maximal in vivo activity. From a patients’ perspective, the use of full
IgGs seems attractive, because such compounds have to be injected only every few
weeks. However, Fc-mediated interaction in organs not affected by the disease,
could potentially explain some of the clinically-observed systemic toxicities reported
for armed antibodies.
Combination therapy has become one of the most important therapeutic strategies
for fighting cancer. Protein therapeutics, which do not contain cytotoxic moieties (i.e.,
immunocytokines or bispecific antibodies), typically exhibit no myelotoxicity and
should therefore be more compatible with chemotherapy. By contrast, ADCs exert
their cytotoxicity by direct interference with cell proliferation in a similar way as
conventional chemotherapeutics.
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3.5 Protein glycosylation
3.5.1 General considerations
The majority of extracellular proteins found in higher organisms are thought to be
glycoproteins, i.e., they feature one or more carbohydrate moieties covalently-linked
to surface accessible amino acid side chains. N-glycosylation, in particular,
represents the most common form of natural protein modification (288). Not
surprisingly, immuno-regulatory proteins such as monoclonal antibodies and
cytokines, are also often glycosylated. Glycoproteins can feature a highly complex
architecture with several intramolecular disulfide bonds and multiple attached
carbohydrate structures. As a consequence, glycoprotein-based therapeutics can
often not be produced by bacterial expression. Indeed, most biopharmaceuticals are
nowadays expressed in eukaryotic expression systems such as Chinese hamster
ovary (CHO) or human embryonic kidney (HEK) cells. The endoplasmic reticulum
(ER) of higher organisms provides an oxidizing milieu required for the formation of
disulfide bonds. Additionally, the ER comprises a highly sophisticated protein folding
machinery, which is required for the correct folding of many secreted glycoproteins.
Glycosylation plays a central role in the folding of glycoproteins. Once the resulting
glycoproteins are secreted or translocated to the plasma membrane, the conjugated
glycans are often involved in interactions with other proteins, thereby influencing a
multitude of biological processes, such as cell adhesion and ligand-receptor
interactions. The structural complexity of glycans poses a serious analytical problem
which has so far limited our understanding of the biological functions mediated by
protein glycosylation.

3.5.2 N-linked glycosylation
3.5.2.1 ER glycosylation
N-linked glycosylation refers to the most common form of protein modification, by
which oligosaccharide structures are covalently coupled to the amide nitrogen of the
side chain of an asparagine residue. This process does not occur randomly but
requires the presence of the specific N-glycosylation consensus sequence motif, i.e.,
asparagine-X-serine/threonine (N-X-S/T), whereby X can be any amino acid except
for proline. The chemical reaction leading to the covalent attachment of an N-glycan
is catalyzed by an enzyme complex known as oligosaccharyl-transferase (OST) in
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the endoplasmic reticulum (ER). This first step of N-glycan biosynthesis occurs cotranslationally [Figure 6] and involves the transfer of a dolichol-anchored
oligosaccharide precursor onto the nascent peptide chain at the luminal side of the
ER membrane (289). The newly transferred N-glycan has a well defined structural
composition at this point, it consists of the core glycan, common to all mammalian Nlinked glycans, which is extended to triantennary 14-carbohydrate oligosaccharide
with a distinct number of terminal glucose residues [Figure 6]. Upon enzymatic
processing (by glucosidase I and II), this glycan structure directs the unfolded protein
to the ER lectins calnexin and calreticulin [Figure 6], that are part of a chaperone
system known as the “calnexin-calreticulin cycle” (290). One of the most important
biological functions of N-linked glycans is thought to be their involvement in the
calnexin-calreticulin cycle, thereby mediating the folding of glycoproteins featuring Nlinked glycans. Calnexin and calreticulin are associated with folding chaperones
such as ERp57, which controls the correct formation of intramolecular disulfide
bonds during the folding process by means of its disulfide isomerase activity
[Figure 6]. The lectins are specific for the terminal carbohydrate composition of the
attached oligosaccharide, i.e., the presence or absence of a terminal glucose
residue. Misfolded glycoproteins are retained within the ER by calnexin and
calreticulin, thereby enforcing a “quality control” system for the glycoprotein folding
process [Figure 6]. The removal of the last terminal glucose by glucosidase II
changes the affinity of calnexin and calreticulin for the attached N-linked
oligosaccharide, which leads to dissociation. Deglucosylated glycoproteins are
recognized by an enzyme known as UDP-glucose:glycoprotein glucosyltransferase
(GT) featuring a binding domain for hydrophobic (unfolded) protein structures, which
acts as a sensor for the folding state of glycoproteins during the calnexin-calreticulin
cycle (290). Upon release, correctly folded glycoproteins are trimmed by the action of
ER mannosidase I and allowed to proceed to the Golgi apparatus, via dedicated
transporters and vesicular trafficking, where further glycan diversification occurs. By
contrast, if a protein fails to acquire its native conformation, it is directed towards a
protein degradation pathway known as ER-associated degradation (ERAD), which
mediates the transport of misfolded proteins to the cytoplasm for ubiquitin-dependent
proteasome degradation.
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Figure 6: Graphical illustration summarizing part of the biosynthetic pathways
of N-linked protein glycosylation in the ER and the calnexin-calreticulin cycle.
The oligosaccharyl-transferase (OST) complex catalyzes the cotranslational Nglycosylation process. UDP-glucose:glycoprotein glucosyltransferase (GT)
acts as a sensor for misfolded proteins. The figure has been adapted from
(290). The cartoon illustration of the folded protein containing a correctly
formed disulfide bond (yellow dash) was adapted from the PDB file 4X4X.
3.5.2.2 Golgi diversification
Unlike the biosynthesis of proteins, DNA or RNA, protein glycosylation is considered
to be a non-templated process. The tremendous diversity of N-linked glycan
structures is created by the concerted action of a multitude of different
glycosyltransferases and exogylcosidases present in the Golgi apparatus. The
expression of these enzymes may not only vary among different species or cell types
but also depends on the accessibility of different nucleotide-activated carbohydrate
substrates, which is in turn depending on the expression of dedicated transport
channels and available nutrients. Therapeutic proteins should feature human-like
glycan structures in order to prevent immunogenicity, which is another reason why
they are typically expressed in mammalian expression systems. Human cell lines
such as HEK cells would obviously be ideal to achieve human-like glycosylation.
However, CHO cells are easier to culture in suspension for high-yield production and
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have become the most widely used expression system for therapeutic proteins (291).
Recently, the genome of the common CHO-K1 cell line has been sequenced (292),
providing valuable information on CHO cell-specific glycosylation pathways occurring
in the Golgi apparatus. Notably, CHO-K1 do not express the glycosyltransferase
MGAT3, which is necessary for the introduction of a bisecting GlcNAc on the core
structure of N-linked glycans. Additionally, only the fucosyltransferase 8 (FUT8),
which adds #(1,6)-linked fucose to the first GlcNAc of N-linked glycans, is expressed
in these cells. These specific glycosylation pathways have consequences with
respect to Fc N-glycosylation of therapeutic IgGs. Another notable feature of CHOK1 cell is the expression of cytidine monophosphate-N-acetylneuraminic acid
hydroxylase (CMAH), which hydroxylates N-acetylneuraminic acid (NeuNAc) to Nglycolyneuraminic acid (NeuNGc). This enzyme is ubiquitously expressed by nearly
all mammals except for humans and the resulting terminal NeuNGc residues are
therefore potentially immunogenic in patients (293). For the studies described in this
thesis, a different CHO cell line, namely CHO-S instead of CHO-K1, was used.
However, based on a recent comparative sequence analysis of different CHO cell
lines (294), it is justified to assume that genes involved in the N-glycosylation
pathways are largely conserved. Figure 7 illustrates the biosynthetic pathways,
which mediate N-glycan diversification in the Golgi of CHO cells based on available
genomic information. As mentioned before, the individual steps are regulated by
multiple factors and enzyme-catalyzed reactions do not always go to completion,
thus leading to tremendous N-glycan diversity.
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Figure 7: Graphical illustration of CHO cell-specific N-glycan structures
created during Golgi N-glycan diversification. N-glycan structures and
corresponding glycosyltransferases and exoglycosidases have been adapted
from (292). The panel of structures is intended to provide an overview of CHO
cell-derived N-glycans and is not considered to be complete. Color schemes
follow the guidelines described in (295).
Recent

technological

advancements

in

analytical

methods

for

glycan

characterization have allowed the identification of N-linked glycan structures of
glycosylated biopharmaceuticals. Most of these methods are based on mass
spectrometry and high pressure liquid chromatography (HPLC). The latter often
requires chemical derivatization of isolated glycans, since carbohydrates naturally
lack photoactive chemical groups. N-glycan analysis is greatly facilitated by the
availability of a highly efficient enzyme called peptide-N-glycosidase F (PNGase F).
This endoglycosidase features a close to universal protein substrate specificity and
is able to completely cleave off the most common types of N-glycan structures (296).
More recently, methods for site-specific glycan analysis, which provide detailed view
of microheterogeneity at a given glycosylation site, have been developed (297,298).
These methods rely on the chromatographic separation of glycopeptides with
subsequent mass spectrometric analysis. Structural data of protein-linked glycans
provides invaluable information, which can not only be used to optimize the
manufacturing process of biopharmaceuticals but also allows a better prediction of
the in vivo performance of such products.
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3.5.3 O-linked glycosylation
In contrast, to N-glycosylation, O-glycosylation is not guided by a specific peptide
sequence motif and occurs either post-translationally within the ER or the Golgi
apparatus of eukaryotic cells. A variety of carbohydrate residues can be covalently
coupled to the side chain hydroxyl groups of surface accessible serine or threonine
residues. The resulting O-glycosylation subclasses are named after the identity of
the first attached carbohydrate structure (e.g., O-mannosylation). Although Oglycosylation-specific peptide sequence motives cannot be predicted, the involved
core-glycosyltransferases are often specific for certain protein domains, e.g., mucintype domains (299). However, mucin-type O-glycosylation (and other forms of Oglycosylation), can also occur on proteins without mucin domains. Consequently, Olinked glycan structures are extremely difficult to predict and their localization and
identity need to be determined analytically. The analysis of O-glycans is further
complicated by the fact that a universal endoglycosidase (such as PNGase F for Nglycans) does not exist. Upon attachment of the core-carbohydrate residue, which
may already occur in the ER, the resulting O-glycan is further diversified by a variety
of glycosyltransferases present in the Golgi apparatus. Similar to N-glycosylation, Oglycan diversity is also considered to be species-specific and dependent on a
multitude of factors. As a consequence, protein therapeutics produced by nonhuman cell-based expression systems may feature potentially immunogenic
structures. For example, Gal-#(1,3)Gal represents a potential extension or OGlcNAc, which does not occur in humans but is commonly found in other mammals.
Human serum contains relatively high titers of immunoglobulins directed against Gal#(1,3)Gal-"(1,4)GlcNAc, also known as the “Galili epitope” (300). Fortunately, CHOK1 cells (and most likely also CHO-S cells), do not express the glycoprotein #(1,3)galactosyltransferase, which mediates the formation of Galili epitopes (292).

3.5.4 Glycoprotein therapeutics
3.5.4.1 Monoclonal antibodies
All intact IgGs feature two N-linked glycans at a specific sites within their Fc
domains, e.g., at asparagine 297 for IgG1. Considering the importance of IgGs for
therapeutic applications, Fc-associated N-glycans represent one of the most
extensively studied glycan structures with respect to their structure and their
biological function. Fc-glycans are complex bi-antennary N-glycans, which may be
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fucosylated a the N-linked GlcNAc and can exhibit a varying degree of terminal
sialylation. Moreover, Fc-associated glycans represent a special case since they are
entrenched between the two adjacent CH2 domains to which they are linked. The
conformational flexibility of these N-glycans is much more restricted compared to Nglycans of other soluble proteins and are even visible in crystal structures of human
IgG Fc domains (301). Fc-associated N-glycans play a decisive role in Fc receptor
binding and have therefore a crucial influence on the therapeutic mode of action of
IgG-based products, most prominently on ADCC. The absence or presence of
terminal sialic acids is known to modulate the affinity of IgG-associated Fc domains
to either inhibitory of activating Fc! receptors (302). More specifically, a high degree
of terminal sialylation is known to promote inhibitory Fc! receptor binding and
therefore reduce IgG-mediated immune activation. Similarly, core-fucosylation of Fc
glycans can also affect ADCC by means of changing Fc! receptor affinities. Nonfucosylated IgG exhibit a much higher affinity for the activating Fc!RIII (303). The
fact that the introduction of a bisecting GlcNAc and core-fucosylation are mutually
exclusive glycosylation pathways during N-glycan diversification in the Golgi, has
been exploited for the genetic engineering of a CHO cell line producing only nonfucosylated N-glycans (304). The technology has been applied for the development
of an improved version of rituximab (known as obinutuzumab or Gazyva®), exhibiting
enhanced ADCC and more potent therapeutic activity against a variety of cancers
(305). Although the product exhibits stronger infusion-related toxicity, it has recently
been approved in combination with chemotherapy for the treatment of CLL, due to a
significant improvement therapeutic efficacy (306).
3.5.4.2 Other biopharmaceuticals
Extracellular functions of other therapeutic glycoproteins are less well understood.
However, in view of their elaborate biosynthesis and their important role in Fc
effector functions, glycans are likely to influence ligand-receptor interactions of other
glycoproteins. A well-documented and general phenomenon of protein-linked
glycans is their capacity to confer increased solubility and a prolonged in vivo half life
to therapeutic glycoproteins. Glycans are highly hydrophilic and flexible molecules
and

extended

oligosaccharide

structures

can

substantially

increase

the

hydrodynamic volume of a given protein. An increased hydrodynamic volume, i.e.,
larger than the one of albumin, can prevent renal filtration and therefore prolong
circulation in blood. The therapeutic activity of many glycosylated therapeutics, e.g.,
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systemic inhibitors or hormones, is known to correlate with their pharmacokinetic
(PK) profile, which is in turn affected by the N-linked glycans. A biopharmaceutical
product for which the influence of N-glycosylation on pharmacokinetics has been
extensively studied, is recombinant human erythropoietin (EPO). The introduction of
two additional glycosylation sites by site-specific mutagenesis resulted in an EPO
variant with prolonged serum half life and improved therapeutic activity (307).
Chemical conjugation of organic molecules with carbohydrate-like properties, e.g.,
polyelthylene glycol, are frequently used to achieve a similar effect (308).
However, while certain glycans can confer a prolonged in vivo half life to
glycoproteins, others can also enhance clearance. Several lectins, which function as
glycoprotein clearance receptors, have been identified. A well-known example is the
asialoglycoprotein receptor (ASGPR), expressed by hepatocytes, with specificity for
non-sialylated complex N-glycans. Proteins featuring such structures exhibit a
substantially reduced serum half life compared to their fully sialylated counterparts
(309). ASGPRs bind terminally exposed Gal and GalNAc residues, which become
exposed in absence of terminal sialic acids. Different therapeutic glycoproteins have
been studied with respect to ASGPR-mediated clearance. For example, the
clearance rate of enzymatically desialylated hEPO in rats was found to be
approximately 12 times higher compared to the unmodified variant (310). Another
glycoprotein clearance receptor, commonly known as the mannose receptor,
contains multiple lectin domains with specificity for terminal mannose and GlcNAc
residues. Complex N-glycans, which are not only devoid of terminal sialic acids but
lack galactose, feature GlcNAc at their terminal positions. Similar to the ASGPR, the
mannose receptor mediates the clearance of glycoproteins with this type of Nglycans, a process which is thought to be essential for the regulation of glycoprotein
homeostasis in blood (311). Glycan-mediated clearance effects are also strong
enough to affect the pharmacokinetics of Fc-containing biopharmaceuticals. This is
particularly important for receptor-Fc fusion proteins, such as the approved TNFR2Fc ethanercept (Enbrel®), since many cell surface receptors are extensively Nand/or

O-glycosylated.

Although

the

pharmacokinetic

behavior

of

all

biopharmaceuticals is initially tested in dedicated studies, pharmacokinetic profiles
may change if the manufacturing of a given glycoprotein is later modified, as
observed for the TNFR1-Fc product lenercept, which has been investigated in
clinical trials (312).
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Yeast cells are known to produce extensive multi-antennary high-mannose type Nglycans. Apart from mannose receptor-mediated clearance, such structures are also
highly

immunogenic.

In

fact,

mannose

receptors

are

also

expressed

by

macrophages and immature dendritic cells and play an important role as patternrecognition receptors mediating immune responses against microbial infections
(313). As a consequence, conventional yeast cells are not suitable for the production
of therapeutic glycoproteins, even if they would offer several advantages with
regards to production efficiency. Extensive research efforts have made to genetically
engineer yeast strains, such a Pichia pastoris, in order to produce proteins with
human-like N-linked glycans. This approach has been to some extent successful
(314) and glycosylated biopharmaceuticals produced in yeast are currently
investigated in clinical trials.
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3.6 Targeted activity-on-demand
The pharmaceutical concept of a therapeutic agent, which only becomes activated
upon binding to its target at the site of disease, can be tracked back to Paul Ehrlich’s
vision of a “magic bullet”. About one century later, such ideal therapeutic agents
have still not been fully realized, in spite of the availability of highly cancer cellspecific monoclonal antibodies. ADCs relying on internalization for drug release may
have come close to the original vision. However, the performance of ADC products is
limited by insufficient serum stability, potentially leading to premature drug release.
Moreover, the most commonly used ADC targets are also expressed on normal
cells,

preventing

exclusive

cancer

selectivity.

