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1 Summary
The suboptimal distribution of conventional therapeutic products, due to a
poor selectivity between malignant and normal organs, results in drug-related
toxicity that limits treatment dose, preventing escalation to a therapeutically
active regime. The development of more selective therapeutic agents is one
of the main goals of the modern pharmaceutical research.

A promising

strategy consists in the pharmacodelivery of a bioactive moiety (e.g., a
cytokine, drug, photosensitizer, radionuclide) to the site of the disease, while
sparing healthy tissue, thus enhancing the therapeutic index. Monoclonal
antibodies or antibody fragments, specific to disease-associated markers
overexpressed in the malignant environment, can be used as “vehicles” for
targeted delivery. Immunocytokines (i.e., cytokines fused to antibodies or
antibody fragments) allow the accumulation of a pro-inflammatory or antiinflammatory immunomodulatory protein at the site of disease, thus achieving
therapeutically

active

concentrations.

Unlike

other

armed

antibodies,

immunocytokines do not exhibit a direct damage to clearance related organs
(e.g., liver and kidney) and to the bone marrow.
In this thesis, the design, cloning, expression, as well as the in vitro and in
vivo characterization of novel antibody fusion proteins is described. The
murine immune modulators B7.2, TNF, IFNg, IL4 and different members of
the TNF superfamily were fused to the F8 antibody (specific to the
alternatively spliced extra-domain A of fibronectin, a marker of angiogenesis).
Murine B7.2 (CD86) is a co-stimulatory protein, which binds to CD28 and
CTLA-4 on T cells. The fusion of the extracellular portion of B7.2 to the F8
antibody resulted in the bifuctional F8-B7.2 construct, which retained a full
antigen and CTLA-4 binding activity in vitro. However, the fusion protein was
unable to target its cognate antigen in vivo, as demonstrated in quantitative
biodistribution studies using tumor-bearing mice.
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For a further investigation of targetable immune payloads, several different
members of the tumor necrosis factor superfamily were fused to the F8
antibody and tested in in vivo biodistribution experiments. Interestingly, even
payloads, which are structurally and functionally related, may display very
different pharmacokinetic and tumor targeting performance properties in vivo.
The immunocytokine F8-TNF was cloned, expressed and used for the therapy
of soft tissue sarcoma, a malignancy, which is particularly sensitive to the
action of tumor necrosis factor (TNF). The combination of F8-TNF with
doxorubicin, the first-line drug for this disease, led to complete and longlasting tumor eradication in two fully immunocompetent models of soft tissue
sarcoma. Doxorubicin, when used as single agent and at the recommended
dose, did not display any detecteble therapeutic effect in the two models.
Interestingly, mice that had been cured by the action of F8-TNF remained
tumor-free also after subsequent challenges with sarcoma cells, indicating
that the animals had accquired a protective and durable anti-tumor immunity.
Interferon gamma (IFNg) is one of the most important cytokines, capable of
profoundly affecting anti-cancer immunity and of inducing the expression of
anti-angiogenic mediators (e.g., IP10). Unlike the parental F8 antibody, the
immunocytokine F8-IFNg did not exhibit a preferential localization on tumors
in vivo, as evidenced by quantitative biodistribution studies. The use of
interferon gamma as payload was prevented by an in vivo trapping of the
corresponding fusion protein on cognate receptors. Surprisingly, this blockade
could be overcome by the administration of a sufficiently large amount of F8IFNg, without any detectable toxicity. The tumor targeting properties and anticancer activity were investigated in different syngeneic murine tumor models
including teratocarcinoma, soft tissue sarcoma and lung carcinoma.
Interleukin 4 (IL4) is a cytokine involved in the proliferation of immune cells
and the polarization of the immune environment towards a T helper type 2
response. The immunocytokine F8-IL4 was tested in mouse models of cancer
and chronic inflammation (e.g., psoriasis, rheumatoid arthritis). Targeting of
IL4 to the tumor neovasculature led to strong tumor growth retardation, but did
2

not lead to cures. The combination of F8-IL4 with F8-based tumor-targeting
immunocytokines containing IL2 or IL12 as bioactive moieties exhibited an
additive anti-tumor effect. In particular, the combination of F8-IL4 and F8-IL12
led to complete tumor eradication in mouse models of teratocarcinoma, colon
carcinoma and lymphoma.
When tested in models of skin inflammation resembling psoriatic lesions, F8IL4 reduced disease severity in two different fully immunocompetent mouse
models of skin inflammation. Additionally, F8-IL4 was able to selectively
localize to arthritic sites in vivo and exhibited a potent single agent activity in
the collagen-induced arthritis model in mice. Surprisingly, the combination
treatment of F8-IL4 with dexamethasone cured 100% of treated mice with
established arthritis. The F8-IL4 immunocytokine is particularly attractive for
future pharmaceutical development activities, not only because of its
unprecedented activity against inflammatory conditions, but also because of
its favorable safety profile. To our knowledge, F8-IL4 is the first
immunocytokine to display potent activity both in mouse models of cancer and
inflammation. The industrial development of a fully human F8-IL4 fusion
protein for the treatment of rheumatoid arthritis and other diseases is currently
in progress.
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2 Zusammenfassung
Die ungerichtete Verteilung von klassischen Arzneistoffen im Körper aufgrund
unzureichender Selektivität zwischen gesundem und krankem Gewebe kann
zu unerwünschten Arzneimittelnebenwirkungen führen, welche die Dosierung
des Heilmittels begrenzen. Daher ist die Entwicklung neuer zielgerichteter
Therapieoptionen eines der Hauptziele der modernen Arzneimittelforschung.
Ein vielversprechender Weg dieses Ziel zu erreichen, ist der gezielte
Transport von bioaktiven Stoffen (z.b. Zytokine, Arzneistoffe, Radionuklide)
direkt zum Ort der Erkrankung, wodurch gesundes Gewebe geschont wird.
Als Trägermolekül können intakte monoklonale Antikörper oder Fragmente
von Antikörpern verwendet werden, welche spezifisch in krankem Gewebe
überexpremierte Antigene erkennen. Immunozytokine, d.h. Fusionsproteine
bestehend aus einem Zytokin und einem Antikörper, erlauben die
zielgerichtete

Anreicherung

von

entzündungsfördernden

respektive

entzündungshemmenden Zytokinen am bevorzugten Wirkort. So können lokal
genügend hohe Wirkstoffkonzentrationen für eine Heilung erreicht werden
und gleichzeitig unerwünschte systemische Nebeneffekte reduziert werden,
die oft den Gebrauch rekombinanter Zytokine beschränken.
In dieser Arbeit wird die Entwicklung, Herstellung und Charakterisierung von
neuen Antikörperfusionsproteinen beschrieben, die auf dem Antikörper F8
und

den

murinen

Immunmodulatoren

B7.2,

IFNg,

IL4,

TNF

und

verschiedenen Mitgliedern der TNF Superfamilie basieren. Der humane
monoklonale Antikörper F8 erkennt spezifisch die alternative gespleisste
Extra-Domäne A von Fibronektin, einem Marker für Angiogenese.
Das co-stimulatorische Molekül B7.2 (CD86) bindet CD28 und CTLA-4 auf T
Zellen. Die Verbindung des extrazellulären Teils von B7.2 und dem Antikörper
F8, ergab das bifunktionale Fusionsprotein F8-B7.2, welches in in vitro
Experimenten seine Bindungsaffinität für die Antigene EDA und CTLA-4
beibehielt. In vivo Biodistributionsexperimente mit Tumor-tragenden Mäusen
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zeigten allerdings, dass das F8-B7.2 nach intravenöser Applikation nicht mehr
in der Lage war sich an seinem Antigen EDA im Tumor anzureichern.
Für die Untersuchung der Eigenschaften von Immunmodulatoren, die sich
mittels eines Antikörpers gezielt im erkranktem Gewebe anreichern lassen,
wurden systematisch mehrere Mitglieder der Tumor Nekrosis Faktor
Superfamilie

an

den

F8

Antikörper

angehängt

und

in

in

vivo

Biodistributionsstudien untersucht. Interessanterweise zeigte sich, dass selbst
bifunktionale Fusionsproteine, welche auf Ladungsproteinen basieren, die
strukturell

und

funktionell

verwandt

sind,

einzigartige

und

sehr

unterschiedliche pharmakokinetische Eigenschaften in vivo aufweisen.
Das Immunozytokin F8-TNF wurde hergestellt für die Untersuchung des
therapeutischen Nutzens von gezielt angereichertem Tumor Nekrosis Faktor
(TNF) in Weichteilsarkomen. Experimente in zwei immunkompetenten
Mausmodellen zeigten, dass die Therapie bestehend aus F8-TNF in
Kombination mit dem Standardmedikament Doxorubucin zu anhaltender
Heiligung führte. Doxorubicin als Monotherapie hatte keinen therapeutischen
Effekt. Überraschenderweise führte die Behandlung mit F8-TNF und
Doxorubicin zur Ausbildung einer protektiven Immunität.
Interferon gamma (IFNg) ist eines der wichtigsten Zytokine, welches in der
Lage ist anti-angiogene Faktoren zu induzieren und das Entkommen eines
Tumors

vor

der

körpereigenen

Immunantwort

zu

beeinflussen.

Biodistributionsexperimente mit F8-IFNg zeigten, dass obwohl der Gebrauch
von IFNg mit der unerwünschten Bindung an den IFNg-Rezeptor in gesundem
Gewebe assoziiert ist, dieses Hindernis durch die Anwendung von genügend
grossen Mengen des Fusionsproteins überwunden werden kann. Die gezielte
Anreicherung am Antigen-exprimierenden Tumor
Eigenschaften

von

F8-IFNg

wurden

in

und die therapeutischen
verschiedenen

murinen

Tumormodellen wie Teratokarzinom, Weichteilsarkom und Lungenkarzinom
untersucht.
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Interleukin 4 (IL4) hat mehrere biologische Funktionen einschliesslich der
Stimulation der Differenzierung von naiven CD4+ T Zellen zu Typ 2 T
Helferzellen. Das neu entwickelte Immunozytokine F8-IL4 wurde in
verschiedenen Mausmodellen von Krebs und chronisch entzündlichen
Erkrankungen wie Psoriasis und rheumatoider Arthritis getestet. Lokal hohe
Konzentrationen von IL4 führten zu einer signifikanten Verlangsamung des
Tumorwachstums. Kombinationstherapien mit Immunozytokinen basierend
auf IL2 respektive IL12 erzielten in mehreren Fällen eine vollkommene
Tilgung des Tumors. In Modellen entzündlicher Hauterkrankung, die
Merkmale von Psoriasis aufweisen, und in einem Model von rheumatoider
Arthritis, reduzierte F8-IL4 den Schweregrad der Erkrankung durch die
Beeinflussung lokaler Zytokin Konzentrationen. Überraschenderweise heilte
die

Kombinationstherapie

mit

dem

Immunozytokin

F8-IL4

und

dem

Glucocorticoid Dexamethason alle therapierten Mäuse von Arthritis.
F8-IL4 ist das erste Immunozytokine, welches heilsame Aktivität in
Mausmodellen von Krebs und Entzündung zeigt. Aufgrund des beispiellosen
therapeutischen Potenzials und des positiven Nebenwirkungsprofiles ist das
Immunozytokine F8-IL4 von besonderem Interesse für die Weiterentwicklung
durch die Pharmaindustrie. Derzeit wird an der industriellen Entwicklung einer
vollkommen humanen Version des Antikörperfusionsproteines gearbeitet.
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3 Introduction
3.1 Targeted antibody based therapy
3.1.1 Concept of targeted therapy
Targeted therapeutic drugs differ in their mechanism of action from
conventional drugs as they are expected to directly attack malignant factors
and cells (e.g., cell surface molecules, enzymes and signaling molecules),
while sparing healthy cells and organs. In principle there are multiple avenues
to achieve a therapeutic selectivity in vivo.
Considerable research efforts are being devoted to the development of
therapeutic agents, which preferentially act on tumors or at sites of
inflammation. Interventional strategies may include the use of small molecules
or monoclonal antibodies for the inhibition of disease relevant enzymes,
induction of apoptosis, inhibition of angiogenesis and modulation of the
immune environment. If a factor is crucially required by tumor cells (but not by
normal cells) for their growth, it would be conceivable to develop a selective
inhibitor for therapeutic intervention. A promising approach involves the use of
pro-drugs, i.e. inactive drug derivatives that are only activated by specific
enzymes or physiological conditions at the malignant site [1]. Furthermore,
monoclonal antibodies (mAbs), capable of recognizing a cell surface marker
or an effector molecule, may be used for direct cell killing, blocking cell-cell
interaction respectively clearing malignant factors from the site of disease.
Targeted drug delivery systems aim at achieving a preferential localization at
the site of disease, thus potentiating therapeutic activity and helping spare
normal tissue (Figure 1). Monoclonal antibodies are ideally suited as
“vehicles” for pharmacodelivery, as they can be produced against virtually any
target protein and as they can be loaded with a variety of effector moieties [2].
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Figure 1. Schematic representation of the targeted drug delivery concept.
After intravenous injection, the drug distributes through the bloodstream and,
shortly afterwards, it may diffuse into tissues or starts to be excreted. A nontargeted drug, devoid of specific binding to the tumor, typically distributes in
the body, while only a small percentage reaches the malignant mass and
remains there. By contrast, a targeted drug capable of binding to the tumor,
may selectively home to the malignant mass after the initial distribution phase,
helping spare healthy tissue.

