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1. Summary
“Arming” antibodies with potent payloads (e.g cytotoxic drugs and cytokines),
in order to increase activity at the site of disease and spare normal tissues,
represents an attractive strategy of emerging importance in the field of cancer
therapeutics. The growth and progression of solid cancers depends on the
formation of new blood vessels, which provide accessible and selective
targets for antibody-mediated pharmacodelivery. Indeed, antibodies directed
against neo-vascular antigens have shown selective tumor localization and
potent

antitumor

activity

as

antibody-cytokine

fusion

proteins

(immunocytokines), allowing these products to progress to phase II clinical
trials for the treatment of solid cancers. Recent findings suggest, that these
antibody products may also be applicable for the treatment of hematological
cancers, such as Acute Myeloid Leukemia (AML).
In this thesis, we analyze biopsies of AML and Acute Lymphoid Leukemia
(ALL) patients with the clinical-stage human monoclonal antibodies F8, L19
and F16, directed against markers of tumor angiogenesis. The analysis
revealed that the F8 and F16 antibodies strongly stained 70% of AML and
75% of ALL bone marrow specimens, while chloroma biopsies were stained
with all three antibodies.
The immunocytokine F8-IL2 (the F8 antibody fused to human interleukin-2)
promoted significant tumor inhibition in immunocompromised mice bearing
human leukemia and promoted complete tumor eradication in combination
with cytarabine in 40% of the treated animals. Immunocompetent mice
bearing murine leukemia revealed long-lasting complete tumor eradication
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after combination treatment in all mice. We showed that the therapeutic effect
of F8-IL2 was mediated by natural killer (NK) cells and CD8+ T cells, while
CD4+ T cells appeared to be dispensable.
The treatment of an AML patient with disseminated extramedullary AML
manifestations with F16-IL2 (the F16 antibody fused to human interleukin-2)
and low-dose cytarabine resulted in significant reduction of AML lesions,
demonstrating the translational potential of IL2-based vascular targeting
immunocytokines for the treatment of patients with leukemia.
Combining

IL2-based

immunocytokines

with

chemotherapeutics

has

repeatedly shown to promote potent antitumor activity. However, cytotoxic
agents

often

lack

selectivity.

Antibody-drug

conjugates

(ADCs)

are

increasingly being used for cancer therapy, with the aim to concentrate
chemotherapeutic drugs at the neoplastic site. So far, ADCs have not been
studied in combination with immunocytokines and little is known about their
ability to engage in anticancer immune responses. We found that both F8-IL2
and F8-S-CH2-Cem (the F8 antibody conjugated to the potent cytotoxic drug
cemadotin) had single-agent activity in the immunocompetent AML mouse
model. Complete tumor eradications were obtained when combining the
armed antibodies, in a process dependent on NK cells and CD8+ T cells. The
cured mice were challenged with subsequent injections of tumor cells, but did
not develop neoplastic lesions, indicating that the combination treatment had
conferred animals with protective immunity.

!

$!

!

2. Zusammenfassung
Das “bewaffnen” von Antikörpern mit potenten Wirkstoffen (wie z.B.
zytotoxische Substanzen oder Zytokine) ist ein attraktiver und bedeutender
Ansatz für die Entwicklung von neuen Krebsmedikamenten, mit dem Ziel die
therapeutische Wirkung im erkrankten Gewebe zu stärken und die Belastung
des gesunden Gewebes zu reduzieren. Das Wachstum von soliden Tumoren
ist auf die Bildung neuer Blutgefässen angewiesen. Durch die Neoangiogenese entstehen gut zugängliche und selektive Antigene, welche
Antikörper-basierte zielgerichtete Anreicherung von Wirkstoffen im Tumor
ermöglichen. Antikörper gegen neo-vaskuläre Antigene zeigen eine selektive
Anreicherung im Tumor auf und erzielen potente anti-tumor Aktivität als
Immunozytokine (Antikörper-Zytokin Fusionsproteine), welche nun in Phase II
klinischen Studien zur Behandlung von soliden Tumoren untersucht werden.
Kürzlich erschienene Forschungsergebnisse weisen darauf hin, dass diese
Produkte auch zur Behandlung von hämatologischen Krebserkrankungen wie
Akute Myeloische Leukämie (AML) angewendet werden könnten.
In dieser Arbeit analysierten wir Biopsien von AML und Akuter Lymphatischer
Leukämie (ALL) Patienten mit den klinisch relevanten humanen Antikörpern
F8, L19 und F16, welche gegen Marker von Tumor Blutgefässe gerichtet sind.
Die Analyse hat gezeigt, dass F8 und F16 Strukturen in 70% der AML und
75% der ALL Knochenmarkbiopsien erkannten, während Chloroma Biopsien
mit allen drei Antikörpern reagierten.
Das Immunozytokin F8-IL2 (Fusion des F8 Antikörpers mit humanem
Interleukin-2) verlangsamte das Tumorwachstum in immunkomprimierten
Mäusen mit humaner AML. Der Effekt wurde durch eine Kombination mit
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Cytarabin verstärkt und förderte die vollständige Heilung in 40% der Tiere. In
immunkompetenten

Mäusen

mit

muriner

AML

führte

diese

Kombinationstherapie sogar zu langanhaltender Heilung aller Tiere. Wir
zeigten, dass die therapeutische Aktivität von F8-IL2 von natürlichen
Killerzellen (NK-Zellen) und CD8+ T-Zellen, aber nicht von CD4+ T-Zellen,
vermittelt wurde. In einem AML Patient mit disseminierten extramedullären
AML-Manifestationen konnte mit F16-IL2 (Fusion des F16 Antikörpers mit
humanem Interleukin-2) und niedrig dosiertem Cytarabin eine beeindruckende
Reduktion der AML-Läsionen erreicht werden.
Die Kombination von IL2-basierten Immunozytokinen und Chemotherapeutika
zeigte wiederholt wirkungsvolle anti-tumor Effekte. Chemotherapeutische
Wirkstoffe

sind

jedoch

in

der

Regel

nicht

selektiv

und

fördern

Nebenwirkungen. Daher wurde in den letzten Jahren stark auf die
bewaffneten Antikörper „Antibody-drug conjugates“ (ADCs) gesetzt, um
cytotoxische Substanzen zielgerichtet zum Tumor zu bringen. Bisher wurden
ADCs noch nicht in Kombination mit Immunozytokinen getestet und ihre
Fähigkeit sich an anti-tumor Immunantworten zu beteiligen ist unbekannt.
Wir haben gezeigt, dass sowohl F8-IL2, wie auch F8-SS-CH2Cem
(cytotoxisches Cemadotin gekoppelt an den F8 Antikörper) als Einzeltherapie
im immunkompetenten AML Modell aktiv waren. Die gänzliche Eradikation
von Tumoren erreichten jedoch nur beide Antikörperprodukte in Kombination.
Dieser Prozess war abhängig von NK-Zellen wie auch CD8+ T-Zellen und die
geheilten Mäuse zeigten eine schützende Immunität gegen wiederholtes
injizieren von Tumorzellen.
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3. Introduction
3.1. The selectivity of anticancer drugs
"Wir müssen chemisch zielen lernen" Paul Ehrlich

The majority of conventional cytotoxic anticancer drugs display unfavorable
distribution

profiles

after

systemic

administration.

This

undesired

pharmacokinetic limitation typically results in low drug doses at the tumor site
and high exposure of healthy tissue1, limiting therapeutic efficacy and
increasing side effects, such as bone marrow and gastrointestinal tract
toxicities.
Over a century ago Paul Ehrlich postulated the use of ‘magic bullets’: drugs
that would specifically target disease2, thus de facto initiating the search for
disease-selective therapeutic agents. Improving the selectivity of therapeutic
agents remains a central challenge in anticancer drug development. The trend
toward targeted therapies involves two main strategies. Direct targeting (and
inhibition) of proteins and pathways which are critically needed for cancer
growth and progression, or the targeted delivery of drugs to the site of
disease.
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3.2. Antibodies
Antibodies represent a class of binding molecules with high affinity and
specificity, which can be raised against virtually any target molecule
(“antigen”) of choice. Technological advances, allowing the rapid selection,
production and functional engineering of monoclonal antibodies, have
contributed to their pharmaceutical development. Indeed, antibody-based
products represent the largest and fastest growing class of pharmaceutical
biotechnology products3, with special relevance for the development of
targeted anticancer therapies.

3.2.1. Antibody structure and function
Antibodies are multidomain proteins of the immunoglobulin family (Ig)
consisting of two heavy (H) chains and two light (L) chains, which assemble
into a Y-shaped structure which is stabilized by non-covalent interactions and
disulfide bonds (Figure 1). Heavy and light chains contain constant (C) and
variable (V) domains. Antigen binding is mediated in a bivalent fashion via the
Fv region formed by the VH and VL domains located at the amino-terminal part
of the two Fab arms. Each variable domain contains three complementaritydetermining region (CDR) loops, which confer antigen-binding specificity. The
remaining constant domains of the heavy chains form the Fc region. The CH2
domain of the Fc region contains a glycosylation site at a conserved
asparagine residue (N297) and is essential for the recruitment of effector
proteins of the immune system.

!

(!

!

}

Fab

VL

VH

VH
CL

CH1

CH1

}

CH2

CH2

CH3

CH3

Fc

CL

VL

}

Fv

interdomain disulfide bond
antigen-binding
glycoslation

Figure 1. The structure of an antibody in the IgG format. Adapted from
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Antibodies are divided into classes (isotypes) based on their heavy chain C
regions. These isotypes determine localization and biological function of
antibodies. The 5 main human antibody isotypes are IgM, IgD, IgG, IgA and
IgE. In this thesis, we will focus on IgG, as this is the most abundant isotype in
blood and the most relevant format for pharmaceutical application.
During an immune response, antibodies are produced by B-cells to selectively
target and remove pathogens. Secreted antibodies can bind and neutralize
bacterial toxins and promote opsonization of pathogens, antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC).
While antigen binding of the Fab regions specifies antibody selectivity, the Fc
region mediates further biological functions by binding to Fc-receptors (FcR)
or to the C1q component of the complement system. These antibody
functions can contribute to the therapeutic activity of anticancer antibodies
(see 3.3.).
The neonatal Fc receptor (FcRn), which is structurally related to MHC class I
molecules, mediates antibody transport across cell barriers and thereby plays

!

)!

!
an important role for the transfer of maternal antibodies to the fetus. FcRn is
also found in adults and affects half-life of circulating antibodies. The
remaining Fc-receptors can be grouped into activating or inhibitory, and are
expressed on macrophages, dendritic cells, natural killer (NK) cells, B cells,
neutrophils, basophils, eosinophils, mast cells and platelets, where they
trigger various functions that contribute to immune responses. These include,
phagocytosis, degranulation, ADCC and release of inflammatory mediators.
Antibody-dependent cellular cytotoxicity (ADCC)
Antibody binding to antigens expressed on the surface of target cells leads to
the recruitment of natural killer cells via Fc"RIII receptors (CD16). Antibodybased cross-linking of Fc"RIII receptors triggers the NK cell to release perforin
and granzymes from its cytoplasmatic granules, which selectively promotes
the death of the target cell (Figure 2a). ADCC has also been attributed to
macrophages, neutrophils and eosinophils5.
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Figure 2. Antibody effector functions: Antibody-dependent cellular cytotoxicity (ADCC)
and Complement-dependent cytotoxicity (CDC). (a) Antibodies bound to target cells recruit
NK cells via interaction of the antibodies Fc region with Fc"RIII, leading to the release of
cytolytic factors and apoptosis of the target cells. This process in called antibody-dependent
cellular cytotoxicity. (b) An alternative pathway, by which antibodies mediated target cell
killing is complement-dependent cytotoxicity. Antibodies bound to the cell surface interact with
the C1 complex vie their Fc region. Activation of the C1 complex triggers the complement
cascade, which ultimately leads to the formation of a membrane attack complex that lyses the
cell. Adapted from
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Complement-dependent cytotoxicity (CDC)
An additional function of antibodies is the recruitment of the complement
system, a group of plasma proteins that, once activated, form a proteolytic
cascade

leading

to

opsonization

of

pathogens,

promotion

of

local

inflammation and ultimately lysis target cells. Antigen-antibody complexes
initiate the so-called classical pathway of the complement cascade via the
interaction of C1q with multimeric antibody Fc domains. C1q is part of the C1
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complex, which consists of the hexameric C1q bound to 2 molecules of C1r
and C1s. Binding of more than one of the six C1q binding sites to Fc causes
conformational change of the (C1r-C1s)2 complex, which leads to an
autocatalytic cleavage resulting in the activation of C1r. Active C1r cleaves
and activates C1s, allowing the further cleavage of C4 to generate C4b, which
covalently binds to the cell surface and recruits C2. C2 is then cleaved by
C1s, releasing the active fragment C2a, which forms a complex with C4b,
called the C3 convertase. The C3 convertase cleaves many C3 molecules to
C3a and C3b. While C3a functions as a pro-inflammatory peptide, C3b binds
the cell surface, where it can mediate opsonization and bind to the C3
convertase to form the C5 convertase. Formation of the C5 convertase allows
cleavage of C5 to C5a, which functions as a pro-inflammatory peptide
(anaphylatoxin), and C5b, which initiates the assembly of the membraneattack system responsible for target cell lysis. C5b forms a complex with C6
and C7 that binds to the cell membrane, allowing the hydrophobic C8 to bind
and insert into the cell membrane. In the final step, C8 induces the
polymerization of 10-16 C9 molecules into a pore-forming complex, which
disrupts the cell membrane and induces cell death (Figure 2b).
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3.2.2. Engineering antibodies for cancer therapy
Antibodies can bind to target proteins with high affinity and selectivity and
therefore represent ideal agents for targeted therapy.
The development of hybridoma technology by Köhler and Milstein (1975)
allowed the generation of highly specific antibodies of single specificity
(“monoclonal” antibodies) against selected cancer targets, opening the
avenue towards the therapeutic development of antibodies in oncology.
However, the first generation antibodies were of mouse origin and displayed
high immunogenicity, short serum half-life and reduced effector function
recruitment in humans7. These limitations were overcome by the generation of
more human antibodies of the same antigen specificity by genetic
engineering. Grafting of the variable domains of murine antibodies onto a
human antibody backbone gave rise to chimeric antibodies of approx. 75%
human identity8. A further milestone in the development of therapeutic
antibodies is represented by the introduction of humanized antibodies,
generated by the engraftment of the murine CDR loops into an otherwise fully
human IgG9. Fully human antibodies became available later, with the
introduction of transgenic mice expressing human IgG genes10 allowing
human hybridoma technology11, as well as the development of in vitro human
antibody libraries and display technologies, such as phage display12.
Phage display depends on the fusion of large repertoires of antibody variable
domains to a coat protein on the surface of filamentous phage. This
procedure links the binding selectivity of the displayed antibody fragment with
the genetic information encoded by the phage. With this powerful approach,
large antibody libraries of >109 human antibodies can be simultaneously
!
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screened against antigens of choice. Nowadays, phage display represents a
well-established technology for the development of new fully human antibody
therapeutics.
Protein engineering provides the opportunity of optimizing IgG functions,
mainly by modification of the Fc region, as well as the generation of different
antibody formats with specific targeting properties defined by clearance rate
and tissue penetration and retention13.

Engineering the Fc domain of IgGs to modulate effector functions
The Fc portion mediates the ability of antibodies to elicit immune reactions,
which play a role for the function of therapeutic antibodies. The choice of IgG
subtype allows modulation of effector function activation. The IgG1 and IgG3
isotypes are particularly active in promoting Fc-mediated functions.
Differences between activating and inhibitory functions of antibody molecules
are related to the binding affinity of the IgG Fc region to Fc"Rs. Experiments
in Fc"RII / III knock-out mice demonstrated the importance of engaging the
activating Fc"RIII receptors for the therapeutic activity of the anticancer
antibodies transtuzumab and rituximab14. These findings are further supported
by the observation that patients with high-affinity allotypes of Fc"RIII display
potentiated ADCC activity and improved response rates following antibody
therapy15-17.
Modification of the antibody Fc moiety in order to enhance binging to Fc"Rs
has been extensively studied18. Site-directed mutagenesis, yeast display
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systems and computational design algorithms have led to the identification of
Fc variants with increased binding affinity to the Fc"RIIIa and enhanced
ADCC activity19, 20. The modification of antibody glycosylation represents an
additional approach to alter the activation of Fc-mediated functions.
Glycosylation is essential for the structural stability of the CH2 domains. An
efficient activation of the effector functions requires the presence of complex
type N-glycans of a certain size (with terminal N-acetylglucosamine or
galactose)21. ADCC is further enhanced when N-glycans lack a core !1,6linked fucose unit22, while sialylated glycans display reduced ADCC
activation23. The addition of terminal sialic acid residues on IgG Fc glycans
was further reported to promote anti-inflammatory responses24.
In addition to the modulation of effector function recruitment, antibody
engineering approaches impact the targeting properties of IgG antibodies and
other antibody formats.

Antibody formats and their targeting properties
Full size IgG antibodies are large multidomain proteins of ~ 150 kDa, which
mediate antigen binding by the two Fab arms. The bivalent nature of antigen
recognition contributes to high affinity binding and provides long retention
times at the target site. IgGs typically display long serum half-life (t1/2) of
several days, which is largely attributed to interactions of the Fc domains with
neonatal Fc receptors (FcRn)25,

26

. Binding to FcRn allows the transport of

IgGs within and across cells and salvages them from default lysosomal
degradation27. FcRn binding and serum half-life of IgG antibodies can be
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modified by exploring isotype-specific Fc properties and genetic engineering
of the Fc domain28, 29. Tissue penetration of IgGs has been found to be slow
and heterogeneous. In particular in solid tumors, which display elevated
interstitial pressure, the large IgG molecule shows limited extravasation and
diffusion capacity30.
The generation of alternative antibody formats (Figure 3) has ben explored
for the development of therapeutic antibody agents. Single-chain Fv
fragments (scFvs; Mw ~ 28 kDa) represent the smallest antibody format,
which retains the antigen-binding affinity, but not avidity, of the parental
antibody. They consist of a variable VH and a variable VL domain fused by a
flexible polypeptide linker. The low molecular weight of scFvs has shown to
improve tissue penetration compared to IgGs31, 32. However, rapid clearance
of the small fragments combined with reduced retention property due to the
monovalent nature of the antigen interaction leads to low absolute
accumulation (8–10 fold lower than IgG) at the target site33.
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Figure 3. Molecular formats of antibodies explored for the development of therapeutics
34

and their properties .