Another

“activity-on-demand”

approach, commonly referred to as antibody-directed enzyme prodrug therapy
(ADEPT), suffers from similar drawbacks, such as peripheral or clearance organspecific prodrug activation (315). Enzymes foreign to the organism could provide
more specificity when coupled to cancer-specific antibodies, but are likely to be
immunogenic in humans. The same holds true for another type of armed antibodies,
known as immunotoxins. These molecules contain highly immunogenic bacterial
toxin precursors as antibody payloads, which should become activated upon
intracellular processing (316). The recently described probody technology of CytomX
Therapeutics, may alleviate the immunogenicity problem (317). Probodies, consist of
cancer-directed antibodies featuring enzyme-cleavable linkers attached to an
endogenous protein domain, e.g., a part of the actual antigen, blocking the
antibodies’ target binding site. It is conceivable that similar strategies could also be
applicable to other immunotherapeutic modalities such as immunocytokines.
However, a general shortcoming of prodrugs relying on proteolytic processing by
endogenous enzymes for their activation, stems from the fact that the same
mechanisms may not be applicable across different species. By contrast, chemical
drug release strategies based on e.g., hydrolysis, reduction or other chemical
reactions, could represent an alternative avenue to achieve similar activation
mechanisms in preclinical animal models and in patients. The development of
strategies aiming for chemically controlled drug release represents an active field of
research. Pretargeting of small molecule prodrugs, bioorthogonally coupled to
disease-specific antibodies, could allow the conditional release of toxic payloads,
triggered by the systemic administration of bioorthogonal, linker-reactive chemical
(318).
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At the time of this thesis, prodrug strategies for cytokine-based immunotherapeutic
modalities had not been described, although systemic immune activation clearly
represents a major clinical limitation of these biopharmaceuticals. Hence, there is a
strong rationale for the development of such therapeutic modalities. Within this
thesis, we pursued the development of a new strategy, aiming to achieve a step-wise
targeted reassembly of two split-cytokine fusion proteins at the site of disease. The
two components could be administered at separate time points in order to prevent
the systemic cytokine formation, while antibody-based targeting could enable the
reconstitution of the active cytokine complex within tumors. Antibodies directed
against neovascular subendothelial matrix proteins provide a unique opportunity for
this pharmaceutical approach in view of their favorable biodistribution properties.
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3.7 Aim of the thesis
Within this thesis, three independent research projects have been conducted. Two
new protein payloads, namely soluble CD40L and IL9, have been investigated as
fusion partners of the cancer-specific F8 antibody. These activities were part of an
ongoing systematic preclinical evaluation of different immuno-modulatory payloads
for antibody-based vascular tumor targeting. The first project focused on the
development and characterization of a new F8-CD40L fusion protein. CD40L is an
important maturation signal for dendritic cells. The antibody-mediated targeted
delivery of CD40L to the tumor neovasculature could, in principle, provide essential
stimuli for the activation and licensing of tumor-resident dendritic cells. Based on the
literature, the intratumoral combination therapy of CD40 agonists and IL2 has the
potential to induce long-lasting anti-cancer immunity (54). Additionally, other trimeric
TNF family members, most notably TNF itself, have been successfully converted into
F8-based fusion proteins, which exhibited excellent biodistribution profiles and potent
anti-cancer activity (178). The project was completed with the assessment of the
targeting performance of F8-CD40L fusion protein in quantitative biodistribution
studies.
In a second project, the therapeutic potential of IL9 as a new antibody-payload was
investigated. Interleukin-9 is an extensively N-glycosylated protein of the IL2 cytokine
family (common ! chain receptor family). Recently, the anti-tumor activity of
recombinant IL9 in different clinically relevant mouse tumor models has been
demonstrated (45). Other IL2 family cytokines (e.g., IL2 and IL4) were among the
most potent cytokine payloads investigated so far. In analogy to IL2 and IL4, a new
F8-IL9 immunocytokine was developed and characterized in vitro. In addition to
standard protein quality control experiments, suitable analytical methods for the
characterization of IL9-associated glycan structures had to be implemented.
Previous studies on extensively glycosylated protein payloads had suggested that
glycosylation could have a profound influence on antibody-based targeting (147).
The presence of four N-glycosylation motives within the sequence of IL9, suggested
that it could be an ideal model protein to elucidate the impact of N-linked glycan
structures on antibody-based neovascular targeting. Since EDA is abundantly
expressed within the subendothelial extracellular matrix of newly formed blood
vessels, the in vivo investigation of the resulting F8-IL9 fusion protein could provide
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new insights with respect to the extravasation of therapeutic glycoproteins through
the tumor-associated neovasculature.
Interleukin-12 is one of the most potent therapeutic cytokines known. However, its
clinical application has been limited by strong systemic toxicity. Previous studies on
IL12-based immunocytokines revealed potent anti-cancer activity in a variety of
animal models, which could be ascribed to a preferential accumulation at the site of
disease (154). If a suitable fusion protein format is chosen, IL12 can be efficiently
targeted to the tumor neovasculature, as evidenced by high tumor selectivity in
quantitative biodistribution studies (158). Interleukin-12 is a heterodimer consisting of
two subunits (p35 and p40), which are covalently linked by an intermolecular
disulfide bond. However, it has been shown that this disulfide bond is not essential
for the biological activity of this cytokine (71). Based on these findings, a new
pharmaceutical strategy was conceived, which could potentially alleviate the risk of
IL12-induced systemic side effects. The strategy involves the step-wise targeted
reassembly of two split-cytokine antibody fusion proteins based on mutant variants of
p35 and p40. Within this project, the first aim was to produce and characterize the
individual split-immuno-cytokines (F8-p35S-F8 and F8-p40S-F8) with respect to
product homogeneity, antigen binding capacity and in vivo biodistribution properties.
The next step comprised the demonstration of the subunit reassembly in vitro by
means of a dedicated binding experiment, mimicking the in vivo situation. We also
assessed of the biological activity of reassembled IL12-based spilt-cytokine
complexes in appropriate cell-based assays.
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4 Results
4.1 Vascular tumor targeting of soluble CD40 ligand
Part of this section has been adapted from:
Hemmerle T., Hess C., Venetz D. and Neri. D.: Tumor targeting properties of
antibody fusion proteins based on different members of the murine tumor
necrosis factor superfamily. Journal of Biotechnology (2014), 20, 172-6.

4.1.1 Results
The gene encoding the soluble C-terminal domain of CD40L was genetically fused to
the C-terminus of a scFv(F8) in analogy to previously investigated TNF superfamily
cytokines [Figure 8 A] (178,319). Upon expression in CHO-S cells, F8-CD40L could
be purified to homogeneity by protein A purification. Although the product exhibits a
propensity for aggregation and protelolysis, aggregates as well as proteolytic
fragments are lost upon filtration. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and size-exclusion chromatography (SEC) analysis of
purified and filtrated F8-CD40L preparations contained only negligible amounts of
covalent aggregates and proteolytic fragments [Figure 8 B an C]. Furthermore, SEC
also revealed that the resulting F8-CD40L fusion protein formed the anticipated noncovalent homotrimeric complex. Experimental evidence was provided by comparing
the

SEC

profile

of

F8-CD40L

with

the

one

of

structurally

homologous

immunocytokines such as F8-TNF analyzed on the same Superdex S200/300
column. Moreover, surface plasmon resonance analysis (SPR) of F8-CD40L on an
EDA-coated sensor chip demonstrated that the binding ability of the scFv(F8)
moieties was preserved [Figure 8 D]. The CD40-positive B cell lymphoma cell line
WEHI-279 was used to assess CD40L-to-CD40 binding in a fluorescence-assisted
cell sorting (FACS) experiment. Concentration-dependent cell surface binding of F8CD40L could be detected with a fluorescently labeled protein A conjugate, while the
binding of negative control (a bivalent F8-based antibody fragment) was
undetectable [Figure 8 E].
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Figure 8: Biochemical characterization data of F8-CD40L. A) Short name,
schematic representation and mass based on amino acid sequence. B)
Analytical SEC (Superdex S200/300). C) SDS-PAGE (M: Marker, NR: nonreducing and R: reducing conditions). D) SPR analysis showing F8-to-EDA
binding. E) Flow cytometric analysis (FACS) CD40L binding to mouse B cell
lymphoma cells (WEHI-279).
Purified F8-CD40L preparations were of sufficient pharmaceutical quality to assess
tumor targeting in vivo. F8-CD40L was analyzed in two independent quantitative
biodistribution studies in immuno-competent F9 teratocarcinoma-bearing Sv129
mice. In the first experiment, F8-CD40L exhibited efficient tumor targeting, as
evidenced by a high tumor-to-blood ratio of > 10 : 1. Specifically, 6.19 ± 0.97 %ID/g
was found within the dissected tumor tissue, which is considered to be high
compared to some other F8-based immunocytokines. However, high levels of
radiolabeled F8-CD40L were also found in normal organs (e.g., 7.15 ± 0.79 %ID/g in
the spleen). The overall biodistribution profile is displayed in Figure 9 A. The
remarkably high uptake levels in the spleen led to the hypothesis that F8-CD40L
may trapped by circulating leukocytes upon injection. A second biodistribution study
was performed to experimentally test a CD40L-mediated receptor trapping
mechanism. A pre-injection of non-radiolabeled F8-CD40L shortly before the
administration of the

125

I-labeled F8-CD40L, should prevent peripheral receptor

trapping by saturating CD40 receptors expressed by lymphocytes present in
circulation (which are thought to migrate into lymphoid organs such as the spleen). In
analogy to previous studies with other immunocytokines such as F8-IFN! (146), we
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could indeed show that F8-CD40L is capable of selective tumor targeting after
presaturation of cognate CD40 receptors [Figure 9 B]. Notably, the spleen uptake of
125

I-F8-CD40L was substantially reduced, while the difference in tumor uptake levels

was not significant (unpaired t test with Welch’s correction). Therefore, saturation of
the EDA antigen, which is expressed within the sub-endothelial matrix of F9
teratocarcinoma, was not observed.
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Figure 9: Quantitative in vivo biodistribution studies of purified F8-CD40L
preparations in immuno-competent Sv129 mice bearing subcutaneous F9
teratocarcinomas. A) Biodistribution profile of

125

I-labeled F8-CD40L (10 "g)

24 h after intra-venous injection. B) Biodistribution profile of the same
compound after presaturation with non-labeled F8-CD40L (10 "g, respectively).
The results form the first biodistribution experiment, performed without presaturation, were integrated into a larger comparative biodistribution study, in which
F8 antibody-based immunocytokines fused to different members of the TNF
superfamily were analyzed. Detailed information on the other tested immunocytokines can be found in Hemmerle et al. (319). An overview of the biochemical
characterization data of all investigated proteins is given in Figure 10. Notably, all
tested F8-based fusion proteins exhibited acceptable homogeneity when analyzed
by SEC and bound to EDA with comparable avidity as evidenced by SPR. All
biodistribution studies were performed with the same F9 teratocarcinoma cell line,
Sv129 mouse strain and were labeled with the same radioiodination method
(chemical activation of 125I with Chloramine T).
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Figure 10: In vitro characterization of antibody-fusion proteins based on TNF
superfamily members. Schematic representation, SDS-PAGE (M: marker; N:
non-reducing conditions; R: reducing conditions), SEC (Superdex S200/300)
and SPR (BIAcore) analysis of purified protein preparations.
Radiolabeled preparations of F8-CD40L, F8-FasL, F8-TRAIL, F8-TRAILtrunc, F8VEGI, F8-VEGItrunc, F8-LiGHT, F8-LTA, F8-ltb and F8-LTa1b2 displayed different
and distinctive distribution patterns when compared to F8-TNF [Figure 11]. F8
fusions with TRAIL, truncated TRAIL and LiGHT preferentially localized to the tumor
site 24 h after intravenous injection with only low uptake in healthy organs. By
contrast, F8-LTA was unable reach its cognate antigen in vivo. F8-CD40L, F8-FasL,
F8-VEGI, F8-VEGItrunc and F8-ltb exhibited tumor uptake, but also high uptake
levels in other organs. Thus, not all structural homologs of F8-TNF are equally suited
for on antibody-based pharmacodelivery to the tumor neovasculature.
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Figure 11: Summary of the comparative in vivo biodistribution study of TNF
superfamily-derived immunocytokines in immuno-competent Sv129 mice with
subcutaneous F9 teratocarcinomas. Organs were excised and analyzed
24 administration of 10 "g 125I-labeled protein. Mice were randomized at the day
of injection to obtain a similar tumor size distribution in each group (5 mice
per group).
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4.1.2 Discussion
The comparative biodistribution study of previously uninvestigated TNF superfamily
members as payloads of a validated neovascular targeting antibody illustrates that
each cytokine can exhibit a distinct in vivo behavior. As a consequence of their
homotrimeric state, structural homologs of TNF may bind with high affinity to immune
cells if they express high levels of the cognate cytokine receptor. Peripheral receptor
trapping may, however be overcome by presaturation of cytokine receptors present
on peripheral blood cells, as demonstrated with F8-CD40L. However, from a
translational point of view, the agent used to achieve presaturation would need to be
biologically inactive in order to prevent peripheral immune activation. In the case of
CD40L, the use of inhibitory anti-CD40 monoclonal antibodies would be conceivable.
Other investigated TNF family members exhibited rather low tissue uptake values,
which indicates that the majority of the administered product has been cleared from
the organism within 24 h. The fusion proteins tested within the comparative in vivo
study were similar in size (except for F8-Itb, which was a monomer) and exhibited
comparable immuno-reactivity [Figure 10]. Therefore, other factors related to either
the molecular constitution of respective cytokine payload or cytokine-specific
receptors may influence extravasation and tumor targeting properties of F8-based
immuno-cytokines. Within the next chapter, the role of N-linked protein glycosylation
in antibody-based tumor targeting is elucidated.
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4.2 The impact of N-glycosylation on vascular targeting of F8-IL9.
This section has been adapted from:
Venetz D., Hess C., Lin CW., Aebi M. and Neri D.: Glycosylation profiles
determine extravasation and disease-targeting properties of armed antibodies.
Proceedings of the National Academy of Sciences (2015), 112 (7) 2000-5.

4.2.1 Results
We focused our attention on interleukin-9 (IL9) as a therapeutic payload for
immunocytokine development, based on recent reports demonstrating potent T cellmediated anti-tumor activity mediated by IL9 (45,47). Interleukin-9 is a special
cytokine as it contains four distinct N-glycosylation sites while being devoid of Olinked glycans, as evidenced by liquid chromatography - electrospray ionization mass spectrometry (LC-ESI-MS). We genetically fused IL9 to the C-terminus of a
non-glycosylated F8-based diabody and expressed the recombinant immunocytokine
either by transient gene expression (TGE) or by stable expression (SE) in stably
transfected CHO cells [Figure 12 A]. Both methods were considered to yield
immunocytokine products of equivalent pharmaceutical quality at the time of these
studies. Stably transfected polyclonal CHO cells were cultured at a higher cell
density and modified media composition in order to achieve comparable production
yields as by TGE. SDS-PAGE analysis showed similar patterns for protein
preparations obtained in various experimental conditions. F8-IL9 preparations tested
in vivo eluted as a single peak in gel-filtration and displayed comparable EDAbinding kinetics in SPR analysis [Figure 12 D and E]. The products could be
converted into a fully deglycosylated form upon PNGase F treatment. The mass
difference of around 10 kDa between glycosylated and non-glycosylated F8-IL9
observed

by

SDS-PAGE

suggested

similar

glycosylation

site

occupancies

irrespective of the production method [Figure 12 C]. Ex vivo, all F8-IL9 preparations
selectively stained the sub-endothelial extracellular matrix of blood vessels in murine
F9 teratocarcinoma regardless of their production method and enzymatic
modification.
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Figure 12: Production methods and protein characterization data of F8-IL9
preparations investigated in vivo. Data from TGE (blue) and SE (red) F8-IL9
batches (1 to 3) are displayed. Desialylated SE (DS, gray) and deglycosylated
TGE (DG, black) F8-IL9 were compared. A) Expression vector and production
methods. B) Schematic of homobivalent diabody format. C) SDS-PAGE
analysis. D) Gel-filtration chromatograms. E) EDA-binding sensograms (SPR
analysis).
When various batches of F8-IL9 were studied by quantitative biodistribution analysis
in immuno-competent Sv129 mice bearing subcutaneous F9 tumors, a strikingly
different tissue distribution profile was observed for proteins produced using either
TGE or SE methodologies [Figure 13 A]. F8-IL9 derived from TGE cultures was able
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to efficiently and selectively localize to tumors 24 hours after intravenous injection
with 11.53 ± 0.71 percent injected dose per gram (%ID/g) in the neoplastic lesions
while exhibiting favorable tumor-to-organ ratios [Figure 13 A]. The biodistribution
profile of TGE-produced F8-IL9 was close to identical to the one observed for
SIP(F8). By contrast, batches of F8-IL9 derived from stable expression cultures
failed to target tumors in vivo, with only 0.36 ± 0.05 %ID/g in the tumor and less than
0.16 ± 0.01 %ID/g in blood. In line with the biodistribution data, immunofluorescence
microscopy revealed that only TGE-derived F8-IL9 could successfully localize to the
perivascular space of tumor blood vessels in vivo [Figure 13 B]. This biodistribution
data was surprising, as the stable polyclonal expression cultures were directly
derived from preceding TGE cultures via antibiotic selection. Our finding proved to
be highly reproducible since the data originate from three independent experiments
for each type of sample. Additional biodistribution experiments, performed after
treating F8-IL9 with PNGase F, revealed that deglycosylated F8-IL9 from stable
expression cultures had regained its tumor targeting ability [Figure 13 A].
Importantly,