3.1.2 Antibodies
3.1.2.1 Overview
Antibodies or immunoglobulins (Ig) are glycoproteins capable of recognizing
certain target molecules called antigens. Naturally occurring antibodies are
produced by B cells and plasma cells as components of the humoral immune
system. The binding of an antibody to its cognate antigen may lead to a
functional neutralization (e.g., by blockade of the active site or by antigen
sequestering and removal) or may mark a target cell (e.g., a virally infected
cell, a tumor cell, a pathogenic microorganism) for attack and removal by the
component system or by specialized leukocytes.
The Y shaped structure of an antibody consists of four polypeptide chains:
two light chains and two heavy chains (Figure 2). Each heavy or light chain
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contains a variable domain (VH and VL, respectively) and a certain number of
constant domains (CH and CL, respectively). Non-covalent interactions and a
covalent disulfide bond link one light chain to a heavy chain. Two antigenbinding fragments (Fab) are linked by a flexible hinge region to a constant
region also called crystallizable fragment (Fc). The antigen binding sites are
located on the variable domain consisting of six hypervariable regions also
called complementary determing regions (CDRs).

V

VH

CL

Fv

H

C

1
CH

H

1

VL

Fab

VL

C

L

CH2

CH2
Fc

CH3

CH3

Figure 2. Two light chains (L) and two heavy chains (H) assemble to an
immunoglobulin (Ig). Light chains are composed of a constant domain CL and
a variable domain VL. Heavy chains are composed of three constant domains
CH1, CH2 and CH3 and a variable domain VH. The two heavy chains are linked
by disulfide bonds in the hinge region. Interdomain disulfide bonds also attach
the light chains to the heavy chains.
Antibodies can be grouped in several classes depending on their mode of
antigen interaction, their location and the sequence of the constant region of
the heavy chains. In mammals, five isotypes can be found:
! IgA (which prevents colonization of pathogens found in mucosal
areas)
! IgD (an antigen receptor on immature B cells of unknown function)
! IgE (an isotype useful for protection against parasitic worms, but also
responsible for allergic reactions)
! IgG (the most abundant isotype in blood, important for the protection
against invading pathogens)
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! IgM (the earliest component of a humoral response, capable of potent
complement activation).
3.1.2.2 Mechanism of action
Antibodies may act by different modes of action:
! Blockade and neutralization of specific molecules (e.g., cytokines,
growth factors, toxins)
! Opsonisation of pathogens and particles for phagocytosis by
phagocytic cells
! Antibody dependent cellular cytotoxicity (ADCC)
! Complement dependent cytotoxicity (CDC)
Antibody dependent cellular cytotoxicity (ADCC) is a mechanism of cellmediated immune defense and part of the adaptive immune response.
Effector cells, carrying Fc receptors, are able to be recruited by antibodies
bound on the surface of a target cell by interaction with the Fc fragment,
triggering a subsequent activation event, which may result in the death of the
target cell. Naturally occurring antibodies specifically recognize abnormal
antigens on compromised cells and mediate lytic events, therefore limiting an
infection. Classical ADCC is mediated by natural killer cells (NK), which
express Fc!RIII (CD16). However, also macrophages, neutrophils and
eosinophils are involved in ADCC mediated host defense. Large parasites,
like helminthes, are too big to be engulfed and killed by phagocytosis. They
have an external surface, which is resistant to attack by substances released
by neutrophils and macrophages. However, IgE, recognizing certain surface
antigens on these pathogens, can be bound by the Fc"RI on eosinophils. The
Fc receptor crosslinking triggers the release of cytokines, perforin and
granzymes from the cytolytic granules and leads to the lysis of the target cell
or organism.
Complement dependent cytotoxicity (CDC) is another cell-killing mechanism
directed by antibodies, which can be initiated by the binding of the
complement component C1q to the Fc region of target cell-bound IgG or IgM.
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A high antibody density on the surface of the target cell is often necessary for
the activation of C1q. This binding event triggers a series of proteolytic
cleavage events, involving several different complement components and
eventually resulting in the formation of the membrane attack complex (MAC),
which creates pores in the membrane of the target cell and induces cell lysis.
3.1.2.3 Intact antibodies for pharmaceutical applications
The first antibody therapeutics were obtained from large animals by
immunization with the pathogenic agent of interest and subsequent
immunoglobulin isolation from blood. The introduction of the mouse
hybridoma technology [3] enabled the formation of rodent-derived monoclonal
antibodies (i.e., antibodies of single specificity, derived form a single B cell).
However, murine antibodies showed a shorter circulating half life in human in
contrast to human mAbs, due to the lack of the interaction with salvage
receptor FcRn. Additionally, murine mAbs mediate only a weak interaction
between the Fc domain and the complement system and Fc-gamma
receptors of the patient. More critically, repeated administrations of rodentderived immunoglobulins are immunogenic to the patient as a human antimouse antibody response is typically raised. This event may lead to a rapid
clearance of the murine antibodies and, more dangerously, to severe and
possibly fatal hypersensitivity reactions. To address these issues, chimeric
and humanized antibodies were developed. Chimeric antibodies, which
contain the murine antibody variable region fused to the human constant
region, can be generated by genetic engineering. Humanized antibodies can
be generated by CDR grafting of the antigen binding regions onto a human
immunoglobulin

framework

[4],

by

immunization

of

transgenic

mice

expressing human antibodies [5] or by antibody phage display technology [6].
Full antibodies exhibit their pharmaceutical action either by direct clearing of
soluble factors through binding, by interaction with the immune system
through ADCC or CDC via the Fc portion, by altering signal transduction in the
target cell or by elimination of a critical cell surface marker (Figure 3) [7-10].
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Figure 3. Functions of monoclonal antibodies. Adapted from Hansel et al.
(2010) [11].
The following table (Table 1) lists a selection of currently approved antibodies
for the therapy and prophylaxis of cancer and inflammatory diseases.
Target
CD20

Her2

Agent

Trade name
ONCOLOGY
®
rituximab
Rituxan ,
®
Mabthera
®
ofatumumab
Arzerra
®
trastuzumab
Herceptin
®

Approved indication
NHL, chronic lymphocytic
leukemia
chronic lymphocytic leukemia
breast cancer, gastric cancer
(Her2-positive malignancies)
breast cancer (Her2-positive
malignancies)
colorectal cancer
colon cancer, head and neck
cancer
colon cancer, non-small lung
cancer, gliobalstoma, kidney
cancer
melanoma
chronic lymphocytic leukemia

pertuzumab

Perjeta

EGFreceptor

cetuximab
panitumumab

Erbitux
®
Vectibix

VEGF-A

bevacizumab

Avastin

CTLA-4
CD52

ipilimumab
alemtuzumab

TNF

adalimumab

Yervoy
®
Campath ,
®
Lemtrada ,
®
MabCampath
INFLAMMATION
®
rheumatoid arthritis, moderate to
Humira
severe chronic psoriasis, psoriatic
arthritis, ulcerative colitis, Crohn’s
disease, ankylosing spondylitis,
juvenile idiopathic arthritis
®
rheumatoid arthritis, psoriatic
Simponi
arthritis, ankylosing spondylitis
®
rheumatoid arthritis, psoriasis,
Remicade
psoriatic arthritis, ulveratice colitis,
Crohn’s disease, ankylosing
spondylitis

golimumab
infliximab

®

®

®
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®

IL1beta

canakinumab

Ilaris

IL6 receptor

tocilizumab

Alpha4integrin
VEGF-A

natalizumab

RoActemra
®
Actemra
®
Tysabri

p40
(IL12/ IL23)
IgE

ustekinumab

IL2

daclizumab

CD3

muromomab

RANKL

denosumab

C5
complement
protein
Respiratory
syncytial
virus

eculizumab

ranibizumab

omalizumab

pavlizumab

®

cryopyrin-associated periodic
syndrome, active systemic
juvenile idiopathic arthritis
rheumatoid arthritis, systemic
idiopathic arthritis
multiple sclerosis

®

neovascular (wet) age-related
macular degeneration
®
moderate to severe plaque
Stelara
psoriasis
®
moderate to severe persistent
Xolair
asthma
OTHER INDICATIONS
®
prevention of acute kidney
Zenapax
transplant rejection
Orhtoclone
reversal of acute kidney transplant
®
rejection
OKT3
®
osteoporosis in postmenopausal
Prolia
women
®
paroxysmal nocturnal
Soliris
hemoglobinuria
Lucentis

Synagis

®

prophylaxis of lower respiratory
tract disease caused by syncytial
virus in pediatric patients

Table 1. Naked monoclonal antibodies approved for therapy and prophylaxis.
Based on Sliwkowski et al. (2013) [8], Hansel et al. (2010) [11] and Walsh et
al. (2010) [10].
Monoclonal antibodies have the potential to exhibit high binding affinity
towards virtually any antigen. However, the pharmaceutical activity of certain
monoclonal antibodies may be limited by an insufficient penetration of the
intact antibody into the diseased tissue.
3.1.2.4 Antibody fragments
IgG molecules exhibit a long circulatory half-life in blood, by a recycling
mechanism, which involves a transient interaction with the neonatal Fc
receptor (FcRn) [12]. As a consequence of their high molecular weight (e.g.,
150 kDa for an IgG), monoclonal antibodies show a relatively poor diffusion
from the vasculature into tissues (e.g., into the tumor mass). Antibody
fragments, which contain the variable regions and therefore retain affinity
towards the antigen have been considered as alternative to conventional
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antibodies (Figure 4). Antibody fragment formats are smaller than IgG in size
and vary in stability, clearance from the bloodstream and disease targeting
performance.
The single chain Fv (scFv) antibody fragment incorporates the variable
domains of an antibody in a single polypeptide chain. The variable heavy (VH)
and variable light (VL) domains are linked by a flexible polypeptide linker [13].
This antibody fragment, which can be assembled using recombinant DNA
technology, retains the binding affinity towards the antigen, but being
monovalent, does not display the same binding avidity of the parental full
immunoglobulin. Due to its smaller size (27 kDa), the scFv molecule diffuses
more rapidly and easily from the blood vessel into perivascular structures are
the tumor site (i.e., extravasation), but also undergoes a rapid renal clearance
compared to the full immunoglobulin. A short linker consisting of just 3 to 12
amino acids between the the VH and the VL, abrogates binding of the VH to the
VL of the same polypeptide chain and forces the binding to a VL of a second
scFv molecule. A non-covalent dimer, called diabody (54 kDa), is formed
[14]. In contrast to a monomeric scFv, the diabody is potentially capable of
binding simultaneously to two antigens, therefore improving targeting
performance while still being cleared rapidly from the blood stream.
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Figure 4. Schematic representations of antibody molecules, ranging from the
single-chain Fv fragment to the fully IgG.
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The small immune protein (SIP) is a further recombinant antibody format of
pharmaceutical interest, which consists of an scFv fused to a #CH4 domain of
a human IgE, which can form disulfide-linked homodimers. Due to its
molecular weight of 75 kDa, which lies above the renal filtration threshhold,
the SIP is cleared more slowly from blood than a scFv, but more rapidly than
a full IgG.
3.1.3 Vascular targeting
3.1.3.1 General concept
Antibody-based vascular targeting can be defined as the targeted delivery of a
suitable binding molecule (e.g., an armed antibody) to a marker expressed in
or around blood vessels in a tissue or diseased structure of interest. Tissue
remodeling and the formation of new blood vessels represent crucial steps in
the progression of many relevant diseases. For this reason, accessible
antigens in the stroma and in the neovasculature at sites of cancer or of
chronic inflammation may represent ideal targets for biomedical intervention.
Such targets may have the advantage of being stable, abundant and easily
accessible from the bloodstream. Importantly, new blood vessels are rarely
formed in the healthy adult, while they represent a characteristic feature of
aggressive malignancies and of other serious conditions, such as rheumatoid
arthritis, psoriasis, atherosclerosis, endometriosis and certain blinding ocular
diseases [15-18].