Several multivalent antibody formats of intermediate size have been
engineered to profit from longer target-site retention than scFvs, as well as
deeper tissue penetration compared to full size IgGs13, 35. Reducing the linker
length of the scFv fragment to 5 residues or less, promotes the formation of
stable scFv non-covalent homodimers, called diabodies (Mw ~ 55k Da)36. The
small immunoprotein (SIP), or miniantibody format (Mw ~ 75k Da) is
generated by fusing the N-terminus of the scFv fragment to the #CH4 domain
of the secretory isoform human IgE, which promotes the formation of a
homodimer that is further stabilized by an interdomain disulfide bond between
the C-terminal cysteine residues. These bivalent formats displays high tumorto-blood ratios with an increased absolute tumor accumulation compared to
scFv of the same antigen specificity35.
Unlike the IgG format, many of the engineered antibody formats do not
contain the Fc portion, which is required for the recruitment effector functions.
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The necessity for effector function recruitment greatly depends on the desired
pharmaceutical application of the antibody. For example, antibody fragments
are frequently used for image diagnostic applications. In addition, they are
being explored for development of antibodies ‘armed’ with functional moieties.
The choice of a particular antibody format largely depends on the intended
pharmaceutical application and on the properties of the payload, as
pharmacokinetic aspects, disease targeting performance and safety concerns
have to be matched in order to obtain optimal therapeutic properties in vivo.

3.2.3. Therapeutic antibodies and their mechanisms of action
In the past 25 years monoclonal antibodies have achieved considerable
success in the treatment of neoplastic and inflammatory conditions, leading to
the approval of over 35 therapeutic antibodies by the US Food and Drug
Administration (FDA). In 2010 antibodies generated a sales revenue of 43
billion US dollars, and the market value is predicted to further increase to > 62
billion US dollars by 201537. Currently 14 antibodies are on the market for the
treatment of cancer, as described in Table 1 and 2 Therapeutic antibodies
can be grouped into ‘naked antibodies’ and ‘armed antibodies’. Naked
antibodies, which are not conjugated to other functional moieties, are
described in this section, while armed antibodies are discussed in detail in
chapter 3.
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Table 1. Naked monoclonal antibodies currently FDA approved in oncology and their
38

mechanisms of action. Adapted from .
Antibody

Target

Indication (FDA approved)

Mechanisms of action

Trastuzumab
(Herceptin; Genentech)
humanized IgG1
Bevacizumab
(Avastin;Genentech/Roche)
humanized IgG1

Her2/neu

Her2-positive breast cancer and
gastric or gastro-oesophageal
junction carcinoma
Metastatic colon cancer, advanced
non-small-cell lung cancer,
advanced glioblastoma and
metastatic kidney cancer

Inhibition of Her2
signaling and ADCC

Cetuximab
(Erbitux; Bristol-Myers Squibb)
chimeric IgG1

EGFR

EGFR-positive metastatic
colorectal cancer and squamous
cell carcinoma of the head and
neck

Inhibition of EGFR
signaling and ADCC

Panitumumab
(Vectibix; Amgen)
human IgG2
Ipilimumab
(Yervoy; Bristol-Myers Squibb )
human IgG1
Pertuzumab
(Perjeta; Genentech/Roche)
humanized IgG1
Rituximab
(Rituxan; Roche)
chimeric IgG1

EGFR

EGFR-positive metastatic
colorectal cancer

Inhibition of EGFR
signaling

CTLA-4

Unresectable or metastatic
melanoma

Inhibition of CTLA4
signaling

Her2

Her2-positive breast cancer (in
combination with trastuzumab)

Inhibition of Her2
signaling39

CD20

CD20-positive B cell nonHodgkin's lymphoma and chronic
lymphocytic leukemia

ADCC, direct induction
of apoptosis and CDC

Alemtuzumab
(Campath; Genzyme)
humanized IgG1
Ofatumumab
(Arzerra; Genmab)
human IgG1
Obinutuzumab
(Gazyva; Genentech/Roche)
humanized IgG1,
glycoengineered

CD52

Chronic lymphocytic leukemia

Direct induction of
apoptosis and CDC

CD20

Refractory chronic lymphocytic
leukemia

ADCC and CDC

CD20

Chronic lymphocytic leukemia

ADCC, direct induction
of apoptosis40

VEGF

Inhibition of VEGF
signaling

IgG-based therapeutic anticancer antibodies may mediate tumor cell killing by
several mechanisms: direct neutralization of the biological activity of the target
antigen, blockage or induction, immune-mediated mechanisms such as ADCC
or CDC, as well as the induction of signaling events.
A direct action of the antibody may be mediated by the binding of cell surface
receptors leading to either the blockage of survival and proliferation signaling
or the induction of apoptotic pathways. Successful examples of antibodies
which block receptor activation and thereby reduce cell proliferation are
!

#)!

!

trastuzumab (targeting human epidermal growth factor receptor 2 (Her2))41
and cetuximab (targeting epidermal growth factor receptor(EGFR))42. Both
antibodies additionally stimulate immune-mediated killing of cancer cells via
ADCC. Rituximab (targeting CD20) on the other hand, promotes ADCC and
CDC as well as the induction of apoptotic pathways by CD20 cross-linking43,
44

. Ipilimumab targets the cytotoxic T-lymphocyte antigen 4 (CTLA-4), which

negatively regulates cytotoxic T cell response.

By blocking CTLA-4,

ipilimumab potentiates the T cell response against tumor cells of metastatic
melanoma patients45.
An alternative mechanism of action is exploited by the anti-vascular
endothelial growth factor (VEGF) antibody bevacizumab. VEGF mediates the
formation of new blood vessels in the tumor; a prerequisite for tumor growth.
The inhibition of this process promotes tumor cell death.

3.2.4. Antibody targets
The development of therapeutic antibodies relies on the identification of
accessible, abundant and stable tumor antigens, which allow a clear
discrimination between diseased and healthy tissue. Potential targets can be
expressed either directly on the surface of cancer cells or in the disease
environment.
Tumor cell surface targets of solid tumors are frequently receptors involved in
growth

and

differentiation

signaling,

such

as

EGFR,

Her2,

Her3,

carcinoembryonic antigen (CEA) and epithelial cell adhesion molecule
(EpCAM). Analogously, target antigens of hematological cancers are often
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associated with cluster of differentiation (CD) antigens, including CD20,
CD52, CD30 and CD33.
The progression of cancer involves the formation of a specific disease
environment, which involves tissue remodeling, angiogenesis and the
recruitment of stromal and immune cells46, 47. The modified environments at
the site of disease may be instructive and permissive for the malignancy, thus
providing a number of accessible targets for antibody-based interventions. As
described above, targeting mediators of neo-angiogenesis (e.g. VEGF)
represents a promising approach to promote anticancer effects by reducing
the blood supply to the tumor. In addition to the development of inhibitors of
angiogenesis, a second therapeutic strategy termed ‘vascular targeting’ has
been developed to take advantage of tumor blood vessels for the selective
pharmacodelivery of therapeutic payloads to disease sites48-52.
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Vascular tumor targeting

Figure 4. Vascular tumor targeting: concept and target antigens. (a) While conventional
chemotherapeutic agents display unfavorable distribution after intravenous administration,
vascular targeting agents, such as the monoclonal antibodies L19, F8 and F16, selectively
accumulate at the tumor site due to recognition of antigens expressed in the perivascular
53

space of newly-formed blood vessels. Adapted from . (b) The antigens recognized by L19,
F8 and F16 are the alternatively-spliced extradomain B and extradomain A of fibronectin and
the extradomain A1 of tenascin-C, respectively. The structure of fibronectin and tenascin-C
including extradomains are shown, the binding regions of the antibodies are indicated.
Adapted from
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Vascular tumor targeting54,

55

relies on the development of monoclonal

antibodies, which specifically recognize markers on newly formed blood
vessels (Figure 4). Splice isoforms of fibronectin and of tenascin-C represent
some of the best-characterized markers of angiogenesis55, 56. Specifically, the
alternatively-spliced extra-domains EDA and EDB of fibronectin, as well as
the extra-domain A1 of tenascin-C, are virtually undetectable in normal adult
tissues, but are strongly expressed at sites of physiological angiogenesis and
tumor angiogenesis57. The human monoclonal antibodies F8, L19 and F16
specifically recognize the EDA and EDB domains of fibronectin and the A1
domain of tenascin-C, respectively, and have been shown to selectively target
tumors in mouse models of cancer and in patients58-62. While these antibodies
recognize the majority of different cancer types57, 63, 64, the expression of other
markers of angiogenesis appears to be more restricted to hematological
malignancies [e.g., Bst-2 expression in lymphomas65].
Our group has extensively studied the in vivo performance of vascular
targeting antibodies in solid tumors in mouse models of cancer66-69 and in
patients60,

70-72

. While we and others initially focused on vascular targeting

approaches for the imaging and treatment of solid tumors, we have recently
discovered that certain markers of angiogenesis are selectively and
abundantly expressed in most lymphoma types and can be efficiently targeted
in vivo using armed antibodies65, 70, 73, 74.
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Identification of novel target antigens
The identification of novel disease markers is of great importance for the
development of targeted therapies. Today, this process is driven mainly by
comparative transcriptomic and proteomic technologies, which have rapidly
advanced in the past few years75-77. For example, the perfusion-based
covalent in vivo biotinylation of accessible proteins, followed by proteomic
analysis, has led to the identification a number of vascular antigens78, 79, some
of which are expressed in a broad range of diseases57, 64, while others are
more restricted to specific malignancies65.
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3.3. Armed antibodies
In oncology, there is an increasing trend to use antibodies for the selective
pharmacodelivery of bioactive molecules such as cytotoxic drugs, cytokines,
radionuclides. Alternatively, bispecific antibodies can be used to deliver a
second antibody moiety to the tumor environment80-83. Figure 5 shows an
overview of different classes of armed antibodies.

Figure 5. Classes of armed antibodies. Several approaches have been developed to
selectively deliver therapeutic activity to cancers by direct or indirect arming of antibodies with
bioactive or toxic moieties. Direct arming approaches involve conjugation of antibodies to
cytotoxic drugs, photosensitizers, radionuclides, procoagulant factors and cytokines. Indirect
arming strategies, which is not discussed in detail in this thesis, are applied in the setting of
pretargeting, immunoliposome-mediated drug delivery, T-cell recruitment with bispecific
antibodies or engineered T-cells expressing chimeric antigen receptors (CARs), as well as
antibody-directed enzyme prodrug therapy (ADEPT).

At present five armed antibody products are on the market for cancer
treatment, as described in Table 2. Antibody-cytokine fusion proteins (called
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‘immunocytokines’) and antibody-drug conjugates represent two major
classes of armed antibodies and will be discussed in more detail in this
section.

Table 2. Armed antibodies currently approved in oncology and their mechanisms of
action. Adapted from
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Antibody

Target

Gemtuzumab ozogamicin
(Mylotarg; Wyeth/Pfizer)
humanized IgG4
Withdrawn from market 2010
Brentuximab vedotin
(Adcetris; Seattle Genetics)
chimeric IgG1
Ado-transtuzumab emtansine
(Kadcyla;Genentech/Roche)
humanized IgG1
90
Y-labelled ibritumomab-tiuxetan
(Zevalin; Biogen Idec.)
murine IgG1
131
I-labelled tositumomab
(Bexxar; GalaxoSmithKline)
murine IgG2
Catumaxomab
(Removab; Fresenius Biotech)
murine/rat hybrid IgG

Approved Indication

Mechanisms of action

CD33

Acute myeloid leukemia patients
> 60 years of age

Delivery of cytotoxic
payload (calicheamicin)

CD30

Relapsed or refractory Hodgkin’s
lymphoma and systemic
anaplastic large cell lymphoma
Her2- positive metastatic breast
cancer

Delivery of cytotoxic
payload (auristatin)

CD20

Relapsed or refractory nonHodgkin’s lymphoma

Delivery of radioisotope
90
Y

CD20

Relapsed or refractory nonHodgkin’s lymphoma

Delivery of radioisotope
131
I

Bispecific:
EpCAM
and CD3

Malignant ascites

Recruitment of T-cells

Her2/neu

Delivery of cytotoxic
payload (maytansinoid)

3.3.1. Immunocytokines
A number of cytokines have shown beneficial effects in preclinical animal
models of cancer and immune disorders and represent promising agents for
therapy. However, despite encouraging results, only few cytokines are
approved as drugs (e.g., interleukin-2 (IL2, Proleukin®), tumor necrosis factor
(TNF, Beromun®), interferon alpha (IFN$, Roferon A® and Intron A®)). Current
indications in cancer include metastatic renal cell cancer, malignant
melanoma, hairy cell leukemia, chronic myeloid lymphoma, sarcoma and
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multiple myeloma, either as single agents or in combination with
chemotherapy.
Unfortunately, cytokines are highly active molecules and considerable
toxicities can be observed at low doses, which prevent escalation to
therapeutically active regimens. For this reason the systemic administration of
cytokines rarely induces complete cure, making the further clinical
development of these products for therapeutic applications difficult. Certain
selective delivery strategies have been successfully exploited, leading to
complete tumor eradication in preclinical cancer models. The most promising
results were obtained by intratumoral or peritumoral application of cytokines
and by gene therapy approaches, including intratumoral implantation of
cytokine-producing cells or cytokine gene transfection of cancer cells before
implantation84-88. However, these approaches are rarely applicable in the
clinical setting and are typically not efficacious in the case of disseminated
disease. Nonetheless, these findings show that cytokines can promote
disease eradication, if the drug is delivered to the disease environment at a
sufficient concentration.
One way to achieve a preferential localization of cytokines at the disease site
after systemic administration consists in the use of antibodies as delivery
vehicles, leading to a new class of biopharmaceutical agents, termed
‘immunocytokines’. These products consist of a cytokine moiety fused to
monoclonal antibodies or to an antibody fragment, capable of mediating a
preferential localization of the immunostimulatory payload at the site of
disease. Immunocytokines have been evaluated for applications in cancer
and chronic inflammatory disease50, 89. Their therapeutic potency depends on
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molecular format, target antigen and cytokine fusion, as well as their
combinatory function with other pharmacological agents.
Targeting properties and functions of immunocytokines
The clinically most advanced immunocytokines are recombinant fusion
proteins in which the antibody moiety is used in the full IgG or in diabody
format (Figure 6).

Diabody - Cytokine

Pharmacokinetics

IgG - Cytokine

t serum half-life t1/2 (): 2-3 h)

t serum half-life t1/2 (): 4-5 h

t rapid tissue penetration

t slow tissue penetration
Effector functions

e.g., L19-IL2

t No Fc R binding

t Fc R binding

t Cytokine receptor binding

t Cytokine receptor binding

e.g., hu14.18-IL2
34

Figure 6. Comparison of the antibody formats of clinical stage immunocytokines .

Immunocytokines have been reported to display a significantly reduced serum
half-life compared to their corresponding naked antibody90. The IgG-IL2 fusion
protein hu14.18-IL2, for example, displayed a serum half-life of ~4 h in
melanoma and neuroblastoma patients91. In comparison, the serum half-life of
the diabody L19 was 2–3 h when fused to IL292. In either case, this represents
a significant decrease of blood clearance of IL2 alone (t1/2 ~ 30–45 min)90.
In some cases the cytokine moiety of immunocytokines can significantly
interfere with a selective localization at the site of disease. One example is
represented by the immunocytokine L19-IFN", which targeted tumors in mice
lacking IFN" receptors, but not in wild-type mice93.
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A preferential enrichment of cytokines at the target site may be mediated by a
suitable antibody-antigen interaction. Recruiting effector functions is crucial for
the therapeutic effect of immunocytokines and is mediated by binding of the
cytokine moiety to the correspondent cytokine receptors on effector cells. For
example, binding of the IL2 moiety of immunocytokines to the IL2 receptor
stimulates the expansion and activation of immune cells such as cytotoxic T
cells and NK cells94. Newly generated antibody fusion proteins are validated
for functional cytokine signaling.
In addition, immunocytokines can activate antigen dependent cellular
cytotoxicity (ADCC). The Fc region of IgG-based fusion proteins mediates
ADCC by binding Fc"R on the surface of immune effector cells, such as NK
cells. IL2 immunocytokines have shown that IL2 enhances the ADCC function
of antibodies89,

95, 96

. Recent findings describe the formation of activating

immune synapses between FcR-deficient NK cells and tumor cells mediated
by IL2 immunocytokines. These functional AIS were formed by the interaction
of the IL2 component of the immunocytokine and IL2 receptors on effector
cells97,

98

, demonstrating that IL2 immunocytokines can initiate direct target

cell lysis even without Fc involvement.