TGE-

and

SE-produced

F8-IL9

displayed

close

to

identical

biodistribution profiles after enzymatic deglycosylation with PNGase F, indicating that
the protein components were of equivalent quality. F8-IL9 produced by TGE also
failed to target the tumor neovasculature of F9 tumors upon enzymatic removal of
terminal sialic acids by #2-3,6,8,9 neuraminidase, pointing out the special role of this
carbohydrate residue.
The quantitative biodistribution profiles shown in Figure 13 A provide a global view
of potential glycan-mediated F8-IL9 interactions in vivo. A potential lectin-trapping
mechanism (e.g., by immune cells) would be detectable by elevated radioactivity
levels in blood and in the spleen. However, only low levels of radiolabeled F8-IL9
were found in normal organs, with the exception of intestinal uptake, which is often
observed using anti-EDA antibody products. We therefore assumed that changes in
glycostructures could have an impact both on drug clearance and on extravasation.
To support this conclusion, a formal pharmacokinetic analysis comparing radiolabeled F8-IL9 samples from either TGE or SE cultures was performed
[Figure 13 C]. However, F8-IL9 produced by the SE method displayed only
marginally faster blood clearance, suggesting that the two products could also differ
in their ability to cross the tumor neovasculature.
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Figure 13: Biodistribution profiles, microscopic analysis and pharmacokinetic
data. A) Quantitative biodistribution profiles 24h after intravenous injection of
F8-IL9 samples to F9-tumor bearing mice. TGE (blue), SE (red), desialylated
TGE (DS, gray) and deglycosylated SE (DG, black) derived F8-IL9 products are
shown. B) Comparison of immunofluorescence detection images of F8-IL9,
24h after intravenous administration or following ex vivo application onto F9
tumor sections (scale bar: 100 "m). C) Pharmacokinetic data of F8-IL9 from SE
(red) and TGE (blue) during the first 6h after injection.
The used model system is appropriate to study extravasation and vascular targeting
because of the specific site of expression of the target antigen EDA within the
subendothelial matrix of the tumor-associated vasculature [Figure 13 B]. High
expression levels of EDA at this site prevent saturation effects over a wide dose
range (240). Additionally, the turnover rate for this type of antigens is considered to
be very low because bound antibody can be detected up to 5 days after injection
(309). Targeting of solid tumors and metastases is often limited by the build-up of an
antigen barrier in proximity to the neovasculature (320). Hence, our findings may
also be relevant for other antibody-based pharmacodelivery approaches.
F8-IL9 glycoforms produced by either SE or TGE were extensively characterized
using several complementary methods. Hydrophilic interaction chromatography high

pressure

liquid

chromatography

(HILIC-HPLC)-based

glycoprofiling

of

fluorescently labeled glycan pools after PNGase F treatment showed substantial
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differences between TGE and SE samples [Figure 14 A]. We also quantified the
amount of terminal sialic acids (NeuNAc) moieties in various protein preparations,
using two orthogonal assays based either on chemical or enzymatic sialic acid
release followed by different fluorescent labeling and detection methods. The TGEproduced batches of F8-IL9 exhibited significantly higher NeuNAc-to-protein ratios,
compared to the same protein derived from stably transfected cells in both assays
[Figure 14 B and C]. By comparison, the glycan profiles before and after
neuraminidase treatment revealed characteristic peak-shifts for the TGE samples,
again indicating terminally sialylated N-glycans [Figure 14 A]. Matrix-assisted laser
desorption/ionization - time of flight mass spectrometry (MALDI-TOF MS) analysis of
permethylated glycans further confirmed this finding [Figure 14 D]. The major Nglycan structures from TGE-derived F8-IL9 were sialylated N-glycans with corefucosylation. On the contrary, MS profiling showed that incompletely galactosylated
and neutral N-glycans were the main species present on SE-derived F8-IL9.
Furthermore, we have predominantly found #2,3-linked sialic acids on TGE products
as confirmed by enzymatic treatment with #2,3 neuraminidase. Surprisingly, we have
also observed antennary N-acetyllactosamine (LacNAc) repeats on the glycans of
SE F8-IL9. Such poly-LacNAc structures represent ligands for galectins, which are
known to be involved in cell adhesion and tumor progression (321,322) and were
therefore not expected to occur on recombinant proteins expressed by CHO cells.
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Figure 14: Characterization data of N-linked glycan pools. F8-IL9 samples from
TGE (blue), SE (red), TGE after desialylation (DS, gray) and SE after deglycosylation (DG, black) were analyzed. A) Representative HILIC-HPLC profiles of
2-AB-labeld N-glycan pools after PNGase F release and neuraminidase
treatment (GU: glucose units). B) Quantification of NeuNAc by reversed-phase
HPLC upon mild acid hydrolysis. C) Fluorimetric quantification of terminal
NeuNAc after enzymatic release with #2-3,6,8,9 neuraminidase. D) MALD-TOFTOF spectra of permethylated glycan pools. Color schemes follow the guidelines described in (295).
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Interleukin-9 features four putative glycosylation sites. In order to obtain a detailed
view of the glycan microheterogeneity, site-specific glycosylation analysis was
performed. After proteolytic cleavage, the four sets of F8-IL9-derived glycopeptides
were analyzed by nanoHPLC-HCD-MS/MS (HCD stands for high-energy collisional
dissociation). Sialylated glycans were again identified with the help of #2-3,6,8,9
neuraminidase. Site-specific N-linked glycan structures for representative SE and
TGE preparations are summarized in Figure 15. Consistent with the data mentioned
above, sialylated N-glycans were predominantly found in the TGE preparations but
were also present to a low extent in the SE product. Notably, sialylation differences
were site-specific, i.e., terminal sialic acids as well as galactose residues at the
penultimate position were absent at glycosylation site 3 in both types of products
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Figure 15: Site-specific N-glycan structures. Representative batches of F8-IL9
from TGE or were analyzed by nanoHPLC-HCD-MS/MS glycopeptide analysis.
Peptide sequences after protease treatment by Trypsin, Glu-C endopeptidase
and AspN endopeptidase are shown in the center. N-glycosylation sites are
numbered from left to right (site 1 to 4).
With this information in hand, we could evaluate the therapeutic potential of mouse
IL9-derived immunocytokines. We tested our constructs in vivo and compared our
data with the results reported by Purwar et al., who have investigated recombinant
IL9 as a therapeutic agent (45). However, we did not use the same mouse tumor
models, namely the Lewis lung carcinoma (LLC) and the B16F10 melanoma models
in BL/6 mice, based on the following considerations: The B16F10 tumor model
represents a special case with respect to EDA expression since it is known to be
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antigen-negative. Previous studies have also shown that the LLC model responds
poorly to immunocytokine treatment, although the tumor stroma of LLC is known to
be strongly EDA positive (146). The underlying reason for this lack of sensitivity is
subject to current investigations. We therefore decided to perform the therapy
experiment in the F9 teratocarcinoma model in Sv129 mice based on the validated
targeting performance of TGE-produce F8-IL9 preparations. This model also allowed
to compare the therapeutic activity of F8-IL9 with other EDA- and EDB-directed
immunocytokines. A preceding dose-escalation study had revealed that F8-IL9
produced by TGE was well-tolerated and could be injected at doses up to 200 %g per
mouse without any signs of toxicity. By comparison, the applied dosing schedule by
Purwar et al. was 50 ng every 2 days (glycosylated IL9 form R&D Systems).
Furthermore, we decided to perform the therapy with KSF-IL9 as a control. The KSF
antibody features an irrelevant specificity and is commonly used in comparative
immunocytokine therapy studies, in order to assess the contribution of the targeting
antibody to therapeutic efficacy. The outcome of the therapy is summarized in
Figure 16.
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Figure 16: Tumor growth and weight change curves of the therapy experiment
with F8-IL9 and KSF-IL9 in Sv129 mice bearing subcutaneously grafted F9
teratocarcinoma tumors. PBS (200 "L) was used as a control. The dosing
schedule is indicated with black arrows (200 "g in 200 "L for each injection).
All injections were performed intravenously. Mice were randomized to have a
similar tumor size distribution in all groups (5 mice per group). Statistical
differences between the last data points were calculated using two-way
ANOVA including a Bonferroni’s post-test correction (*: P < 0.05, ***: P < 0.001
and n.s.: not significant).
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Based on the tumor growth curves shown in Figure 16, no significant therapeutic
effect could be observed for the therapy groups treated with F8-IL9 or KSF-IL9 when
compared to the PBS control group. This data suggests that either the IL9-based
immunocytokines are not therapeutically active or that the anti-tumor activity of
mouse IL9 may be model-dependent. Remarkably, the administered dose of F8-IL9
and KSF-IL9 was three orders of magnitude higher than the highest dose of
glycosylated IL9 used by Purwar and colleagues, i.e., 50 ng glycosylated IL9 as
stated in (45). This injected amount seems extraordinarily low compared to other
cytokines investigated by our group. Although we have chosen a different route of
administration (intravenous instead of intraperitoneal injection) in order to be
consistent with our previous immunocytokine therapy studies, it is difficult to explain
such enormous differences in tumor growth control.
The detailed molecular characterization of F8-IL9-associated N-linked glycans by
different complementary analytical methods also enabled us to optimize the
expression conditions for stable cell line production. Upon selection of the most
productive monoclonal F8-IL9-producing CHO cell lines, different parameters such
as expression time, cell density and media composition were investigated. In
summary, lower cell densities (e.g., 2 x 106 cells/mL) or shorter expression periods
clearly resulted in a higher terminal sialic acid content for SE-produced F8-IL9
preparations, as evidenced by HPLC-based NeuNAc quantification. Differences
between clones were rather small when normalized to the amount of protein and
NeuNAc-to-F8-IL9 ratios were in the range of TGE-produced F8-IL9 samples.
Therefore, it is justified to assume that the stable transfection of CHO cells per se did
not interfere with genes involved in N-linked protein glycosylation. Instead, increased
nutrient availability as a consequence of lower cell density and shorter culture times
seem to favor terminal sialylation.

4.2.2 Discussion
Taken together, the absence of terminal sialic acids and the exposure of galactose
or N-acetylglucosamine residues control both the elimination of the fusion protein
from blood and its extravasation properties. Changes with regard to expression
conditions can have a substantial impact on the terminal composition of complex Nlinked glycans. Nutrient deficiency may be a decisive factor for terminal sialylation.
Low levels of terminal sialic acids can lead to unacceptably fast clearance as
previously described (323). A contribution to protein clearance of either the
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asialoglycoprotein receptor and of the mannose receptor would be compatible with
our analytical data. The previously reported anti-tumor activity of recombinant IL9
suggested that IL9-based immunocytokines could perform better in vivo than the
non-targeted cytokine. To our surprise, we did not observe any significant anti-tumor
effect with the IL9-based immunocytokines in the tested tumor model. It is possible
the that the genetic fusion of IL9 to the tumor targeting antibody fragments interferes
with the biological activity of the cytokine. However, past experiences with other
immunocytokines based on common ! chain receptor family cytokines have shown
that cytokine fusion proteins usually retain the activity of the parental cytokine. Since
no crystal structure for either mouse or human IL9 with its receptors has been
published until to date, it is not possible to estimate whether the N- or C-terminus of
IL9 is involved in cytokine receptor binding. Experimental evidence for biological
activity is provided by the significant weight loss, observed after the third injection of
F8-IL9 and KSF-IL9. However, at the time of these studies, no reliable bioactivity
assay for mouse IL9 was available, which would of course be useful to support this
conclusion.
Changes in bioavailability and extravasation of biopharmaceuticals, including
therapeutic antibodies, can have a profound impact on safety and therapeutic action
(324). Indeed, substantial differences in pharmacokinetics and biological activities
have previously been reported for products undergoing changes in manufacturing
processes (325). However, variations in extravasation rates and disease-homing
properties may often go unnoticed, unless quantitative biodistribution studies are
performed. The findings of this study suggest that the engineering and development
of biopharmaceuticals may favor either a complete absence of glycostructures or,
alternatively, the engineering of well-defined sialylated carbohydrates (326-328).
Pharmacokinetic and biodistribution studies combined with thorough glycan profiling
appear mandatory for therapeutic glycoproteins, especially when the production
process is modified or when biosimilar products are developed.
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4.3 Biodistribution properties of diabody-based p40S-F8
Parts of section have been adapted from:
Bootz F., Venetz D., Ziffels B. and Neri D.: Different tissue distribution properties for

glycosylation variants of fusion proteins containing the p40 subunit of murine
interleukin-12. Protein Design and Selection (2016), accepted manuscript.

4.3.1 Results
The p40 subunit of IL12 has been reported to be a potent antagonist of IL12 (60,63).
Based on these reports, Bootz et al. developed a dimeric fusion protein termed p40F8 (p40 fused to the N-terminus of an F8-based diabody) and investigated its
therapeutic potential as an antagonistic IL12 inhibitor in a preclinical mouse model of
colitis. disease severity in these studies (329). However, the fusion protein exhibited
suboptimal tumor targeting properties when tested in F9 teratocarcinoma bearing
Sv129 mice (329). The quantification of disease-specific targeting is easier to
perform in mice with subcutaneously grafted F9 teratocarcinomas since inflammation
of the intestine can be highly heterogeneous in experimental colitis.
In this study we evaluated the targeting performance of mutated and enzymatically
modified p40-F8 variants in immuno-competent F9 tumor-bearing mice. In order to
prevent partial covalent dimer formation, which had been previously observed, the
cysteine at position 197 of the p40 moiety was mutated to a serine (C197S). The
resulting F8 diabody-based fusion protein [Figure 17 A], is termed p40S-F8 within
this document. Transient gene expression in CHO-S cells, followed by protein A
purification, led to soluble p40S-F8 preparations with acceptable expression yields
(> 14 mg/L). The purified protein was shown to be homogenous by SDS-PAGE
analysis and gel filtration chromatography [Figure 17 C and D]. Surface plasmon
resonance analysis of dimeric p40S-F8 revealed a high binding affinity for the target
antigen EDA [Figure 17 E], which was comparable to the one of unmodified F8
antibody fragments (330). IFN!-release by splenocytes in response to in vitro
stimulation with recombinant IL12 was inhibited by p40S-F8 in a dose dependent
manner, confirming its inhibitory activity [Figure 17 F]. However, in a quantitative
biodistribution analysis, p40S-F8 exhibited no preferential tumor accumulation
[Figure 17 H]. To investigate whether the suboptimal tumor targeting properties of
the p40S-F8 were caused by binding to erythrocytes or leukocytes, a comparative
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blood incubation assay with

125

I-labeled p40S-F8 and F8 diabody preparations was

performed. Upon incubation in blood and subsequent centrifugation, both proteins
were predominantly found in plasma [Figure 17 I]. Hence, a receptor trapping
mechanism could not explain the suboptimal biodistribution profile of p40S-F8.
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Figure 17: A) Schematic illustration of p40S-F8 and mass based on amino acid
sequence. B) Expression vector. C) SDS-PAGE (M: marker, R: reducing
conditions, NR: non-reducing conditions). D) Gel filtration chromatography
(Superdex S200/150). E) SPR-based EDA binding analysis. F) Splenocyte /
IFN$-release assay showing dose-dependent IL12 inhibition by p40S-F8. G)
Mass spectrum (LC-ESI-MS). H) Quantitative biodistribution profile 24 h after
injection of
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I-labaled p40S-F8 in Sv128 mice with F9 tumors. H) Blood

incubation assay (sup. = supernatant).
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Next, we investigated the role of glycan structures present on p40S, by native
deglycosylation with PNGase F in analogy to the studies performed for the analysis
of F8-IL9 (see Chapter 4.2). The enzymatic deglycosylation resulted in homogenous
and

completely

deglycosylated

p40S-F8

preparations

[Figure 18 A to C].

Subsequent biodistribution analysis of fully deglycosylated p40S-F8 revealed
preferential tumor targeting [Figure 18 D].
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Figure 18: A) SDS-PAGE analysis of PNGase F-treated p40S-F8: (1) p40S-F8
before and (2) after deglycosylation. (3) Deglycosylated p40S-F8 after protein A
purification (M: marker, R: reducing conditions, NR: non-reducing conditions).
B) Gel filtration chromatography (Superdex S200/150). C) Mass spectrum (LCESI-MS). D) Quantitative biodistribution profile 24 h after injection of
deglycosylated 125I-p40S-F8 into F9 tumor-bearing Sv129 mice.
Site-specific mutagenesis represents an alternative way of removing N-linked
glycans, circumventing the use of costly enzyme. Initially, all four predicted Nglycosylation sites were mutated by asparagine-to-glutamine substitutions. However,
a complete removal of all four glycosylation sites by mutation almost completely
diminished the expression of p40S-F8 in CHO-S cells, indicating that p40-associated
glycans may be required for protein folding and secretion. By contrast, single and
triple glycosylation site mutants could be readily expressed. Mass spectrometric
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analysis revealed that only two glycosylation sites, i.e., N198 and N298, featured Nlinked glycan structures. The corresponding mutants termed N198Q and N298Q
were analyzed by standard biochemical methods, exhibited comparable protein
quality as p40S-F8 [Figure 19 B to F] and [Figure 17] Unfortunately, corresponding
biodistribution profiles [Figure 19 G] were also similar to the fully glycosylated p40SF8.
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Figure 19: In vitro and in vivo protein characterization data of p40S-F8 mutants
N198Q (upper panel) and N298Q (lower panel). A) Mutation and mass based on
amino acid sequence. B) SDS-PAGE (M: marker, R: reducing conditions, NR:
non-reducing conditions). C) Gel filtration chromatography (Superdex S200/
150). D) Mass spectra (LC-ESI-MS). E) SPR-based EDA binding analysis F)
Splenocyte / IFN$-release assay showing dose-dependent IL12 inhibition by
the p40S-F8 mutants . G) Quantitative biodistribution study.
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To get further insight into p40-specific N-linked glycan structures, LC-ESI-MS of
PNGase F-treated N198Q and N298Q mutants, was performed. Under the applied
conditions, the PNGase F reaction did not go to completion resulting in glycosylated
as well as deglycosylated species, which facilitated the differential mass
determination of the respective N-linked glycans. Putative glycan structures were
annotated by subsequent database search and rational considerations based on the
available knowledge on CHO cell-specific N-glycosylation (see Figure 6). A
summary of the mass spectrometric glycan analysis of partially deglycosylated p40SF8 mutants is given in Figure 20 A. Based on these studies, the N289-linked glycan
(revealed by the N198Q mutant) featured complex N-glycans with terminal
sialylation. In order to confirm the presence of two terminal sialic acid residues on
p40, HPLC-based NeuNAc quantification was performed with all single glycosylation
site mutants [Figure 20 B]. Indeed, 2 to 3 NeuNAc residues per p40 monomer were
found, thus validating the method which was also used for the quantification of
terminal sialic acids of different F8-IL9 preparations (see Figure 14 B and Chapter
6.5.1).
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Figure 20: Glycan analysis of p40S-F8 variants N198G and N298G. A) LC-ESIMS upon partial enzymatic deglycosylation and corresponding putative Nglycan structures. B) HPLC-based quantification of terminal sialic acids.
Proteins tested in quantitative biodistribution studies were also subjected to circular
dichroism spectroscopy in order to assess secondary structure composition and
thermal stability. The obtained spectra of the glycosylation site mutants were
comparable to the parental and natively deglycosylated p40S-F8 [Figure 21 A] and
showed a characteristic topology of anti-parallel " sheet immunoglobulin-domains
with global maxima below 205 nm and around 230-233 nm as well as a global
minimum at 216-218 nm. The observed anti-parallel " sheet profile is also in
agreement with published crystal structures for human p40 in human IL12 (71) (72%
sequence homology with mouse p40) and other human antibodies in the diabody
format (331). However, clear differences in the overall protein fold were difficult to
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assess based these wavelength scans. By contrast, thermal denaturation curves
[Figure 21 B] monitored at 217 nm revealed that the tested glycosylation-site
mutants indeed deviated from native and enzymatically deglycosylated p40S-F8.
The mutant N198Q displayed biphasic denaturation/unfolding curves whereby the
first transition occurred already at around 40 to 45°C. Mutant N298Q also exhibited
reduced thermal stability and a rather abnormal thermal denaturation curve.
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Figure 21: Circular dichroism (CD) spectroscopy of different p40S-F8 variants.
A) Wavelength scan at 25°C. B) Thermal denaturation curve at 217 nm.
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This data suggests that glycan removal by site-directed substitution can have a
negative impact on protein stability. By contrast, enzymatic deglycosylation by
PNGase F can preserve resistance to thermal denaturation, indicating that
cotranslational N-glycosylation promotes the formation of a more thermally stable
protein fold.