Figure 5. Schematic representation of antibody-based vascular targeting.
Intravenously injected antibodies distribute trough the bloodstream to the
tumor and bind either to antigens expressed on endothelial cells or in the
perivascular space. Adapted from Neri & Bicknell (2005) [17].
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A vascular targeting agent is often administered by intravenous injection. In
tumors, it may home to a cognate target, which is located either on the
endothelial cells or in the perivascular space (Figure 5). Vascular targeting
strategies fundamentally depend on structural and molecular differences of
the endothelium or the surrounding stroma in diseased tissues, compared to
normal organs. Vascular targets for pharmaceutical applications include
proteins expressed on endothelial cells at the site of disease or in the
modified surrounding stroma. So far, a number of markers of angiogenesis
have been described, including endothelial membrane proteins and tumor cell
markers (e.g., annexin A1, CD44 splice isoforms, endoglin, certain intergrins,
nucleolin, phosphatidyl serine phospholipids, prostate-specific membrane
antigen, vascular endothelial growth factors and their receptors). In addition,
certain splice isoforms of extracellular matrix components (e.g., extra-domains
of fibronectin and of tenascin-C) have exhibited a considerable potential for
pharmacodelivery applications in cancer and in other diseases [16, 17].

In general, in vivo targeting efficiency depends on many parameters, including
target abundance, selectivity and accessibility, as well as on properties of the
delivery “vehicle” (e.g., binding kinetics, affinity, pharmacokinetics) [15].
3.1.3.2 Extra-domains A and B of fibronectin (EDA and EDB)
Markers on the luminal surface of vascular endothelial cells are the most
readily accessible targets for ligands administered into systemic circulation,
but may be in low abundance, thus allowing only a small quantity of ligand to
accumulate at the site of disease. In contrast, some components of the
perivascular extracellular matrix can be very abundant and very stable, both
from a chemical viewpoint and in terms of the mutation potential of the
producing cells (e.g., endothelial cells and fibroblasts, compared to cancer
cells).
The high molecular weight glycoprotein fibronectin is one of the most
abundant proteins in blood and in tissues. Fibronectins are present as soluble
dimers in plasma and in other body fluids and as less soluble cellular
fibronectin, namely disulfide cross-linked fibrils, in the extracellular matrix [19].
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Multiple forms exist as the polypeptide chains are produced from a single
gene by post translational modification and alternative splicing of the premRNA in three regions: the extra-domain A and B (EDA respectively EDB)
and IIICS (Figure 6).
The EDA and EDB isoforms of fibronectin are virtually undetectable in the
normal adult organs and tissues (exception made for the placenta, the
endometrium in the proliferative phase and some vessels in the ovaries [20,
21]), while being abundantly expressed in the neo-vasculature and stroma of
many different tumors and at sites of chronic inflammation.
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Figure 6. Schematic representation of the domain structure of fibronectin. The
alternativly spliced extra-domains A and B are recognized by the antibodies
F8 respectivley L19. Figure adapted from Neri & Bicknell (2005) [17].
For functional analysis, EDA- and EDB-deficient mice were generated. EDB
knock-out had no impact on development or fertility and EDB-deficient mice
showed no apparent changes in phenotype, as they were fertile and could
develop tumors [22]. However, fibroblasts isolated from these mice grew
slower in vitro and had less fibronectin in the pericellular matrix than wild-type
fibroblasts. Similarly, EDA-deficient mice exhibited no development or fertility
abnormalities compared to wild-type mice, but only an abnormal wound
healing phenotype in the skin. A double knockout of EDA and EDB led to
embryonic lethality, due to multiple severe cardiovascular defects, suggesting
that the two proteins may display an important, yet redundant, vascular
function [23].
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The EDA domain of fibronectin has only three mutations from mouse to man,
while EDB is completely conserved across species. The generation of
monoclonal antibodies specific to EDB fibronectin has been difficult, probably
because of tolerance. However, the use of large synthetic antibody repertoires
allowed to circumvent this problem and yielded the fully human antibodies F8
and L19, specific to EDA and EDB, respectively [21, 24]. The tumor targeting
properties of these antibodies have been documented in several mouse
models of cancer and in cancer patients [25-38]. Additionally, F8 and L19
have been shown to target sites of inflammation in rheumatoid arthritis,
endometriosis and psoriasis [20, 39, 40].
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3.2 Armed antibodies
3.2.1 Principles and concept
There is a considerable interest in using antibodies for pharmacodelivery
applications, due to their ability to preferentially accumulate at the site of
disease compared to normal tissues. “Armed” antibodies consist of a suitable
payload effector molecule (e.g., a drug, a cytokine or a radionuclide), coupled
to an intact antibody molecule or to an antibody fragment (Table 2). The use
of armed antibody products promises to increase the in vivo potency of
therapeutic agents, while sparing normal tissues [2].
Most types of armed antibodies present a direct covalent linkage between the
payload and the antibody molecule, used as delivery vehicle. A special type of
armed antibody products (bispecific antibodies) contain a second antibody
unit, capable of recruiting effector cells at the site of disease, as effector
moiety. Alternatively, antibody-enzyme fusion proteins could be used for the
activation of a pro-drug into the corresponding drug (ADEPT). Whenever
pharmacokinetic properties of conventional antibodies are not ideal for the
intended pharmaceutical applications, “pre-targeting” strategies could be
considered, whereby bifunctional antibody-based proteins may be used to
capture at the site of disease a small molecule (hapten), which is typically
administered at a later time point. An extreme functionalization strategy for
antibodies may be represented by their coupling to T cells to generate
Chimeric Antigen Receptors (or “CARs”). The fusion of antibodies to T cells is
mediated by suitable transmembrane domains, equipped with intracellular
signaling modules, which may convert an antibody-binding event in a potent T
cell activation.
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Classes of armed antibodies
radiolabeled antibodies for radioimmunotherapy or imaging
antibody-drug conjugates
antibody-photosensitizer conjugates for immunophotodynamic therapy
antibody-fluorophore conjugates for imaging
antibody-cytokine fusions, i.e. immunocytokines, for therapy
antibody-enzyme fusions for antibody directed pro-drug therapy (ADEPT)
bispecific antibodies for cell recruitment or pretargeting approaches
antibody-transmembrane domain-endodomain fusions grafted on T cells, i.e.
chimeric antigen receptors (CARs)
antibody-liposome constructs carrying a payload, i.e. immunoliposomes

Table 2. Currently investigated classes of armed antibodies.
3.2.2 Radiolabeled antibodies
The oldest class of armed antibodies, radiolabeled antibodies, is used to
deliver a radionuclide to malignant lesions. As such, this pharmacodelivery
strategy may be considered a refined form of targeted radiotherapy.
Depending on the radiation emitted by the payload, radiolabeled antibodies
may be used for therapy and/or imaging purposes. Conventionally, a diseasetargeting antibody is labeled directly or through a chelating agent with a
radionuclide. Beta emitters (e.g.,
211

At,

213

Bi,

223

Ra,

149

Tb or

227

131

I,

177

Lu or

90

Y), alpha emitters (e.g.,

Th) or Auger electron emitters (e.g.,

125

I or

225

Ac,

111

In)

have been considered for oncological applications. To improve selectivity, a
pretargeting approach can also be applied, featuring the administration of a
bispecific antibody capable of selective tumor homing. When a sufficient
amount of unbound antibody has been cleared from the bloodstream, a
radiolabeled small molecule is injected, which is recognized and retained by
the

bispecific

antibody

at

the

site

of

disease.

Currently,

two

radioimmunoconjugate products are approved for clinical use in oncology:
Zevalin® (90Y-irbitumomab tiuxetan) and Bexxar® (131I-tositumomab). These
products are indicated for the treatment of relapsed or rituximab-unresponsive
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CD20-positive, low grade or follicular B-cell Non-Hodgkin lymphoma (NHL),
malignancies which are typically very radiosensitive [2, 41].
3.2.3 Bispecific antibodies
Bispecific antibodies are antibody-antibody fusion proteins with dual antigenbinding specificities. They can be generated by co-expression in hybrid
hybridoma (“quadroma” technology), by chemical linkage or by genetic fusion
of multiple antibody moieties. The majority of bispecific antibodies are based
on the IgG format, allowing the Fc portion to exert its biological activities, thus
de facto giving rise to multifunctional products. Clinically investigated formats
based on the full IgG include the “TriomAb”, the “CrossmAb”, the “knobs-into
holes” and the “Two-in-One”. All these strategies attempt at solving a basic
problem related to the production of IgG-based bispecifics, namely the
generation of homogenous heterodimeric structures, with low levels of
homodimeric antibody side-products. In addition to IgG-based agents, small
antibody fragments can also be used for the construction of multispecific
antibodies. Fragment-based bispecific antibody formats include the ones
generated by BiTe®, TandAb®, DART® and “Dock-and-Lock” technologies [2,
42, 43].
3.2.4 Antibody-drug conjugates
Antibody-drug conjugates (ADCs) are chemically modified antibody products,
designed to improve the therapeutic index of a cytotoxic drug which is coupled
to an antibody capable of selective localization at the site of disease (in most
cases, on tumors). This strategy may allow the use of highly potent drugs,
which would otherwise be too toxic, if they are not selectively delivered
directly to the neoplastic mass. Antibody binding to its cognate antigen on the
tumor cell can lead to internalization of the antibody-antigen complex and to
the subsequent intracellular release of the drug (internalizing ADC).
Alternatively, the antibody may release the drug outside the cell (noninternalizing ADC). In order to achieve optimal therapeutic activity, ADCs may
have to be engineered for optimal antigen-antibody interaction, drug
conjugation chemistry, serum stability and drug release mechanism [2, 44,
45].
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3.2.5 Antibody-cytokine fusion proteins (Immunocytokines)
Some recombinant cytokines (e.g., IL2, interferons, TNF) are often used in
pharmacotherapy, but these agents typically achieve curative or disease
stabilizing effects when administered directly at the site of dieses at high local
concentrations. Systemic application of potent pro-inflammatory cytokines
often leads to severe side effects and to unacceptable toxicities, therefore
preventing dose escalation to therapeutically active regimens. The fusion of
disease-targeting antibodies with cytokines ("immunocytokines") holds a
substantial therapeutic potential, since the therapeutic index increases if the
cytokine can accumulate at the site of disease, while sparing healthy tissues.
anti-inflammatory