Cytokine moieties of immunocytokines
Tumor formation and progression is a complex process involving a multitude
of changes within both cancer cells and the body’s defense mechanisms. The
tumor microenvironment harbors cytokines and other inflammatory mediators,
which influence immunosurveillance, the growth of cancer cells, tissue
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remodeling and angiogenesis46. Anti-inflammatory factors, mainly IL10 and
TGF%, may interfere with the cell-mediated immune response against cancer
cells, but this depends on a complex interplay of soluble factors and cellular
composition at the site of disease. Pro-inflammatory signals and chronic
inflammation also play a crucial role in tumor growth and progression99, 100.
The development of immunocytokines for cancer therapies has so far focused
on the delivery of pro-inflammatory cytokines, which mediate the infiltration of
leukocytes into the tumor mass and promote an antitumor immune response.
The most advanced immunocytokines represent fusion proteins with
interleukin-2 (IL2), interleukin-12 (IL12) and tumor necrosis factor (TNF)
(Table 3). Clinical stage IL2-based immunocytokines are described in the
following section.
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Table 3. Immunocytokines in clinical development. Adapted from
Compound
F16-IL2

Antibody
format
Diabody

Target
antigen
A1 of
tenascin-C
EDB of
fibronectin

L19-IL2

Diabody

hu14.18-IL2

IgG

GD2

KS-IL2

IgG

EpCAM

NHS-IL2LT

IgG

DI-Leu16-IL2

IgG

DNA/
histone
CD20

NHS-IL12

IgG

BC1-IL12

IgG

L19-TNF

Trimeric
scFv

DNA/
histone
EDB of
fibronectin
EDB of
fibronectin
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Indications,
Combination agents
Breast cancer and lung cancer,
Combination with paclitaxel
Metastatic melanoma, renal cell
carcinoma,
Combination with dacarbazine
Melanoma and neuroblastoma

Status

Company

Phase Ib/II

Philogen

Phase IIb

Philogen

Phase II

Merck
KGaA
Merck
KGaA

Phase I in ovarian cancer, colorectal
cancer, prostate cancer and NSCL
carcinoma completed.
Non-Hodgkin lymphoma and NSCL
carcinoma
Non-Hodgkin lymphoma
Rituximab
Epithelial and mesenchymal malignant
tumors
Melanoma

Phase I/II

Merck
KGaA
Alopexx
Oncology
Merck
KGaA
Antisoma

Melanoma (isolated limb perfusion)

Phase I/II

Philogen

Currently
no trial
Phase I
Phase I/II
Phase I

IL2-based immunocytokines
Recombinant IL2 (rIL2, Proleukin®) is commonly used in the clinic for the
treatment of patients with metastatic renal cell carcinoma and melanoma101,
102

. For this reason, IL2 fusion proteins account for the most advanced

immunocytokines in clinical development.
L19-IL2 successfully targeted the neo-vasculature of several tumors in
preclinical mouse models, as determined by quantitative biodistribution
studies and therapy experiments73, 94. Clinical trials in patients with metastatic
renal carcinoma resulted in disease stabilization in 83% of the patients after
the two cycles of the recommended dose (i.e., 22.5 Mio IU/patient/day -3
injections/week), promoting a median progression-free survival of 8 months
(1.5-30.5 months)92.
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F16-IL2, a second vascular targeting antibody-IL2 fusion protein, is currently
being tested in a phase II trial in patients with breast or lung cancer103.
Ch14.18-IL2, which recognizes GD2, was clinically tested for applications in
melanoma and neuroblastoma. Disease stabilization was achieved in 58% of
melanoma patients after the first cycle (i.e. one week) of ch14.18-IL2
administration in a phase I trial. However, after the second cycle (i.e. six
weeks) only 24% of the patients still displayed stable disease. The maximal
tolerated dose was determined to be 7.5 mg/m2/d. In line with the results from
the phase I trial, only 2 out of 9 patients reached disease stabilization after
treatment with 4–6 cycles (at 4 mg/m2/d) of ch14.18-IL2 in phase II studies.
No objective responses were observed104, 105. In children with neuroblastoma,
the recommended dose of ch14.18-IL2 was determined (110 Mio IU/m2 over 3
days) and its administration led to disease stabilization in 54% of the patients
in a phase I trial. In a subsequent phase II trial 21.7% of patients with low
tumor load (i.e., disease evaluable only by (123I)metaiodobenzylguanidine
scintigraphy or bone marrow histology) experienced a complete response,
whereas patients with bulky disease unfortunately did not respond106, 107.
The anti-CD20-IL2 immunocytokine, DI-Leu16-IL2, displayed potent antitumor
activity in mouse models of disseminated B-cell lymphoma and is currently
being evaluated in a phase I/II (NCT01874288) in patients with CD20+ nonHodgkin lymphoma that have failed rituximab-containing therapy108.
Two additional immunocytokines, the EpCAM targeting KS-IL2109 and the
DNA targeting NHS-IL2LT110, 111, have been tested in phase I clinical trials.
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In general, the adverse events caused by IL2 immunocytokines are
comparable to the ones reported for IL2 alone, including hypotension, fever,
rigor,

neuropathic

pain,

hypoxia,

pruritus,

allergic

reactions,

hypophosphatemia, thrombocytopenia, leucopenia and neutropenia. However,
IL2-based immunocytokines have so far been administered at 67.5-110 Mio IU
IL2 equivalents/m2 per week for 4-6 treatment cycles (one cycle: 21-28
days)92, 107. In comparison, rIL2 is applied from 100 Mio IU/m2 per week for at
least 6 cycles as a low-dose regimen, or at a dose up to 900 Mio IU for a
maximum of one week as an intense regimen112, 113. The reduction in dose,
which can be achieved by selective delivery of IL2 to the site of disease helps
reduce the incidence and severity of side effects.
When used as single agent, immunocytokines are rarely curative in animal
models as well as in patients. For this reason, a number of combination
therapies with other pharmacological agents have been tested. The combined
use of immunocytokines and chemotherapeutics for cancer therapy has been
extensively studied and is currently being investigated in clinical trials114, 115,
71

.

3.3.2 Antibody-Drug Conjugates
Antibody-based cancer treatment is frequently combined with conventional
chemotherapy. However, chemotherapeutic agents display poor localization
to the site of disease1 and are associated with severe toxicities. Antibody-drug
conjugates (ADCs) represent a class of armed antibodies of rapidly growing
clinical importance, which relies on the chemical conjugation of a highly
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cytotoxic drug to a tumor-homing antibody moiety116, 117. ADCs are composed
of three essential building blocks: an antibody moiety, a linker and a cytotoxic
drug. The in vivo performance of ADCs greatly depends on the properties of
these three components, which determine antigen binding, ADC stability, drug
release and tumor cell death.

ADC targets, formats and function
As discussed in section 2.5, targets for the development of anticancer
antibodies should, ideally, be accessible antigens, which are abundantly
expressed in diseased but not in healthy tissues. ADC development has
largely focused on the use of internalizing antibodies directed against cell
surface antigens. Receptor-mediated endocytosis allows the uptake of the
bound ADC and transport to intracellular organelles. Linker cleavage or
lysosomal degradation of the protein components then promotes drug release
and cytotoxic activity within the target cancer cells (Figure 7.a). The level of
antigen expression as well as the rate of internalization influence ADC
efficacy116. In some cases, drug conjugation has been shown to positively
impact antibody internalization118, 119.
However, it has recently been demonstrated that internalization is not a prerequisite for ADCs function. Non-internalizing ADCs can promote a localized
released of the drug in the tumor environment, which results in tumor cell
death. ADCs directed against the EDA of fibronectin, expressed in the
perivascular space of tumor blood vessels, or against mucin, secreted into the
extracellular tumor environment, were shown to promote antitumor activity in
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mouse models of cancer52,

120

. Non-internalizing ADCs rely on a long

residence-time of the ADC at the disease site, the use of labile linkers and
subsequent diffusion of the cytotoxic drug to tumor cells. This strategy may
further profit from the antitumor effects mediated by the destruction of the
endothelia cells of the tumor vasculature82 (Figure 7.b).

Figure 7. Mechanisms of action of internalizing and non-internalizing ADCs. (a) The
majority of ADCs are based on internalizing antibodies. Antigen binding leads to the
internalization of the ADC and subsequent drug release by means of linker cleavage or
antibody degradation in intracellular compartments. (b) In contrast, non-internalizing ADCs
release their cytotoxic payload in the tumor environment. For example, disulfide linkers are
cleaved in the presence of cellular reducing agents (glutathione (GSH) and cysteine (Cys)).
The drug can act on tumor cells as well as endothelial and stromal cells. Adapted from
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All clinical-stage ADCs make use of antibodies of the intact IgG format.
However, the long half-life of IgG antibodies and interactions with FcR
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expressing immune cells may contribute to toxicities which are frequently
observed for ADCs. Smaller antibody formats exhibit superior tumor-to-organ
ratios at earlier time points and increased extravasation and tissue penetration
compared to antibodies in the IgG format122, 29, 13. For this reason, alternative
formats to the IgG are being explored in preclinical ADC development. For
example, an anti-CD30 ADC in the diabody format could compete with the
IgG format in terms of therapeutic activity in mice, despite their faster blood
clearance123. ADCs in the SIP format have also shown promising activity
against solid tumors in mice52.

Conjugation strategies and ADC linker technologies
Initial antibody-drug conjugation strategies exploit the chemical modification of
accessible lysine residues, which are present in high numbers on antibodies,
or the 8 cysteine residues of an IgG, which become available for a selective
coupling after mild reduction. These strategies result in the production of a
heterogeneous mixture of ADCs with variable drug-to-antibody ratios (DARs)
and conjugation site occupancy, leading to complications with regards to
batch-to-batch reproducibility and pharmacokinetic analysis. In general,
conjugation to cysteine residues yields a higher degree of uniformity, than
conjugation to lysines. It was demonstrated, that for certain cysteineconjugated ADCs a DAR of 1:4 or 1:2 displayed improved therapeutic index
compared to higher DAR populations124. Genetic engineering approaches to
reduce the number of solvent-accessible cysteine residues enable a more
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uniform drug loading125. Recently, the chemical coupling of drugs to tyrosine
residues has been reported126.
Several strategies have been explored for the site-selective antibody-drug
conjugation. These include the genetic introduction of cysteine residues into
the antibody backbone for subsequent site-specific thiol-linkage127 and the
introduction of non-natural aminoacids which can be coupled to drugs using
bio-orthogonal conjugation chemistries128, 129. Drugs can also be coupled to
antibodies using microbial transglutaminase130, or by the modification of the
N-linked glycan structure at N297 of an IgG131. The reduced molecular
complexity of antibody fragments makes it easier to perform site-specific drug
coupling. For example, the N-terminal cysteine residues of antibodies in the
SIP and diabody format can easily be chemically modified by thiolcoupling52,132.

Drug release is an important factor of ADC function, and greatly depends on
the linker used to conjugate cytotoxic drugs to the antibody moiety (Figure
8a)82.
The most advanced antibody-drug linkers used for the development of ADCs
are acid-labile hydrazone linkers, which are cleaved within lysosomes as a
consequence of the low pH (pH 5)133,

134

. Disulfide linkers are also widely

used for ADC development133. They are cleaved in the reducing conditions of
the cytosol or in the extracellular tumor environment, if reducing agents such
as glutathione or cysteines are present at sufficient quantities, as a result of
tumor cell death135. Steric hindrance can contribute to disulfide linker stability,
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as demonstrated with antibody-maytansinoids conjugates136. A third class of
linkers makes use of “non-cleavable” thioether bonds135, 136. Drug release by
this class of linker compounds requires degradation of the internalized
antibodies in the lysosome. A further, fourth class, of linker compounds is
represented by peptide linkers containing valine-citrulline structures, which
can be cleaved by lysosomal proteases such as cathepsin-B123, 126, 127. These
linkers display enhanced serum stability (t1/2: 6-10 days137) compared to
hydrazone linker compounds (t1/2: 48-72 h138) and disulfide-based linkers (t1/2:
24 h139).
Residual linker components are frequently present on the drug and/or
antibody moiety after cleavage. These entities can affect both drug potency as
well as antibody pharmacokinetics and immunogenicity, making novel
approaches exploring direct antibody-drug coupling, which result in traceless
ADC linkage, attractive52.
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Figure. 8. Linkers and cytotoxic payloads used for development of most advanced
ADCs. Adapted from
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Cytotoxic payloads
ADC activity depends on the delivery of payloads, which exert sufficient
cytotoxic activity to kill tumor cells. Early ADCs were generated using
approved chemotherapeutic agents, such as doxorubicin, methotrexate, 5fluorouracil and vinca alkaloids140. For example, BR96-doxorubicin targeted
against the Lewis-Y tumor antigen displayed encouraging antitumor activity,
providing proof of concept that ADCs can promote cures in xenograft models
in mice and rats. However, the amount of ADCs required for these effects
were comparably high, at doses exceeding 100 mg/kg141. BR96-doxorubicin
yielded moderate benefit in subsequent clinical evaluation. The maximum
tolerated dose (MTD) was determined as 700 mg/m2 due to dose limiting
gastro-intestinal toxicities, which could be explained by insufficient selectivity
of the antigen as well as the low potency of doxorubicin (IC50 of free drug~ 106

-10-7M)142, 143. Later ADC development focused on the use of more potent

cytotoxic agents. The most commonly used drugs are the DNA-alkylating
agent calicheamicin (IC50 of free drug~ 10-9-10-10M) and the tubulin-acting
maytansinoids (IC50 of free drug~ 10-9-10-12M) and auristatins (IC50 of free
drug~ 10-7-10-11M)139 (Figure 8b).
Calicheamicins represent a family of potent cytotoxic antibiotics derived from
the bacterium micrononospora echinospora144. They exert their activity by
binding DNA in the minor groove, causing structural rearrangement and DNA
double strand breaks that induce apoptosis145. Calicheamicins fused to acidlabile hydrazone linkers have been applied for the development of the first
approved ADC gemtuzumab ozogamicin (Mylotarg®), which targets acute
myeloid leukemia, as well as inotuzumab ozogamicin, which is currently in
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phase III clinical trials for the treatment of acute lymphoblastic leukemia
(discussed in following section)146. Gemtuzumab ozogamicin was withdrawn
from the market in 2010 due to side effects including myelosuppression and
hepatic veno-occlusive disease.
Alternative potent cytotoxics targeting DNA are being explored for ADC
development, including the DNA-alkylating agents duocarmycins147, DNAcrosslinking pyrrolobenzodiazepine dimers (PBD)148, 149 and the camptotechin
analog SN-38, that inhibits topoisomerase-I and induces DNA double-strand
breaks150.
Maytansinoids are a class of synthetic derivatives (developed by ImmunoGen
Inc.) of maytansine, which was originally isolated from the plant Maytenus
ovatus151 and evaluated as an anticancer agent in the 1970s152,

153

.

Maytansinoids interact with tubulin and inhibit microtubule polymerization,
thereby inducing cell cycle arrest and apoptosis154. The derivative DM1 is
employed as cytotoxic payload with a non-cleavable thioether linker in the
recently approved ADC trastuzumab emtansine (Kadcyla®) (discussed in
following section). The derivatives DM1 and DM4 are being investigated as
payloads with different linkers in numerous other clinical-stage ADCs155.
Auristatins are synthetic analogues of dolostatin 10, a linear peptide of the
dolostatin family that was originally isolated from the sea hare Dolabella
auricularia and failed clinical evaluation as a single agent. Auristatins, similar
to maytansinoids, promote cell-cycle arrest and apoptosis by the inhibition of
microtubule dynamics. The auristatins derivative MMAE is used as cytotoxic
payload with a valine-citrulline peptide linker in the approved ADC
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brentuximab vedotin (Adcetris®) (described in the following section). The
derivatives MMAE and MMAF are being investigated as payloads of
numerous other ADCs in clinical development155.
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Figure 9. Structure of cemadotin and cemadotin derivatives used for ADC generation.
Adapted from

156

Cemadotin, the drug used for ADC generation in this thesis, is another
cytotoxic agent belonging to the dolostatin family. Cemadotin (LU103793;
N,N-dimethyl-L-valyl-L-valyl-N-methyl-L-valyl-L-propyl-L-proline benzylamide;
Figure 9) is a fully synthetic water-soluble and less complex derivative of
dolostatin 15, which exerts potent cytotoxic activity (IC50: 10-10 M) by
inhibition of microtubule dynamics157. Cemadotin was studied in phase I
studies with different administration schedules. When administered daily for 5
days every 3 weeks, the MTD was determined as 12.5 mg/m2 per round of
treatment, the dose-limiting toxicity (DLT) observed in this study was
neutropenia158. However, in a second study, where cemadotin was
administered as a continuous 24-hour infusion, hypertension was the DLT.
The recommended dose with this schedule was determined as 15 mg/m2 159.
Cardiovascular toxicities could be avoided in a further study by the
!
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administration of a 5-day continuous intravenous infusion. Again, neutropenia
represented the DLT and the MTD was determined as 12.5 mg/m2

160

.

Subsequent phase II trials conducted in patients with metastatic melanoma161,
metastatic breast cancer162 and advanced non-small-cell lung cancer163
yielded very moderate responses.
For the generation of ADCs cemadotin was synthetically modified by
introduction of a thiol reactive tag for disulfide conjugation52 or an aldehyde
moiety for thiazolidine conjugation132 to an antibody. The resulting cemadotin
analogues

(CemCH2-SH and Cem-CHO; Figure 9) displayed in vitro

cytotoxic potency in the low nanomolar range52, 132.
Clinical stage ADCs
ADCs are a class of armed antibodies of rapidly growing relevance, as
represented by the vast number of novel therapeutic agents in clinical
development (Table 4). The approved and late stage ADCs brentuximab
vedotin, trastuzumab emtansine, gemtuzumab ozogamicin and inotuzumab
ozogamicin will be discussed in this section.
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Table 4. ADCs in clinical development (as of January 2014) adapted from

ADC
status
Brentuximab vedotin
approved
Ado-trastuzumab
emtansine
approved
Gemtuzumab ozogamicin
withdrawn
Inotuzumab ozogamicin
phase III

BT062
phase II
Glembatumumab vedotin
phase II
Milatuzumab doxorubicin
phase II
SAR 3419
phase II
Lorvotuzumab mertansine
phase II
PSMA ADC
phase II
RG7593
phase II
RG7596
phase II
SGN-75
phase 2/Ib
AGS-16M8F
phase I
ASG-22ME
phase I
ASG-5ME
phase I
BAY 94-9343
phase I
BIIB015
phase I
IMGN853
phase I
IMGN529
phase I
IMMU-130
phase II
RG7450
phase I
RG7458
phase I
RG7599
phase I
SAR566658
phase I
MLN0264
phase I
AMG595
phase I
AMG172
phase I
SGN-CD19A
phase I
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Target

Indication

Payload

CD30

Auristatin MMAE

Her2/neu

Hodgkin’s lymphoma and systemic
anaplastic large cell lymphoma
Her2- positive breast cancer

Maytansinoid DM1

CD33

Acute myeloid leukemia

Calicheamicin

Acute lymphoblastic leukemia;

Calicheamicin

CD22

discontinued for non-Hodgkin’s
lymphoma

CD138

Multiple myeloma

Maytansinoid DM4

GPNMB

Breast cancer, melanoma

Auristatin MMAE

CD 74

Multiple myeloma

CD19

PSMA

Diffuse large B-cell lymphoma, acute
lymphoblastic leukemia
Small-cell lung cancer, multiple
myeloma
Prostate cancer

Anthracyclin
(doxorubicin)
Maytansinoid DM4

Auristatin MMAE

CD22

Non-Hodgkin’s lymphoma

Auristatin MMAE

CD79b

Non-Hodgkin’s lymphoma

Auristatin MMAE

CD70

Auristatin MMAF

AGS-16

Non-Hodgkin’s lymphoma, renal cell
carcinoma
Renal cell carcinoma

Nectin 4

Solid tumors

Auristatin MMAE

SLC44A4

Prostate, pancreas cancer

Auristatin MMAE

Mesothelin

Solid tumors

Maytansinoid DM4

Cripto

Solid tumors

Maytansinoid DM4

Folate
receptor-1
CD37

Solid tumors

Maytansinoid DM4
Maytansinoid DM1

CEACAM5

Non-Hodgkin’s lymphoma, chronic
lymphoblastic leukemia
Colorectal cancer

STEAP1

Prostate cancer

Camptotechin analog
(SN-38)
Auristatin MMAE

MUC16

Ovarian cancer

Auristatin MMAE

NaPi2b

Ovarian, lung cancer

Auristatin MMAE

CA6

Solid tumors

Maytansinoid DM4

GCC

Colorectal cancer

Auristatin MMAE

EGFRviii

Gliablastoma

Maytansinoid DM1

CD27L

Renal cell carcinoma

Maytansinoid DM1

CD19

Non-Hodgkin’s lymphoma, acute
lymphoblastic leukemia

Auristatin MMAF

CD56

&$!