4.3.2 Discussion
In this study, the impact of glycosylation on the properties of the dimeric p40S-F8
fusion protein was systematically investigated, by enzymatic deglycosylation and by
asparagine-to-glutamine substitutions within predicted N-glycosylation sequence
motives. A comparative evaluation of the parental protein, the deglycosylated
analogue and two site-specific mutants revealed comparable antigen-binding
profiles. However, the N198Q and N298Q mutants displayed reduced thermal
stability compared to native and enzymatically deglycosylated p40S-F8. The impact
of glycosylation site mutations on thermal stability is difficult to predict a priori and
needs to be experimentally measured. Protein glycosylation may have both positive
and negative influences on the development of antibody-based biotherapeutics. In
some cases, glycosylation may confer improved solubility and stability to therapeutic
proteins, thus enhancing their functional properties. However, some glycoforms (e.g.,
high-mannose carbohydrates or complex N-glycans devoid of terminal sialic acids)
may be preferentially captured by the asialoglycoprotein or mannose receptors, with
a negative impact on pharmacokinetic and tissue distribution properties (332).
Additionally, some glycoproteins rely on N-linked glycans for correct folding and
trafficking through the ER (290). Enzymatic deglycosylation may represent an option
for producing homogenous protein preparations, but its industrial application remains
challenging, both in terms of PNGase F costs and GMP compliance.
Unlike tumor cell surface antigen-specific antibodies in the IgG format, which rely on
N-linked glycan structures at N297 for efficient recruitment of NK cells and ADCC
(333),

biotherapeutic

agents

incorporating

antibody

fragments

specific

to

neovascular targets can display acceptable functional performance in the absence of
N-linked glycan structures (155,334). In the interest of protein homogeneity and
predictable in vivo performance, the removal of “problematic” N-glycan structures
from glycoprotein payloads by mutation remains therefore attractive but needs to be
investigated with respect to protein stability and function. The work presented in this
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article suggests that a combination of biochemical analysis, deglycosylation and
quantitative biodistribution experiments may guide researchers for the development
of armed antibodies, capable of preferential localization at the site of disease. As
most targets for ligand-based pharmacodelivery are located on the abluminal side of
blood vessels, a prolonged circulatory residence time and a preferential
extravasation

at

the

site

of

disease

biopharmaceutical performance.

89

represent

important

contributors

to

4.4 Targeted reassembly of IL12 split-immunocytokines.
This section has been adapted from:

Venetz D., Koovely D., Weder B. and Neri D.: Targeted reconstitution of cytokine
activity upon antigen binding using split-cytokine antibody fusion proteins.
Journal of Biological Chemistry (2016), 291(35), 18139-47.

4.4.1 Results
An ideal immunocytokine product would display potent activity only at the site of
disease, but not when the protein circulates in blood. We have previously reported
that IL12-antibody fusion proteins, targeting alternative splice isoforms of fibronectin,
can

be

potently

active

against

aggressive

mouse

models

of

cancer

(154,158,335,336). Figure 22 depicts a new pharmaceutical strategy for the
antibody-based stepwise reassembly of a split-cytokine at the site of disease,
exemplified with heterodimeric IL12. In a first step, a bivalent p35 subunit-based
antibody fusion protein (F8-p35S-F8) is injected and allowed to selectively bind to its
antigen in vivo. Once a suitable tumor selectivity is achieved, a second injection of a
fusion protein based on the complementary p40S subunit could lead to the
reconstitution of cytokine activity restricted to the tumor site. The order and timing of
the injections could be chosen on the basis of the pharmacokinetic profiles of the
individual split-protein fusions in order to minimize reassembly in the bloodstream.
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Figure 22: A) Hypothetical graph illustrating the concept of site-specific
reconstitution of non-covalent IL12 split-cytokine complexes within a tumor. 1.
Administration of F8-p35S-F8 followed by clearance from blood. 2. F8-p35S-F8
binds to its target EDA and accumulates at the tumor neovasculature. 3.
Administration of p40S in a suitable antibody format (X = e.g., scFv(F8) or Fc).
4. Reconstitution of active IL12 at site of disease. The time between injections
(step 1 and 3) could be chosen to prevent the reassembly p35S and p40S in
blood. B) Curve legend and graphical explanation of schematic fusion protein
representations (structures based human IL12, PDB: 1F45).
We sought to produce monomeric p40 by mutating the cysteine at position 197 by a
C197S substitution (p40S). Likewise, a C92S substitution was performed for p35
(p35S). Previous mutational studies have revealed that the intermolecular disulfide
bond is not needed to form active IL12 heterodimers (71). We found that the same is
also applicable to mutated murine IL12 subunits, which have an amino acid
sequence homology of 60% in the case of p35 and 70% in the case of p40
compared to their human homologs (337). While this initial test could be performed
with His-tagged IL12 mutant subunits, low expression yields prevented further
analysis. The genetic fusion to single-chain variable fragments (scFv) greatly
enhanced the expression of soluble homogenous monomeric p40S preparations in
CHO-S cells [Figure 23 B and C]. The mass differences observed by LC-ESI-MS
indicate the presence of different glycoforms [Figure 23 D]. Earlier reports on
recombinant IL12 stated that an N-terminal antibody fusion to the p40 subunit may
interfere with the biological activity of the IL12 payload (64,158). To further
investigate this aspect, fusion proteins with p40S at the N- or C-terminal extremity of
scFv antibody fragments (KSF-p40S and p40S-KSF) were produced and purified to
homogeneity.
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In contrast to p40S, the expression and isolation of the mutated p35S subunit from
eukaryotic cells presented a major challenge, which has not been reported in the
literature before. The biosynthesis and secretion of p35 is known to rely on the
intracellular interaction with p40 and is most efficient in the presence of an excess of
p40 (338). We therefore investigated whether it would be possible to express
mutated p35S by transient gene expression in a stable CHO cell line previously
transfected with p40. The p40 variant used for this expression strategy did not
feature a purification tag and only served as a “chaperone” for the expression of
p35S. While His-tagged p35S variants or fusion proteins of wild-type p35 could only
be isolated as aggregates, the fusion of p35S to antibody fragments greatly
improved solubility and production yields. The sequential arrangement of two
scFv(F8) moieties to both termini of p35S resulted in a highly stable F8-p35S-F8
fusion protein, with a suitable biochemical quality [Figure 23] for protein reassembly
experiments and in vivo studies.
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Figure 23: Representative protein characterization data of IL12 split-cytokine
fusion proteins. A) Short name, schematic representation and mass based on
amino acid sequence. B) Analytical SEC. C) SDS-PAGE (M: Marker, NR: nonreducing and R: reducing conditions). D) LC-ESI-MS.
In order to evaluate the targeting performance of purified antibody-IL12 subunit
derivatives, quantitative biodistribution experiments were performed. A bivalent
scFv(F8)-based fusion protein format was chosen for both IL12-derived subunit
fusion proteins. The ability of F8-p35S-F8 and F8-p40S-F8 to bind with high affinity
to the cognate EDA domain of fibronectin was confirmed by SPR [Figure 24 A],
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while their tumor targeting properties were evaluated by quantitative biodistribution
analysis in mice bearing murine F9 teratocarcinomas [Figure 24 B]. A preferential
tumor uptake for F8-p35S-F8 as well as for F8-p40S-F8 was observed 24 h after
intravenous administration resulting in tumor-to-blood ratios of 6.7 and 8.4,
respectively.
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Figure 24: A) Experimental setup and corresponding EDA binding sensograms
of bivalent F8-p35S-F8 and F8-p40S-F8 subunit fusion protein preparations
tested in vivo. B) Quantitative biodistribution profiles, 24 h after injection of 1012 "g

125

I-labeled protein samples into immuno-competent F9 tumor-bearing

Sv129 mice (5 mice per group). For F8-p40S-F8, an outlier (data point with
asterisk) was excluded from the analysis since the dissected tumor was very
small (10 mg) and poorly vascularized.
Different scFv antibody fragments, namely F8 (specific to EDA) and KSF (irrelevant
specificity), were chosen as fusion partners for p35S and p40S, respectively, in order
to test the in vitro reconstitution of heterodimeric IL12 in an SPR-based ligand
capture experiment [Figure 25 A]. In a first step, F8-p35S-F8 was immobilized by
binding to the cognate antigen (an EDA-containing recombinant fragment of
fibronectin) on a Biacore sensor chip [Figure 25 B, 1. step]. A subsequent injection
of the p40S-KSF or KSF-p40S fusion proteins led to the association with p35S and
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thus the formation of non-covalent heterodimeric IL12 moieties. The dissociation
constants (KD) for the resulting heterodimers, calculated by fitting the sensograms of
Figure 25 C, were 21.9 nM for p40S-KSF and 27.3 nM for KSF-p40S, respectively.
Importantly, a trimeric scFv(KSF) fusion protein of TNF, which served as a negative
control, did not exhibit detectable SPR binding, confirming that the assembly process
relied on the interaction between the p35S and p40S subunits [Figure 25 B].
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Figure 25: A) Schematic representation of the experimental setup. B) SPR
ligand-capture experiment showing the p40S-to-p35S subunit interaction in a
1-to-1 binding mode. 1. Immobilization of F8-p35S-F8 on EDA-coated chip. 2.
Injection of p40S-KSF / KSF-p40S or KSF-TNF (negative control). C) Kinetic
data after blank subtraction and curve fitting (black curves). Color legend for
all sensograms.
Next, we assessed the biological activity of the reconstituted IL12 complexes in vitro.
Using freshly isolated mouse splenocytes, equimolar mixtures of F8-p35S-F8 and
KSF-p40S or p40S-KSF were able to induce IFN! production in these cells, as
shown in Figure 26 A. All fusion proteins had endotoxin levels below 0.5 EU/ml. The
half-maximal effective concentrations (EC50) for the reconstituted IL12 moieties were
10-100 times lower compared to wild-type IL12. Unexpectedly, we observed that
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fusion proteins containing only the p35S subunit retained the ability to induce IFN!
when tested as single agent. By contrast, neither KSF-p40S nor p40S-KSF alone
induced measurable IFN! levels. In order to gain additional evidence for the single
agent activity of F8-p35S-F8, phosphorylation of the signal transducer and activator
of transcription 4 (STAT4 or pSTAT4) was assessed. Again, we compared in vitro
reconstituted IL12 split-cytokine mixtures with the individual mutant subunit fusion
proteins. Maximal pSTAT4 levels were reached 20-25 min after stimulation with
functional IL12 derivatives. Phosphorylation of STAT4 was measured in NK cells, as
well as in activated CD4+ and CD8+ T cells [Figure 26 B], confirming the results
obtained in the IFN!-release assay. The data indicates that the p35 subunit alone is
able to bind to the murine IL12 receptor and induce STAT4 phosphorylation.
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Figure 26: A) Splenocyte / IFN$-release assay comparing the biological activity
of mouse IL12-derived split-cytokine derivatives alone or in combination, 48 h
after sample addition. B) Comparative pSTAT4 activation assay revealing the
signaling capacity of the tested split-cytokine derivatives 25 min after sample
addition. The sample mixtures (p35S and p40S) were premixed in a molar 1-to1 ratio 30 min before the start of the respective assay. Mean fluorescence
intensities (MFI) are displayed.
F8-p35S-F8 represent a significant simplification compared to other IL12-based
immunocytokines which could be advantageous for drug development. Notably, the
p35 subunit only features a single N-linked glycan at position N89 based on the
molecular mass observed in Figure 23 D. In an attempt to further reduce the
molecular complexity of F8-p35S-F8, different deglycosylated p35S variants were
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created by site-specific mutagenesis. More specifically, different amino acid
substitution, namely N89G, N89H and S91A were performed. Subsequent
expression tests revealed that only the N89H-substituted mutant, termed F8-p35HSF8, resulted in measurable protein expression, although yields were lower than for
F8-p35S-F8 after preparative SEC. F8-p35HS-F8 preparations also exhibited a
higher amount of aggregates, which resulted in a greater loss of protein upon
isolation of the monomeric fraction. The biochemical quality of the resulting mutant,
termed F8-p35HS-F8, was comparable to F8-p35S-F8 in terms of protein
homogeneity as evidenced by SDS-PAGE and SEC but mass spectrometric analysis
revealed that it was devoid of N-linked glycan structures [Figure 27].
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Figure 27: Biochemical characterization data of F8-p35HS-F8. A) Short name,
schematic representation and mass based on amino acid sequence. B)
Analytical SEC (Superdex S200/300). C) SDS-PAGE (M: Marker, NR: nonreducing and R: reducing conditions). D) LC-ESI-MS spectra.
In a subsequent quantitative biodistribution analysis F8-p35HS-F8 exhibited lower
tumor uptake levels than F8-p35S-F8 [Figure 28]. This finding suggests that the Nlinked glycan structure present on mouse p35 does not limit extravasation and
vascular tumor targeting of F8-p35S-F8. On the contrary, based on inferior
expression yields and in vitro behavior of F8-p35HS-F8, it seems that the N-linked
glycan promotes solubility, which in turn has a positive impact on the in vivo
performance of p35 subunit-based fusion proteins.
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Figure 28: Quantitative biodistribution profile of F8-p35HS-F8, 24 h after intravenous injection of 10 "g 125I-labeled protein into immuno-competent F9 tumorbearing Sv129 mice (5 mice per group).

4.4.2 Discussion
Antibody-cytokine fusion proteins represent a promising class of biopharmaceutical
agents (153), whose clinical potential is limited by toxicity associated with the
cytokine payload. Strategies aimed at the reconstitution of cytokine activity at the site
of disease may facilitate the development of better tolerated immuno-modulatory
products. In this article, we have shown that the reconstitution of a heterodimeric
non-covalent IL12 complex can be achieved in vitro, using mutant subunit fusion
proteins. Mutation of critical cysteine residues, within the p40/p35 interface, allowed
the production of split-cytokine fusion proteins, which could be purified to
homogeneity, eluted as a single peak in gel filtration chromatography and retained
full antigen binding activity. Notably, fusion proteins containing wild-type p35
expressed poorly and could not be produced in a non-aggregated from, while C92S
substituted p35S allowed the isolation of monomeric F8-p35S-F8. Both F8-p35S-F8
and F8-p40S-F8 products were able to preferentially accumulate at the tumor site,
when studied by quantitative biodistribution analysis in mice bearing F9
teratocarcinomas.
While the reassembly of IL12 subunits was successfully demonstrated in vitro, we
discovered that the p35 moiety retained a substantial portion of IL12 activity, even
when used as single agent. F8-p35S-F8 was the only split-immunocytokine with the
ability to induce IFN! release in splenocytes. The short stimulation time (25 min) for
the STAT4 phosphorylation assay, indicates a direct STAT4-signaling activity of F8p35S-F8. Our data and previous studies on mouse IL12 receptor knock-out mice
(339) suggest that F8-p35S-F8 can bind to IL12R"2, which is required to trigger
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STAT4 phosphorylation. From a structural viewpoint, IL12 seems to resemble a
soluble cytokine/receptor complex (71), in which signaling events are mainly
mediated by the p35 subunit. While p40 contributes to biological activity, the 40
subunit alone does not trigger STAT4 signaling (340,341).
For targeted “activity-on-demand” applications, the individual split-cytokine fusion
proteins should, however, be less active than the reconstituted cytokine complex.
While IL12 may not be suitable for split-cytokine reassembly in vivo, the strategy
outlined in this manuscript could be applicable to other cytokines or bioactive
proteins consisting of several protein domains. A number of other cytokine-based
pharmaceutical strategies, which are in principle also applicable to p35S, could be
considered in order to achieve conditional activity at the tumor site. Inactive cytokine
precursors relying on proteolytic processing at the site of disease for activation could
be used as immunocytokine payloads. This strategy has been successfully
implemented for monoclonal antibodies leading to an improved therapeutic index in
mice (317). Alternatively, the receptor binding sites of cytokines may be masked by
inhibitory cytokine-directed antibodies, thus delaying biological activity in vivo.
Masking specific cytokine epitopes has also been used to direct cytokine activity
towards certain immune cell subtypes e.g., CD8+ or regulatory T cells in the case of
IL2 (38). Another recently described approach employs antibody-IL2 fusion proteins,
in which the biological activity of the cytokine moiety is modulated by antibody-toantigen binding. This “allosteric” modulation can be explained by the hinge
movement of the Fab arms of the antibody upon antigen engagement and by
strategic positioning of the IL2 moiety at the C-terminal end of the light-chain (190).
The discovery that p35S retains partial IL12 activity may also be advantageous for
IL12-based pharmacodelivery applications, considering the exceptionally high
biological activity of this cytokine. Recent studies on IFN#-based immunocytokines
have revealed that attenuated receptor binding affinities can result in improved target
cell selectivity (189) which may reduce off-target toxicity in vivo. In the future,
immunocytokines with reduced biological activities may facilitate the administration
of antibody products at optimal doses for selective in vivo pharmacodelivery
applications.
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5 Conclusion and outlook
Within this thesis, several factors which influence the performance of antibody-based
neovascular targeting have been identified. The target antigen EDA is located just
below the first layer of endothelial cells (in the Sv129/F9 teratocarcinoma model as
well as in many types of human cancers). Our investigations therefore provide
insights on the extravasation process of therapeutic proteins at the site of disease,
which is difficult to study with other methods. The reported findings may also be
relevant for other antibody-based products with specificity for tumor cell surface
antigens, which are more distant from blood vessels.
F8-CD40L represents a classic example of an immuno-regulatory protein, which can
get trapped by cognate receptors expressed by immune cells in blood and lymphoid
organs. Similar observations have been previously reported by our group with other
immunocytokines such as F8-IFN! (146). In analogy to these studies, we could
confirm that receptor trapping is a phenomenon occurring at low doses and can be
overcome by saturating the respective cytokine receptors. Receptor trapping seems
to occur more often with multimeric cytokine payloads (e.g., CD40L is a homotrimer),
for which corresponding cytokine receptors are abundantly expressed by blood cells.
While we have not investigated F8-CD40L binding to splenocytes of Sv129 mice, we
could show that it avidly binds to mouse B cell lymphoma cells. In spite of high
uptake levels in spleen, liver and kidney, F8-CD40L exhibited high tumor uptake
levels. It is therefore still conceivable to use F8-CD40L in combination with e.g., F8IL2 for intratumoral cancer therapy. Several anti-CD40 antibodies have been
investigated in recent clinical trials (342). These agents were mainly efficacious in
hematologic cancer indications, while exhibiting only modest therapeutic effects
against solid tumors. Based on our in vivo data, the lower therapeutic performance in
solid tumor indications could be explained by CD40-mediated receptor trapping in
addition to limited extravasation and diffusion into solid tumors. However, dedicated
biodistribution or imaging studies of anti-CD40 antibodies in either mouse models or
patients are missing.
Other immunocytokines, such as F8-IL9 produced in high-density cultures of stably
transfected CHO cells, exhibit only low accumulation in tumors or other dissected
organs. The studies described in Chapter 4.2 shed light on the distinct structural
composition of IL9-associated N-linked glycans, which can be substantially different
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depending on the used expression conditions. Notably, the dramatic differences in
tumor targeting between TGE- and SE-produced F8-IL9 were not clearly reflected by
the corresponding pharmacokinetic analysis. This observation indicates that different
glycoforms may also affect the extravasation rate of immunocytokines. A large
number of extracellular proteins of higher organisms are glycosylated. Our finding
may therefore also be relevant for other glycoprotein therapeutics. The influence of
glycosylation on the targeting of IgG-based monoclonal antibodies is not well
documented but may also be substantial, since the structural properties of Fcassociated glycans are known to modulate Fc effector functions and pharmacokinetics (343). F8-IL9 represents a clear example of how glycan structures can
impact on the vascular tumor targeting performance of immunocytokines based on
antibody fragments. The dramatic differences in tumor targeting can be explained by
the fact that F8-IL9 is a dimer and on each IL9 moiety are four potential Nglycosylation motives, which are linked to highly-branched complex N-glycans. It is ,
however, not uncommon for therapeutic glycoproteins to feature similar levels of Nglycosylation. Once a clear correlation between the glycosylation profile of a given
biopharmaceutical and its in vivo behavior is established, expression conditions can
be optimized in order to obtain a reproducible therapeutic performance. However,
even under tightly controlled conditions, glycoproteins may still exhibit extensive
heterogeneity with respect to the structural composition of N-linked glycans.
The development of procedures allowing the production of homogenous glycoprotein
preparations with a well-defined glycan structures represents an active field of
research. In recent years, progress has been made by the genetic engineering of
different expression systems such as bacteria, yeast and mammalian cells. For
example,