pro-inflammatory

IL10

IL7
IL17

IL18

other
immunomodulatory
mechanism

IL6

IL2
IL12

cytotoxic

IL15
IFNg

TNF
FasL

TRAIL

IL4

IFNa

GM-CSF

Figure 7. Cytokine payloads, which have been used for immunocytokine
development. The classification of a payload to a given mechanism of action
is somewhat arbitrary, since cytokines may display multiple activities. For
example, TNF is able to induce direct tumor cell death, but is also a potent
pro-inflammatory agent.
A number of cytokines have been used for the production and in vivo testing
of armed antibody products, including IL2, IL4, IL6, IL7, IL10, IL12, IL15, IL17,
IL18, GM-CSF, IFNa, IFNg, TNF, TRAIL and FasL (Figure 7) [46-48].
Structurally, the immunomodulatory moiety may be fused genetically or by
chemical conjugation either to a full IgG or an antibody fragment (e.g., scFv,
diabody, Fab, SIP). The choice of antibody format is also influenced by the
cytokine itself, as not all cytokines consist of a single monomeric protein
domain, such as IL2, IL4, IL6, IL7, IL15, IL18 and GM-CSF. Some cytokines
are composed as homodimeric (e.g., IL10, IL17, IFNa, IFNg), heterodimeric
(e.g., IL12), homotrimeric (e.g. TNF, TRAIL, FasL) or even heterotrimeric
(e.g., lymphotoxin alpha/beta) (Figure 8). The choice of antibody format
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influences the size, the binding avidity and the in vivo pharmacokinetic
performance of the corresponding immunocytokine [46, 47, 49].
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Figure 8. Immunocytokine formats based on cytokine monomers,
homodimers, homotrimers, heterodimers, heterotrimers and on two different
cytokines. The antibody moiety (in different formats, ranging from scFv to IgG)
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is depicted in green. The names correspond to products belonging to this
class, which have been produced and tested in vivo.
3.2.6 Targeting properties of antibody products
The success of armed antibodies is highly dependent on their biodistribution
properties, as considerable differences can be observed in vivo, in relation to
the choice of formats and payloads. In principle, we cannot assume a priori
that an antibody derivative will retain the disease homing properties of the
parental antibody molecule, after conjugation with an immune modulator. Not
all payloads can be efficiently delivered to the site of disease, as various
molecular mechanisms may interfere. Insufficient extravasation, rapid
clearance or receptor trapping may substantially reduce the targeting
properties of the parental antibody. For example, an insufficient extravasation
rate has been reported when highly charged payloads (e.g., Calmodulin [50],
VEGF-164 [51] and HIV-1 TAT peptides [52]), payloads of excessive size [30]
and payloads prone to receptor trapping (e.g., IFNg [53]) were used.
The fusion of a cytokine to an antibody moiety may increase the cytokine halflife as the resulting molecular weight is larger than the renal filtration threshold
(approx. 70kDa) and as other processes (e.g., FcRn binding) may be
operational. To the other extreme, however, cytokine fusion may lead to a
decreased antibody half-life in blood (e.g., when the cytokine moiety is
extensively glycosylated). In some cases, a structural modification of the
cytokine as a result of its fusion to the antibody molecule may influence
biological activity. For example, receptor binding may be impaired due to
incorrect folding, steric hindrance or loss of crucial interactions (e.g., the ones
associated with a positively charged N-terminal residue).
The disease homing properties of armed antibodies are best assessed using
imaging procedures or biodistribution studies. In small rodents, imaging
experiments using near-infrared dyes, quantitative biodistribution experiments
with radiolabeled protein preparations and small animal PET studies may be
considered for targeting validation purposes. In patients, SPECT and PET
nuclear medicine procedures are frequently used. ImmunoPET (i.e., the use
of an antibody, labeled with a positron emitting radionuclide, in PET imaging
25

procedures) is becoming increasingly used, in order to study the preferred
dose, schedule and disease indication for pharmaceutical development
programs. These imaging techniques are often able to provide important
information in relation to receptor (target) saturation and uptake in normal
organs and at sites of disease. In the future, it should be possible to predict
toxicity profiles and to select patients, who are most likely to benefit from
treatment.
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3.3 Cancer
3.3.1 Angiogenesis in cancer
Angiogenesis can be defined as the growth of new blood vessels, which are
formed from pre-existing vessels. It is an essential process in growth and
development.
When new vessels are formed by sprouting angiogenesis, certain angiogenic
factors (e.g. FGF, VEGF) activate receptors on endothelial cells. Proteases
are released and degrade the basement membrane, allowing endothelial cells
to escape from the parent vessel walls and proliferate into the surrounding
matrix, forming solid sprouts and connecting neighboring vessels. Sprouts
extend toward the source of the angiogenic stimuli and endothelial cells
migrate in tandem, using adhesion molecules called integrins. These sprouts
then form loops to become a full-fledged vessel lumen as cells migrate to the
site of angiogenesis. While sprouting enables new vessels to grow across
gaps in the vasculature by forming entirely new vessels, splitting angiogenesis
leads to the extension or the capillary wall into the cell lumen and the resulting
division of a single vessel in two vessels.
In the healthy adult, endothelial cells are usually quiescent and angiogenesis
is only triggered locally and transiently during distinct processes, e.g. wound
healing, hair growth, inflammation and the female reproductive cycle.
However, angiogenesis may contribute to disease progression in pathological
conditions.
In cancer, angiogenesis is a fundamental step in the transition from the
benign to the malignant state of tumors. Pre-vascular tumors are rarely larger
than 2 mm2 as limited diffusion of oxygen and nutrients hinders their growth
[54]. The tumor mass is only able to expand, invade in the surrounding tissue
and form metastases after a process called the angiogenic switch [55]. New
vessels in tumors are formed as a response to a hypoxic environment and the
up-regulation of pro-angiogenic factors, e.g. vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF) and nitric oxide synthase
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(NOS) [54, 56-58]. Due to an imbalance between pro- and anti-angiogenic
factors, the tumor vessel structure highly differs from normal blood vessels.
The tumor vasculature is often irregular in shape, displays an increased
vascular permeability, as well as a high rate of endothelial cell proliferation
and poor differentiation. Tumor vessels are highly disorganized, leaky, thinwalled and irregular in diameter what causes a high interstitial pressure within
the tumor and an inefficient and irregular blood flow [16-18].
3.3.2 Clinical stage immunocytokines for the treatment of cancer
3.3.2.1 IL2-based immunocytokines
Interleukin 2 (IL2) is naturally produced by T cells and stimulates the
proliferation of T cells, B cells, monocytes and NK cells. Recombinant IL2 is
approved as aldesleukin (Proleukin®) for the treatment of renal cell carcinoma
and melanoma and is able to mediate complete responses in approximately
10% of patients. However, substantial toxicities such as the capillary leak
syndrome, hypotension, fever, nausea and malaise limit the patient population
[59-62]. Recombinant IL2 may be administered in high dose regimes of up to
720’000 IU/kg i.v. every 8 h or in low-dose regimes (e.g., 72’000 IU/kg i.v.
every 8 h or 125’000 IU/kg s.c. 5 days/week for 6 week cycles). Clinical trials
report on a higher overall and complete response rate in the high-dose arm,
but at the expense of increased numbers of grade III/IV toxicities [60, 63-65].
To facilitate accumulation of the cytokine only at the site of disease,
immunoctokines based on IL2 and antibodies directed against erbB2, CEA,
TAG72, EpCAM, MUC1, MK-1, folate receptor, CD30, CD3, tenascin-C and
the EDA and EDB domain of fibronectin were generated. Currently, there are
several IL2-based immunocytokines in the clinic: L19-IL2 (darleukin), F16-IL2
(teleukin), Hu14.18-IL2 (EMD 273063), NHS-IL2-LT (selectikine) [46, 66].
L19-IL2 is currently being investigated for the treatment of melanoma and
pancreatic cancer and is well tolerated at the recommended dose of 22.5 Mio
IU/day when administered by infusion over 1 hour [27]. F16-IL2 is being
developed for the treatment of breast and lung cancer with a maximal
administered dose of 25 Mio IU /injection in combination with doxorubicin and
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paclitaxel [66]. The MTD of Hu14.18-IL2 and NHS-IL2-ILT was determined at
7.5 mg/m2/day and 0.6 mg/kg, respectively, with grade III dose limiting
toxicities [67-69].
3.3.2.2 IL12-based immunocytokines
The heterodimeric cytokine interleukin 12 (IL12), consisting of the p40 and the
p35 subunits, is involved in the activation of NK cells and effector T cells, the
induction of the differentiation of naïve T cells to TH1 cells and the production
of IFNg. IL12 is playing a major role in the induction of a type 1 cell-mediated
immune response and displays anti-tumor activity in animal models and in
patients. However, systematic administration of recombinant IL12 has been
associated with severe toxicities and an MTD of 0.5 µg/kg/day has been
established [70-72]. Several IL12-based immunocytokines have been
developed, using the antibody in scFv format or as an IgG. Since IL12 is
heterodimeric, several subunit arrangements can be considered. For
example, the IL12 moiety can be produced as a single polypeptide,
connecting the p40 and p35 subunits by a peptide linker. Alternatively, the two
subunits can be separately fused to different antibody structures and allowed
to form heterodimers through a mixed disulfide formation. IL12-based
immunocytokines specific to Her2, CD30, EDA and EDB have previously
been reported. To our knowledge, NHS-IL12 (hTNFT3-IL12) and BCI-IL2
(ASI409) are the only two products which have been tested in clinical trials,
for the treatment of renal cell carcinoma and of malignant melanoma,
respectively [46, 66].
3.3.2.3 TNF-based immunocytokines
Tumor necrosis factor (TNF) is a homotrimeric molecule exhibiting pleiotropic
functions, including effects on local inflammation and on endothelial
properties, as well as inhibition of anticoagulatory mechanisms and the
promotion of thrombotic processes. A potent antitumor activity may be
mediated by endothelial activation, leading to the destruction of small blood
vessels within malignant tumors. However, the targeted delivery of TNF may
also strongly activate the immune system, boosting the activity of anti-tumoral
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CD8+ T cells and of NK cells. The systemic use of TNF for cancer therapy is
however limited by severe toxicities. The MTD for recombinant TNF was
found to be 300 $g/m2, following intravenous administration [73]. The product
has received marketing authorization only for a locoregional treatment
modality (isolated limb perfusion for inoperable sarcoma lesions) [73-80].
Currently, only two TNF-targeting fusion proteins are in clinical development,
NGR-TNF [81] and the anti-EDB scFv fusion protein L19-TNF [82, 83].
3.3.3 Soft tissue sarcoma
3.3.3.1 Overview
Soft tissue sarcomas are malignant tumors, which originate in the soft tissues
of the body, such as muscle, fat, blood vessels, nerves, tendons and the
synovial tissues. A large variety of soft tissue sarcomas can occur in these
areas. Sarcomas in general are rare, but they represent 15% of tumors in
children [84].
Although there are various types of soft tissue sarcoma, they generally share
similar characteristics, produce similar symptoms and are treated in similar
ways. For small and localized tumors, surgery and radiation may represent a
curative option, but safety margins of healthy tissue are typically also resected
in surgical procedure, in order to minimize the risk of recurrence. However, up
to 50% of patients will have tumors that recur at distant sites and the
overwhelming majority of these patients will ultimately die from the disease
[85, 86].
3.3.3.2 Conventional therapy for sarcoma
Small tumors of the limbs may be treated with surgery alone. For larger
tumors, radiation therapy is sometimes given after surgery to lower the
chance that the cancer will come back. If the tumor is not in a limb (e.g., in the
head, neck or abdomen), removing the entire tumor with enough normal
tissue around it can be difficult or not feasible. To shrink these tumors enough
to be able to remove them by surgery, radiation and/or chemotherapy is used.
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High-grade tumors that grow and spread quickly are also surgically removed
with or without pretreatment of chemotherapy and radiation. Large tumors in a
limb may be treated with chemotherapy given by isolated limb perfusion. In
some cases, amputation of the limb is needed to remove the entire tumor.
However, if the sarcoma has spread to distant sites, patients are very rarely
cured [86-88].
The most commonly used chemotherapeutic agent for soft tissue sarcoma is
doxorubicin (Adriamycin®), often combined with ifosfamide (Ifex®). If this
combination has no effect or stops to work, gemcitabine (Gemzar®) and
docetaxel (Taxotere®) may be given. Patients with angiosarcomas may also
benefit from paclitaxel (Taxol®) or docetaxel with vinorelbine (Navelbine®).
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3.4 Chronic inflammation
3.4.1 Psoriasis
3.4.1.1 Overview
Psoriasis is a chronic inflammatory disease that affects approximately 2-3% of
the population. The pathophysiology appears to be influenced by genetic and
immune-mediated components. In addition, several drugs (beta-blockers,
lithium, synthetic antimalarial agents, inhibitors of tumor necrosis factor and
tetracyclines) may trigger psoriasis [89]. The disease is characterized by a
hyperproliferation of the epidermis with pre-mature keratinocytes and
incomplete cornification called parakeratosis. The affected skin shows
vascular engorgement due to superficial blood vessel dilation and epidermal
hyperplasia, with an accelerated cell turnover rate (from 23 d to 3-5 d).
Additionally, the affected epidermal cells fail to release lipids. Subsequently, a
poorly adherent stratum corneum is formed and the high mitotic rate of the
basal keratinocytes causes raised, well-demarcated, erythermatous oval
plaques with flaking, scaly features resembling silver scales.
The epidermis and dermis is characterized by a high degree of infiltrating
immune cells, such as dendritic cells, macrophages, neutrophils and T cells.
Myeloid dermal dendritic cells are increased in psoriatic lesions and induce
autoproliferation of T cells as well as production of type 1 helper T cell (Th1)
cytokines. Histologic examination and immunohistochemical staining of
psoriatic plaques reveal large populations of T cells within the psoriatic
lesions. Psoriatic T cells predominantly secrete IFNg and IL17. Indeed, IL17–
producing type 17 helper T (Th17) cells are involved in immune surveillance
of epithelium and secrete IL23, which induces proliferation of keratinocytes
[90]. Pro-inflammatory cytokines play a major role in psoriasis, mainly TNF,
IL12, type I interferons and interferon gamma. High levels of TNF are
associated with flares of psoriasis and the importance of this cytokine has
been validated by the success of anti-TNF therapy [91]. Other key cytokines
are IL17, IL23 and IL22 derived of dendritic cells and T helper cells [89, 92,
93].
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Figure 9. Key cells and mediators in psoriasis. Keratinocytes and immune
cells such as macrophages, NK cells and plasmayctoid dendritic cells produce
key cytokines (TNF, IFNa, IFNg, IL1 and IL6) that activate myeloid dendritic
cells. Activated dendritic cells present antigens and secrete mediators such as
IL12 and IL23, leading to the differentiation of type 17 and type 1 helper T
cells (Th17 and Th1). T cells in turn, secrete mediators (e.g., IL17 and IL22)
that activate keratinocytes and induce the production of proinflammatory
cytokines (TNF, IL1 and IL6) and chemokines. These mediators feed back
into the proinflammatory disease cycle and shape the inflammatory infiltrate.
Based on Nestle et al. (2009) [89].
Psoriasis is not only confined to the skin, but also shows systemic
manifestations that are shared with other chronic inflammatory diseases such
as Crohn’s disease, ulcerative colitis, multiple sclerosis and diabetes mellitus.
Additionally, there is an increased risk of cardiovascular diseases in patients
with psoriasis [89, 91-93].
3.4.1.2 Conventional therapy
Classical treatment of psoriasis includes phototherapy and topical as well as
systemic pharmacotherapy with immunomodulatory drugs. Mild-to-moderate
psoriasis is often treated topically with corticosteroids, vitamin D analogues,
anthralin, retinoids, calcineurin inhibitors, salicylic acid, coal tar or
moisturizers. Severe forms of psoriasis are treated with a combination of
topical therapy, systemic pharmacotherapy (e.g., retinoids, methotrexate,
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cyclosporine, hydroxyurea, thioguanine) and/or phototherapy (e.g., natural
sunlight, artificial ultraviolet light) [92].
However, conventional non-systemic or systemic therapies often do not meet
the patient’s need. Therefore, selective targeting of key mediators of
inflammation has been added to the treatment approaches for psoriasis.
Several immunomodulatory biologicals have been approved for the treatment
of psoriasis including blockade of TNF, IL12/IL23 and the interaction between
dendritic cells and T cells (Table 3) [89, 90, 94-96]. In particular, ustekinumab,
which blocks the p35 subunit present in both IL12 and IL23, provides a
substantial benefit to patients (~ 70% of patients with a PASI75 reduction)
[97]. Biologic therapies are commonly well tolerated and more effective than
conventional systemic therapies. However, the long-term safety of biologic
agents is an unresolved issue.
Target