Maytansinoid DM1

Auristatin MMAF

!
SGN-CD33A
phase I
SGN-LIV1A
phase I
PF-0626350
phase I
IMMU132
phase I
SC16LD6.5
phase I
ASG15ME
phase I
IMGN289
phase I
HuMaxTF-ADC
phase I

!

CD33

Acute myeloid leukemia

PBD dimer

LIV-1

Breast cancer

Auristatin MMAE

5T4

Solid tumors

Auristatin MMAF

TROP2

Epithelial cancers

undisclosed

Small-cell lung cancer

Camptotechin analog
(SN-38)
DNA damaging agent

SLITRK6

Bladder cancer

Auristatin MMAE

EGFR

Solid tumors

Maytansinoid DM1

TF

Solid tumors

Auristatin MMAE
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Brentuximab anti-CD30
chimeric IgG1antibody
Drug: MMAE, Linker: dipeptide vc
average n drug per antibody = 4
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Figure 10. Structure of brentuximab vedotin (Adcetris ). The anti-CD30 antibody is
conjugated to an average of 4 MMAE moieties (black) via a PABC spacer (orange) and a
linker (blue), containing a proteolytic cleavage site at the valine-citruline dipeptide (dark blue).
Adapted from
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Brentuximab vedotin (Adcetris®) is composed of a chimeric IgG1 antibody
directed against CD30, conjugated to monomethyl auristatin E (MMAE) via a
valine-citrulline peptide linker containing a self-immolative spacer, p-aminobenzyloxycarbonyl (PABC), which allows release of MMAE in chemically
unmodified form after proteolytic cleavage of the internalized ADC in the
lysosome. The linker is coupled to the cysteine residues of the antibody,
leading to conjugates carrying an average of 4 drugs per IgG (Figure 10)164.
CD30 is consistently expressed on Hodgkin’s lymphoma (HL) and anaplastic
large cell lymphoma (ALCL) cells, while its expression in non-pathologic
conditions is restricted to activated, but not resting, immune effector cells165.
Phase I studies in patients with refractory or relapsed CD30-positive
hematologic neoplasms (HL, ALCL and T-cell lymphoma) determined the

!

&&!

!
MTD of brentuximab vedotin as 1.8 mg/kg, when administered every 3 weeks
for a maximum of 16 cycles166. A phase II study in 102 HL patients who had
relapsed disease after auto-stem cell transplantation reported a promising
overall objective response rate of 75%, with complete remission in 34% and
partial remission in 40% of patients167.

A second phase II study was

conducted in 52 ALCL patients, revealing an overall objective response rate of
86%, with 57% of patients achieving complete remission and 29% achieving
partial remission168. In both studies a significant number of patients (>50%)
experienced

severe

adverse

events,

including

neutropenia,

thrombocytopenia, peripheral sensory neuropathy and anemia. The FDA
granted accelerated approval of brentuximab vedotin in 2011 for the treatment
of refractory and relapsed HL and systemic ALCL169. Further clinical trials are
ongoing to evaluate brentuximab vedotin in various clinical settings, including
the application in combination with chemotherapeutic regimens as a first-line
treatment or in relapsed CD30+ lymphomas170.
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Trastuzumab anti-Her2
humanized IgG1antibody
Drug: DM1, Linker: uncleavable thioether
average n drug per antibody = 3.5
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Figure 11. Structure of trastuzumab emtansine (Kadcyla ) The anti-Her2 antibody is
conjugated to an average of 3.5 DM1 moieties (black) via a linker (blue), containing an
uncleavable thioether bond (dark blue). Adapted from
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Trastuzumab emtansine (T-DM1; Kadcyla®) consists of a humanized IgG1
antibody directed against Her2 conjugated to DM1 by a SMCC linker, which
connects the drug to lysines of the antibody by an uncleavable thioether bond.
An average of 3.5 drugs are conjugated to one antibody moiety (Figure 11).
T-DM1 is internalized in tumor cells and subsequent lysosomal degradation of
the antibody allows the release of DM1-linker-lysine moieties, which act as the
cytotoxic metabolites133, 136. Her2 is a well-characterized tumor antigen, which
is overexpressed in approximately 25% of patients with breast cancer171. The
use of trastuzumab has greatly improved the clinical outcome for patients with
advanced Her2+ breast cancer172. However, not all patients respond to
trastuzumab therapy and many relapse after an initial response and develop
resistance173. In a phase I trial in patients with trastuzumab-refractory
advanced Her2+ breast cancer, T-DM1 was administered every 3 weeks,
leading to the observation of a MTD of 3.6 mg/kg. The limiting DLT was
!
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transient thrombocytopenia174. In a phase II trial, in patients who has
progressed on at least two previous Her2-directed therapies in the metastatic
setting, T-DM1 promoted an objective response rate of 35% progression-free
survival duration was 6.9 months175. In a large phase III study (EMILIA, 991
patients with trastuzumab/taxane refractory advanced breast cancer), T-DM1
treatment showed improved median progression free survival (9.6 vs. 6.4
months) and overall survival (30.9 vs. 25.1 months) compared to the
treatment with the chemotherapeutic agent capecitabine in combination with
the Her1/Her2 kinase inhibitor lapatinib176. Based on these findings, the FDA
approved T-DM1 in 2013 for the treatment of patients with Her2+ metastatic
breast cancer who have progressed from a trastuzumab and taxane therapy.
T-DM1 is being evaluated in further phase III trials, including the use of TDM1 as single agent or in combination with pertuzumab as first-line treatment
(MARIANNE)177.
Gemtuzumab anti-CD33; Inotuzumab anti-CD22
humanized IgG4 antibody
Drug: Calicheamicin, Linker: acid-labile hydrazone
average n drug per antibody =2.5
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Figure 12. Structure of gemtuzumab ozogamicin (Mylotarg ) and inotuzumab
ozogamicin. The anti-CD33 or anti-CD22 antibody is conjugated to an average of 2.5
calicheamicin moieties (black) via a linker (blue), containing an acid-labile hydrazone (dark
blue). Adapted from
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Gemtuzumab ozogamicin (GO; Mylotarg®) was the first ADC to obtain FDA
approval in 2000 for the use in patients over the age of 60 with relapsed acute
myeloid leukemia. GO consists of a humanized IgG4 anti-CD33 antibody
conjugated to a semisynthetic derivative of calicheamicin (N-acetyl"calicheamicin 1,2-dimethyl hydrazine dichloride) by an acid-labile hydrazone
linker. Drug coupling was performed on lysine residues exposed on the
antibody surface and resulted in the generation of heterogeneous ADCs
carrying on average 2.5 drugs per antibody moiety (Figure 12)178. CD33 is
expressed on 85–90% of AML blasts, as well as being expressed on myeloid
progenitor cells. Phase I studies in relapsed or refractory CD33+ AML patients
determined the recommended dose at 9 mg/m2 administered as a 2-hour
intravenous infusion every 14 days for up to three doses179. Phase II studies
reported complete responses in 30% of patients treated with 2(-3) doses of
GO and low toxicities180, promoting accelerated FDA approval. However,
post-approval studies of GO in combination with chemotherapeutic agents as
first-line treatment failed to demonstrate increased efficacy compared to
chemotherapy alone. In addition, the study was accompanied by an increase
in toxicities, including adult respiratory distress syndrome and veno-occlusive
disease. The product was withdrawn from the market in 2010.
Inotuzumab ozogamicin, which is identical to GO in drug and linker design
(Figure 12), is based on an antibody directed against CD22, a marker of Bcell lymphoid malignancies. Inotuzumab ozogamicin was well-tolerated and
extensively evaluated, at 1.8 mg/m2 weekly for 3 weeks, in relapsed or
refractory CD22+ aggressive non-Hodgkin’s lymphoma patients and provided
encouraging results in phase II trials in combination with rituximab181.
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However, Pfizer discontinued the subsequent phase III trial in 2013, due to a
lack of improved overall survival compared to the control arm (rituximab
combined with chemotherapy). Inotuzumab ozogamicin is currently in a phase
III trial (B1931022) for the treatment of adult patients with relapsed or
refractory CD22+ acute lymphoblastic leukemia, where patients are treated
with a weekly dose of 0.8 mg/m2 for 3 weeks out of 4182.
Taken together, the efforts invested in the development of ADCs have led to
the approval of ADCs both in hematological cancers and solid tumors, as well
as a strong pipeline of ADCs in development. GO, the first ADC to reach FDA
approval, displayed side effects similar to the ones observed in non-targeted
chemotherapy regimens. However, these toxicities are likely to be antigendependent, highlighting the importance of identifying good cancer targets,
which are selectively and abundantly expressed in diseased tissue. The use
of well-characterized antibodies (such as trastuzumab) can support fast
development of an ADC, as shown for T-DM1, but activity of the naked
antibody is by no means a pre-requisite. It was shown that the use of highly
potent (microtubule-targeting) cytotoxic agents yield potent and well-tolerated
ADCs. Novel technologies are being developed to better understand and
exploit properties of ADCs, including the use of different antibody formats,
novel conjugation and linker technologies and new potent cytotoxic drugs.
ADCs are investigated in combination with other agents, in order to further
enhance

clinical

efficacy.

The

combination

partners

chemotherapeutics as well as other therapeutic antibodies.
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3.4. Acute Myeloid Leukemia
Leukemia is a cancer of the blood and of the bone marrow. It can be divided
into 4 main classes based on the blood cell lineage affected by the disease as
well as the rate of disease progression: acute lymphoid leukemia (ALL),
chronic lymphoid leukemia (CLL), acute myeloid leukemia (AML) and chronic
myeloid leukemia (CML).
Lymphoid leukemia describes cancers affecting the lymphoid blood lineage
(which gives rise to B-cells, T-cells and NK-cells), while myeloid leukemia
affects cells of the myeloid lineage (which gives rise to granulocytes, platelets
and erythrocytes) (Figure 13).

Figure 13. The myeloid and lymphoid cell lineage of hematopoiesis.

Acute leukemia commonly develops from undifferentiated cell types (blasts)
and is characterized by rapid progression. Chronic leukemia, on the other
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hand, tends to involve more mature cells and progresses slowly, up to the
point of reaching a blast-crisis, which then resembles acute disease.

3.4.1. Disease and classification

Figure 14. Incidence and 5-year survival of AML. The relative incidence rates show that
AML and CLL are the prevalent forms of leukemia, and the incidence rate of AML increases
with age. With an overall 5-year survival rate 24.9%, the prognosis of AML patients is poorer
than for other leukemia patients. Data source

183

With an incidence of 3.7 per 100’000 (age adjusted to the 2000 US standard
population) AML accounts for approximately 2.1 % of cancer deaths. AML is
the most frequent acute leukemia and predominantly occurs in adults. The
incidence of AML is slightly higher in males than females and increases with
age. The median age at diagnosis is 66 years. From 2003 to 2009 the overall
survival rate of AML patients was 24.9% (Figure 14)183.
Two systems have been developed to classify AML into subtypes. The
French-American-British (FAB) classification of 1976 groups AML according
to morphology and degree of differentiation184, while the World Health
Organization

(WHO)

classification

of

2008

incorporates

morphology,

cytogenetics, molecular genetics, and immunologic markers with the aim to
construct a classification of prognostic value185 (Table 5a,b). The clinical
outcome can significantly vary depending on characteristics of the AML case.
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For example, acute promyeloid leukemia (APL) is characterized by the
presence of a chromosomal translocation involving the retinoic acid receptor
alpha and responds to treatment with retinoic acid in combination with arsenic
trioxide, which provides a 5-year survival rate of over 70%186. Adverse
prognostic factors, on the other hand, include age (>60 years), relapsed or
refractory AML, therapy-related AML and high white blood counts187-189.
Cytogenetic and molecular genetic profiling allows AML to be grouped into 4
general risk groups (Table 5c).

Table 5. Classification of AML according to FAB and WHO and risk groups. Adapted
from

184,189, 190

.
a. FAB subtypes

M0
M1
M2
M3
M4
M4eo
M5
M6
M7

Undifferentiated AML
AML with minimal maturation
AML with maturation
Acute promyelocytic leukemia
Acute myelomonocytic leukemia
myelomonocytic with bone marrow eosinophilia
Acute monoblastic (M5a) or monocytic (M5b)
Acute erythroid leukemia
Acute megakaryoblastic leukemia
b. WHO groups

AML with recurrent genetic abnormalities*:
•
AML with t(8;21), RUNX1-RUNXT1
•
AML with inv(16) or t(16;16); CBFB-MYH11
•
APL with t(15;17); PML-RARA (or other translocations involving RARA)
•
AML with t(9;11); MLLT3-MLL (or other translocations involving MLL)
•
AML with t(6;9); DEK-NUP214
•
AML with inv(3) or t(3;3); RPN-EVI
•
AML with t(1;22); RBM15-MKL1
•
Provisional entity: AML with mutated NPM1
•
Provisional entity: AML with mutated CEBPA
AML with myelodisplasia-related changes:
•
Patients had myelodysplastic syndrome (MDS) or myeloproliferative
disease (MPD) that transformed into AML
Therapy-related neoplasms:
•
Patients developed AML or MDS due to prior chemotherapy and/or
radiation
AML not otherwise classified:
•
Includes all subtypes of AML that do not fall into the above categories
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c. risk groups
APL:
Translocations involving RARA: t(15;17); PML-RARA and others
Favourable:
Translocations that affect core binding factor: t(8;21); RUNX1-RUNXT1 or inv(16) or
t(16;16); CBFB-MYH11
Normal karyotype with mutated NPM1 without FLT3-ITD or mutated CEBPA
without FLT3-ITD
Intermediate:
Normal karyotype with mutated NPM1 and FLT3-ITD or wildtype NPM1 and FLT3ITD or wildtype NPM1 without FLT3-ITD
t(9;11); MLLT3-MLL
cytogenetic abnormalities not classified as favorable or adverse
Adverse:
inv(3) or t(3;3); RPN-EVI or t(6;9); DEK-NUP214 or t(v;11); MLL rearranged
Deletions of parts of chromosome 5 or 7
complex karyotype (≥ 3 chromosome abnormalities
* t(a;b) indicates translocation between chromosome a and b and inv(a) indicates inversion
of chromosome a.

3.4.2 Treatment of AML
AML treatment consists of an induction phase, with the aim to achieve
complete response (CR), followed by the consolidation phase to maintain this
response. The standard regimen (called ‘7+3’) for induction therapy of AML
was developed 40 years ago and consists of the administration of 100-200
mg/m2 cytarabine by continuous infusion for 7 days plus 45 mg/m2
daunorubicin for 3 days191. This protocol promotes CR in 56-76 % of patients
<60 years of age and in 38-45% of older patients192. The addition or
substitution of this regimen with other agents has been trialed over the years,
but none of these efforts produced conclusive evidence of superior patient
outcome193. However, the use of higher doses of danurubicin of up to 90
mg/m2 showed improved benefit without increased safety concerns194, 195, and
is now frequently applied. Allogeneic hematopoietic stem cell transplantation,
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whenever applicable, is the most potent postremission treatment for AML (in
particular, for patients < 60 years of age and those with high-risk disease).
Other consolidation strategies include chemotherapy regimens at variable
intensities and durations, which are often matched to genetic profiles with the
aim to optimize disease outcome189.
Alternative agents, including FLT3 inhibitors196, DNA methyltranserase
inhibitors197

and

recombinant

IL2

in

combination

with

histamine

dihydrochloride198 are being considered for the treatment of AML patients.