the

genes

encoding

the

bacterial

oligosaccharyl-transferase

of

Campylobacter jejuni have been transferred to E.coli, which allowed the introduction
of defined bacterial N-linked glycan structures in proteins featuring the corresponding
N-glycosylation sequence motifs. Upon isolation of the resulting glycoproteins, the
bacterial N-glycan structures could be converted into a mammalian core-glycan in
vitro by the use of dedicated endoglycosidases, which mediate the trimming of the
bacterial glycan and subsequent trans-glycosylation reactions (327). This elegant
procedure is, however, limited by the availability of chemically defined complex Nglycans. Eukaryotic expression systems such as the yeast Pichia pastoris have also
been genetically reengineered to produce human-like N-glycan structures (344).
However, glycosylated biopharmaceuticals produced in engineered yeast strains
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have so far not been commercialized. More recently, genetically engineered
mammalian expression systems have been investigated. For example, CHO cells
have been engineered to incorporate only homogenous N-linked trisaccharides with
terminal sialic acids (328). Whether corresponding glycoprotein therapeutics exhibit
a similar in vivo performance as products with complex N-linked glycans, remains to
be investigated. Biodistribution studies with F8-IL9 produced in this engineered CHO
cell line would certainly be interesting. The production of homogenous glycoproteins
with chemically-defined complex N-glycans featuring terminal sialic acids remains a
challenge in CHO cells. However, recent advances in the understanding of the
genes encoding CHO cell-specific N-glycosylation machinery promise that this goal
might be accomplished in the future (345).
The fate of biopharmaceuticals upon in vivo administration is controlled by multiple
factors. The examples of the diabody-based p40S-F8 glycosylation site mutants and
of F8-p35HS-F8 have shown that it is not always possible to improve biodistribution
profiles by mutating N-glycosylation sequence motives. Modifications of the peptide
sequence may result in reduced production yields and thermal stability. Additionally,
the elimination of N-linked glycan structures may reduce solubility leading to
enhanced aggregation and/or adsorption effects. The impact of biophysical
parameters such as hydrophobicity on extravasation and tumor-homing of
immunocytokines remains to be investigated. Enzymatic deglycosylation seems to
preserve protein stability and solubility, which may reflect the fact that N-linked
glycans play an important role in protein folding. Comparing the biodistribution profile
of fully glycosylated p40S-F8 with F8-p40S-F8 reveals another general strategy,
which could lead to an enhanced targeting efficiency. For immunocytokines, which
are problematic with respect to their biodistribution profile (e.g., p40S-F8), a
reduction of the number of payload molecules per antibody may alleviate the
negative impact of the payload on tumor homing. This measure could help to
improve the targeting efficiency irrespective of the underlying biophysical property
(e.g., molecular size, charge density, glycan structure composition and/or solubility),
which limits the accumulation at the tumor site.
However, some therapeutic antibody payloads do not interfere with extravasation
and target binding at the site of disease. A multitude of different immunocytokines
based

on

antibodies,

directed

against

cancer

targets

located

within

the

subendothelial matrix of tumor-associated blood vessels, exhibit exquisite tumor
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specificity upon targeting. Previous studies have shown that mouse IL12-based
immunocytokines can lead to very high tumor-to-blood ratios after intravenous
administration (158). At the same time, the clinical investigation of recombinant IL12
has revealed that this cytokine exhibits extraordinarily strong biological activity,
resulting in severe systemic toxicity (70). Based on this information, we developed a
targeted split-cytokine reassembly strategy using mutated IL12 subunit fusion
proteins with the aim to achieve activity-on-demand. The concept of split-cytokine
reassembly could be proven in vitro. However, the finding that F8-p35S-F8 alone
exhibits the same biological activity as equimolar mixtures of F8-p35S-F8 and F8p40S-F8 in two different bioactivity assays, prevented the in vivo translation our
approach. While this is unfortunate for our project, it does not preclude the study of
similar split-cytokines based on other immuno-regulatory proteins. The IL12 cytokine
family comprises a large number of heterodimeric cytokines and our studies on IL12
do not necessarily imply that other IL12 family members would also display individual
subunit-specific activity. Furthermore, homodimeric cytokines such as IFN! could be
converted into heterodimers by mutation. The availability of crystal structures could
facilitate the reengineering of homodimer interfaces. For example, the knob-into-hole
approach, which has been used to create heterodimerization domains of bispecific
antibodies could also be applied to dimeric cytokines. In the case of IFN!, such a
strategy would be particularly interesting since dimeric F8-IFN! fusion proteins are
also trapped by cognate cytokine receptors when administered at low doses. IFN!
split-immunocytokines featuring only one mutated IFN! subunit per F8 antibody
fragment, could potentially overcome peripheral receptor trapping and improve tumor
specificity.
A variety of other strategies are conceivable to achieve cytokine-mediated activityon-demand, some of which have been discussed in more detail in Chapter 4.4.2.
The use of cytokine precursors as antibody payloads, which could be activated by
proteolytic cleavage within tumors, is limited by the availability of tumor-specific
enzymes. Matrix metalloproteinases (MMPs) are potential candidates since some of
them, e.g., MMP-3, become overexpressed during tumor progression (346) and the
specificity of some human MMPs has been elucidated (347). Another type of
potentially useful enzymes are cathepsins, which can mediate intracellular drug
release of ADCs containing valine-citrulline linkers (223). Cathepsins may also occur
extracellularly due to tumor cell necrosis, a process which does normally not occur
under non-pathologic conditions and could therefore confer tumor specificity to
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corresponding cytokine-based prodrugs. However, expression levels of these
enzymes may vary widely among patients, cancer types, different stages of tumor
progression and also among species as different as mouse and man. Alternative
strategies for the activation of cytokine-based prodrugs could be based on
chemically labile linkers, which connect the cytokine and the inhibitory component.
However, cleavage by e.g., hydrolysis, would require the development of suitable
bioorthogonal conjugation chemistries, with sufficient stability in blood. The serum
stability of e.g., oxime linkages, may be a good match for the targeting efficiency of
antibody fragments directed against neovascular antigens. Cytokine receptor binding
sites could also be temporarily blocked by inhibitory cytokine-directed antibodies.
However, dissociation constants would need to be fine-tuned in order to achieve
exposure of the cytokine activity only upon tumor targeting.
Finally, it has been demonstrated that cancer cell-specific immunocytokines with
attenuated cytokine activity can improve target cell specificity. A reduced affinity for
cognate cytokine receptors expressed by immune cells could convert into reduced
systemic side effects. In a way, F8-p35S-F8 also represents such an attenuated
immunocytokine, since its biological activity is a factor 10 to 100 lower that the one of
intact IL12. Whether this reduced activity can be translated into better tolerated IL12
based immunocytokines, remains to be investigated in vivo.
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6 Material and methods
6.1 Protein production
6.1.1 Cloning
Mouse CD40L and IL9 cDNA was purchased from Sino Biological Inc. The gene
encoding F8-IL12-F8 (mouse IL12 flanked by two scFv(F8) genes with different
codon usage) was ordered form GenScript and was used as template for all IL12subunit fusion proteins. Genes encoding the F8 and KSF in diabody and scFv format
were generated by former members of the laboratory. The DNA constructs of the
fusion proteins F8-CD40L, F8-IL9, KSF-IL9, p40S-F8, KSF-p40S and p40S-KSF
followed the scheme GeneX-linker-GeneY. Cloning of DNA constructs with flanking
scFv(F8) moieties, namely F8-IL12-F8, F8-p35S-F8 and F8-p40S-F8, followed the
scheme GeneXv1-linkerv1-GeneY-linkerv2-GeneXv1. All DNA sequences encoding
the final fusion proteins are given in the Appendix. Primers for polymerase chain
reactions (PCRs) were purchased from Sigma Aldrich and were designed to
incorporate cleavage sites for NheI and NotI restriction endonucleases (RE) at the
extremities of the final fusion protein genes. All fusion protein constructs contained
the same N-terminal signal peptide (SIP) for protein secretion, which was assembled
in two consecutive PCRs using the primer NheI-SIP_for and a gene specific-primer
SIP-GeneX_for with complementary nucleotide sequences. Two stop codons were
inserted between the C-terminal end of GeneY and the NotI cleavage site by means
of accordingly designed GeneY_NotI_rev primers. The primer GeneX_link15_rev
encoded the 5’-part of the flexible (Gly4Ser)3-linker sequence. The corresponding 3’part of the linker was encoded by the link15_GeneY_for primer. The individual genes
encoding the N- and C-terminal parts of the final fusion protein were PCR amplified
using the (forward and reverse) primer pairs SIP-GeneX_for / GeneX_link15_rev and
GeneY_link15_for / GeneY_NotI_rev, for the gene GeneX and GeneY respectively.
GeneX_link15_rev and link15_GeneY_for featured complementary DNA sequences,
which enabled the subsequent PCR assembly of the resulting GeneX-linker-GeneY
constructs. The fusion protein constructs following the scheme GeneXv1-linkerv1GeneY-linkerv2-GeneXv1 were assembled accordingly but required two consecutive
PCR assembly steps. All primers were between 50 and 60 nucleotides in length and
were designed to have similar annealing temperatures and a G/C clamp at the 3’
end. Additionally, primers contained complementary DNA sequences (20 to 25
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nucleotides) to ensure gene specific PCR amplification and assembly. All PCRs
were performed with Phusion DNA polymerase (New England Biolabs) using the
appropriate thermo-cycling program. The PCR-assembled immunocytokine genes
were double-digested with NheI and NotI restriction endonucleases (New England
Biolabs) and ligated into the mammalian cell expression vector pcDNA3.1 TM(+)
(Thermo Scientific) with T4 DNA ligase (New England Biolabs). Plasmids were
produced in either E.coli TG1 or E.coli TOP10 (see below) and purified with the
NucleoBond Xtra Midi/Maxi kit (Macherey-Nagel).

6.1.2 Site-specific mutagenesis
Site-directed amino acid substitutions were accomplished using a method adapted
from (348). Briefly, pcDNA3.1TM(+) plasmids containing the assembled gene of
interest (20 to 40 ng) were isolated from bacterial cultures and served as template
for the Phusion DNA polymerase (New England Biolabs). Extension times were
chosen according to the length of the plasmid in order to ensure amplification of the
entire plasmid. Primers were designed to contain the codon of interest, flanked by
15-nucleotide DNA sequences. The methylated template plasmids were digested
with the restriction DpnI (New England Biolabs) for 1 h at 37°C. Homologous
recombination and was achieved upon transformation in chemically-competent E.coli
TOP10 cells (Thermo Scientific).

6.1.3 Expression
Transient gene expression (TGE) was accomplished in suspension cultures of
FreestyleTM Chinese hamster ovary cells (CHO-S) cells (Thermo Scientific) using the
previously described transient gene expression methodology (349). The medium
was composed of a 1 : 1 mixture of ProCHOTM-4 (Lonza) and PowerCHOTM-2 CD
(Lonza), both supplemented with HT supplement, i.e., 100 %M hypoxanthine and
16 %M thymidine, 2 mM ultraglutamine (Lonza), and 1% antibiotic-antimycotic
solution (all from Thermo Scientific). Protein expression occurred in a shaking
incubator at 31°C for 6 days, starting at a cell density of 1 x 106 cells/ml. Since p35
subunit-based fusion proteins are not secreted in the absence of p40, transient gene
expression could only be achieved in a stable cell line constitutively expressing p40
(wild-type variant without purification tag), which acted as a chaperone for p35.
Subsequent protein A affinity chromatography allowed complete removal of p40 and
thus the isolation of F8-p35S-F8 and F8-p35HS-F8.
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To generate stably transfected cells, 10 ml of the TGE culture were taken 24 h after
transfection, centrifuged (at 1000 x g for 4 min) and resuspended in RPMI medium
(Thermo Scientific) supplemented with 10% fetal bovine serum (FBS), 1% antibioticantimycotic solution and 0.5 mg/ml Geneticin® (Thermo Scientific). Stable genome
integration was achieved after incubation for more than 4 weeks at 37°C and 5%
CO2, under antibiotic selection. Polyclonal stably-transfected cells were grown in
suspension at 37°C in PowerCHOTM-2 CD medium supplemented as described
above with HT supplement, ultraglutamine, and antibiotic-antimycotic solution. As
soon as a cell density of 4.5 - 5 x 106 cells/ml was reached, cultures were transferred
to a 31°C shaking incubator for protein expression until day 5. Monoclonal cell lines
were isolated by limiting dilution. Selection of the most productive clones was
achieved by repeated ELISA screening. Briefly, a biotinylated truncated version of
fibronectin containing EDA (11A12) was coated (50 nM in 100 %L) on a Nunc
MaxiSorp® flat-bottom 96-well plate (Sigma Aldrich). Upon incubation of culture
supernatants (100 %L) from monoclonal cultures, F8- or KSF-based fusion proteins
could be detected with protein A-HRP (horseradish peroxidase) conjugate (Sigma
Aldrich) and BM Blue POD substrate (Roche) according to the suppliers’ instructions.

6.1.4 Protein A purification
Expressed fusion protein preparations were purified from the CHO cell culture
supernatants upon centrifugation by protein A (Sino Biological Inc.) affinity chromatography. Notably, the framework regions of antibody fragments of the F8 and KSF
antibody can bind to protein A. After loading of culture supernatant onto the protein A
resin, bound protein was washed with 200 mL Buffer A (consisting of PBS
supplemented with 100 mM NaCl 0.5 mM ethylenediaminetetraacetic acid (EDTA)
and 0.1% Tween-20), followed by 200 mL Buffer B (PBS supplemented with 500 mM
NaCl 0.5 mM EDTA) and 200 mL Buffer C (PBS without supplements). Proteins
were eluted with either 100 mM glycine pH3.0 or 100 mM triethylamine (TEA)
pH11.5, depending on the pI of the protein to be purified, i.e., with TEA for proteins
with pI < 7.0 and with glycine pH3.0 for proteins with pI > 7.0. Eluted proteins were
dialyzed to PBS overnight (molecular cut-off: 13 - 35 kDa, dilution factor > 1:1000).
Upon dialysis proteins were filtered (0.22 %m) and analyzed by SEC and SDSPAGE. Protein preparations containing significant amounts of aggregates were
purified by preparative SEC using a ÄKTA purifier FPLC system and Superdex®
S200 10/300GL column (GE Healthcare).
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6.2 Biochemical characterization
6.2.1

SEC, SDS-PAGE and endotoxin quantification

Protein samples (2 - 4 %g) were analyzed by SDS-PAGE using the NuPAGE®
system (Thermo Scientific) with either 3-morpholinopropane-1-sulfonic acid (MOPS)
or 2-N-morpholinoethanesulfonic acid (MES) as running buffers. PageRuler™ Plus
Prestained Protein Ladder (Thermo Scientific) was used as a marker. Analytical SEC
(gel filtration) of purified protein samples (10 - 20 %g) was run on the same ÄKTA
system and SEC column as the preparative SEC runs. Alternatively, analytical SEC
was also performed on a smaller Superdex® S200 5/150GL column (GE Healthcare).
Endotoxin levels were quantified with the Pierce™ LAL Chromogenic Endotoxin
Quantitation Kit (Thermo Scientific).

6.2.2 Mass spectrometry
The identity of fusion proteins was confirmed by LC-ESI-MS with an Acquity UPLC H
class system equipped with an Acquity BEH300 C4 column (2.1 x 50 mm, 1.7 %m
particle size), sequentially coupled to a Waters Xevo G2-XS QTOF ESI mass
analyzer. The applied LC-method was designed to remove salts from the samples
without further separation of the protein constituents. Briefly, 10 %L samples were
injected and chromatographically desalted by isocratic elution using a mobile phase
consisting 95% solvent A (0.1% formic acid in water) and 5% solvent B (0.1% formic
acid in acetonitrile) at a constant flow rate of 0.4 mL/min. After 1.5 min, the salt-free
sample was eluted by stepwise gradient elution to 95% solvent B within 4.5 min
(10% change solvent B every 30 s then back to 95% solvent A within 30 s) and
subjected to ESI mass analysis. Three wash cycles (linear change to 95% solvent B
within 2.25 min and back to 95% A) were implemented to remove residual protein
from the column between sample runs. The resulting total ion count spectra were
deconvoluted and analyzed with the software MassLynx v4.1. Proteins were
analyzed in PBS at a concentration of 0.1 mg/mL.