Agent

Trade Name

TNF

adalimumab

Humira

etanercept

Enbrel

infliximab

Remicade

alefacept

Amevive

T cell
(LFA-3)

®

®

Format

Common Side Effects

human
monoclonal
antibody

• Infusion reactions
and immunogenicity
• Hypersensitivity
reactions
• Immunosuppression
and infections
(tuberculosis)
• Anaemia,
leukopaenia and
thrombocytopaenia
• Worsening heart
failure
• Malignancy,
lymphoma and
lymphoproliferative
disorders
• Elevated liver
transaminases
• Increased nuclearspecific antibodies

soluble
recombinant
TNFR-Fc

®

®

chimeric
monoclonal
antibody

soluble
recombinant
LFA3-Fc

• Lymphopenia
• Malignancy,
lymphoma and
lymphoproliferative
disorders
• Hypersensitivity
reactions
• Immunosuppression
and infections
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®

IL12
IL23

ustekinumab

Stelara

CD6

itolizumab *

Alzumab

human
monoclonal
antibody

®

human
monoclonal
antibody

• Immunosuppression
and infections
• Immunogenicity
• Reactions at the
injection site
• Hypersensitivity
reactions
• Depression
• Headaches,
dizziness
No known side
effects

Table 3. Biological agents for the treatment of psoriasis. Based on Thomson
Reuters IntegritySM (01/2014), Nestle et al. (2009) [89], Hasel et al. (2010) [11]
and Drugs@FDA (01/2014). (* Approved in India)
3.4.1.3 Angiogenesis in psoriatic lesions
In

contrast

to

the

microvasculature

of

healthy

skin,

the

psoriatic

microvasculature is characterized by tortuous and leaky blood vessels that
facilitate leukocyte migration into inflamed skin. Psoriasis is a chronic
inflammatory skin disease that is associated with angiogenesis [98, 99] in
plaque development phase [100] and in developed lesions [101]. There is
emerging evidence for a pathogenic role for vascular endothelial growth factor
(VEGF) in psoriasis [102, 103]. Indeed, TGF-beta and hypoxia induce
expression of VEGF-A, leading to increased vascularization [104].
3.4.2 Rheumatoid arthritis
3.4.2.1 Overview
Rheumatoid arthritis (RA) is a chronic inflammatory and destructive disease of
the joint, affecting approximately 0.8% of the adult population with a higher
frequency in women than men. Virtually all peripheral joints can be affected by
the disease and RA is therefore classified as inflammatory polyarthritis.
Disease onset occurs typically between the age of 30 and 50 years and at an
early stage, only one or a few joints may be affected. In the arthritic joint, the
synovial membrane, that lines the joint, becomes hyperplastic and infiltrated
by chronic inflammatory cells. An aggressive pannus develops (Figure 10).
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Figure 10. Rheumatoid arthritis joint. Compared to the healthy joint, the
synovial membrane becomes hyperplastic and infiltrated by inflammatory
cells. A pannus develops, which migrates into the articular cartilage and the
underlying bone. Adapted form Strand et al. (2007) [105].
The pathogenesis of RA is still an unresolved scientific matter. Different cell
populations are involved and can be found at increased levels in the synovial
membrane of RA patients, including T cells, B cells / plasma cells,
macrophages, fibroblasts, dendritic cells and mast cells. The most common
type of infiltrating T cells observed in the inflamed synovial membrane are
CD4+ memory T cells, that produce IL2 and IFNg. This finding suggests that
rheumatoid inflammation may be mediated by activated pro-inflammatory T
helper type 1 (TH1) cells, while T helper type 2 (TH2) cells and their cytokines,
in particular IL4, are rarely found [106]. This immunological microenvironment
activates macrophages and synovial fibroblasts, leading to increased levels of
pro-inflammatory cytokines such as IL1, IL6 and TNF (Figure 11).
Subsequently, the synovial lining synoviocytes become hyperplastic and
transform into an osteoclast-containing pannus. Rheumatoid arthritis is an
autoimmune disease with a strong association with the formation of different
types of autoantibodies, such as rheumatoid factor, directed against the Fc
portion of other antibodies, and anti-cyclic citrullinated peptide (CCP)
antibodies.
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Figure 11. Schematic representation of pathophysiological pathways and key
mediators in rheumatoid arthritis. Based on van der Vollenhoven (2009) [107].
3.4.2.2 Conventional therapy
Early diagnosis and aggressive treatment are key factors if the damage
caused by this disease is to be controlled. Increasing understanding of
pathogenesis transformed the therapeutic options available for people with
this disease. Traditionally, pharmacological intervention would follow a
gradual progression, starting with physical therapy and non-steroidal antiinflammatory drugs (NSAIDs), to be followed only at later stages by diseasemodifying anti-rheumatic drugs (DMARDs). Nowadays, however, early
intervention with aggressive pharmacotherapy is preferred. NSAIDs and
corticosteroids typically represent a therapy backbone and are used for pain
relief and for minor control of inflammation. Disease-modifying anti-rheumatic
drugs include immunosuppressant drugs and biologicals. The folate
antagonist methotrexate is considered the first line DMARD for initial
treatment of moderate to severe rheumatoid arthritis. As alternatives,
leflunomide or azathioprine are used. When the response to methotrexate as
a single agent is not adequate, patients may be treated with a combination
regime of methotrexate with other agents. The prolonged therapy with
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chemical DMARDs can achieve remission in only 9.4–15% of patients with RA
[108].
Novel DMARDs include biological therapeutics for blocking cells and
cytokines, such as antibodies or soluble receptors directed against TNF, IL17,
the IL6-receptor, the IL1-receptor and CD28 on T cells (Table 4) [107, 109].
The first approved TNF-blockers were infiliximab (Remicade®), a chimeric
monoclonal antibody specific for TNF, and etanercept (Enbrel®), a
recombinant fusion protein consisting of the TNF binding part of the soluble
TNF receptor (p75) and the Fc portion of a human Ig. Since then, adalimumab
(Humira®), the first fully human TNF specific monoclonal antibody,
cetrolizumab pegol (Cimzia®), a pegylated humanized Fab fragment and
golimumab (Simponi®) have been approved [105, 110].
Target

Agent

Trade Name

TNF

adalimumab

Humira

etanercept

Enbrel

certolizumab
pegol

Cimzia

golimumab

Simponi

infliximab

Remicade

anakinra

Kineret

IL1Receptor

®

Format
human
monoclonal
antibody

®

soluble
recombinant
TNFR-Fc

®

pegylated
humanized
Fab
fragment
®

®

human
monoclonal
antibody
®

chimeric
monoclonal
antibody
recombinant
IL1-receptor
antagonist

Common Side Effects
• Infusion reactions
and immunogenicity
• Hypersensitivity
reactions
• Immunosuppression
and infections
(tuberculosis)
• Anaemia,
leukopaenia and
thrombocytopaenia
• Worsening heart
failure
• Malignancy,
lymphoma and
lymphoproliferative
disorders
• Elevated liver
transaminases
• Increased nuclearspecific antibodies
• Pain, inflammation,
and erythema at
injection sites
• Anaphylaxis and
anaphylactoid
reactions
• Serious infections
• Skin disorders
• Neutropenia
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®