Antibody-based therapies
The AML targeting ADC GO (described in 3.3.2) was withdrawn from the
market due to concerns of increased mortality and lack of efficacy in 2010.
Recent reports describing positive results of GO, in particular in patients with
favorable cytogenetics199,

200

, have renewed the interest of CD33-directed

antibody therapies for the treatment of AML. Several novel anti-CD33
constructs have been developed, including the ADC SGN-CD33A that
displayed potent activity in multidrug-resistant cell lines and is currently being
investigated in a phase I trial201. CD33-directed bispecific T-cell engager
antibodies (BiTEs)202 and engineered T-cells expressing chimeric antigen
receptors (CARs)203 have been described to convey antileukemic activity in
preclinical models. In addition, efforts are ongoing to develop antibody drugs
against alternative antigens, which target AML with greater specificity. Several
target proteins expressed on AML blasts have been explored in clinical
settings, including CD45204, CD123205, CD52206 and FLT3207. However, so far
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the application of antibodies directed against these targets was limited due to
lack of antigen specificity, expression frequency and/or efficacy. Antibodies
against additional AML antigens are currently in preclinical evaluation208 and
the identification of novel target proteins with high specificity, driven mainly by
systemic transcriptomic and proteomic strategies209, remains a challenge in
developing targeted therapeutics for the treatment of AML .
An alternative approach for antibody-based treatment was explored by the
use of the anti-VEGF antibody bevacizumab (Avastin®). As described in 3.2.3,
VEGF targeting antibodies interfere with the formation of new blood vessels.
While it has long been known that neo-angiogenesis is a pre-requisite of
tumor growth and can be targeted as therapeutic intervention in solid cancers,
the finding that hematological cancers are accompanied with the formation of
new blood vessels is more recent. In 2000, Padró et al. reported that a high
degree of neo-vascularization can be observed in the bone marrow of patients
with AML. The authors found that microvessel density was strongly increased
in the bone marrow of AML patients compared to normal bone marrow.
Interestingly, patients enjoying a complete remission after induction therapy
exhibited a reduction of microvessel density to values comparable to the ones
of control subjects, while higher vessel counts could be detected in patients
with residual disease210. Despite these findings, the addition of bevacizumab
to induction or consolidation chemotherapy failed to improve CR, event free
survival or overall survival in a phase II study in previously untreated AML
patients aged > 60 years211.
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3.5 Aim of thesis
The formation of new blood vessels is a rare process in the healthy adult but
represents an absolute requirement for the viability and growth of cancer212,
213

. In addition to the development of inhibitors of angiogenesis (such as

bevacizumab), vascular targeting has been developed to take advantage of
tumor blood vessels for the antibody-based delivery of potent therapeutic
payloads to disease sites54, 55. Our group has extensively studied the in vivo
performance of vascular targeting antibodies in solid tumors in mouse models
of cancer66-69 and in patients60, 70, 71. While we, and others, initially focused on
vascular targeting approaches for the imaging and treatment of solid tumors,
we recently discovered that certain markers of angiogenesis are selectively
and abundantly expressed in most lymphoma types and can be efficiently
targeted in vivo65,

70, 73, 74

, providing strong evidence for the application of

vascular targeting approaches in hematological cancers. AML represents the
most frequent form of leukemia and current treatment options for patients with
AML frequently result in relapses and low survival rates. There is a clear need
for more effective therapies, in particular for elderly and relapsed/refractory
patients. In this thesis the therapeutic potential of vascular targeting armed
antibodies for the treatment of AML is explored in the following steps.
•

Bone marrow and chloroma biopsies of AML patients are analyzed for
the expression of the extradomains A and B of fibronectin and the
extradomain A1 of tenascin-C, which represent well-characterized
markers of neo-angiogenesis.

•

Mouse models of AML are set up for the preclinical evaluation of
antibodies directed against markers of angiogenesis.
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•

The

therapeutic

effect

of

vascular

targeting

IL2-based

immunocytokines is evaluated in mouse models of AML, as single
agent and in combination with cytarabine.
Furthermore, the combination of two classes of armed antibodies, namely IL2based immunocytokines and ADCs, is studied for the first time.
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4. Results

Results 4.1-4.3 are published in:
“Antibody-based delivery of interleukin-2 to neovasculature has potent activity
against acute myeloid leukemia.”
Katrin L. Gutbrodt, Christoph Schliemann, Leonardo Giovannoni, Katharina
Frey, Thomas Pabst, Wolfram Klapper, Wolfgang E. Berdel, Dario Neri.
Science Translational Medicine, September 2013 214

Results 4.3:
“Antibody-based delivery of interleukin-2 and cytotoxics eradicates tumors in
immunocompetent mice.”
Katrin L. Gutbrodt, Giulio Casi, Dario Neri.
Submitted, January 2014
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4.1. Immunochemical analysis of the expression of vascular
targeting antigens in AML patient specimens.
We analyzed the expression of the alternatively-spliced extra-domains EDA
and EDB of fibronectin and A1 of tenascin-C, which are undetectable in most
normal adult tissues including healthy bone marrow215, in freshly frozen bone
marrow and chloroma (extramedullary AML tumor) biopsies of AML and Acute
Lymphoid Leukemia (ALL) patients. The human monoclonal antibodies F8,
L19 and F16 specifically recognize the EDA and EDB domains of fibronectin
and the A1 domain of tenascin-C58-62.
Twenty-one bone marrow biopsies (17 acute myeloid leukemia (AML) and 4
acute lymphoid leukemia (ALL) patients) and two chloroma (AML) specimens
were freshly frozen and analyzed using the clinical-stage F8, L19 and F16
antibodies (patient characteristics are described in 11.2). The use of freshly
frozen material was necessary as these antibodies do not work in paraffin63,
216

, thus preventing the use of larger collections of formalin-fixed paraffin

embedded specimens.
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Figure 15. Splice-isoforms of oncofetal fibronectin (EDA, EDB) and tenascin-C are
expressed in bone marrow biopsies of acute leukemia patients. Sections of bone marrow
biopsies of AML and ALL patients were analyzed by immunofluorescence, as well as
immunohistochemistry (IHC) using the clinical-stage F8, L19 and F16 antibodies (which
recognize splice-isoforms of oncofetal fibronectin and tenascin-C) (red), and the KSF antibody
(which reacts with hen egg lysozyme and was used as negative control) (red). In
immunofluorescence procedures, blood vessels were additionally co-stained using an
antibody specific to von Willebrand Factor (vWF) (green). Representative stainings of (a) AML
specimens and (b) ALL specimens are shown (scale bar: 100 µm). In general, F8 and F16
exhibited the strongest immunochemical staining.

Figure 15 shows representative findings of an immunofluorescence and
immunohistochemical analysis performed with a set of 13 AML specimens
and 4 ALL specimens, which were collected in Muenster (additional staining
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results and patient characteristics can be found in 11.1A and 11.2). In addition
to the F8, L19 and F16 antibodies, the KSF antibody (specific to hen egg
lysozyme217) was used as negative control. Blood vessels were co-stained
using an antibody specific to von Willebrand Factor (vWF). In general, F8 and
F16 exhibited the strongest immunochemical staining, typically associated
with vascular structures. Quantification of the immunofluorescence data,
based on the percentage of area stained per microscope field, revealed that a
considerable fraction of the specimens analyzed (9/13 for F8, 9/13 for F16
and 5/13 for L19 in AML; 3/4 for F8, 3/4 for F16 and 2/4 for L19 in ALL)
displayed a substantially stronger vascular staining with the tumor-targeting
antibodies than the negative control antibody (Figure 16).

Figure 16. Quantification of splice-isoforms of oncofetal fibronectin (EDA, EDB) and
tenascin-C expression in bone marrow biopsies of acute leukemia patients. Sections of
bone marrow biopsies of AML and ALL patients were analyzed by immunofluorescence using
F8, L19 and F16 antibodies, and the KSF antibody (as negative control). The
immunofluorescence stainings were quantified by means of the percentage area of staining
for each antibody. (a) In AML patient biopsies 9/13 specimens were substantially stained with
F8, 9/13 with F16 and 5/13 with L19. (b) ALL samples displayed strong staining in 3/4 cases
for F8, 3/4 for F16 and 2/4 for L19, respectively.

Similar staining patterns were observed in an additional, smaller set of 4 AML
bone marrow biopsies which were obtained from Berne or Kiel and analyzed
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by immunohistochemistry. In this set 3/4 specimens were clearly stained with
F8, 4/4 with F16 and 0/4 with L19 compared to the negative control.
Bone marrow specimens of one AML patient showed positive staining both at
presentation and after CR due to induction therapy. Together with the
observation that the bone marrow sample of an AML patient in aplasia was
strongly stained by F8 and F16 this suggests that the antigen expression
persists after chemotherapy (Figure 17).
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Figure 17. Antigen expression persists in bone marrow biopsies of AML patients in
complete response and aplasia. Sections of bone marrow biopsies of AML patients (a) in
complete response and (b) in aplasia were analyzed by immunofluorescence using the
vascular targeting F8, L19 and F16 antibodies, and the negative control KSF (red). Blood
vessels were co-stained using an antibody specific to von Willebrand Factor (vWF) (green)
(scale bar: 100 µm). F8 and F16 displayed positive staining of these samples.
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Two specimens of chloromas (extramedullary tumors of AML) were also
analyzed and showed clear vascular staining with F8, F16 and L19 (Figure 18
and 11.1B)

a.

b.

F8

F16

L19

Neg.Ctr

F16

vWF DAPI

Figure 18. Splice-isoforms of oncofetal fibronectin (EDA, EDB) and tenascin-C are
expressed in chloromas and co-localize with vasculature. Sections of chloromas from
AML patients were analyzed by (a) immunohistochemistry using the clinical-stage F8, L19
and F16 antibodies, demonstrating that EDA, EDB and A1 of tenascin-C are expressed in
chloroma specimens (scale bar: 100 µm). (b) In order to show vascular co-localization,
immunofluorescence was performed using the F16 antibody (green) in combination with an
antibody specific to von Willebrand Factor (vWF, red), as marker of blood vessels (scale bar:
100 µm).
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4.2. Generation of mouse models of leukemia: analysis of antigen
expression and targeting by biodistribution studies.

The L19 and F8 antibody exhibit identical binding affinity towards the cognate
human and murine antigen61, 62, while F16 does not cross-react with murine
A1 domain of tenascin-C58. For this reason, we used the L19 and F8
antibodies to stain mouse leukemia samples in a search for a suitable model
in which to perform therapy studies.

4.2.1 systemic AML models
We established an orthotopic model of AML by intravenous injection of HL-60
cells in SCID mice or intravenous injection of murine C1498 mice in C57BL/6J
mice.

Mice

developed

systemic

disease

and

were

moribund

after

approximately 55 days and 25 days, respectively. Unfortunately, unlike in the
situation with human specimens, the bone marrow of mice bearing HL60 or
C1498

leukemia

did

not

exhibit

any

detectable

F8

staining

by

immunofluorescence (Figure 19). Disease progression of the HL60 model
was additionally verified by the detection of leukemic cells in the blood and
bone marrow using anti-human CD44 antibodies. For this reason we
continued our investigations with the subcutaneous NB4, HL60 and THP1
AML models in nude mice, which mimic the disease settings of chloromas.
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Figure 19. EDA is not expressed in orthotopic models of leukemia, despite disease
progression. (a) Orthotopic models of AML were established by intravenous injection of
human HL60 cells in SCID mice or of murine C1498 mice in C57BL/6J mice. (b,c) The bone
marrow of mice bearing HL60 or C1498 leukemia did not exhibit any detectable F8 staining.
(d-g) In the HL-60 model, disease progression was verified by the presence of blasts in the
bone marrow and blood. (d) Human HL-60 cells were positive for human CD44 as detected
by FACS using a FITC conjugated anti-human CD44 antibody (red line), compared to the
FITC labeled isotype control antibody (grey area). After 48 – 56 days the leukemia bearing
mice displayed AML blasts in (e) bone marrow and in (f) blood, as measured by FACS using
an anti-human CD44 antibody (red line) compared to the control antibody (grey area). Bone
marrow and blood samples from animals, which were not injected with AML cells served as
negative control. (c) In addition, blood smears stained with Wright and Giemsa showed
enhanced numbers of leukocytes (blue) in the peripheral blood of the HL60 model compared
to control (scale bar: 100 µm).
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We subcutaneously implanted human AML cell lines NB4, HL60 and THP1 in
nude mice. Immunofluorescence analysis of the resulting tumors showed an
intense staining with the F8 antibody in the NB4 and HL60 model. Staining
intensities with L19, or in the THP1 model, were weaker (Figure 20a).
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Figure 20. F8-IL2 selectively localizes to subcutaneous human AML tumors in mice.
Human AML cell lines NB4, HL60 and THP1 were subcutaneously implanted in nude mice.
(a) Immunofluorescence analysis of the resulting tumors showed an intense staining with the
F8 antibody and weak staining with L19 (red). Blood vessels were co-stained using an anti
CD31 antibody (green) (scale bar: 100 µm). (b-d) Biodistribution experiments were performed
by intravenous injection of radioiodinated F8-IL2 (black bars) or of the anti-lysozyme KSF-IL2
fusion protein, used as negative control of identical molecular format (white bars). (b) In NB4
xenografts (n=6), F8-IL2 displayed tumor accumulation with 5.3 % injected dose per gram of
tumor (%ID/g) 24 hours after injection and a tumor-to-blood ratio of 18.8. (c) HL60 (n=3) and
(d) THP1 (n=3) xenografts displayed no tumor targeting effects.
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Figure 20b - d show quantitative biodistribution results obtained by
intravenous injection of radioiodinated preparations of the immunocytokine
F8-IL2218 (black bars) or of the anti-lysozyme KSF-IL2 fusion protein, used as
negative control of identical molecular format (white bars). A preferential
accumulation in the subcutaneous neoplastic lesions was observed only for
NB4 tumors, with 5.3 % injected dose per gram of tumor 24 hours after
injection and a tumor-to-blood ratio of 18.8. For this reason, the NB4 model
was selected for subsequent therapy experiments.
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4.3. F8-IL2 immunocytokine in combination with cytarabine

4.3.1 Therapeutic effect of F8-IL2 and cytarabine in NB4 xenograft model
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Figure 21. Treatment of subcutaneous NB4 tumors with F8-IL2 promotes tumor growth
3

retardation. (a,b) BALB/c nude mice bearing subcutaneously grafted NB4 tumors (~ 50 mm )
were treated with intravenous injections (n=3) of either saline (!), F8-IL2 (") (20 µg on days 7,
10 and 13) or KSF-IL2 (#) (used as negative control immunocytokine; same dose and
schedule). Administration of F8-IL2, but not KSF-IL2, substantially delayed tumor growth up to
day 23. (c) Treatment with immunocytokines did not affect the body weight of mice. Data
represent

mean

tumor

volumes

(±

SD).

Arrows

depict

days

of

treatment

with

immunocytokines). Data represent mean percent body weight relative to day 7 (± SD).

Nude mice bearing subcutaneously grafted NB4 tumors (~ 50 mm3) were
treated with intravenous injections of saline, F8-IL2 or KSF-IL2 (used as
negative control immunocytokine) on day 7, 10 and 13 (Figure 21).
Substantial tumor growth retardation was observed up to day 23 in the case of
F8-IL2 (but not KSF-IL2).
In a second experiment, immunocytokine therapy was compared to the action
of cytarabine (100 mg/kg daily for 5 consecutive days). Cytarabine is
frequently used at this dose and schedule in preclinical experiments219, but we
also studied the effect of the drug in a preliminary therapy experiment in our
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AML model (in Appendix 11.3). Furthermore, the effect of F8-IL2 (30 µg F8IL2 every third day, 4 injections in total) in combination with cytarabine (100
mg/kg daily for 5 consecutive days) was studied (Figure 22). Administration of
F8-IL2, but not KSF-IL2 or cytarabine, significantly delayed tumor progression
up to day 27. In addition, the combination of F8-IL2 with cytarabine led to
long-lasting complete tumor eradication in 40% of the treated mice.
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Figure 22. F8-IL2 can promote reduction in tumor progression as well as complete
tumor eradication in combination with cytarabine. BALB/c nude mice bearing
3

subcutaneously grafted NB4 tumors (~ 40 mm ) were treated with intravenous injections
(n=5) of either saline (!), F8-IL2 (") (30 µg days 8, 11, 14 and 17), KSF-IL2 (#) (same dose
and schedule) or cytarabine ($) (100 mg/kg daily on day 8 to day 12). Furthermore, the effect
of F8-IL2 in combination with cytarabine (%) was studied. (a,b) F8-IL2, but not KSF-IL2 or
cytarabine, promoted tumor growth retardation and the combination of F8-IL2 with cytarabine
led to long-lasting complete tumor eradication in 40% of the treated mice (* significant for F8IL2 vs. saline (P= 0.0014) and KSF-IL2 (P=0.0025) after day 17 and ** after day 15 for
combination vs. saline (P= 0.0017) and KSF-IL2 (P=0.0021), n=5, 2-tailed Student t test).
Data represent mean tumor volumes (± SD). Arrows depict days of treatment with
immunocytokines (black) and cytarabine (grey). (c) Monitoring of the body weight showed that
the combination treatment reduced average body weight, without exceeding the tolerated
body weight loss of 15%. Data represent average percent body weight relative to first day of
therapy (± SD).
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4.3.2 Therapeutic effect of F8-IL2 and cytarabine in syngeneic C1498
model
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Figure 23. F8-IL2 selectively localizes to subcutaneous murine AML tumors. The murine
AML

cell

line

C1498

was

subcutaneously

implanted

in

C57BL/6J

mice.

(a)

Immunofluorescence analysis of the resulting tumors showed an intense staining with the F8
antibody, and weaker staining with L19 (red). Blood vessels were co-stained using an anti
CD31 antibody (green) (scale bar: 100 µm). (b) Biodistribution experiments were performed
by intravenous injection of radioiodinated F8-IL2 (black bars) or KSF-IL2, used as negative
control of identical molecular format (white bars). F8-IL2 displayed 3.1 % injected dose per
gram of tumor (%ID/g) 24 hours after injection and a tumor-to-blood ratio of 8.7 (n=5).

In some cancer models T cells, in addition to NK cells, were shown to
substantially contribute to the therapeutic effect of IL2220, 221. For this reason,
the effect of F8-IL2 was studied also in an immunocompetent mouse model
(C57BL/6), bearing subcutaneously grafted C1498 tumors (~ 75 mm3).
Immunofluorescence analysis of the established chloromas revealed intense
staining with the F8 antibody and moderate staining with L19 (Figure 23a).
Biodistribution experiments, performed as described above, showed a
selective accumulation of F8-IL2 in the neoplastic lesions, with 3.1 % injected
dose per gram of tumor 24 hours after injection and a tumor-to-blood ratio of
8.7 (Figure 23b). In this setting, F8-IL2 (30 µg every third day, 3 injections in
total) mediated potent tumor growth retardation up to day 30. The combination
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of F8-IL2 and cytarabine (100 mg/kg daily for 5 consecutive days) led to
complete tumor eradication in 100% of the mice (Figure 24).
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d F8-IL2 treatment significantly reduces tumor progression and can promote
Figure 24.

complete tumor eradication in combination with cytarabine in subcutaneous murine
3

AML model. C57BL/6J mice bearing subcutaneously grafted C1498 tumors (~ 75 mm ) were
treated with intravenous injections (n=5) of either saline (&), F8-IL2 (") (30 µg days 7, 10 and
13), KSF-IL2 (#) (same dose and schedule) cytarabine ($) (100 mg/kg daily day 7 to day 11).
Furthermore, the effect of F8-IL2 in combination with cytarabine (%) was studied. (a,b) The
combination of F8-IL2 with cytarabine led to long-lasting complete tumor eradication in 100%
of the treated mice (** significant after day 11 for F8-IL2 vs. KSF-IL2 (P= 0.0018) and saline
(P= 0.0015); # significant for combination group vs. KSF-IL2 (P= 0.0024) and saline (P=
0.0016) after day 11 after day 15, n=5, 2-tailed Student t test). Data represent mean tumor
volumes (± SD). Arrows depict days of treatment with immunocytokines (black) and
cytarabine (grey). (c) Monitoring of the body weight showed that the combination treatment
reduced average body weight, without exceeding the tolerated body weight loss of 15%. Data
represent mean percent body weight relative to first day of therapy (± SD).