6.2.3 SPR binding analysis
Antigen binding of F8-based fusion protein preparations was analyzed by SPR with
either Biacore® 3000 or S200 systems on corresponding CM5 sensor chips (GE
Healthcare) coated with a recombinant EDA-containing fibronectin variant (11A12).
Serial dilutions of F8-based fusion protein samples (analytes) were analyzed at a
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flow rate of 10 %L/min, whereby the association time was set to 60 s and complex
dissociation was monitored for at least 120 s. Bound protein was removed by a
regeneration step with 10 mM hydrochloric acid (10 %L within 1 min). Initial coating
densities of 11A12 (ligand) were between 500 and 1500 resonance units (RU). IL12
subunit reassembly was investigated in a ligand-capture experiment on an EDAcoated CM5 sensor chip using F8-p35S-F8 as a capture ligand and serial dilutions of
p40S / scFv(KSF) fusion proteins as analytes. Trimeric KSF-TNF was used as a
negative control.

6.2.4 Tissue staining
Ex vivo immunofluorescence staining of F8-IL9 fusion proteins preparations was
performed with F9 teratocarcinoma tumors from Sv129 mice (Charles River), which
served as control mice in previous therapy experiments. F9 tumors were excised and
embedded in NEG-50TM cryo-embedding medium (Thermo Scientific) before shock
freezing in liquid nitrogen. Tumor sections of 10 %m were stained using the following
primary antibodies: PECAM1 goat anti-mCD31 (endothelial cell marker, Santa Cruz
Biotechnology) and RM4A9 rat anti-mouse IL9 antibody (BioLegend). Detection was
accomplished with anti-goat AlexaFluor®-488 and anti-rat AlexaFluor®-594-coupled
secondary antibodies (Thermo Scientific). The slides were analyzed with an
Axioskop 2 Plus microscope (Zeiss) and equivalently processed using Adobe
Photoshop.

6.2.5 Flow cytometry
CD40L binding to the B cell lymphoma cell line WEHI-279 (ATCC: CRL-1704) was
assessed by flow cytometry (FACS) using a FACS Canto flow cytometer (BD
Biosciences). Protein samples were diluted in PBS with 1% bovine serum albumin
(BSA). The detection of cell surface bound F8-CD40L was accomplished by using
Alexa Fluor® 488 conjugated Protein A (1000x stock, P-11047, Invitrogen). Dead
cells were excluded from the analysis by propidium iodine staining.

6.2.6 Circular dichroism spectroscopy
All protein samples analyzed by circular dichroism (CD) were dialyzed for at least
16 h at 4°C to 10 mM NaCl, 10 mM Na2HPO4 at pH 7.5 prior to the analysis.
Samples were diluted to 0.180 mg/mL with dialysis buffer and transferred to a 2 mm
quartz glass cuvette and inserted in the AVIV CD spectrophotometer (Model 430)
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before initial wavelength scans in the range of 260 nm to 195 nm were performed.
Thermal denaturation was monitored at 217 nm, because at this wavelength, the
largest change in minimal residual ellipticity was observed when comparing samples
at 25°C and 95°C. Protein denaturation was monitored while heating the samples in
1°C / min steps with 30 s averaging time. After background correction, the data was
processed as described in (350).

6.3 Bioactivity assays
6.3.1 Splenocyte / IFN$-release assay
Splenocytes were isolated from freshly dissected spleens of C57/BL6 mice which
served as PBS control mice in previous therapy experiments. After red blood cell
lysis (buffer from Sigma Aldrich), the isolated splenocytes were resuspended at a
concentration of 5 x 106 /mL in RPMI medium containing 10% FBS, 1% antibioticantimycotic solution (Thermo Scientific) and 5 mM "-mercaptoethanol (SigmaAldrich) before they were incubated for 2 h at 37°C and 5% CO2. Serial dilutions of
recombinant mouse IL12 (PeproTech), which served as positive control, and IL12
subunit-derivatives were added followed by an incubation period of 48 h at 37°C and
5% CO2. Cultured supernatants were analyzed by a sandwich enzyme-linked
immuno-sorbent assay (ELISA) using the monoclonal anti-mouse IFN! antibody R46A2 (eBioscience) for capture and polyclonal biotinylated anti-mouse IFN! antibody
500-P119Bt (PeproTech) for detection.

6.3.2 STAT4 activation assay
The signaling capacity of IL12-derivatives was determined by assessing the
phosphorylation state of STAT4 in splenocytes upon stimulation. Splenocytes were
isolated according to the procedure outlined above. IL12-induced pSTAT4 activation
in NK cells could be directly assessed without any other stimuli than the IL12 or its
derivatives. By contrast CD4+ and CD8+ T cells pSTAT4 signaling required preactivation of splenocytes in culture flasks coated with a mix of anti-mouse CD3
(clone 145-2C11) and CD28 (clone 37.51) antibodies (1 %g/mL each, eBioscience).
Sufficient pre-activation in supplemented RPMI medium was achieved after an
incubation period of 48 h at 37°C and 5% CO2. The splenocytes were then
stimulated with serial dilutions of IL12 derivatives (1.5 x 106 cells / well or 100 %L).
F8-IL12-F8, featuring single chain IL12 (64,336) as bioactive payload, was used as a
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positive control. After 25 min, cells were fixed by the addition of 1.5% pformaldehyde (Santa Cruz Biotech) and permeabilized with ice cold methanol
(Sigma-Aldrich). Cell type-specific surface marker staining and intracellular pSTAT4
staining was performed using the following monoclonal anti-mouse antibodyfluorophore conjugates: Anti-CD8b-APC-eFluor780 (1:200 dilution, eBioscience) and
anti-CD4-FITC (1:200 dilution, eBioscience) together with anti-CD3$-eFluor710
(1:300 dilution, eBioscience) were used to discriminate CD8+ and CD4+ T cells from
other cells. NK cells were identified within the CD3$-negative population with antiNK1.1-FITC (1:200 dilution, BD Biosciences) and intracellular pSTAT4 in all assayed
cell populations was revealed using a monoclonal anti-pSTAT4-Alexa-647 antibodyconjugate (1:50 dilution, BD Biosciences). Unspecific mouse Fc receptor binding was
prevented by the addition of anti-CD16 / CD32 monoclonal antibodies (1:1000
dilution, Mouse BD Fc Block™, BD Biosciences). The stained cell populations were
analyzed on a BD FACSCanto (BD Biosciences) device using the corresponding
FACSDiva software. Data analysis was performed with FlowJo (FlowJo LCC).

6.4 In vivo experiments
All in vivo experiments were performed under the Animal Experimental Licenses
(Bew. Nr. 42/2012 and 27/2015) granted to Prof. Dario Neri by the Cantonal
Veterinary Authority of Zürich, Switzerland.

6.4.1 Quantitative biodistribution analysis
F9 teratocarcinoma cells (ATCC, No.: CRL-1720) were cultured according to
supplier’s protocol in 0.1% gelatin-coated tissue culture flasks in DMEM,
supplemented with 10% FBS and 1% antibiotic-antimycotic solution (Thermo
Scientific). Female Sv129 mice (129S2/SvPasCrl, Charles River), were subcutaneously injected (in the flank) with 2.0 x 107 F9 teratocarcinoma cells. Mice were
between 11 and 14 weeks old. Two days before injection, the drinking water of the
mice was supplemented with 3 drops of a 10% Lugol’s solution in order to saturate
thyroid glands. As soon as tumor sizes exceeded > 50 mm3, the mice were
randomized (n = 5) and grouped to have similar tumor size distribution at the day of
injection. Sodium/iodine symporters, which mediate iodine uptake in the intestine
were blocked by oral administration of 1 mg/mL sodium perchlorate solution (1 drop)
2 h before the injection.
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Radioiodination was performed with 2 alternative
and F8-IL9 samples were

125

125

I-activation methods: F8-CD40L

I-labeled after activation with 50 %g/mL chloramine T

(Sigma Aldrich). IL12-derived mutant subunit fusion proteins were radiolabeled with
Pierce™ Iodination Tubes (Thermo Scientific). In each case the labeling reaction
was stopped by loading the reaction mixture onto a PD-10 columns (GE Healthcare).
Excess reagents were removed by washing with PBS. Proteins were eluted and
fractions were collected for analysis with a Packard Cobra !-counter. The obtained !
counts allowed the calculation of the incorporation rate, i.e., the percentage of
radioiodine, which was incorporated into the eluted protein. Protein concentrations of
the radioactive compounds could not be assessed in the high-security laboratory.
According to previous tests, it was assumed that 70% of the protein applied onto the
PD-10 column, could be recovered. Based on this information, the injected dose of
125

I-labelled F8-based fusion proteins was calculated. Approximately 10 - 12 %g of
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I-labeled protein was injected into the lateral tail vein. Mice were sacrificed 24 h

after injection, organs were excised, weighed and radioactivity was quantified with a
Packard Cobra !-counter (Hewlett Packard). Values are given in percentage of
injected dose per gram of tissue [%ID/g ± standard deviation].

6.4.2 Pharmacokinetic analysis
The pharmacokinetic analysis of F8-IL9 preparations was also analyzed in the
Sv129/F9 teratocarcinoma model. Radiolabeling of F8-IL9 samples and intravenous
administration into healthy Sv129 mice (n = 4) was performed as described for the
quantitative biodistribution analysis. Blood samples at suitable time-points were
taken by puncturing the lateral tail vein and withdrawal of 1 %L to 5 %L of blood
before analysis with the Packard Cobra !-counter.

6.4.3 Therapy experiment
F9 tumor bearing mice were prepared as described in Chapter 6.4.1. As soon as an
average tumor size of > 50 mm3 was reached, mice were randomized and grouped
(n = 5). Therapeutic doses of recombinant fusion proteins (3 injections of 200 µg of
F8-IL9 and KSF-IL9, respectively) were given every 48 h. Mice in the control group
received 200 %L PBS. Animals were sacrificed and the therapy was discontinued
when the weight loss exceeded -10% or tumor volumes came close to 2000 mm3.
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6.4.4 Blood incubation assay
Blood from healthy, twelve weeks old C57/BL6 mice was collected in syringes
containing 50 %L ACD-anticoagulant (Sigma-Aldrich) and transferred to EDTAcoated tubes (BD Microtainer) in fractions of 200 %L. Either 39 nM or 390 nM of
radiolabeled p40S-F8 were added. Radiolabeled F8 diabody preparations were used
as negative control. Blood samples were incubated for 1 h at 37 °C before
centrifugation for 5 min at 2000 x g. 90 %L of the supernatant and 100 %L of the cell
pellet were transferred to !-counting tubes before radioactivity was measured with
the Packard Cobra !-counter.

6.5 Glycan analytics
6.5.1 Sialic acid-release and quantification
Sialic acids were released enzymatically by #2-3,6,8,9 neuraminidase (New England
Biolabs), i.e., 3 units of enzyme per 1 %g F8-IL9 were incubated at 37°C for 16 h.
Alternatively, sialic acids were released by mild hydrolysis in 0.5 M NaHSO4 (Sigma
Aldrich) requiring an incubation period of 40 min at 80°C (351). Enzymatically
released NeuNAc was quantified using a fluorimetric NeuNAc assay kit (BioVision).
NeuNAc (Sigma Aldrich) represents the most common sialic acid species in
mammalian cells and was used as a standard for calibration in both assays.
Fluorescence was measured in a SpectraMax Paradigm plate reader (Molecular
Devices) at excitation/emission (Ex/Em) wavelengths of 535/587nm. Hydrolyzed
sialic acids were fluorescently labeled with o-phenylenediamine (Sigma Aldrich) in
0.5 M NaHSO4 for 2 h at 80°C. RP-HPLC was performed with a Hitachi Lachrom D7000 HPLC-system (Merck) equipped with an Xterra® 5 %m, 4.6 x150 mm C18
column (Waters). Sialic acid derivatives were eluted using an isocratic buffer system
and detected Ex/Em 280/425nm as previously described (351). Data points were
normalized per monomer of either F8-IL9 or p40S-F8.

6.5.2 Enzymatic release of N-glycan pools
N-linked oligosaccharides were released by glycerol-free PNGase F (New England
Biolabs), i.e., 10 units of enzyme per 1 %g protein were incubated for 24 h at 37°C.
Samples for biodistribution experiments were deglycosylated in PBS followed via an
additional protein A purification step to remove the enzyme and contaminants. All
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other samples were dialyzed against 50 mM ammonium bicarbonate (Sigma Aldrich)
pH8.0 buffer before deglycosylation. Released glycans pools were separated form
proteins by Vivaspin® 500 centrifugal filter units (Sartorius Stedim) with a 10 kDa cutoff and washed with 4 x 400 %L deionized water. The flow-through was collected and
vacuum dried.

6.5.3 LC-ESI-MS analysis
Proteins featuring a single N-linked glycan were subjected to liquid chromatography electrospray ionization - mass spectrometry (LC-ESI-MS) upon PNGase F treatment
as described above. The mass difference between native and deglycosylated protein
species was used to predict putative glycan structures. A database search within the
CFG (Consortium of Functional Genomics) database, which is integrated in the used
Glycoworkbench v2.0 software (352), provided a panel of potential N-linked glycan
structures. Notably, 19.0 Da was added to the observed mass differences in order to
account for the addition of one H20 molecule (as a consequence of the PNGase F
reaction) and protonation, which typically occurs during the ionization of salt-free
glycoprotein samples. Putative glycan structure were selected based on available
genomic information of CHO cell-specific N-linked glycosylation (292). The presence
of terminal sialic acids was confirmed by HPLC-based quantification of NeuNAc.

6.5.4 HILIC-HPLC-based glycan profiling
Vacuum-dried N-glycan samples were fluorescently labeled with 2-aminobenzamide
(2-AB) (353), using a GlycoprofileTM labeling kit (Sigma Aldrich) and purified via
GlycoClean™ S cartridges (Prozyme) according to the providers' instructions.
Samples were dried in a vacuum centrifuge before they were dissolved in 200 %L
50% acetonitrile/water. HPLC-HILIC was performed with the Hitachi Lachrom D7000 HPLC-system equipped with a TSKgel® Amide-80 column (TOSOH
Bioscience). The injected sample volume was 12 %L. Gradient elution was achieved
using a buffer system consisting of acetonitrile (Sigma Aldrich) and 0.1 M ammonium
formate (ARCOS Chemicals) pH4.5 solution. A gradient of 0.3% / min starting with
24% 0.1 M ammonium formate provided the highest-resolution. A dextran calibration
ladder (Waters) was run after each sample as external standard to calibrate the
system for subsequent conversion of retention times [min] into glucose units [GU].
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6.5.5 MALDI-TOF-TOF analysis
N-glycans from 50 µg of purified F8-IL9 proteins were released by PNGase F
(Promega), as described above. To verify glycosidic #2,3-linkage of terminal sialic
acids, samples were incubated with 20 units of #2,3 neuraminidase (New England
Biolabs) per 1 %g F8-IL9 for 16 h at 37°C. The released glycans from all samples
were purified via C18 Sep-Pak® cartridges (Waters) and permethylated as described
by Dell et al. (354). Permethylated glycans samples were mixed 1 : 1 with dihydroxybenzonic acid matrix (15 mg/ml in 75% acetonitrile in water with 0.1% formic), and
spotted onto a matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF-TOF MS/MS) target plate. Data acquisition was
performed manually on Model 4800 Proteomics Analyzer (Applied Biosystems) with
an Nd:YAG laser and 1’000 shots were accumulated in the reflectron positive ion
mode. The MALDI-TOF-TOF mass spectrometer was calibrated externally by
permethylated N-glycans from RNAse B (Sigma). N-glycan structures of m/z 2081.1
and 2362.2 from SE F8-IL9 were further confirmed by MALDI-TOF-TOF MS/MS. All
other annotations are based on the current knowledge for N-glycan biosynthesis and
the m/z value of each peak was labeled as monoisotopic mass for spectra acquired
in the reflectron positive mode. Data interpretation was processed manually or by the
help of GlycoWorkbench 2.0 (352).

6.5.6 Glycopeptide analysis by nanoHPLC-HCD-MS/MS
50 µg of purified F8-IL9 protein samples were digested by filter-assisted sample
preparation (FASP) procedure (355) before MS measurement. Briefly, proteins were
reduced by 50 mM dithiothreitol in 50 mM ammonium bicarbonate buffer (pH8.5) at
37°C for 1 h, following by alkylation by 65 mM iodoacetamide at 37°C for 1 h in the
dark. After four washing cycles of the filter device with ammonium bicarbonate
buffer, proteins were digested by sequencing-grade modified trypsin (Promega) at a
ratio of 50 : 1 at 37°C overnight. All digested peptides and glycopeptides were
collected by centrifugation and dried by vacuum centrifuge. Additionally, two-thirds of
the samples were individually treated with Glu-C endopeptidase (Promega), AspN
endopeptidase (Promega), neuraminidase (Calbiochem) and PNGase F (Roche). All
samples were desalted by Zip-Tip® C18 (Millipore) prior to nanoLC-MS/MS analysis.
Samples were analyzed on a calibrated LTQ-Orbitrap Velos mass spectrometer
(Thermo

Scientific)

coupled

to

an

Eksigent-Nano-HPLC

system

(Eksigent

Technologies). Peptides were resuspended in 2.5% acetonitrile and 0.1% formic acid
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and loaded on a self-made fritted column (75 %m & 150 mm) packed with reverse
phase C18 material (AQ, 1.9 µm 200 Å, Bischoff GmbH) and eluted with a flow rate
of 300 nL / min using a gradient from 3 to 30% of B in 22 min, 50% B within the next
25 min and 97% B in the last 27 min. One scan cycle comprised of a full MS survey
spectrum, followed by up to 10 sequential HCD MS/MS on the most intense signals
above a threshold of 2000. Full-scan MS spectra (700 - 2000 m/z) were acquired in
the Fourier transform (FT)-Orbitrap at a resolution of 60,000 at 400 m/z, while HCD
MS/MS spectra were recorded in the FT-Orbitrap at a resolution of 15,000 at 400
m/z. HCD was performed with a target value of 1e5 and stepped collision energy
rolling from 35, 40 and 45 V was applied. Automatic Gain Control (AGC) target
values were 5e5 for full Fourier transform mass spectrometry (FTMS). For all
experiments, dynamic exclusion was used with 1 repeat count, 15 s repeat duration,
and 60 s exclusion duration.