IL6Receptor

tocilizumab

Actemra
®
RoActemra

T cell

abatacept

Orencia

B cell

rituximab

Rituxan

humanized
monoclonal
antibody

• Anaphylaxis and
anaphylactoid
reactions
• Headache
• Serious infections
• Abnormal liver
function, neutropenia
and lipid
dysregulation

®

soluble
recombinant
CTLA-4-Fc

• Anaphylaxis and
anaphylactoid
reactions
• Serious infections
• Thrombozytopenie,
leukopenie
• Headache
• Dizziness
• Malignancy, basal
cell carcinoma

®

chimeric
monoclonal
antibody

•
•
•
•
•

•
•

•

•

Prominent acute
infusion reactions
Transient
hypotension
Immunogenicity
Serum sickness
Severe
mucocutaneous
reactions
Immunosuppression
Hepatitis B
reactivation with
fulminant hepatitis
Renal toxicity
Cardiac arrhythmias

Table 4. Biological agents for the treatment of rheumatoid arthritis. Based on
Thomson Reuters IntegritySM (01/2014), van der Vollenhoven (2009) [107],
Hasel et al. (2010) [11] and Drugs@FDA (01/2014).
Anakinra (Kineret®) is an IL1-receptor antagonist, which is approved as a
single agent or in combination with other DMARDs (except TNF inbibitors).
The anti-IL6 antibody tocilizumab (RoActemra®), a humanized monoclonal
antibody, is approved for patients who either response inadequately or are
intolerant to one or more DMARDs. The CTLA-4-Fc fusion protein abatacept
(Orencia®) is directed against CD28 and inhibits the co-stimulation of T cells.
Despite these advances, there are still unmet needs in rheumatoid arthritis
therapy. Some patients do not respond at all or only partially to these
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biological agents and there are issues relating to loss of efficacy, costs,
toxicities and safety concerning e.g. an increased infection and cancer risk.
Indeed, it is even suggested that remission is not common [111-113].
3.4.2.3 Angiogenesis in rheumatoid arthritis
In rheumatoid arthritis, the inflamed synovial tissue is highly vascularized,
allowing leukocytes to infiltrate, resulting in inflammation and eventually in the
destruction of the joint. High levels of angiogenic factors (e.g., vascular
endothelial growth factor) are expressed and many immunmodulatory factors
raised by the inflammation have angiogenic activity such as TNF, IL1, IL6 and
the prostaglandins E1 and E2 [114, 115].
3.4.3 Immunocytokines for the treatment of chronic inflammation
Immune disorders, such as rheumatoid arthritis and psoriasis, are commonly
treated with drugs suppressing the immune system. However, the immune
system is critical for the overall health and it is not uncommon to observe an
elevated risk of infection in patients treated with immunosuppressive drugs. In
principle, pharmacodelivery strategies, similar to the ones used for cancer
therapy, could be considered for the treatment of chronic inflammatory
conditions. While many pro-inflammatory or cytotoxic cytokines have been
investigated for anti-cancer intervention, few anti-inflammatory cytokines have
been clinically tested for the treatment of inflammatory diseases. Due to its
potent anti-inflammatory and immunosuppressive effects, recombinant IL10
was investigated for the treatment of various types of chronic inflammatory
conditions [116-122]. Besides down-regulation of MHC II expression and of
costimulatory molecules, IL10 reduces the production of pro-inflammatory
cytokines, such as IL1% and TNF.
Recombinant human IL10 (Tenovil™) has shown signs of activity in two
controlled clinical trials in patients with rheumatoid arthritis, as well as in trials
conducted in patients with psoriasis. By contrast, no obvious benefit was
observed for the treatment of patients with inflammatory bowel disease (IBD),
in spite of the fact that IL10 knock-out causes IBD in mice and in patients
[118, 123].
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These findings encouraged the development of immunocytokine products
based on IL10. L19-IL10, containing the anti-EDB antibody L19 in scFv format
fused to human IL10, was tested in the collagen-induced arthritis model and
inhibited disease progression, as revealed by measurements of arthritic score
and paw swelling. By contrast, immunocytokines based on IL2 and TNF led to
accelerated disease progression [124]. However, the testing of L19-IL10 in a
transgenic mouse model of skin inflammation, which is induced by
overexpression of VEGF-A, showed no detectable therapeutic benefit [40].
Encouraged by the promising anti-arthritic activity of L19-IL10, a second antiinflammatory fusion protein (F8-IL10, or “dekavil”), based on the anti-EDA
antibody F8 in diabody format, was developed [39]. Treatment with F8-IL10
was able to inhibit progression of established arthritis in the mouse model of
collagen-induced arthritis. The combination treatment with methotrexate or
TNF blockade further increased the therapeutic effect [39, 125]. Currently,
dekavil is being investigated in a phase I clinical trial in combination with
methotrexate for the treatment of patients with rheumatoid arthritis, who have
failed at least two lines of biological treatment [126].
The product was also used in a fully immunocompetent model of
endometriosis, a chronic and highly prevalent disease, which is characterized
by a high density of EDA-positive blood vessels. Treatment with F8-IL10
caused a reduction of endometriotic lesions in the majority of treated mice,
compared to control groups [20].
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3.5 Aim of the thesis
Increasing research efforts are being devoted to the use of engineered
antibodies as carrier molecules for the pharmacodelivery of bioactive
payloads. Antigens expressed in the extracellular matrix at sites of active
angiogenesis and tissue remodeling (e.g., in cancer and in chronic
inflammation) offer multiple advantages, compared to antigens expressed on
the surface of diseased cells. ECM components can be more stable,
abundant and accessible than their cellular counterparts. In addition, certain
alternatively-spliced ECM proteins are found to be over-expressed in a variety
of malignancies, thus offering a broad coverage for various indications [127].
The human antibody F8, specific to the alternatively-spliced murine and
human extra-domain A (EDA) of fibronectin, was found to be expressed in
neovascular structures. The F8 antibody has been shown to selectively
accumulate at sites of disease in cancer and in chronic inflammation, using
radiolabeled protein preprations and quantitative biodistribution studies,
complemented by microscopic analysis.
The aim of this thesis was to clone, produce and characterize novel F8-based
antibody

fusion

proteins,

containing

novel

promising

payloads

for

pharmaceutical intervention. In particular, I focused my work on the following
immunomodulatory proteins: murine B7.2, IFNg, IL4, TNF and several
members of the TNF superfamily. The novel biopharmaceuticals were
produced to good levels of biochemical purity and were studied both in vitro
and in vivo. We always investigated the ability of the fusion proteins to
recognize their cognate antigen with high affinity and to localize at the site of
disease. We investigated the therapeutic potential of the new fusion proteins,
using them both as single agents and in combination with approved
chemotherapeutic drugs or with previously described immunomodulatory
agents. Whenever possible, the mechanism of action of the new products was
studied

using

a

variety

of

methods,

including

immunofluorescence

investigations of leukocyte infiltration at the site of disease, measurement of
cytokine levels and studies of therapeutic activity, following in vivo depletion of
subsets of lymphocytes. Promising therapeutic results have been obtained, in
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particular, for the treatment of sarcomas with TNF-based fusion proteins and
for the treatment of rheumatoid arthritis with F8-IL4.
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4 Results and Discussion
Parts of this thesis have been published:
Hemmerle, T., Wulhfard, S. & Neri, D. A critical evaluation of the tumortargeting

properties

of

bispecific

antibodies

based

on

quantitative

biodistribution data. Protein engineering, design & selection: PEDS 25, 851-4
(2012).
Hemmerle, T., Probst, P., Giovannoni, L., Green, AJ., Meyer, T. & Neri, D.
The antibody-based targeted delivery of TNF in combination with doxorubicin
eradicates sarcomas in mice and confers protective immunity. British journal
of cancer 109, 1206-13 (2013).
Hemmerle, T., Hess, C., Venetz, D. & Neri, D. Tumor targeting properties of
antibody fusion proteins based on different members of the murine tumor
necrosis superfamily. J Biotechnol 172, 73– 76 (2014).
Hemmerle, T. & Neri, D. The dose dependent tumor targeting of antibodyinterferon gamma fusion proteins reveals an unexpected receptor trapping
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4.1 A critical evaluation of the tumor-targeting properties of
bispecific

antibodies

based

on

quantitative

biodistribution data1
4.1.1 Abstract
Bispecific and bifunctional antibodies are attracting considerable interest as
innovative anti-cancer therapeutics, but their ability to selectively localize at
the tumor site has rarely been studied by quantitative biodistribution studies in
immunocompetent animal models or in patients. Here, we describe the
production of a novel bifunctional antibody, consisting of the F8 antibody
(specific to the alternatively-spliced EDA domain of fibronectin) fused to the
extracellular portion of CD86 (co-stimulatory molecule B7.2). However, the
fusion molecule was unable to target tumors in vivo. These data suggest that
bispecific antibodies do not always localize on tumors and should therefore be
characterized by imaging or biodistribution studies.
4.1.2 Introduction
Bispecific and bifunctional antibodies represent a novel class of anti-cancer
biopharmaceuticals, which are developed with the aim to activate an immune
response at the tumor site, while sparing normal organs [128-130]. Several
bispecific antibody formats have been considered and a number of products
have been moved to clinical trials [42]. Promising therapeutic results have
recently been reported for clinical trials in patients with advanced
hematological malignancies [131]. Similarly, the field of “immunocytokines”
(i.e., antibody-cytokine fusion proteins) has rapidly advanced. Several
immunocytokines have been tested in preclinical models of cancer and nine
products have been moved to Phase I/II clinical trials [46, 47], with promising
results for the treatment of metastatic melanoma [27].
Our lab has extensively studied many immunocytokines in quantitative
biodistribution studies in tumor-bearing mice, using radioiodinated protein
preparations and antibodies of proven tumor targeting performance. While
fusion proteins based on certain cytokines or growth factors (e.g., IL2, IL12,
1