In vivo depletion experiments, performed in C57BL/6J mice bearing
subcutaneously grafted C1498 tumors, showed that the therapeutic activity of
F8-IL2 was completely conserved after depletion of CD4+ T cells, while tumor
growth inhibition was lost as a result of NK cell or CD8+ T cell depletion
(Figure 25).
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Figure 25. Depletion of NK cells and CD8 T cells, but not CD4 T cells leads to loss of
therapeutic effect of F8-IL2. (a,b) In vivo immunodepletion experiments were performed in
3

C57BL/6J mice bearing subcutaneously grafted C1498 tumors (~ 75 mm ; n=5). F8-IL2 (30
µg days 7, 10 and 13) promoted significant tumor growth retardation in undepleted (") and
+

+

CD4 T cell depleted (') mice, while animals with CD8 T cell (() or NK cell depletion (!)
displayed a tumor progression comparable to the one of undepleted and saline treated (!)
mice. Data represent average tumor volumes (± SD). Arrows depict days of treatment with
immunocytokines (black) and antibodies for depletion (grey). (c) No body weight loss was
observed. Data represent mean percent body weight relative to first day of therapy (± SD).
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4.3.3. Clinical evaluation of F16-IL2 in combination with low-dose
cytarabine

day 0

day 14

Figure 26. PET/CT images of an AML patient with multiple chloroma manifestations
treated with the immunocytokine F16-IL2 in combination with low-dose cytarabine. A
51-year old female patient with refractory AML after two allogeneic stem cell transplantations
and rapidly progressing, disseminated extramedullary AML manifestations was treated with
F16-IL2 (30 MIU intravenous on day 1, 50 MIU on day 8) and low-dose cytarabine (5 mg
twice daily subcutaneous. on days 1 - 10). 18-FDG-PET/CT images were acquired prior to
(day 0) and on day 14 after initiation of therapy. The two lesions marked with an arrow were
irradiated simultaneously to systemic therapy due to local complications (cholestasis,
swallowing difficulties and vessel compression). Clinical improvement started 1 day after first
infusion of F16-IL2 and before start of radiotherapy. A nearly complete metabolic response of
irradiated and non-irradiated extramedullary AML lesions could be documented as early as on
day 14.

Our preclinical findings represented the basis for clinical investigations, which
were performed in collaboration with Prof. Dr. Wolfgang E. Berdel and Dr.
Christoph Schliemann at the University Hospital Muenster. In an AML patient
with rapidly progressing, generalized chloroma-disease, an individual
treatment was attempted using F16-IL2 in combination with low-dose
cytarabine. The patient had previously experienced multiple relapses and had
received allogeneic stem cell transplantations from two different unrelated
donors.

A

pretherapeutic

18-FDG-PET/CT

scan

revealed

multiple

hypermetabolic thoracic and abdominal chloroma nodules, with standard
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uptake values of up to 14.1 (Figure 26). A lesion located in the hilum of the
liver leading to cholestasis and a deep cervical mass leading to difficulties in
swallowing and vessel compression had to be simultaneously irradiated.
However, the patient presented multiple other extramedullary AML lesions in
areas not targeted by radiotherapy. PET/CT images acquired on day 14 after
therapy initiation with F16-IL2 (30 Million International Units of IL2 equivalents
(MIU) intravenous on day 1, 50 MIU on day 8) and low-dose-cytarabine (5 mg
twice daily subcutaneous on days 1-10) showed a nearly complete metabolic
response of both the irradiated and non-irradiated lesions after systemic
treatment, which was accompanied by a partial morphological response in CT
scans (Figure 26). Of note, the clinical symptoms such as difficulties in
swallowing and restricted head mobility improved shortly after systemic
therapy was initiated, even before the first application of radiotherapy.
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4.4 Combination of immunocytokines and ADCs
!
The combination of vascular targeting IL2 with cytarabine displayed potent

antileukemic activity in mouse and man. These findings are in line with other
reports of combined therapeutic effect of IL2-based immunocytokines and
chemotherapeutic agents103, 222, 223. However, the use of chemotherapeutics
has its limitations. ADCs represent a clinically advanced class of armed
antibodies, which delivers highly cytotoxic payloads to the tumor with the aim
to enhance efficacy and reduce side effects.
ADCs are typically studied in immunocompromised mice, due to a lack of
interspecies cross-reactivity for many antibodies. As a consequence,
preclinical studies with ADCs focus on cytotoxic activity, without addressing
the impact of immune-mediated anticancer mechanisms. Despite the fact that
anticancer immunity (e.g., as a consequence of IL2 treatment) can lead to
cures224,

225

and it is known that certain cytotoxic agents may display

immunomodulatory properties that justify their therapeutic application beyond
chemotherapy222, 226.
In order to explore the possibility of improving the therapeutic potential of both
ADCs and immunocytokines, we treated immunocompetent tumor-bearing
mice with a combination of armed antibody products, featuring the cytotoxic
drug cemadotin thiol156 or IL2 as payloads. We chose the F8 antibody as
delivery vehicle of proven tumor-homing performance, while KSF served as a
negative control antibody.
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4.4.1 Generation and characterization of armed antibody products
Traceless ADCs were generated by site-selective disulfide linkage of
cemadotin thiol to the C-terminal cysteine of antibodies in SIP format, as
previously described (and displayed in 11.4), yielding products F8-SSCH2Cem and KSF-SS-CH2Cem52, 156. As immunostimulatory product, we used
the immunocytokine F8-IL2 in homobivalent format214. Figure 27 shows a
schematic representation of the structure of the armed antibody products and
their

characterization

by

SDS-PAGE,

gel

filtration

analysis,

mass

spectrometry, as well as Biacore on microsensor chips coated with
recombinant EDA. All products exhibited a high level of chemical purity. Both
F8-IL2 and F8-SS-CH2Cem bound to the cognate EDA target with high
affinity, indicating that antibody functionalization strategies had not altered
antigen binding. By contrast, the negative control KSF-SS-CH2Cem product
did not bind to EDA, as expected.
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Figure 27. Characterization of armed antibodies for combination therapy. F8-IL2, F8-SS-CH2Cem and KSF-SS-CH2Cem, whose structures
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4.4.2 Therapeutic effect of F8-IL2 in combination with F8-SS-CH2Cem
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Figure 28. F8-SS-CH2Cem promotes complete tumor eradication in combination with
3

F8-IL2. C57BL/6J mice bearing subcutaneously grafted C1498 tumors (~ 75 mm ) were
treated with intravenous injections of either saline (&), F8-SS-CH2CEM (() (10 mg/kg), KSFSS-CH2CEM (#) (negative control ADC, 10 mg/kg), F8-IL2 (") (1 mg/kg) or a combination of
F8-IL2 and F8-SS-CH2CEM (') (at same doses) (n=5). Mice were monitored for tumor growth
(a), body weight (b) and survival (c). Data represent mean tumor volumes (± SE) and mean
percent body weight relative to first day of therapy (± SE). Arrows depict days of treatment
with immunocytokines (black) or ADCs (grey).

Immunocompetent C57BL/6J mice, bearing subcutaneously grafted murine
C1498 were treated with saline, F8-SS-CH2Cem or KSF-SS-CH2Cem (10
!

)*!

!
mg/kg; day 8, 9, 11 and 12). Significant tumor growth retardation was
observed after day 10 in mice treated with

F8-SS-CH2Cem compared to KSF-SS-CH2Cem. Furthermore, the combined
administration of F8-SS-CH2Cem (as above) and F8-IL2 (1 mg/kg; day 7, 10
and 13) promoted complete and long-lasting tumor eradication in 4/5 mice
(Figure 28a). Monitoring of the body weight showed no weight loss during
therapy (Figure 28b). The cured mice were re-challenged with C1498 cells
on day 125 and did not develop neoplastic lesions, indicating that they had
acquired protective immunity (Figure 28c).
In vivo depletion of either NK cells or CD8+ T cells led to the complete
abrogation of the combinatorial therapeutic effect of F8-IL2 and F8-SSCH2Cem, while CD4+ T cell depletion did not have any detrimental effect on
therapeutic performance (Figure 29a). Four out of five (4/5) of the control
mice and 5/5 of the CD4+ T cell-depleted mice displayed complete tumor
eradication after combination treatment. However, CD4+ T cell-depleted mice
developed disseminated disease symptoms after day 39, while control mice
remained disease free (Figure 29c).
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Figure 29. In vivo depletion of NK cells and CD8 T cells abrogates the therapeutic
effect of the F8-SS-CH2Cem and F8-IL2 combination. C57BL/6J mice bearing
3

subcutaneously grafted C1498 tumors (~ 75 mm ) were treated with intravenous injections of
either saline (&) or a combination of F8-IL2 (1 mg/kg) and F8-SS-CH2CEM (10 mg/kg) (')
+

+

following the in vivo depletion of NK cells (%), CD8 T cells (u) or CD4 T cells ($) (n=5). Mice
were monitored for tumor growth (a), body weight (b) and survival (c). Data represent mean
tumor volumes (± SE) and mean percent body weight relative to first day of therapy (± SE).
Arrows depict days of treatment with immunocytokines (black), ADCs (grey) or depletion
antibodies (blunt end).
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5. Discussion
!

5.1. Vascular targeting IL2-immunocytokines in combination with
cytarabine for the treatment of AML
The initial chemotherapy in AML comprises a first phase of induction and a
second phase of consolidation. In the majority of patients, the induction
treatment leads to complete remission (CR), defined as microscopic
disappearance of leukemic disease along with the return of nor- mal
hematopoiesis. However, despite the introduction of more efficacious
consolidation regimens, a large proportion of AML patients in CR will
subsequently experience relapses with poor prospects of long-term survival. A
relapse is assumed to be the result of expansion of residual leukemic cells
that have escaped the initial chemotherapy. The anti-leukemic function of T
cells and natural killer (NK) cells has formed the background for the clinical
use of IL2, with the aim to eliminate residual leukemia and hence reduce the
relapse rate in AML. Results of clinical trials using IL2 monotherapy in AML
patients have been disappointing227, but a recent phase III study has
demonstrated that post-consolidation treatment with the combination of
histamine dihydrochloride and IL2 significantly prevents relapse in AML
patients198.
There is a strong preclinical and clinical rationale suggesting that tumorhoming immunocytokines can display a superior anticancer activity compared
to non-targeted IL250,
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. Vascular targeting immunocytokines have

progressed to phase II clinical trials for the treatment of patients with solid
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tumors34, 50, 71 and have recently been evaluated preclinically for the therapy of
lymphomas73. In this thesis we have shown that the clinical-stage F8 and F16
antibodies (and, to a lower extent, L19) stained a considerable fraction of AML
and

ALL

bone

marrow

biopsies

as

well

as

AML

chloromas

in

immunohistochemical analysis. We also studied the therapeutic effect of the
immunocytokine F8-IL2, alone and in combination with cytarabine, in
subcutaneous models of AML. F8-IL2 treatment promoted significant tumor
growth retardation and synergized with cytarabine, allowing the complete
eradication of tumors that could not be cured with cytarabine alone.
Complete leukemia eradication was only observed in the syngeneic
immunocompetent mouse model of AML, but not in immunodeficient mice
bearing human leukemia cells, suggesting that T cells were necessary for
cancer eradication. In vivo depletion experiments indicated that the antitumor
effect of F8-IL2 was mediated both by NK cells and CD8+ T cells, while CD4+
T cells did not appear to significantly contribute to the therapeutic action in the
C1498 model. Interestingly, leukemia cells appear to be particularly sensitive
to the action of antibody-based IL2 delivery, since complete tumor
eradications

were

never

observed

in

the

immunocytokines in other models of cancer59,

past,

using

73, 94, 103, 223

IL2-based

. In a clinical

perspective, it is important to consider that lymphocyte and NK cell counts are
essentially normal in AML patients, which are otherwise often leukopenic228.
Thus, both NK cells and CD8+ T cells should be available for promoting the
anticancer effect of IL2-based immunocytokines.
In the setting of compassionate use a heavily pretreated AML patient with
rapidly progressing, generalized chloroma-disease was treated with a
!
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combination of F16-IL2 and low-dose cytarabine. PET/CT images prior to and
on day 14 after therapy initiation revealed striking reduction of the AML
lesions. These findings illustrate the potential of the clinical application of
immunocytokines in combination with cytarabine. In principle, such results
could theoretically have been achieved with cytarabine alone, yet in our
opinion, the rapid and nearly complete response to combination therapy in a
patient who has failed multiple lines of cytarabine-based chemotherapy in the
past and who has now received a very low dose of cytarabine, is more
supportive of a significant contribution of the immunocytokine. Furthermore,
as F16-IL2 treatment was performed after allogeneic transplantation, the
donor cellular immune system might have added to the efficacy of the
immunocytokine. However, while the patient’s chronic skin graft versus host
disease slightly worsened upon therapy with F16-IL2, the most relevant side
effects were elevated body temperature and transient pain at the tumor sites
after each application with otherwise good tolerability, suggesting a targeted
therapeutic immune effect.
Bone marrow specimens of one AML patient showed positive staining both at
presentation and after CR due to induction therapy. Together with the
observation that the bone marrow sample of an AML patient in aplasia was
strongly stained by F8 and F16, this suggests that antigen expression persists
after chemotherapy. These observations are somewhat unexpected when
taking into account the reports by Padró et al210, indicating that AML patients
enjoying a CR after induction therapy exhibited a reduction of microvessel
density to values comparable to the ones of control subjects. However,
antigen persistence could reflect the high chemical stability of extracellular
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matrix components (such as fibronectin and tenascin splice isoforms)
generated during neo-vascularization processes. This feature is likely to
favorably influence the development of armed antibody therapeutics, which
can persist at the site of disease for several days.
A clear limitation of our study is the lack of therapy experiments performed in
systemic disease, which involves the bone marrow. We attempted to
reproduce the promising targeting results that were obtained with chloroma
models, in orthotopic mouse models of AML with florid proliferation of blasts in
the bone marrow. Unfortunately, the models which we investigated so far did
not express the EDA domain of fibronectin, in contrast to what is observed in
human AML specimens. In general, IL2-immunocytokines have previously
been used to eradicate established neuroblastoma metastases in the bone
marrow229. This observation indicates the use of immunocytokines for the
therapeutic delivery of IL2 to the diseased bone marrow in other pathologies,
such as leukemias.

F8-IL2 has not yet been studied in clinical trials, but F16-IL2 and L19-IL2 have
been extensively studied in more than 200 patients with cancer34, 50. F16-IL2
has been studied in two Phase Ib trials in combination with paclitaxel or with
doxorubicin103. L19-IL2 is currently being tested for the treatment of metastatic
melanoma in a phase IIb study in combination with dacarbazine71. It has also
been studied as monotherapy treatment for patients with renal cell
carcinoma92 and is completing a Phase Ib trial in combination with
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gemcitabine in patients with pancreas cancer. Both immunocytokines have
shown promising safety profiles and high combinability in patients71, 92.
The incidence of AML increases with age and there is an unmet medical need
for the treatment of elderly patients, who do not respond to approved
therapeutic modalities and who do not tolerate aggressive chemotherapeutic
regimens. The side effects of IL2-based immunocytokines are generally mild,
when these products are used at doses up to 67.5 MIU per week71, 92. The
management of patients becomes more problematic, when high-dose IL2
regimens are used, with repeated administrations of >40 MIU doses to young
patients in the intensive care setting113.
The strong and selective antigen expression in acute leukemia, the emerging
use of IL2-based immunocytokines in clinical trials as well as the orthogonal
profiles of side effects with F8/F16-IL2 and cytarabine, provide a rationale for
the combined use of these agents for the treatment of AML patients
(particularly those which are not eligible for bone marrow transplantation or
suffer from chloroma-disease).

!

*'!

!