6.5.7 Site-specific glycosylation analysis
MS and MS/MS data were processed into the Mascot generic file format and
searched within the Swissprot database (version 201408) through the Mascot search
engine (version 2.4) with the consideration of carbamidomethylation at cysteine and
oxidation at methionine. For PNGase F digested samples, deamination was
considered as a variable modification. The monoisotopic masses of 2+ or higher
charged peptides were searched with a peptide tolerance of 10 ppm and a MS/MS
tolerance of 0.25 Da for fragmented ions. Only peptides with a maximum of two
missing cleavage sites were allowed in database searches. Positive identification of
deaminated peptides was performed using a variety of strict criteria including manual
inspection of spectra. Site-specific glycosylation analysis was performed as
described in (356) and all data were interpreted manually. XCalibur 2.2 sp1.48 was
used for data analysis.
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9 Abbreviations
ADA

anti-drug antibody

ADEPT

as antibody-directed enzyme prodrug therapy

AML

acute myeloid leukemia

ALL

acute lymphoblastic leukemia

ALCL

anaplastic large-cell lymphoma

ADC

antibody drug conjugates

ADCC

antibody dependent cellular cytotoxicity

APC

antigen presenting cell

ASGPR

asialoglycoprotein receptor

B3GALT

"-1,3-galactosyltransferase

B4GALT

"-1,4-galactosyltransferase

BCR

B cell receptor

BiTE

bispecific T cell engager

BSA

bovine serum albumin

CAIX

carbonic anhydrase 9

CD

circular dichroism

CDX

cluster of differentiation

CD40L

CD40 ligand

CDC

complement dependent cytotoxicity

CDR

complementarity determining region

CEA

carcinoembryonic antigen

CH

constant heavy chain domain

CHO

Chinese hamster ovary

CHOP

cyclophosphamide, doxorubicin, vincristine and prednisolone
(chemotherapy regimen)

CL

constant light

CLL

chronic lymphocytic leukemia

CMAH

cytidine monophosphate-N-acetylneuraminic acid hydroxylase

CMP

cytidine monophosphate

CSF

colony-stimulating factor

CTLA-4

cytotoxic T lymphocyte-associated protein 4

CTCL

cutaneous T cell lymphoma

CTL

cytotoxic T lymphocytes
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DC

dendritic cell

DG

deglycosylated

DR

death receptor

DS

desialylated

DTPA

diethylenetriaminepentaacetic acid

DNL

Dock-and-Lock®

DAR

drug-to-antibody ratio

DART

dual-affinity retargeting

DLBCL

diffuse large B cell lymphoma

DM1

N2'-deacetyl-N2'-(3-mercapto-1-oxopropyl)-maytansine

E. coli

Escherichia coli

EC50

50% effective concentration

EDTA

ethylenediaminetetraacetic acid

EpCAM

endothelial cell adhesion molecule

EGF

epidermal growth factor

EGFR

epidermal growth factor receptor

EGFRvIII

epidermal growth factor receptor variant III

EDA

extra-domain A

EDB

extra-domain B

EPO

erythropoietin

ER

endoplasmic reticulum

ERAD

ER-associated degradation

ESI

electrospray ionization

Fab

antigen binding fragment

FACS

fluorescence-assisted cell sorting

FDA

food and drug authority

Fc

constant fragment

Fc!R

Fc ! receptor

Fc!Rn

neonatal Fc ! receptor

FCS

fetal bovine serum

Fn

fibronectin

Fuc

fucose

FUT8

fucosyltransferase 8

Gal

galactose

GlcNAc

N-acetyl glucosamine
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GM-CSF

granulocyte macrophage - colony stimulating factor

GMP

good manufacturing practice

GT

UDP-glucose:glycoprotein glucosyltransferase

HEK

human embryonic kidney

Her2/neu

human epidermal growth factor receptor 2

Her3

human epidermal growth factor receptor 3

HILIC

hydrophilic interaction chromatography

HPLC

high pressure liquid chromatography

IFN#

interferon-#

IFN!

interferon-!

IgG

immunoglobulin G

Immuno-PET

Immuno - positron emission tomography

IP-10

IFN!-inducible protein-10

%ID/g

% injected dose per gram

IL12

Interleukin-12

IL2

Interleukin-2

IL4

Interleukin-4

IL9

Interleukin-9

IL15

Interleukin-15

IU

international units

i.v.

intravenous

LacNAc

N-acetyllactosamine

LC

liquid chromatography

LiGHT

tumor necrosis factor (TNF) superfamily member 14

LLC

Lewis lung carcinoma

LT#

lymphotoxin-#

MTD

maximum tolerated dose

mAb

monoclonal antibody

AML

acute myeoid leukemia

MALDI

matrix-assisted laser desorption/ionization

Man

mannose

MHC

major histocompatibility complex

MFI

mean fluorescence intensity

MGAT

mannosyl-glycoprotein acetylglucosaminyltransferase

MMAE/F

monomethyl auristatin E of F
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MS

mass spectrometry

MTX

methothrexate

NeuNAc

N-acetyl neuraminic acid

NeuNGc

N-glycolyl neuraminic acid

NHL

non-Hodgkin’s lymphoma

NK

natural killer

OST

oligosaccharyl-transferase

p35S

p35C92S

p40S

p35C197S

PBS

phosphate buffered saline

PCR

polymerase chain reaction

PD-1

programmed death 1 receptor

PD-L1

programmed death 1 receptor

pI

isoelectic point

PNGase F

peptide-N-glycosidase F

PSMA

prostate-specific membrane antigen

scFv

single chain variable fragment

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SE

stable expression

SEC

size exclusion chromatography

s.c.

subcutaneous

SIP

small immune protein

SPR

surface plasmon resonance

ST3GALT

"-galactoside #-2,3-sialyltransferase

ST6GALT

"-galactoside #-2,6-sialyltransferase

STAT

signal transducers and activators of transcription

TandAb

tandem diabody

TCR

T cell receptor

Tc9

type 9 cytotoxic CD8+ T cell

Th1

type 1 CD4+ T helper cell

Th9

type 9 CD4+ T helper cell

TNFR

tumor necrosis factor receptor

TGF

transforming growth factor "

TGE

transient gene expression

T-DM1

trastuzumab emtansie
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TNC A1

tenascin C domain A1

TOF

time of flight

TRAIL

tumor necrosis factor-inducing ligand

Tregs

regulatory T cells

VEGItrunc

truncated vascular endothelial growth inhibitor

TNF

tumor necrosis factor (formerly known as TNF#)

UDP

uridine diphosphate

VEGF

vascular endothelial growth factor

VEGI

vascular endothelial growth inhibitor

VH

variable heavy domain

VL

variable light domain
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11 Appendix
11.1 DNA sequences
GCTAGC
GCGGCCGC
GTCGACC…
GAGGTGC…
GAAATTG…
TAGTGA
GGTGGAG…

NheI cleavage site
NotI cleavage site
signal peptide (SIP)
VH domain of F8
VL domain of F8
Stop codons
linker

GAGGTGC…
TCTGAGC…
CAAAGAG…
CAGAGAT…
ATGTGGG…
AGGGTCA…

VH domain of KSF
VL domain of KSF
CD40L
IL9
p40 subunit of IL12
p35subunit of IL12

F8-CD40L:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCC
TGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGG
GCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATACTACGCAGACTCCGTGAAGGGCC
GGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAG
GACACGGCCGTATATTACTGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAAC
CCTGGTCACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAAATTG
TGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCC
AGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCT
CATCTATGGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAG
ACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGT
GGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAGGTGGAGGCGGTTCAGGCGGAGG
TGGCTCTGGCGGTGGCGGATCACAAAGAGGTGATGAGGATCCTCAAATTGCAGCACACGTTGTAAGCG
AAGCCAACAGTAATGCAGCATCCGTTCTACAGTGGGCCAAGAAAGGATATTATACCATGAAAAGCAAC
TTGGTAATGCTTGAAAATGGGAAACAGCTGACGGTTAAAAGAGAAGGACTCTATTATGTCTACACTCA
AGTCACCTTCTGCTCTAATCGGGAGCCTTCGAGTCAACGCCCATTCATCGTCGGCCTCTGGCTGAAGC
CCAGCAGTGGATCTGAGAGAATCTTACTCAAGGCGGCAAATACCCACAGTTCCTCCCAGCTTTGCGAG
CAGCAGTCTGTTCACTTGGGCGGAGTGTTTGAATTACAAGCTGGTGCTTCTGTGTTTGTCAACGTGAC
TGAAGCAAGCCAAGTGATCCACAGAGTTGGCTTCTCATCTTTTGGCTTACTCAAACTCTAGTGAGCGG
CCGCAAA

F8-IL9:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCC
TGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGG
GCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATACTACGCAGACTCCGTGAAGGGCC
GGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAG
GACACGGCCGTATATTACTGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAAC
CCTGGTCACCGTCTCGAGTGGCGGTAGCGGAGGGGAAATTGTGTTGACGCAGTCTCCAGGCACCCTGT
CTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTA
GCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCAC
TGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCAGACTGG
AGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGG
ACCAAGGTGGAAATCAAAGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCACAGAG
ATGCAGCACCACATGGGGCATCAGAGACACCAATTACCTTATTGAAAATCTGAAGGATGATCCACCGT
CAAAATGCAGCTGCAGCGGCAACGTGACCAGCTGCTTGTGTCTCTCCGTCCCAACTGATGATTGTACC
ACACCGTGCTACAGGGAGGGACTGTTACAGCTGACCAATGCCACACAGAAATCAAGACTCTTGCCTGT
TTTCCATCGGGTGAAAAGGATAGTTGAAGTCCTAAAGAACATCACGTGTCCGTCCTTTTCCTGCGAAA
AGCCATGCAACCAGACCATGGCAGGCAACACACTGTCATTTCTGAAGAGTCTCCTGGGGACGTTCCAG
AAGACAGAGATGCAAAGGCAGAAAAGCCGACCATAGTGAGCGGCCGCAAA

151

KSF-IL9:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCC
TGTGCAGCCTCTGGATTCACCTTTAGCAGCTATGCCATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGG
GCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATACTACGCAGACTCCGTGAAGGGCC
GGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAA
GACACGGCCGTATATTACTGTGCGAAATCGCCTAAGGTGTCGCTTTTTGACTACTGGGGCCAGGGAAC
CCTGGTCACCGTCTCGAGTGGCGGTAGCGGAGGGTCTGAGCTGACTCAGGACCCTGCTGTGTCTGTGG
CCTTGGGACAGACAGTCAGGATCACATGCCAAGGAGACAGTCTCAGAAGCTATTATGCAAGCTGGTAC
CAGCAGAAGCCAGGACAGGCCCCTGTACTTGTCATCTATGGTAAAAACAACCGGCCCTCAGGGATCCC
AGACCGATTCTCTGGCTCCAGCTCAGGAAACACAGCTTCCTTGACCATCACTGGGGCTCAGGCGGAAG
ATGAGGCTGACTATTACTGTAACTCCTCTCCCCTGAATCGGCTGGCTGTGGTATTCGGCGGAGGGACC
AAGCTGACCGTCCTAGGCGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCACAGAG
ATGCAGCACCACATGGGGCATCAGAGACACCAATTACCTTATTGAAAATCTGAAGGATGATCCACCGT
CAAAATGCAGCTGCAGCGGCAACGTGACCAGCTGCTTGTGTCTCTCCGTCCCAACTGATGATTGTACC
ACACCGTGCTACAGGGAGGGACTGTTACAGCTGACCAATGCCACACAGAAATCAAGACTCTTGCCTGT
TTTCCATCGGGTGAAAAGGATAGTTGAAGTCCTAAAGAACATCACGTGTCCGTCCTTTTCCTGCGAAA
AGCCATGCAACCAGACCATGGCAGGCAACACACTGTCATTTCTGAAGAGTCTCCTGGGGACGTTCCAG
AAGACAGAGATGCAAAGGCAGAAAAGCCGACCATAGTGAGCGGCCGCAAA

p40S-F8:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGATGTGGGAGCTGGAGAAAGACGTTTATGTTGTAGAGGTGGACTGGACTCCCGATGCCCCTGGA
GAAACAGTGAACCTCACCTGTGACACGCCTGAAGAAGATGACATCACCTGGACCTCAGACCAGAGACA
TGGAGTCATAGGCTCTGGAAAGACCCTGACCATCACTGTCAAAGAGTTTCTAGATGCTGGCCAGTACA
CCTGCCACAAAGGAGGCGAGACTCTGAGCCACTCACATCTGCTGCTCCACAAGAAGGAAAATGGAATT
TGGTCCACTGAAATTTTAAAAAATTTCAAAAACAAGACTTTCCTGAAGTGTGAAGCACCAAATTACTC
CGGACGGTTCACGTGCTCATGGCTGGTGCAAAGAAACATGGACTTGAAGTTCAACATCAAGAGCAGTA
GCAGTTCCCCTGACTCTCGGGCAGTGACATGTGGAATGGCGTCTCTGTCTGCAGAGAAGGTCACACTG
GACCAAAGGGACTATGAGAAGTATTCAGTGTCCTGCCAGGAGGATGTCACCTCCCCAACTGCCGAGGA
GACCCTGCCCATTGAACTGGCGTTGGAAGCACGGCAGCAGAATAAATATGAGAACTACAGCACCAGCT
TCTTCATCAGGGACATCATCAAACCAGACCCGCCCAAGAACTTGCAGATGAAGCCTTTGAAGAACTCA
CAGGTGGAGGTCAGCTGGGAGTACCCTGACTCCTGGAGCACTCCCCATTCCTACTTCTCCCTCAAGTT
CTTTGTTCGAATCCAGCGCAAGAAAGAAAAGATGAAGGAGACAGAGGAGGGGTGTAACCAGAAAGGTG
CGTTCCTCGTAGAGAAGACATCTACCGAAGTCCAATGCAAAGGCGGGAATGTCTGCGTGCAAGCTCAG
GATCGCTATTACAATTCCTCGTGCAGCAAGTGGGCATGTGTTCCCTGCAGGGTCCGATCCGGCGGTGG
GGGATCTGGAGGCGGCGGGAGCGGAGGCGGAGGTAGCGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCT
TGGTACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACG
ATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGG
TAGCACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACACGC
TGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGCGAAAAGTACTCAT
TTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCGAGTGGCGGTAGCGGAGGGGA
AATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCA
GGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGG
CTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTGG
GACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGA
TGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAATAGTGAGCGGCCGCAAA
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F8-IL12-F8:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGGAGGTACAGCTGCTTGAGAGTGGGGGAGGGCTTGTGCAGCCTGGCGGAAGCCTCCGCCTGAGT
TGCGCCGCATCTGGTTTTACTTTCAGTTTGTTCACTATGAGCTGGGTAAGACAGGCCCCTGGTAAGGG
TCTGGAATGGGTGAGTGCAATTTCTGGTTCAGGGGGAAGCACTTACTACGCTGATTCCGTGAAAGGCC
GCTTTACCATATCCCGCGACAACAGCAAAAACACCCTGTATCTCCAGATGAACAGCTTGAGGGCAGAG
GATACTGCTGTGTACTATTGCGCTAAGTCCACACATCTCTACTTGTTTGATTATTGGGGCCAGGGGAC
TCTGGTGACTGTGTCTTCCGGCGGCGGCGGGAGTGGCGGGGGCGGCAGCGGAGGAGGAGGAGAGATCG
TGCTGACCCAGTCCCCCGGAACTCTTTCCCTCAGTCCCGGAGAAAGGGCTACACTCAGTTGCAGAGCC
TCACAGAGCGTCTCCATGCCATTTCTGGCATGGTATCAGCAGAAACCAGGGCAGGCTCCTCGACTCCT
CATCTATGGGGCCAGCTCTCGCGCTACCGGGATCCCAGACCGGTTCTCAGGCAGCGGATCCGGGACCG
ATTTTACTCTGACCATCAGTAGGCTGGAACCCGAGGACTTCGCCGTGTACTACTGCCAACAAATGAGG
GGGAGACCACCAACCTTTGGTCAAGGCACTAAGGTGGAGATCAAGGGCGGTGGGGGATCTGGAGGCGG
CGGGAGCGGAGGCGGAGGTAGCATGTGGGAGCTGGAGAAAGACGTTTATGTTGTAGAGGTGGACTGGA
CTCCCGATGCCCCTGGAGAAACAGTGAACCTCACCTGTGACACGCCTGAAGAAGATGACATCACCTGG
ACCTCAGACCAGAGACATGGAGTCATAGGCTCTGGAAAGACCCTGACCATCACTGTCAAAGAGTTTCT
AGATGCTGGCCAGTACACCTGCCACAAAGGAGGCGAGACTCTGAGCCACTCACATCTGCTGCTCCACA
AGAAGGAAAATGGAATTTGGTCCACTGAAATTTTAAAAAATTTCAAAAACAAGACTTTCCTGAAGTGT
GAAGCACCAAATTACTCCGGACGGTTCACGTGCTCATGGCTGGTGCAAAGAAACATGGACTTGAAGTT
CAACATCAAGAGCAGTAGCAGTTCCCCTGACTCTCGGGCAGTGACATGTGGAATGGCGTCTCTGTCTG
CAGAGAAGGTCACACTGGACCAAAGGGACTATGAGAAGTATTCAGTGTCCTGCCAGGAGGATGTCACC
TGCCCAACTGCCGAGGAGACCCTGCCCATTGAACTGGCGTTGGAAGCACGGCAGCAGAATAAATATGA
GAACTACAGCACCAGCTTCTTCATCAGGGACATCATCAAACCAGACCCGCCCAAGAACTTGCAGATGA
AGCCTTTGAAGAACTCACAGGTGGAGGTCAGCTGGGAGTACCCTGACTCCTGGAGCACTCCCCATTCC
TACTTCTCCCTCAAGTTCTTTGTTCGAATCCAGCGCAAGAAAGAAAAGATGAAGGAGACAGAGGAGGG
GTGTAACCAGAAAGGTGCGTTCCTCGTAGAGAAGACATCTACCGAAGTCCAATGCAAAGGCGGGAATG
TCTGCGTGCAAGCTCAGGATCGCTATTACAATTCCTCGTGCAGCAAGTGGGCATGTGTTCCCTGCAGG
GTCCGATCCGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCAAGGGTCATTCCAGT
CTCTGGACCTGCCAGGTGTCTTAGCCAGTCCCGAAACCTGCTGAAGACCACAGATGACATGGTGAAGA
CGGCCAGAGAAAAGCTTAAACATTATTCCTGCACTGCTGAAGACATCGATCATGAAGACATCACACGG
GACCAAACCAGCACATTGAAGACCTGTTTACCACTGGAACTACACAAGAACGAGAGTTGCCTGGCTAC
TAGAGAGACTTCTTCCACAACAAGAGGGAGCTGCCTGCCCCCACAGAAGACGTCTTTGATGATGACCC
TGTGCCTTGGTAGCATCTATGAGGACTTGAAGATGTACCAGACAGAGTTCCAGGCCATCAACGCAGCA
CTTCAGAATCACAACCATCAGCAGATCATTCTAGACAAGGGCATGCTGGTGGCCATCGATGAGCTGAT
GCAGTCTCTGAATCATAATGGCGAGACTCTGCGCCAGAAACCTCCTGTGGGAGAAGCAGACCCTTACA
GAGTGAAAATGAAGCTCTGCATCCTGCTTCACGCCTTCAGCACCCGCGTCGTGACCATCAACAGGGTG
ATGGGCTATCTGAGCTCCGCCGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCAGA
GGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAG
CCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGGGCTGGAG
TGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATACTACGCAGACTCCGTGAAGGGCCGGTTCAC
CATCTCCAGAGACAATTCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGG
CCGTATATTACTGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAAATTGTGTTGAC
GCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGA
GTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCTAT
GGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCAC
TCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGC
CGCCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAATAGTGAGCGGCCGCAAA

153

F8-p35S-F8:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGGAGGTACAGCTGCTTGAGAGTGGGGGAGGGCTTGTGCAGCCTGGCGGAAGCCTCCGCCTGAGT
TGCGCCGCATCTGGTTTTACTTTCAGTTTGTTCACTATGAGCTGGGTAAGACAGGCCCCTGGTAAGGG
TCTGGAATGGGTGAGTGCAATTTCTGGTTCAGGGGGAAGCACTTACTACGCTGATTCCGTGAAAGGCC
GCTTTACCATATCCCGCGACAACAGCAAAAACACCCTGTATCTCCAGATGAACAGCTTGAGGGCAGAG
GATACTGCTGTGTACTATTGCGCTAAGTCCACACATCTCTACTTGTTTGATTATTGGGGCCAGGGGAC
TCTGGTGACTGTGTCTTCCGGCGGCGGCGGGAGTGGCGGGGGCGGCAGCGGAGGAGGAGGAGAGATCG
TGCTGACCCAGTCCCCCGGAACTCTTTCCCTCAGTCCCGGAGAAAGGGCTACACTCAGTTGCAGAGCC
TCACAGAGCGTCTCCATGCCATTTCTGGCATGGTATCAGCAGAAACCAGGGCAGGCTCCTCGACTCCT
CATCTATGGGGCCAGCTCTCGCGCTACCGGGATCCCAGACCGGTTCTCAGGCAGCGGATCCGGGACCG
ATTTTACTCTGACCATCAGTAGGCTGGAACCCGAGGACTTCGCCGTGTACTACTGCCAACAAATGAGG
GGGAGACCACCAACCTTTGGTCAAGGCACTAAGGTGGAGATCAAGGGCGGTGGGGGATCTGGAGGCGG
CGGGAGCGGAGGCGGAGGTAGCAGGGTCATTCCAGTCTCTGGACCTGCCAGGTGTCTTAGCCAGTCCC
GAAACCTGCTGAAGACCACAGATGACATGGTGAAGACGGCCAGAGAAAAGCTTAAACATTATTCCTGC
ACTGCTGAAGACATCGATCATGAAGACATCACACGGGACCAAACCAGCACATTGAAGACCTGTTTACC
ACTGGAACTACACAAGAACGAGAGTTCCCTGGCTACTAGAGAGACTTCTTCCACAACAAGAGGGAGCT
GCCTGCCCCCACAGAAGACGTCTTTGATGATGACCCTGTGCCTTGGTAGCATCTATGAGGACTTGAAG
ATGTACCAGACAGAGTTCCAGGCCATCAACGCAGCACTTCAGAATCACAACCATCAGCAGATCATTCT
AGACAAGGGCATGCTGGTGGCCATCGATGAGCTGATGCAGTCTCTGAATCATAATGGCGAGACTCTGC
GCCAGAAACCTCCTGTGGGAGAAGCAGACCCTTACAGAGTGAAAATGAAGCTCTGCATCCTGCTTCAC
GCCTTCAGCACCCGCGTCGTGACCATCAACAGGGTGATGGGCTATCTGAGCTCCGCCGGTGGAGGCGG
TTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCAGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGG
TACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATG
AGCTGGGTCCGCCAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAG
CACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTGT
ATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGCGAAAAGTACTCATTTG
TATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGG
AGGTGGCTCTGGCGGTGGCGGAGAAATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAG
GGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAG
CAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGCATCCCAGA
CAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATT
TTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTGGAA
ATCAAATAGTGAGCGGCCGCAAA
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F8-p35HS-F8:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGGAGGTACAGCTGCTTGAGAGTGGGGGAGGGCTTGTGCAGCCTGGCGGAAGCCTCCGCCTGAGT
TGCGCCGCATCTGGTTTTACTTTCAGTTTGTTCACTATGAGCTGGGTAAGACAGGCCCCTGGTAAGGG
TCTGGAATGGGTGAGTGCAATTTCTGGTTCAGGGGGAAGCACTTACTACGCTGATTCCGTGAAAGGCC
GCTTTACCATATCCCGCGACAACAGCAAAAACACCCTGTATCTCCAGATGAACAGCTTGAGGGCAGAG
GATACTGCTGTGTACTATTGCGCTAAGTCCACACATCTCTACTTGTTTGATTATTGGGGCCAGGGGAC
TCTGGTGACTGTGTCTTCCGGCGGCGGCGGGAGTGGCGGGGGCGGCAGCGGAGGAGGAGGAGAGATCG
TGCTGACCCAGTCCCCCGGAACTCTTTCCCTCAGTCCCGGAGAAAGGGCTACACTCAGTTGCAGAGCC
TCACAGAGCGTCTCCATGCCATTTCTGGCATGGTATCAGCAGAAACCAGGGCAGGCTCCTCGACTCCT
CATCTATGGGGCCAGCTCTCGCGCTACCGGGATCCCAGACCGGTTCTCAGGCAGCGGATCCGGGACCG
ATTTTACTCTGACCATCAGTAGGCTGGAACCCGAGGACTTCGCCGTGTACTACTGCCAACAAATGAGG
GGGAGACCACCAACCTTTGGTCAAGGCACTAAGGTGGAGATCAAGGGCGGTGGGGGATCTGGAGGCGG
CGGGAGCGGAGGCGGAGGTAGCAGGGTCATTCCAGTCTCTGGACCTGCCAGGTGTCTTAGCCAGTCCC
GAAACCTGCTGAAGACCACAGATGACATGGTGAAGACGGCCAGAGAAAAGCTTAAACATTATTCCTGC
ACTGCTGAAGACATCGATCATGAAGACATCACACGGGACCAAACCAGCACATTGAAGACCTGTTTACC
ACTGGAACTACACAAGCACGAGAGTTCCCTGGCTACTAGAGAGACTTCTTCCACAACAAGAGGGAGCT
GCCTGCCCCCACAGAAGACGTCTTTGATGATGACCCTGTGCCTTGGTAGCATCTATGAGGACTTGAAG
ATGTACCAGACAGAGTTCCAGGCCATCAACGCAGCACTTCAGAATCACAACCATCAGCAGATCATTCT
AGACAAGGGCATGCTGGTGGCCATCGATGAGCTGATGCAGTCTCTGAATCATAATGGCGAGACTCTGC
GCCAGAAACCTCCTGTGGGAGAAGCAGACCCTTACAGAGTGAAAATGAAGCTCTGCATCCTGCTTCAC
GCCTTCAGCACCCGCGTCGTGACCATCAACAGGGTGATGGGCTATCTGAGCTCCGCCGGTGGAGGCGG
TTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCAGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGG
TACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATG
AGCTGGGTCCGCCAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAG
CACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTGT
ATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGCGAAAAGTACTCATTTG
TATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGG
AGGTGGCTCTGGCGGTGGCGGAGAAATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAG
GGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAG
CAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGCATCCCAGA
CAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATT
TTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTGGAA
ATCAAATAGTGAGCGGCCGCAAA
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F8-p40S-F8:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGGAGGTACAGCTGCTTGAGAGTGGGGGAGGGCTTGTGCAGCCTGGCGGAAGCCTCCGCCTGAGT
TGCGCCGCATCTGGTTTTACTTTCAGTTTGTTCACTATGAGCTGGGTAAGACAGGCCCCTGGTAAGGG
TCTGGAATGGGTGAGTGCAATTTCTGGTTCAGGGGGAAGCACTTACTACGCTGATTCCGTGAAAGGCC
GCTTTACCATATCCCGCGACAACAGCAAAAACACCCTGTATCTCCAGATGAACAGCTTGAGGGCAGAG
GATACTGCTGTGTACTATTGCGCTAAGTCCACACATCTCTACTTGTTTGATTATTGGGGCCAGGGGAC
TCTGGTGACTGTGTCTTCCGGCGGCGGCGGGAGTGGCGGGGGCGGCAGCGGAGGAGGAGGAGAGATCG
TGCTGACCCAGTCCCCCGGAACTCTTTCCCTCAGTCCCGGAGAAAGGGCTACACTCAGTTGCAGAGCC
TCACAGAGCGTCTCCATGCCATTTCTGGCATGGTATCAGCAGAAACCAGGGCAGGCTCCTCGACTCCT
CATCTATGGGGCCAGCTCTCGCGCTACCGGGATCCCAGACCGGTTCTCAGGCAGCGGATCCGGGACCG
ATTTTACTCTGACCATCAGTAGGCTGGAACCCGAGGACTTCGCCGTGTACTACTGCCAACAAATGAGG
GGGAGACCACCAACCTTTGGTCAAGGCACTAAGGTGGAGATCAAGGGCGGTGGGGGATCTGGAGGCGG
CGGGAGCGGAGGCGGAGGTAGCATGTGGGAGCTGGAGAAAGACGTTTATGTTGTAGAGGTGGACTGGA
CTCCCGATGCCCCTGGAGAAACAGTGAACCTCACCTGTGACACGCCTGAAGAAGATGACATCACCTGG
ACCTCAGACCAGAGACATGGAGTCATAGGCTCTGGAAAGACCCTGACCATCACTGTCAAAGAGTTTCT
AGATGCTGGCCAGTACACCTGCCACAAAGGAGGCGAGACTCTGAGCCACTCACATCTGCTGCTCCACA
AGAAGGAAAATGGAATTTGGTCCACTGAAATTTTAAAAAATTTCAAAAACAAGACTTTCCTGAAGTGT
GAAGCACCAAATTACTCCGGACGGTTCACGTGCTCATGGCTGGTGCAAAGAAACATGGACTTGAAGTT
CAACATCAAGAGCAGTAGCAGTTCCCCTGACTCTCGGGCAGTGACATGTGGAATGGCGTCTCTGTCTG
CAGAGAAGGTCACACTGGACCAAAGGGACTATGAGAAGTATTCAGTGTCCTGCCAGGAGGATGTCACC
TCCCCAACTGCCGAGGAGACCCTGCCCATTGAACTGGCGTTGGAAGCACGGCAGCAGAATAAATATGA
GAACTACAGCACCAGCTTCTTCATCAGGGACATCATCAAACCAGACCCGCCCAAGAACTTGCAGATGA
AGCCTTTGAAGAACTCACAGGTGGAGGTCAGCTGGGAGTACCCTGACTCCTGGAGCACTCCCCATTCC
TACTTCTCCCTCAAGTTCTTTGTTCGAATCCAGCGCAAGAAAGAAAAGATGAAGGAGACAGAGGAGGG
GTGTAACCAGAAAGGTGCGTTCCTCGTAGAGAAGACATCTACCGAAGTCCAATGCAAAGGCGGGAATG
TCTGCGTGCAAGCTCAGGATCGCTATTACAATTCCTCGTGCAGCAAGTGGGCATGTGTTCCCTGCAGG
GTCCGATCCGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCAGAGGTGCAGCTGTT
GGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCTGGATTCA
CCTTTAGCCTGTTTACGATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCT
ATTAGTGGTAGTGGTGGTAGCACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGA
CAATTCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACT
GTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCGAGT
GGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAAATTGTGTTGACGCAGTCTCCAGG
CACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGC
CGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGC
AGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAG
CAGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCG
GCCAAGGGACCAAGGTGGAAATCAAATAGTGAGCGGCCGCAAA
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KSF-p40S:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCC
TGTGCAGCCTCTGGATTCACCTTTAGCAGCTATGCCATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGG
GCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATACTACGCAGACTCCGTGAAGGGCC
GGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAA
GACACGGCCGTATATTACTGTGCGAAATCGCCTAAGGTGTCGCTTTTTGACTACTGGGGCCAGGGAAC
CCTGGTCACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCGTCTG
AGCTGACTCAGGACCCTGCTGTGTCTGTGGCCTTGGGACAGACAGTCAGGATCACATGCCAAGGAGAC
AGTCTCAGAAGCTATTATGCAAGCTGGTACCAGCAGAAGCCAGGACAGGCCCCTGTACTTGTCATCTA
TGGTAAAAACAACCGGCCCTCAGGGATCCCAGACCGATTCTCTGGCTCCAGCTCAGGAAACACAGCTT
CCTTGACCATCACTGGGGCTCAGGCGGAAGATGAGGCTGACTATTACTGTAACTCCTCTCCCCTGAAT
CGGCTGGCTGTGGTATTCGGCGGAGGGACCAAGCTGACCGTCCTAGGCGGCGGTGGGGGATCTGGAGG
CGGCGGGAGCGGAGGCGGAGGTAGCATGTGGGAGCTGGAGAAAGACGTTTATGTTGTAGAGGTGGACT
GGACTCCCGATGCCCCTGGAGAAACAGTGAACCTCACCTGTGACACGCCTGAAGAAGATGACATCACC
TGGACCTCAGACCAGAGACATGGAGTCATAGGCTCTGGAAAGACCCTGACCATCACTGTCAAAGAGTT
TCTAGATGCTGGCCAGTACACCTGCCACAAAGGAGGCGAGACTCTGAGCCACTCACATCTGCTGCTCC
ACAAGAAGGAAAATGGAATTTGGTCCACTGAAATTTTAAAAAATTTCAAAAACAAGACTTTCCTGAAG
TGTGAAGCACCAAATTACTCCGGACGGTTCACGTGCTCATGGCTGGTGCAAAGAAACATGGACTTGAA
GTTCAACATCAAGAGCAGTAGCAGTTCCCCTGACTCTCGGGCAGTGACATGTGGAATGGCGTCTCTGT
CTGCAGAGAAGGTCACACTGGACCAAAGGGACTATGAGAAGTATTCAGTGTCCTGCCAGGAGGATGTC
ACCTCCCCAACTGCCGAGGAGACCCTGCCCATTGAACTGGCGTTGGAAGCACGGCAGCAGAATAAATA
TGAGAACTACAGCACCAGCTTCTTCATCAGGGACATCATCAAACCAGACCCGCCCAAGAACTTGCAGA
TGAAGCCTTTGAAGAACTCACAGGTGGAGGTCAGCTGGGAGTACCCTGACTCCTGGAGCACTCCCCAT
TCCTACTTCTCCCTCAAGTTCTTTGTTCGAATCCAGCGCAAGAAAGAAAAGATGAAGGAGACAGAGGA
GGGGTGTAACCAGAAAGGTGCGTTCCTCGTAGAGAAGACATCTACCGAAGTCCAATGCAAAGGCGGGA
ATGTCTGCGTGCAAGCTCAGGATCGCTATTACAATTCCTCGTGCAGCAAGTGGGCATGTGTTCCCTGC
AGGGTCCGATCCTAGTGAGCGGCCGCAAA

p40S-KSF:
CCCGCTAGCGTCGACCATGGGCTGGAGCCTGATCCTCCTGTTCCTCGTCGCTGTGGCTACAGGTGTGC
ACTCGATGTGGGAGCTGGAGAAAGACGTTTATGTTGTAGAGGTGGACTGGACTCCCGATGCCCCTGGA
GAAACAGTGAACCTCACCTGTGACACGCCTGAAGAAGATGACATCACCTGGACCTCAGACCAGAGACA
TGGAGTCATAGGCTCTGGAAAGACCCTGACCATCACTGTCAAAGAGTTTCTAGATGCTGGCCAGTACA
CCTGCCACAAAGGAGGCGAGACTCTGAGCCACTCACATCTGCTGCTCCACAAGAAGGAAAATGGAATT
TGGTCCACTGAAATTTTAAAAAATTTCAAAAACAAGACTTTCCTGAAGTGTGAAGCACCAAATTACTC
CGGACGGTTCACGTGCTCATGGCTGGTGCAAAGAAACATGGACTTGAAGTTCAACATCAAGAGCAGTA
GCAGTTCCCCTGACTCTCGGGCAGTGACATGTGGAATGGCGTCTCTGTCTGCAGAGAAGGTCACACTG
GACCAAAGGGACTATGAGAAGTATTCAGTGTCCTGCCAGGAGGATGTCACCTCCCCAACTGCCGAGGA
GACCCTGCCCATTGAACTGGCGTTGGAAGCACGGCAGCAGAATAAATATGAGAACTACAGCACCAGCT
TCTTCATCAGGGACATCATCAAACCAGACCCGCCCAAGAACTTGCAGATGAAGCCTTTGAAGAACTCA
CAGGTGGAGGTCAGCTGGGAGTACCCTGACTCCTGGAGCACTCCCCATTCCTACTTCTCCCTCAAGTT
CTTTGTTCGAATCCAGCGCAAGAAAGAAAAGATGAAGGAGACAGAGGAGGGGTGTAACCAGAAAGGTG
CGTTCCTCGTAGAGAAGACATCTACCGAAGTCCAATGCAAAGGCGGGAATGTCTGCGTGCAAGCTCAG
GATCGCTATTACAATTCCTCGTGCAGCAAGTGGGCATGTGTTCCCTGCAGGGTCCGATCCGGTGGAGG
CGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCAGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCT
TGGTACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCAGCTATGCC
ATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGG
TAGCACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACACGC
TGTATCTGCAAATGAACAGCCTGAGAGCCGAAGACACGGCCGTATATTACTGTGCGAAATCGCCTAAG
GTGTCGCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCGAGTGGTGGAGGCGGTTCAGG
CGGAGGTGGCTCTGGCGGTGGCGGATCGTCTGAGCTGACTCAGGACCCTGCTGTGTCTGTGGCCTTGG
GACAGACAGTCAGGATCACATGCCAAGGAGACAGTCTCAGAAGCTATTATGCAAGCTGGTACCAGCAG
AAGCCAGGACAGGCCCCTGTACTTGTCATCTATGGTAAAAACAACCGGCCCTCAGGGATCCCAGACCG
ATTCTCTGGCTCCAGCTCAGGAAACACAGCTTCCTTGACCATCACTGGGGCTCAGGCGGAAGATGAGG
CTGACTATTACTGTAACTCCTCTCCCCTGAATCGGCTGGCTGTGGTATTCGGCGGAGGGACCAAGCTG
ACCGTCCTAGGCTAGTGAGCGGCCGCAAA
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