Adapted from T. Hemmerle et al. PEDS, 2012
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IL15, TNF, VEGF-120, GM-CSF) retained the excellent tumor targeting
properties of the parental antibody, other immunocytokines or bifunctional
proteins (e.g., those based on IFNg, TAT peptides, calmodulin or dual
cytokine fusions) completely abrogated tumor targeting at pharmacologicallyrelevant concentrations, while being fully immunoreactive in vitro and
displaying good pharmaceutical quality in biochemical assays (e.g., SDSPAGE and gel-filtration analysis) [130].
To our knowledge, there is only one report in the literature describing
biodistribution studies of a bispecific antibody [132]. Unfortunately, the study
provides little information about the tumor-targeting properties of the product,
as it was performed in immunocompromised mice. In principle, a bispecific
antibody capable of avid binding to circulating leukocytes (e.g., T cells) should
have problems extravasating and reaching tumor cells outside the vascular
compartment.
Performing biodistribution studies with bispecific antibodies is technically
challenging, as it is difficult to demonstrate that both antibody moieties display
full immunoreactivity. Indeed, in certain bispecific antibody formats, variable
domains may swap pairing, thus leading to a set of molecules with reduced
immunoreactivity [133, 134]. Furthermore, it is difficult to measure the
immunoreactivity towards antigens, which are not available as pure protein,
and which cannot be used in affinity chromatography procedures (e.g., CD3
components).
In order to generate and characterize the properties of a bifunctional antibody
molecule, with avid binding to T cells and to a validated tumor-associated
antigen, we fused the F8 antibody (specific to the alternatively-spliced EDA
domain of fibronectin, a marker of tumor angiogenesis; [21, 135]) with the
extracellular portion of murine CD86 (B7.2; [136]). B7.2 binds to CD28 on T
cells with a dissociation constant KD = 20 $M [137, 138]. When avidity effects
come into play, due to the multivalent display of CD28 and CD86 on the cell
membrane, the functional affinity of the interaction increases. Similarly, antiCD3 antibody [139] moieties with KD values in the 0.1 $M range have
extensively been used for the preparation of bispecific antibodies [140, 141].
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The binding properties of B7.2-based bispecific fusion proteins can be readily
tested by affinity chromatography, using the tumor-associated antigen or
murine CTLA-4 immobilized on resin [142].
In our study, we observed that the F8 antibody efficiently targets tumors in
vivo, but completely loses its tumor targeting ability when fused to murine
B7.2. These data suggest that the analysis of the tumor targeting properties of
bispecific and bifunctional antibodies by quantitative biodistribution studies
should represent an essential activity in product development strategies, since
therapeutic performance correlates with the ability of the biopharmaceutical to
localize at the site of disease [26, 143, 144].
4.1.3 Methods and Methods
Cell Lines and mouse tumor model
HEK 293 cells (CRL-1573, ATCC, Molsheim-Cedex, France) were cultured in
Freestyle 293 expression medium (Gibco) containing 0.1% Pluronic F68
(Sigma) in a shaker incubator at 37°C and 5% CO2. The murine
teratocarcinoma F9 cell line (CRL-1720, ATCC) was cultured as described
before [36]. Female 129SvPas and Balb/c nude mice were obtained from
Charles River (Sulzfeld, Germany).
Cloning and protein expression
The gene structure for SIP(F8) and for the F8 diabody [21] has been
previously described. F8-B7.2 contains the extracellular domain of murine
B7.2 (gene from Source BioScience) sequentally fused to the diabody [36].
The fusion protein was expressed using transient gene expression in HEK293 cells [145] and purified by protein A chromatography. The purified protein
was analyzed by SDS-PAGE before and after deglycosylation with PNGase F
(NEB),

size

Healthcare),

exclusion
BIAcore

chromatography
on

a

EDA

(Superdex200

antigen-coated

10/300GL,

sensor

chip

GE
and

immunofluorescence staining of F9 tumor sections as previously described
[36].
Biodistribution studies
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The

in

vivo

targeting

performance

was

assessed

by

quantitative

biodistribution studies as described before [36] and 15 µg of radioiodinated
F8-B7.2 were injected into the tail vein of tumor-bearing mice. Mice were
sacrificed at different time points after injection. Experiments were performed
under a project license granted by the Veterinäramt des Kantons Zurich
(169/2008).
Immunoreactivity testing
CNBr-activated sepharose (GE Healthcare) was coupled to EDA or to murine
CTLA-4-Fc. The retention of radioiodinated F8-B7.2 on resin was analyzed by
affinity chromatography, as described [36].
4.1.4 Results and Discussion
The fusion protein F8-B7.2 was expressed in non-covalent homodimeric
“diabody” format (Figure 12a-b), leading to fully immunoreactive products
with bivalent (i.e., avid) tumor binding and long residence time on neoplastic
lesions in vivo [130]. The corresponding F8 antibody, in diabody format and in
Small Immune Protein (SIP) format (Figure 12b) has been extensively
studied in biodistribution experiments [21]. F8-B7.2 was purified to
homogeneity by affinity chromatography and was well behaved in SDS-PAGE
(Figure 12c-d). The fusion protein displayed a high degree of N-linked
glycosylation, as evidenced by SDS-PAGE analysis before and after Nglycanase treatment. F8-B7.2 stained neo-vascular structures in F9 murine
tumors (Figure 12e) and displayed full retention of immunoreactivity in
BIAcore (Figure 12f-g) and in affinity chromatography procedures with
immobilized EDA domain of fibronectin or immobilized murine CTLA-4-Fc
fusion (Figure 12).
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Figure 12. Cloning, expression and characterization of F8-B7.2. a)
Schematic representation of the cloning strategy of F8-B7.2. Lead Seq, leader
sequence peptide; VH, VL, variable heavy and light chain. b) Domain
assembly of Sip (F8), Diabody (F8) and F8-B7.2. c) SDS-PAGE analysis of
purified F8-B7.2: MW, molecular marker; 1, F8-B7.2; 2, deglycosylated F8B7.2; NR, R, non-reducing and reducing conditions. d) Gel filtration analysis
of affinity-purified F8-B7.2. 1, Thyroglobulin 669 kDa; 2, BSA 67 kDa; 3, %lactoglobulin 35 kDa. e) Immunofluorescence analysis of murine F9 tumors.
Tumor sections were stained with a biotinylated F8-B7.2 (green, Alexa Fluor
488) and an anti-CD31 antibody (red, Alexa Fluor 594). 20x magnification,
scale bars = 100 µm. f) BIAcore analysis of purified F8-B7.2 on an EDA
coated sensor chip. g) BIAcore analysis of F8-B7.2 on a CTLA-4-Fc coated
sensor chip. h) Immunoreactivity of 125I-SIP (F8) and 125I-F8-B7.2 on EDAresin and on CTLA-4-Fc-resin: 1, 125I-SIP (F8) on CTLA-4-Fc-resin (n = 3); 2,
125
I-SIP (F8) on EDA-resin (n = 3); 3, 125I-F8-B7.2 on CTLA-4-Fc resin (n = 3);
4, 125I-F8-B7.2 on EDA-resin (n = 3).
When tested in biodistribution studies in immunocompetent (Figure 13) and in
nude mice (Figure 13b) carrying subcutaneously grafted F9 tumors, a
radioiodinated preparation of F8-B7.2 failed to preferentially localize on the
tumor 24 h after i.v. injection, while the F8 antibody in SIP format (Figure 13ab) and in diabody format [21] efficiently targeted the neoplastic lesions.
Biodistributions at earlier time points (e.g., 15 min. after i.v. injection; Figure
13c) revealed that the majority of the protein had already been excreted via
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the hepatobiliary route, while never reaching the cognate antigen in vivo,
which is localized on the abluminal side of tumor blood vessels [21, 135].

A

12

Sip
(F8)
SIP
(F8)
F8-B7.2
F8-B7.2

% ID/g

10
8
6
4
2
0

B

tumor

liver

lung

spleen

heart

kidney intestine

tail

blood

6
Sip
(F8)
SIP
(F8)
F8-B7.2
F8-B7.2

5

% ID/g

4
3
2
1

C
C

0

tumor

liver

lung

spleen

heart

kidney intestine

tail

blood

tumor

liver

lung

spleen

heart

kidney intestine

tail

blood

60
50

% ID/g

40
30
20
10
0

Figure 13. Biodistribution study of radioiodinated F8-B7.2. Mice bearing s.c.
F9 teratocarcinoma were injected i.v. with 15 µg radiolabeled protein. a)
Immunocompetent 129SvPas mice injected with 125I-SIP (F8) (n = 5) or with
125
I-F8-B7.2 (n = 4). Mice were sacrificed after 24 h. b) Nude mice injected
with 125I-SIP (F8) (n = 5) or with 125I-F8-B7.2 (n = 4). Mice were sacrificed after
24 h. c) Nude mice injected with 125I-F8-B7.2 (n = 4). Mice were sacrificed
after 15 min. Organs were excised and radioactivity counted, expressing
results as percent of injected dose per gram of tissue (%ID/g ± SE).
The selective localization of antibody-fusion proteins to the site of disease in
vivo is strictly dependent on the payloads that are attached to the antibody.
Our group observed that highly charged payloads (e.g., Calmodulin [50],
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VEGF-164 [51] and HIV-1 TAT peptides [52]), bulky payloads [30] and
payloads prone to receptor trapping when administered at low doses (e.g.,
IFNg [53]) can completely abrogate tumor targeting.
Our data suggest that it is not obvious that a bifunctional protein with avid
binding to circulating leukocytes would efficiently extravasate and reach a
tumor-associated antigen in vivo, even if the parental antibody displays good
tumor targeting properties. In the case of F8-B7.2, the tumor targeting process
does not take place even in immunocompromised mice and is prevented by
the rapid clearance from blood trough the liver. Due to its heavily glycosylated
nature, the fusion protein is subject to binding by carbohydrate recognizing
receptors on hepatocytes and the resulting efficient and fast blood clearance
rate prohibits the targeting to the site of disease.
Some bispecific and bifunctional antibodies have demonstrated a dramatic
therapeutic activity in certain clinical trials and it is possible that even small
amounts of therapeutic protein, delivered at the site of disease, may mediate
a potent anti-tumoral immune response. However, there is ample evidence
that efficient tumor localization of bifunctional antibodies correlates with
therapeutic performance and a quantitative biodistribution study of targeting
should represent an essential requirement for future product development in
this field.
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4.2 The

antibody-based

targeted

delivery

of

TNF

in

combination with doxorubicin eradicates sarcomas in
mice and confers protective immunity2
4.2.1 Abstract
Soft tissue sarcomas are a group of malignancies of mesenchymal origin,
which typically have a dismal prognosis if they reach the metastatic stage.
The observation of rare spontaneous remissions in patients suffering from
concomitant bacterial infections had triggered the clinical investigation of the
use of heat-killed bacteria as therapeutic agents (Coley’s toxin), which
induced complete responses in patients in the pre-chemotherapy era and is
now known to mediate substantial elevations in serum TNF levels.
We designed and developed a novel immunocytokine based on murine TNF
sequentially fused to the antibody fragment F8 (specific to extra-domain A of
fibronectin). The antitumor activity was studied in two syngeneic murine
sarcoma models. The L19 antibody (specific to extra-domain B of fibronectin)
has shown by SPECT imaging procedures to selectively localize on sarcoma
in a patient with a peripheral nerve sheath tumor and immunohistochemical
analysis of human soft tissue sarcoma samples showed comparable antigen
expression of EDA and EDB. The antibody-based pharmacodelivery of TNF
by the fusion protein “F8-TNF” to oncofetal fibronectin in sarcoma-bearing
mice

leads

to

complete

and

long-lasting

tumor

eradications

when

administered in combination with doxorubicin, the first-line drug for the
treatment of sarcomas in humans. Doxorubicin alone did not display any
therapeutic effect in both tested models of this study. The cured mice had
acquired protective immunity against the tumor, as they rejected subsequent
challenges with sarcoma cells. The findings of this study provide a rationale
for the clinical study of the fully human immunocytokine L19-TNF in
combination with doxorubicin in patients with soft tissue sarcoma.