5.2. Combining IL2-based immunocytokines with ADCs

The potent antitumor effects obtained by combination of IL2-based
immunocytokines with conventional chemotherapeutic agents (in AML, as well
as in other disease settings71,

103, 222

) encouraged us to evaluate the

combination of these immunocytokines with ADCs. ADCs represent a class of
armed antibodies, which deliver potent cytotoxic agents to the site of disease
with the aim to enhance antitumor efficacy and reduce toxic side effects
associated with classical chemotherapy. In this project we show, for the first
time, that ADCs and immunocytokines synergize, boosting a curative
anticancer immunity in a syngeneic immunocompetent mouse model of
leukemia.
We used ADCs, which release their cytotoxic payload in the sub-endothelial
extracellular space at tumor sites52. This strategy is attractive82, as the
payload can potentially diffuse and impact on both tumor endothelial cells and
cancer cells. Vascular targeting ADCs may benefit from quantitative
biodistribution and microscopic studies in order to reveal their tumor-homing
properties in animal models and in patients. Indeed, PET studies in cancer
patients

230

and ex vivo microscopic analysis61, 214 may allow the identification

of cancer types and patient characteristics which are more suitable for the use
of a given ADC product. Furthermore, the SIP format may be preferable to the
more conventional IgG antibody format, as it exhibits better tumor-to-organ
ratios at earlier time points35,

122

. Obviously, internalizing ADCs and other

antibody formats could also be considered.
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The observation that cancer cures were dependent on both CD8+ T cells and
NK cell was in line with previous reports on long-term complete remissions214,
231, 232

, but remains intriguing from a mechanistic point of view. The

therapeutic benefit of the immunocytokine plus ADC combination treatment is
completely lost if one of the two cell populations is absent, suggesting an
interplay between CD8+ T cells and NK cells. The anticancer activity of CD8+
cytotoxic T cells is normally attributed to their recognition of tumor-rejection
antigens, while activating receptors on NK cells are able to recognize proteins
that are expressed in conditions of cellular stress. CD4+ T cells did not
contribute to eradication of the primary tumor, but their depletion led to a late
onset and dissemination of the disease.
Different cytokines are present in blood at concentrations, which may vary by
as much as three orders of magnitude [e.g. from 10 pg/ml to 10 ng/ml].
Similarly, various cytotoxic anticancer drugs have been described, which
display in vitro cell killing activity in the micromolar, nanomolar or picomolar
concentration range. By judiciously choosing payloads of comparable
potency, it would thus be conceivable to incorporate both cytokine and
cytotoxic drug into one armed antibody molecule, rather the using
combinations of immunocytokines and ADCs.
The strong therapeutic effect observed by combining F8-IL2 with F8-SSCH2Cem may find direct therapeutic applications, since the EDA of fibronectin
is expressed in the majority of human solid tumors, lymphomas and in acute
leukemias. We have shown a potent anticancer effect of antibody-based IL2
delivery in AML in combination with cytarabine214. It is likely that ADCs may
represent a better combination partner for F8-IL2 and other pro-inflammatory
!
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immunocytokines compared to cytarabine, as this drug represents the
backbone of induction therapy and may give rise to resistance in relapsed or
refractory leukemia patients.
!
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6. Conclusions and outlook

In this thesis, we showed that certain vascular markers are expressed in the
majority of bone marrow and chloroma specimens of acute leukemia patients
and that the antibody-mediated delivery of IL2 to these targets promotes
potent antitumor effects in combination with cytarabine in mouse models of
AML as well as an AML patient with disseminated extramedullary AML
manifestations. We further showed, for the first time, the curative anticancer
effect of combining IL2-based immunocytokines and ADCs in a syngeneic
mouse model.

Current treatment options for AML patients fail to provide satisfactory
outcomes, and there is a pressing need for the development of novel, more
selective, therapies.

The identification of disease-associated accessible antigens represents a
challenge for the development of targeted therapies in AML. Antibodies
directed against CD33, the most advanced AML target antigen, have been
exploited as targeting moiety for the delivery of potent cytotoxic payloads to
leukemic blasts. However, the resulting antibody products appear to be limited
by moderate selectivity and low antigen expression levels (see section 3.3.2).
In fact, a quantitative biodistribution analysis of a lintuzumab-derived antiCD33 antibody in SIP format, revealed good in vitro binding to AML cells but
disappointing in vivo tumor targeting performance (data displayed in 11.5).
These findings reinforce the need for better AML targeting antibodies, and for
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quantitative characterization of the tissue distribution profiles of therapeutic
antibodies in vivo.
We found that the human monoclonal antibodies F16 and F8 selectively stain
the majority of AML (and ALL) bone marrow biopsies and chloroma samples.
These antibodies directed against the neo-vasculature of the disease
environment provide a feasible alternative for the pharmacodelivery of
payloads.

The therapeutic benefit obtained by hematopoietic stem cell transplantation,
which represents the most promising treatment option for AML patients,
demonstrate that T cells and NK cells can promote curative anti-leukemic
activity and supports the administration of immune stimulators such as IL2 in
this disease setting. However, IL2 failed to provide therapeutic benefit as a
single agent227. Here, we show that the delivery of IL2 to the neo-vasculature
mediates strong anti-leukemic effects, which are further potentiated by
combination with cytarabine. These results encourage the further evaluation
of IL2-based immunocytokines for the treatment of patients with AML.
Proinflammatory immunocytokines have demonstrated favorable combinability
with classical chemotherapeutic agents in several cancer settings and these
combination regimens are now increasingly being evaluated in clinical
settings71,

117

. Our collaborators in Muenster have investigated the

combination of F16-IL2 plus low-dose cytarabine in additional AML patients,
including patients with relapsed systemic disease. Their findings will be
presented in a separate publication. In general, we can state that the
antitumor effects obtained by immune stimulation with immunocytokines in
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combination with chemotherapeutic agents can be translated to patients to
some extent. However, these effects are transient and there is a clear need to
deepen our understanding of immune-mediated cancer rejection. In particular,
it would be desirable to learn more about the identity and role of tumor
rejection antigens and about preferred combination strategies.

A number of conventional chemotherapy drugs, in particular at low doses,
have shown immunomodulatory activity by a variety of mechanisms233-236. In
addition,

the

beneficial

effect

of

combining

immunotherapy

with

chemotherapeutic agents may result from “debulking” of the tumor burden by
the cytotoxic drugs, leaving immune-mediated anticancer activity to eliminate
the residual tumor cells. Cytarabine, for example, has been reported to induce
Fas receptor expression on B-ALL and AML cells and sensitize them to
lymphokine activated killer cells in vitro237. However, cytarabine has also
shown in vitro toxicity against mitogen-stimulated blood lymphocytes at higher
(clinically relevant) doses238. In agreement with our findings, the addition of
cytarabine (3x 100 mg/kg) clearly enhanced the antitumor effect of GM-CSF
immunotherapy and promoted long-lasting tumor rejection in a mouse model
of AML239. Cytarabine may thus represent a valuable combination agent for
immune-stimulating therapy approaches.
Careful selection of combination agents and of administration schedules for
immunocytokines represents an important challenge for various indications.
Additional parameters, such as previous cancer treatments or the coadministration of drugs need to be taken into account when assessing the
therapeutic effect of IL2-immunocytokines in late-stage patients. For example,
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the AML patient studied in this thesis had previously relapsed from multiple
lines of cytarabine-based chemotherapy, received allogeneic stem cell
transplantations and donor cell boost treatments and had to be submitted to
irradiation of two lesions parallel to F16-IL2 treatment due to acute
complications. This history of treatment may have conferred acquired
resistance of AML cells against cytarabine. In addition, cytarabine and/or
irradiation may have a stimulating or inhibitory activity on leukocytes. In the
setting of AML, the use of IL2-based immunocytokines may indeed be
particularly active in patients with prior allogeneic stem cell transplantations.

One option to potentially improve IL2-based immunocytokine therapies is the
combination with ADCs. ADCs represent a class of armed antibodies of
rapidly growing importance, which aims at targeting toxic payloads to the
cancer, thereby enhancing the efficacy and minimizing the toxicities typically
associated with conventional cytotoxic agents. In heavily pretreated patients,
ADCs may additionally help overcome resistance that was acquired in
previous therapies with conventional chemotherapy.
Most ADCs in development are IgG antibodies directed against internalizing
tumor cell antigens, which rely on lysosomal drug release mechanisms. Here
we show the anticancer effect of non-internalizing ADCs in the SIP format
carrying disulfide-linked cemadotin, which promote drug release in the
reducing environment of tumors. Vascular targeting ADCs profit from high
antigen accessibility, rapid clearance and the potentially broad application to a
number of cancers.
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The combination of IL2-based immunocytokines with internalizing ADCs
and/or with ADCs carrying other cytotoxic payloads (i.e. maytansinoids and
auristatins) deserves future investigation; in particular as novel ADCs may
gain marketing approval. The F8 antibody conjugated to the maytansinoid
derivative DM1 is currently being evaluated in combination with IL2 in our lab.

AML,

like

most

(solid)

cancers,

is

often

associated

with

an

immunosuppressive disease environment, which can substantially interfere
with therapeutic CD8+ T cell and NK cell functions240. Immune escape
mechanisms described in AML include the lack of co-stimulation, expansion of
regulatory T cells, activation of negative regulatory receptors (CTLA-4, PD1)
and expression of indoleamine 2,3-dioxygenase241,

242

. Approaches to

overcome this negative regulation within the disease environment may further
support IL2-mediated therapies.
In addition, efforts are being devoted to the identification of the antigenic
determinants that are crucial for T cell-mediated anticancer responses243-245.
These experiments could not only provide valuable information for
personalized therapy, but also help understand how T cells may contribute to
tumor rejection. This knowledge will facilitate the development of new
therapies, as well as patient selection strategies.
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7. Materials and methods

7.1 Immunochemical analysis of leukemia specimens
!

7.1.1 Study design and tissues
Immunohistological analysis of AML patient biopsies was performed using the
clinical-stage human monoclonal antibodies F8, F16 and L19. The use of
freshly frozen material was made necessary by the fact that these antibodies
do not work in paraffin63, 216. Samples were collected at three medical centers
(Muenster, Berne and Kiel) for routine histological and cytological analyses.
Semi-quantitative immunofluorescence was performed on the largest sample
set (n=17), and the staining was additionally verified by immunohistochemistry
of consecutive sections of the same samples. Median patient age was 61
years (20 - 82 years). In case of AML, the study cohort represented the most
frequent FAB subtypes, however, the subtypes M3, M6 and M7 were not
available for analysis. The ALL samples included two common ALL and two
T-ALL. The bone marrow of AML and ALL patients was highly infiltrated by
leukemic blasts (median 80%).
Bone marrow core biopsy and bone marrow aspiration (iliac crest) were
obtained for routine histological and cytological analyses. A fragment of each
bone marrow biopsy was embedded in cryo-embedding medium (Richard
Allan Scientific Neg 50; Thermo Scientific) and immediately frozen at -80°C.
Two sets of specimens were analyzed. The larger set from Muenster consists
of bone marrow biopsies of 16 patients. The sample set from Berne and Kiel

!

+&!

!
consists of 4 bone marrow biopsies from AML patients and 2 chloroma
biopsies. Additional patient characteristics can be found in 11.2.

7.1.2 Antibodies
F8 is a human monoclonal antibody specific to the EDA domain of
fibronectin61. F16 is a tumor-targeting antibody specific to the domain A1 of
human tenascin-C58. L19 is a human monoclonal antibody specific to the EDB
domain of fibronectin62. KSF is specific to hen egg lysozyme and does not
show any specificity towards human antigens217. All antibodies were
biotinylated in the SIP format and carried a comparable number of biotin
molecules (2-3 biotin/SIP).

7.1.3 Immunofluorescence
Consecutive tissue sections of 10 µm thickness were prepared with a Microm
HM 505N. Immunofluorescence was performed as previously described57. For
staining of the patient samples from the Muenster set the following primary
antibodies were used: biotinylated F8, L19, F16 or KSF (2 µg/ml) and
polyclonal rabbit anti-human von Willebrand factor (Dako). Detection of the
biotinylated antibodies was performed with streptavidin Alexa Fluor 594
(Invitrogen). As secondary detection antibody for the anti-von Willebrand
factor antibody Alexa Fluor 488 goat anti-rabbit (Invitrogen) antibody was
used. The samples were analyzed on an Axioskop2 mot plus microscope
(Zeiss) with Zeiss Axiovision v4.0 acquisition software.
!
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Semi-quantitative analysis of immunofluorescence
The immunofluorescence stainings of leukemia patient biopsies were semiquantitatively analyzed with ImageJ (http://rsb.info.nih.gov/ij/) by computing
the percentage area of staining for each antibody. The values were plotted as
a boxplot (Sigmaplot). The staining of bone marrow biopsies of AML patients
with F8, F16 and L19 was analyzed compared to the negative control
antibody KSF. Values exceeding the 95% confidence interval (average + 2 &
standard deviation) of KSF (3.4% for AML samples; 2.6% for ALL samples)
were considered positive.
!!

7.1.4 Immunohistochemistry
Immunohistochemistry of leukemia patient samples was performed as
previously described74. Biotinylated F8, L19 or F16 (2 µg/ml) were used as
primary antibodies. For the analysis of the Muenster samples KSF (2 µg/ml)
was used as a negative control. For the Berne/ Kiel samples negative control
was performed by omitting the primary antibody. For detection streptavidinalkaline phosphatase (SAP) complex (1:1000 dilution) (Biospa) was used
followed by subsequent reaction with the phosphate substrate Fast Red
TRSalt (Sigma-Aldrich). Sections were counterstained with hematoxylin
solution Gill No. 1 (Sigma-Aldrich), mounted with Glycergel mounting medium
(Dako) and analyzed on an Axiovert S100 TV microscope (Zeiss) with Zeiss
Axiovision v4.0 acquisition software.
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7.2 Mouse models of AML

7.2.1 Cell lines and animals
The human acute myeloid leukemia (AML) cell line HL60 and the murine AML
cell line C1498 were purchased from ATCC. The human AML cell lines NB4
and THP1 were obtained from the German Resource Center for Biological
Material

(DSMZ).

Cell

lines

were

cultured

according

to

supplier’s

recommendations.
6- to 8 weeks old female CB17/lcr severe combined immunodeficiency (SCID)
and BALB/c nude mice were purchased from Charles River Laboratories. 6 to
8 weeks old female C57BL/6J mice were purchased from Elevage Janvier.
Animal experiments were performed on the basis of project license
(198/2008) administered by the Veterinäramt des Kantons Zuerich and
approved by all participating institutions.

7.2.2 Immunofluorescence of murine tumor and bone marrow specimens
Tissue samples were snap-frozen, embedded in cryo-embedding medium
(Richard Allan Scientific Neg 50; Thermo Scientific) and then stored at -80°C.
Consecutive tissue sections of 10 µm thickness were prepared with a Microm
HM 505N. Immunofluorescence was performed as previously described57.
The following primary antibodies were used: biotinylated F8, L19, F16 or KSF
(2

µg/ml)

and

monoclonal

rat-anti-CD31

antibody

(1.6

µg/ml)

(BD

Biosciences). Detection of the biotinylated antibodies was performed with
streptavidin Alexa Fluor 594 (Invitrogen). The anti-CD31 antibody was
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detected using Alexa Fluor 488 donkey anti-rat (Invitrogen). Mouse bone
marrow samples were additionally counterstained with DAPI (4,6 diamidino-2phenylindole) (1 µg/ml) (Invitrogen). The samples were analyzed on an
Axioskop2 mot plus microscope (Zeiss) with Zeiss Axiovision v4.0 acquisition
software.

7.2.3 Orthotopic xenograft model
106C1498 cells were injected intravenously into the tail vein of C57BL/6J
mice. 107 HL60 cells were injected intravenously into the tail vein of CB17/lcr
SCID mice. Immunofluorescence analysis of the bone marrow was performed
as described in 7.2.2.

Verification of disease progression in HL60 model
Disease progression was verified by detection of HL60 blasts in the bone
marrow and the peripheral blood. Peripheral blood was drawn from the vena
saphena and was used to prepare blood smears and perform FACS analysis.
Blood smears were stained using Wright and Giemsa (Sigma-Aldrich)
according to manufacturer’s protocol. Bone marrow of sacrificed animals was
collected from tibias and femora of the hind legs. Bone marrow extracts and
blood samples were incubated in ACK buffer (150 mM NH4Cl, 10 mM KHCO3,
0.1 mM ethylenediaminetetraacetic acid, pH 7.5) to lyse red blood cells. The
remaining cells were processed to single suspension by passage through a
cell strainer (BD Biosciences). For FACS analysis HL60 cells bone marrow
extracts and blood samples were blocked in PBS containing 5% normal goat
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serum and incubated with FITC labeled mouse anti-human CD44 or FITC
labeled control mouse IgG (AbD Serotec) in PBS containing 1% BSA on ice.
FACS data were acquired on a BD FACSCanto (Becton Dickinson) using
FACSDiva software (Becton Dickinson) and were analyzed using FlowJo
software (Treestar).

7.2.4 Localized xenograft (chloroma) model
107 HL60, NB4 or THP1 cells were subcutaneously injected into the flank of 8
to 10 weeks old BALB/c nude mice. 106 C1498 cells were injected into the
flank of 8 to10 weeks old C57BL/6J mice. Immunofluorescence analysis of the
resulting tumors was performed as described in 7.2.2.

Quantitative biodistribution studies
F8-IL2 and KSF-IL2 were radioiodinated with
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I, purified and validated for

immunoreactivity as previously described103. Radiolabeled F8-IL2 or KSF-IL2
(20 µg antibody, 20 µCi/mouse) was injected intravenously into BALB/c nude
mice bearing subcutaneous NB4 (n=6), HL60 (n=3) or THP1 (n=3) tumors, or
C57BL/6 mice bearing subcutaneous C1498 (n=5) tumors. Mice were
sacrificed after 24 h and the organs were excised and weighed. Radioactivity
was measured using a Packard Cobra gamma counter. Radioactivity content
of representative organs was expressed as percentage of the injected dose
per gram of tissue (%ID/g ± SE).
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7.3 F8-IL2 in combination with cytarabine

7.3.1 Therapeutic agents
The expression and characterization of the F8-IL2 immunocytokine, as well as
the control immunocytokine KSF-IL2, have previously been described218.
Cytarabine was purchased in solution from Sandoz.

7.3.2 Therapy studies in localized xenograft (chloroma) models
Preliminary experiments were performed with (n=3) to assess the effect of
immunocytokines as monotherapy and different doses of cytarabine. NB4
cells (107) were injected subcutaneously into the flank of 6- to 8-week-old
female BALB/c nude mice. Monotherapy with immunocytokines was
performed by administration of either saline, 20 µg F8-IL2 or 20 µg KSF-IL2
injected into the lateral tail vein every third day for 3 injections in total. To test
different cytarabine doses, the animals were intravenously injected with
saline, 50 mg/kg cytarabine or 100 mg/kg cytarabine every day for 5
consecutive days.
Combination therapy was performed in NB4 or C1498 bearing mice (n=5).
NB4 cells (107) were injected subcutaneously into the flank of 6- to 8-week-old
female BALB/c nude mice. C1498 cells (106) were injected subcutaneously
into the flank of 6 to 8 weeks old female C57BL/6 mice. When tumors were
established (20-100 mm3), mice were staged to maximize uniformity among
the groups and injected into the lateral tail vein with either saline, 30 µg F8IL2, 30 mg KSF-IL2, 100 mg/kg cytarabine or a combination of F8-IL2 and
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cytarabine (at same dosage). Treatment schedule for the immunocytokines
was every third day for 4 and 3 injections, respectively; Cytarabine was
administered daily for 5 days.
The mice were monitored daily, and tumor growth was measured every
second day with a digital caliper using the formula: volume = length & width &
width & 0.5. Animals were sacrificed when the tumor reached a volume >1200
mm3. The data was displayed as average values ± SD. Differences in tumor
volume between therapeutic groups were compared using the 2-tailed
Student t test with $= 0.05. Taking the bonferroni correction into account
significance was determined when P ) 0.003.

7.3.3 In vivo depletion of NK cells, CD4+ and CD8+ T cells
Subcutaneous C1498 tumors were established in C57BL/6 as described in
7.3.2. Tumor bearing mice (n=5) were injected intraperitoneally with either
saline, anti- asialo GM1 (30 µl) (Wako Chemicals), anti-CD4 (Bio X Cell), or
anti-CD8 (Bio X Cell) antibodies on days 6, 9, 12 and 15. 30 µg F8-IL2 were
administered intravenously on days 7, 10 and 13. The mice were monitored
as described in 7.3.2. The data was displayed as average values ± SD.

7.3.4 Treatment of a chloroma patient
A female patient was diagnosed with complex karyotype AML FAB M1 in
February 2007 at 45 years of age. Upon being refractory to induction
chemotherapy with cytarabine and daunorubicin (7 + 3) and high-dose
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cytarabine and mitoxantrone (HAM), she received unrelated-donor allogeneic
stem cell transplantation after conditioning with fludarabine, cytarabine,
amsacrine, cyclophosphamide, anti-thymocyte globulin and 2 x 2 Gy total
body irradiation in October 2007, whereupon she enjoyed a first complete
remission. In July 2008, she experienced AML relapse and therapy with lowdose cytarabine (persistent AML), high-dose cytarabine and an allogeneic
stem cell boost resulted in a second complete remission, which lasted more
than two and a half years. However, in May 2011, a second AML relapse was
diagnosed. While chemotherapy with HAM and a donor stem cell boost were
ineffective, allogeneic stem cell transplantation from a different unrelated
donor led to a short-lasting complete remission until January 2012, when the
3rd relapse occurred. Chemotherapy with FLAG-IDA and an additional donor
stem cell boost resulted in another phase of complete remission. In November
2012, however, extramedullary AML manifestations were diagnosed and
confirmed histologically in both mammary glands (while the bone marrow was
still leukemia-free with stable donor cell chimerism) and palliative local
radiotherapy (37 Gy) was performed. Three months later, multiple chloroma
nodules occurred in the abdominal skin and were again treated with local
radiotherapy (36 Gy) until the beginning of May 2013. Three weeks later,
intra- and extrahepatic cholestasis led to the diagnosis of rapidly progressing,
disseminated chloroma-disease with manifestations in the left deep cervical
area, in the mediastinum, in the hilum of the liver, in the mesenterium, in the
hilum of the right kidney, in the manubrium sterni, in the transverse process of
the 9th thoracic vertebra and subcutaneously in the left gluteal area. In this
desperate situation, our patient received the immunocytokine F16-IL2 (30 MIU
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i.v. on day 1, 50 MIU on day 8) and low-dose cytarabine (5 mg twice daily s.c.
on days 1-10). Ethical approval for this individual compassionate use therapy
was obtained from the joint ethical board of the University of Muenster and the
locoregional physician's chamber of Westfalen-Lippe. Written informed
consent was obtained in accordance with the Declaration of Helsinki. A Phase
Ib study with F16-IL2 in combination with chemotherapy is running at multiple
centers (NCT01134250, NCT01131364) and had shown that doses up to 55
MIU can be safely administered to patients246.
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7.4 F8-IL2 in combination with ADCs

7.4.1 Cell lines, animals, and xenograft models
The localized C1498 xenograft model in C57BL/6J mice is described in 6.2.
Animal experiments were performed on the basis of project license (42/2012)
administered by the Veterinäramt des Kantons Zuerich and approved by all
participating institutions.

7.4.2 Antibodies
F8 is a human monoclonal antibody specific to the EDA domain of
fibronectin61. KSF is specific to hen egg lysozyme and does not show any
specificity toward human antigens. The expression and characterization of
the F8-IL2 immunocytokine as a recombinant protein has previously been
described218. SIP(KSF) was expressed as previously described52, while
SIP(F8) was provided by Philogen.

7.4.3 Preparation of ADCs
Traceless, chemically defined antibody-drug conjugates were prepared by
disulfide linkage of CemCH2-SH to a cysteine residue at the C-terminus of
SIP(F8) or SIP(KSF) as previously described156.

7.4.4 Characterization of the armed antibody products
Recombinant F8-IL2 and chemically modified F8-SS-CH2Cem and KSF-SSCH2Cem were characterized by SDS-PAGE, ESI-MS and gel filtration, as
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previously described156,15. Immunoreactivity of the antibody products to EDA
of fibronectin was measured by surface plasmon resonance real-time
interaction analysis on a CM5 microsensor chip coated with recombinant EDA
on a Biacore3000 instrument (GE Healthcare).

7.4.5 Combination therapy and tumor re-challenge in the localized C1498
model
C1498 cells were subcutaneously injected into the flank of 6- to 8-week-old
female C57BL/6J mice. When tumors were established (50-100 mm3), mice
were grouped to maximize uniformity (n = 5) and injected into the lateral tail
vein with either saline, F8-IL2 (1 mg/kg), F8-SS-CH2Cem (10 mg/kg), KSFSS-CH2Cem (10 mg/kg) or a combination of F8-IL2 and F8-SS-CH2Cem (at
same dosages). The immunocytokine was administered every third day for
three injections (days 7, 10 and 13), while the ADCs were injected on the
days in between for a total of four injections (days 8, 9, 11 and 12).
Mice that were cured after combination treatment were re-challenged by
subcutaneous injection with 106 C1498 cells on day 125.
The mice were monitored daily for body weight loss, and tumor growth was
measured every second day with a digital caliper using the following formula:
volume = length & width & width & 0.5. Animals were sacrificed when the
tumor reached a volume of >1200 mm3. The data were displayed as average
values ± SE. The differences in tumor volume between therapeutic groups
were compared with the two-tailed Student’s t test with $ = 0.05. Taking the
Bonferroni correction into account, significance was determined when P )
0.003.
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7.4.6 In vivo depletion of NK cells, CD4+ T cells, and CD8+ T cells
Subcutaneous C1498 tumors were established in C57BL/6 as described
above. The mice (n = 5) were injected intraperitoneally with either saline, anti–
asialo GM1 (Wako Chemicals), anti-CD4 (Bio X Cell), or anti-CD8 (Bio X Cell)
antibodies on days 6, 9,12, 15 and 19 as recommended by suppliers. Saline
or the combination of F8-IL2 and F8-SS-CH2Cem was administered and the
mice were monitored as described in 7.3.5. The data was displayed as
average values ± SE.
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9. List of abbreviations
ADC

Antibody-drug conjugate

ADCC

Antibody-dependent cellular cytotoxicity

ALCL

Anaplastic large-cell lymphoma

ALL

Acute lymphoid leukemia

AML

Acute myeloid leukemia

C1498

Murine AML cell line

CAR

Chimeric antigen receptor

CD

Cluster of differentiation

CDC

Complement-dependent cytotoxicity

CDR

Complementarity-determining region

CEA

Carcinoembryonic antigen

Cem

Cemadotin

CH; CL

Constant heavy domain; Constant light domain

CLL

Chronic lymphoid leukemia

CML

Chronic myeloid leukemia

CR

Complete response

CTLA4

Cytotoxic T-Lymphocyte Antigen 4

DAPI

4',6-diamidino-2-phenylindole

DAR

Drug to antibody ratio

DLT

Dose limiting toxicity

DM

Derivative of maytansine

EDA

Extradomain A of fibronectin

EDB

Extradomain B of fibronectin

EGFR

Epidermal Growth Factor Receptor

EpCAM

Epithelial cell adhesion molecule

ESI-MS

Electrospray ionization-mass spectrometry

FAB

French-American-British Classification

Fc

Crystallizable fragment of Ig

FcR

Fc receptor

FcRn

Neonatal Fc receptor

FDA

U.S. Food and Drug association

Fv

Variable fragment of Ig

GO

Gemtuzumab ozogamicin
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Her2

Human epidermal growth factor receptor 2

HL

Hodgkin lymphoma

HL60

Human AML cell line

IC50

Half maximal inhibitory concentration

IFN

Interferon

Ig

Immunoglobulin

IL10

Interleukin-10

IL12

Interleukin-12

IL2

Interleukin-2

ip

Intraperitoneal

iv

Intravenous

MHC

Major histocompatibility complex

MIU

Million international units

MMAE/MMAF

Monomethyl auristatin E/F (Derivatives of aurostatin)

MTD

Maximum tolerated dose

NB4

Human AML cell line

NK cell

Natural killer cell

rIL2

Recombinant interleukin-2

sc

Subcutaneous

scFv

Single-chain fragment variable

SD

Standard deviation

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SE

Standard error

SIP

Small immunoprotein

t1/2

Half-life

T-DM1

Trastuzumab emtansine

THP1

Human AML cell line

TNF

Tumor necrosis factor

VEGF

Vascular Endothelial Growth Factor

VH; VL

Variable heavy domain; Variable light domain

vWF

von Willebrand Factor

WHO

World health organisation

18FDG-PET/CT

Fludeoxyglucose-Positron emission tomography/computed tomography
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11. Appendix
11.1 Complete panel of stainings for immunochemical analysis of
the expression of vascular targeting antigens in AML and ALL
patient specimens
A: Bone marrow specimens from Muenster
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B: AML bone marrow and chloroma specimens from Kiel/Berne
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A: Sections of bone marrow biopsies of 12 Acute Myeloid Leukemia (AML)
and 4 Acute Lymphoid Leukemia (ALL) patients were analyzed by
immunofluorescence, as well as immunohistochemistry (IHC) using the
clinical-stage F8, L19 and F16 antibodies, which recognize splice-isoforms of
oncofetal fibronectin and tenascin-C, and the negative control KSF. In
immunofluorescence procedures blood vessels were additionally co-stained
using an antibody specific to von Willebrand Factor (vWF) (scale bar: 100!
µm).
!

B: A second, smaller set of (a) 4 bone marrow biopsies and (b) 2 chloroma
biopsies of Acute Myeloid Leukemia (AML) patients were also analyzed by
immunohistochemistry using the clinical-stage F8, L19 and F16 antibodies. In
general, bone marrow biopsies showed a similar staining pattern as seen in
the first set, with F8 and F16 giving the strongest stainings. The chloromas
were stained positive with F8, F16 and L19 compared to negative controls. (c)
Immunofluorescence analysis of the chloroma biopsies were prepared using
F8, F16 and L19 (green) as well as an antibody specific to von Willebrand
Factor (vWF) (red), which recognizes blood vessels. (scale bar: 100 µm).

!

#$)!

!

11.2 Characterization of the analyzed AML and ALL patients
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*Values exceeding the average area stained + 2 & standard deviation of KSF (3.4% for AML
samples; 2.6% for ALL samples) are considered positive.
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11.3 Cytarabine dose finding in subcutaneous NB4 mouse model
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The administration of cytarabine was tested in a preliminary dose-finding
experiment. Nude mice bearing subcutaneously grafted NB4 tumors (~ 50
mm3) (n=3) were treated with intravenous injections of either saline (&),
cytarabine ($) (100 mg/kg, daily on day 7 to day 11) or cytarabine (%) (50
mg/kg, daily on day 7 to day 11). (a,b) 5 doses of 100 mg/kg cytarabine
showed an initial inhibition of tumor growth up to day 13. This dose was
selected for further use in combination with F8-IL2. Data represent mean
tumor volumes (± SD). Arrows depict days of treatment with immunocytokines
(black) and cytarabine (grey). (c) Cytarabine treatment was well tolerated, as
no body weight loss could be observed. Data represent mean percent body
weight relative to day 7 (± SD).
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11.4 Generation of traceless site-selective disulfide linked ADCs in
the SIP format
!
!
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Ellman’s reagent
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(a) Overview of the conjugation reaction applied for the generation of ADCs
(according to156). The covalent C-terminal disulfide bond of antibodies in the
SIP format is reduced, allowing activation of the resulting cysteine residues
with Ellman’s reagent (5,5*-dithio-bis(2-nitrobenzoic acid)). Incubation with
Cemadotin-CH2-SH then leads to the generation of homogenous mixed
disulfide ADC. (b) Products of the reaction steps are shown by SDS-PAGE.
Native SIP (in this case F8) runs as a dimer of 82 kDa, while the reduced and
modified antibody is visible as a monomer at 41 kDa.
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11.5 Expression of an anti-hCD33 antibody in SIP format and
analysis of AML targeting properties.

!

(a) Schematic representation of the human specific anti-CD33 antibody

generated by fusion of the variable domains of lintuzumab (HuM195, Seattle
Genetics) to the #CH4 domain of the secretory isoform human IgE, which
promotes the formation of a homodimer that is further stabilized by an
interdomain disulfide bond between the C-terminal cysteine residues
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(sequence described in 11.6). The SIP antibody was expressed in CHO cells
by transient gene expression and purified over a Protein L resin. The resulting
product was characterized by (b) SDS page and (c) gel filtration. (d) FACS
experiments were performed on the human AML cell lines NB4 and HL60
using biotinylated SIP($hCD33) (red line) or biotinylated SIP(KSF) (grey area,
negative control), followed by detection with streptavidin-Alexa488. The FACS
profiles showed that $hCD33 selectively bound the AML cell lines in vitro. (e)
Quantitative biodistribution experiments were performed by intravenous
injection of 20 µg radioiodinated SIP($hCD33) (black bars) or SIP(KSF) (white
bars) into BALB/c nude mice bearing subcutaneously grafted NB4 tumors
(150-200 mm3) (n=5). After 24 hours, mice injected with SIP($hCD33)
displayed 2.5 % injected dose/ gram (%ID/g) in the tumor, with equal levels of
radioactivity in the blood, kidney and lung. Iodinated antibodies may be
internalized, degraded and excreted from cells. (f) Biodistribution was
additionally evaluated by intravenous injection of 20 µg Cy7-labeled
SIP($hCD33) or SIP(KSF) into BALB/c nude mice bearing subcutaneously
grafted NB4 tumors (150-200 mm3) (n=3). The mice were imaged by IVIS
over 48 h. SIP($hCD33), unlike SIP(KSF), visibly localized to tumors
(indicated by the arrow) after 24h and 48h, but did not display clear
accumulation.
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11.6 Sequence of anti!
! hCD33 antibody in SIP format
secretion sequence -VH-linker-VL-CH4#
DNA sequence:
!

ATGGGCTGGTCCCTGATCCTGCTGTTTCTGGTGGCCGTGGCCACAGGCGTGCACTCT
CAGGTGCAGCTGGTGCAGTCTGGCGCCGAAGTGAAGAAACCCGGCAGCAGCGTGAAG
GTGTCCTGCAAGGCCAGCGGCTACACCTTTACCGACTACAACATGCACTGGGTGCGCCA
GGCCCCTGGACAGGGACTGGAATGGATCGGCTACATCTACCCCTACAACGGCGGCACC
GGCTACAACCAGAAGTTCAAGAGCAAGGCCACCATCACCGCCGACGAGAGCACCAACA
CCGCCTACATGGAACTGAGCAGCCTGCGGAGCGAGGACACCGCCGTGTACTATTGCGC
CAGAGGCAGACCCGCCATGGACTATTGGGGCCAGGGAACCCTCGTGACCGTGTCTAGC
GGAGGCGGAGGATCTGGCGGCGGAGGAAGTGGCGGAGGGGGC
GATATTCAGATGACCCAGAGCCCCAGCAGCCTGAGCGCCTCTGTGGGCGACAGAGTGA
CCATCACCTGTCGGGCCAGCGAGAGCGTGGACAACTACGGCATCAGCTTCATGAACTG
GTTCCAGCAGAAGCCCGGCAAGGCCCCCAAGCTGCTGATCTACGCCGCCAGCAATCAG
GGCAGCGGCGTGCCAAGCAGATTTTCCGGCTCTGGCAGCGGCACCGACTTCACCCTGA
CCATCTCTAGCCTGCAGCCCGACGACTTCGCCACCTACTACTGCCAGCAGAGCAAAGAG
GTGCCCTGGACCTTCGGCCAGGGCACAAAGGTGGAAATCAAG
AGCGGCGGCAGCGGAGGCCCTAGAGCTGCCCCTGAAGTGTATGCCTTTGCCACCCCTG
AGTGGCCCGGCAGCCGGGATAAGAGAACACTGGCCTGCCTGATCCAGAACTTCATGCC
CGAGGACATCAGCGTGCAGTGGCTGCACAACGAAGTGCAGCTGCCCGACGCCAGACAC
AGCACCACCCAGCCCAGAAAGACCAAGGGCTCCGGCTTCTTCGTGTTCAGCAGACTGG
AAGTGACCAGAGCCGAGTGGGAGCAGAAGGACGAGTTCATCTGCAGAGCCGTGCACGA
GGCCGCCAGCCCTTCTCAGACAGTGCAGAGGGCCGTGTCCGTGAACCCCGAGTCTAGT
AGAAGAGGCGGCTGCTGA

Amino acid sequence:
QVQLVQSGAEVKKPGSSVKVSCKASGYTFTDYNMHWVRQAPG
QGLEWIGYIYPYNGGTGYNQKFKSKATITADESTNTAYMELSSL
RSEDTAVYYCARGRPAMDYWGQGTLVTVSS
GGGGSGGGGSGGGG
DIQMTQSPSSLSASVGDRVTITCRASESVDNYGISFMNWFQQKP
GKAPKLLIYAASNQGSGVPSRFSGSGSGTDFTLTISSLQPDDFA
TYYCQQSKEVPWTFGQGTKVEIK
SGGSGGPRAAPEVYAFATPEWPGSRDKRTLACLIQNFMPEDISVQWLHNEVQLPDARHSTT
QPRKTKGSGFFVFSRLEVTRAEWEQKDEFICRAVHEAASPSQTVQRAVSVNPESSRRGGC
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