2

Adapted from T. Hemmerle et al. J. Brit. Cancer, 2013
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4.2.2 Introduction
Sarcomas are rare tumors and represent a heterogeneous group of cancers
that stem from soft tissue, bone, cartilage, peripheral nerve sheets or from
other connective tissues. Many of these tumors affect children and young
adults, accounting for 15% of all pediatric cancers. Most sarcomas originate
from non-epithelial extraskeletal tissue and are called soft-tissue sarcoma. For
localized disease, surgical resection represents a potentially curative therapy,
but this is often limited by anatomical constraints. Additionally, soft tissue
sarcomas have a high recurrence rate [85, 86].
In the metastatic stage of soft-tissue sarcoma, chemotherapy is administered
as first-line treatment, but the median survival is only 8 to 12 months. The
anthracycline derivate doxorubicin (Adriamycin) is used as standard of care
drug in sarcoma with a response rate of 12-30%. Commonly, doxorubicin is
administered in combination with ifosfamide or dacarbazine, what enhances
the response rates, but does not lead to a significant survival benefit
compared to the monotherapy [87, 88]. These combination treatments are
associated with substantial toxicities and a median duration of responses in
the order of months. Thus, there is a clear need for improved agents for the
therapy of soft tissue sarcomas.
More than hundred years ago, the New York surgeon William B. Coley had
observed a case of spontaneous sarcoma regression as a consequence of an
erysipelas infection. This observation triggered the development of “Coley’s
toxin” (a mixture of heat-inactivated bacteria), which induced high fever in
patients, but also a reasonable chance of long-term survival [146]. We now
know that endotoxin treatment can be efficacious against certain types of
immunogenic tumors [147] and that Coley’s toxin treatment induced a
dramatic elevation of TNF [146]. Indeed, for reasons that are still not
completely understood but are probably related to the immunogenic nature of
sarcoma-associated antigens, sarcomas appeared to respond much better to
Coley’s toxin treatment compared to other tumor types [146].
Systemic treatment of cancer patients with recombinant human TNF showed
that this pro-inflammatory cytokine could only be tolerated at a very low dose
(MTD of 300 µg/m2). In spite of the occurrence of severe hypotension and
organ failure events, tumor regressions were rarely observed [73]. However,
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recombinant human TNF (Beromun™) has been found to be efficacious for
the treatment of patients with large sarcomas of the limb, who are candidate
to amputation, in the isolated limb perfusion procedure with response rates up
to 80% [74]. The product is frequently administered in combination with
melphalan and mild hyperthermia.
The therapeutic activity of pro-inflammatory cytokines is often hindered by
substantial toxicity at low doses, which prevents the escalation to
therapeutically active regimens. However, recent research has shown that
suitable tumor-targeting antibodies can be used for the construction of
“immunocytokine” fusion proteins and can mediate the selective delivery of
cytokines to the site of disease [46, 47]. Corti and collaborators investigated
the therapeutic potential of recombinant human TNF fused to an NGR peptide
which mediates a preferential localization of the protein at sites of tumor neovasculature, as assessed by microscopic analysis of tissue sections [148].
The corresponding murine NGR-TNF fusion protein was tested in combination
with doxorubicin in mouse models of melanoma, mammary adenocarcinoma,
prostate cancer and lymphoma [149], leading to the observation of additive
therapeutic effects but no tumor eradication. The human NGR-TNF fusion
protein is currently being studied by Molmed in combination with doxorubicin
in a randomized Phase II clinical trial in patients with soft tissue sarcoma
(NCT00484341) [81].
We have previously described the immunocytokine L19-TNF, consisting of the
fully human antibody fragment L19 (specific to the alternatively spliced EDB
domain of fibronectin, a marker of angiogenesis) fused to TNF [25]. The
fusion protein based on murine TNF mediated a potent therapeutic effect in
mice bearing murine sarcomas or colon carcinomas when used in
combination with melphalan [25, 150]. At the immunological level, the
treatment led to a highly efficient priming of CD4+ T cells and consequent
activation and maturation of CD8+ CTL effector cells, as demonstrated by in
vivo depletion and adoptive cell transfer experiments [151]. Complete tumor
eradications were also observed when L19-TNF was combined with a second
immunocytokine,

L19-IL2,

for

the

treatment

of

mouse

models

of

neuroblastoma and teratocarcinoma [25, 152].

54

The fully-human L19-TNF fusion protein, containing human TNF, has been
tested in a Phase I/II monotherapy clinical trial [153] and in a Phase II clinical
trial in patients with metastatic melanomas of the limb in the isolated limb
perfusion setting [82], in combination with melphalan.
Melphalan is not commonly used for the systemic therapy of sarcoma and
there is a need to learn about the clinical potential of the combination of L19TNF with doxorubicin (the drug of choice for first-line treatment of most soft
tissue sarcomas). Moreover, it remains unclear whether it is better to use the
F8 (specific to the EDA domain of fibronectin) or L19 (specific to EDB) for
tumor targeting applications [154-157]. To address these issues in a
preclinical model, we performed a comparative immunohistochemical analysis
of the two antibodies on sarcoma specimens. In addition, we studied the
therapeutic performance of a murine TNF-based immunocytokine specific to
EDA(+) fibronectin (termed F8-TNF), alone or in combination with doxorubicin
in two syngeneic immunocompetent mouse models of sarcoma. F8-TNF,
when used in combination with doxorubicin, led to complete and long-lasting
tumor eradications in the two models. Interestingly, the cured mice had
acquired an anti-tumor immunity, as they rejected subsequent challenges with
sarcoma cell lines. Nuclear Medicine information about the tumor targeting
performance of the F8 antibody in patients is still missing. However, the
opportunity to use the TNF-based immunocytokines specific to oncofetal
fibronectin in patients with sarcoma is supported by the fact that a
radiolabeled preparation of the L19 antibody was shown to selective localize
to sarcoma lesions in a patient.
4.2.3 Materials and Methods
Cell lines and tumor models
CHO cells (ATCC-LCG, Molsheim Cedex, France), LM-Fibroblasts (ATCCLCG) and the murine tumor cell lines F9 teratocarcinoma (ATCC-LCG),
WEHI-164 Sarcoma (ATCC-LCG) and Sarcoma 180 (CLS, Eppelheim,
Germany) fibrosarcoma were cultured according to supplier’s protocol.
For tumor models, 10-12 week old female 129/SvEv mice and ICR mice were
obtained from Charles River (Sulzfeld, Germany) and female Balb/c mice
were obtained from Janvier (Le Genest Saint Isle, France). Tumor cells were
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implanted subcutaneously in the flank using 25 x 106 cells (F9), 3 x 106 cells
(WEHI-164) and 10 x 106 cells (Sarcoma 180). Animals were sacrificed when
tumor volumes reached a maximum of 2000 mm3. Experiments were
performed under a project license granted by the Veterinäramt des Kantons
Zürich, Switzerland (169/2008, 42/2012).
Nuclear medicine studies
As part of a larger radioimmunotherapy clinical trial open to patients with
various

types

of

malignancies

(EudraCT

Number

2007-007241-12)

investigating the use of the L19 antibody in SIP format and labeled with
iodine-131 [158, 159], we studied one patient with a high grade sarcoma
(malignant peripheral nerve sheath tumor). SIP(L19) was radioiodinated as
described [159] and administered to the patient by intravenous injection at a
dose of 4 mg and 213 mCi.
Images were acquired on a GE Infinia Hawkeye 4 SPECT-CT system (GE
Healthcare, Freiburg, Germany) at 24, 48, 72 and 144 hours post injection.
Transaxial images were reconstructed by OS-EM using CT based attenuation
correction and triple energy window scatter correction. Regions of interest
were drawn over tumor and normal tissue regions on the CT images (three
slices per tissue) and transferred to the corresponding SPECT images for
data extraction (counts per voxel) for relative uptake estimation.
Immunofluorescence analysis of antigen expression in sarcoma
Frozen human sarcoma samples from OriGene Technologies (Rockville, US)
and 10 µm cryostat sections of WEHI-164 and Sarcoma 180 tumors were
fixed in ice-cold acetone and stained for antigen expression either with
primary biotinylated antibodies in small immunoprotein (SIP) format of F8, L19
and KSF (negative control, specific to egg lysozyme) or biotinylated F8-TNF
(final concentration of 2 µg/ml). Binding was detected with streptavidin-Alexa
Fluor 488 complex (Biospa, Milan, Italy).
Cloning, expression and protein in vitro characterization
F8-TNF is a fusion protein consisting of the F8 antibody (specific to the
alternatively-spliced EDA domain of fibronectin [21]) in scFv format,
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sequentially fused to murine tumor-necrosis factor alpha (gene from Source
BioScience, Nottingham, UK) by the 15 amino acid linker (SSSSG)3. The
genes for the F8 antibody and TNF were PCR amplified, PCR assembled and
cloned into the mammalian cell expression vector pcDNA3.1(+) (Invitrogen,
Zug, Switzerland) by a HindIII/NotI restriction site (sequence of F8-TNF is
shown in Annex 7.1). The fusion protein was expressed by CHO cells from a
stable monoclonal cell line (as previously described [28]) and purified to
homogeneity by protein A chromatography [160]. The purified protein was
analyzed by SDS-PAGE, size exclusion chromatography (Superdex200
10/300GL, GE Healthcare, Freiburg, Germany) and BIAcore on an EDA
antigen-coated sensor chip [21, 161]. The biological activity of murine TNF
was determined by incubation with mouse LM fibroblasts (ATCC), in the
presence of 2 µg/ml actinomycin D (Sigma-Aldrich, Buchs, Switzerland) as
described by Borsi et al. [25]. The cytotoxic potential of F8-TNF on different
tumor cell lines was tested in vitro using different cytotoxicity assay. In 96well plates, cells were incubated with medium supplemented 2 µg/ml
actinomycin D and varying concentrations of recombinant murine TNF
(eBioscience) or F8-TNF. After 24 h at 37 °C, cell viability was determined
with Cell Titer Aqueous One Solution (Promega, Dübendorf, Switzerland).
Results were expressed as the percentage of cell viability compared to cells
treated with actinomycin D only.
Biodistribution studies
The in vivo targeting was assessed by quantitative biodistribution as
previously described [36]. 3 µg of radioiodinated F8-TNF were injected i.v.
into the lateral tail vein of tumor-bearing mice. Mice were sacrificed 24 hours
after injection, organs were excised, weighed and radioactivity was measured
using a Cobra ! counter (Packard, Meriden, CT, USA). Radioactivity of organs
and tumor was expressed as percentage of injected dose per gram of tissue
(%ID/g ± standard error).
Therapy studies
When tumors were clearly palpable, mice were randomly grouped (n = 5) and
received 3 injections i.v. into the lateral tail vein. PBS, 5 mg/kg doxorubicin, 2
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µg F8-TNF or the combination was administered every 48 hours. The mice
were monitored daily and tumor volume was determined by measuring the
diameters with a caliper (volume = 0.5 x length x width2). For re-challenge
experiments, cured mice were injected subcutaneously by 3 x 106 cells WEHI164 respectively 10 x 106 cells Sarcoma 180 cells in the flank.
Ex vivo immunofluorescence analysis of therapy
For the ex vivo detection of targeting, mice were injected according to the
therapy schedule and tumors were excised two days after the final injection.
Tumors were embedded in cryoembedding medium (Thermo Scientific,
Rockford, IL, USA) and cryostat sections (10 µm) were stained using the
antibodies rat anti-murine TNF (eBioscience, San Diego, CA, USA) and antirat

Alexa

Fluor

488

coupled

secondary

antibody

(Invitrogen,

Zug,

Switzerland). For vascular staining goat anti-CD31 (Santa Cruz, Heidelberg,
Germany) and anti-goat Alexa Fluor 594 coupled secondary antibody
(Invitrogen) were used. Slides were mounted with fluorescent mounting
medium (Dako, Glostrup, Denmark) and analyzed with an Axioskop2 mot plus
microscope (Zeiss, Feldbach, Switzerland).
Statistical analysis
Data are expressed as the mean (± SEM). Differences in tumor volume
between therapeutic groups were compared using the repeated measures
(mixed model) ANOVA analysis with Bonferroni post-test of Graphpad Prism
(La Jolla, CA, USA).
4.2.4 Results
As part of a broader characterization of the tumor targeting performance of
the L19 antibody in patients with various types of cancer [158, 159, 162], we
studied the accumulation of this antibody in SIP format [25, 163] in a patient
with a high grade sarcoma that was refractory to conventional therapy. The
patient had metastatic disease in his lung and bones. Figure 14 shows an
expansile metastatic deposit in the apex of the right lung infiltrating the
second rib seen on CT. The deposit was also FDG avid as evidenced by
FDG-PET imaging. Highly-selective uptake of 131I-SIP(L19) could be observed
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48, 72 and 144 hours following antibody administration by intravenous bolus
injection. The cumulated uptake (area under the time activity curve) of the L19
antibody was greater in tumor than in liver and kidney (clearance-related
organs which often exhibit a higher antibody uptake compared to other
tissues).

Figure 14. Imaging studies of a patient with metastatic sarcoma. A)
Transaxial projection of a CT scan. B) FDG PET-CT analysis of the same
section. C) Composite SPECT-CT transactial sections, imaged 48 h, 72 h and
144 h following intravenous administration of 131I-SIP(L19) (4 mg, 213 mCi).
D) Dosimetric evaluation of the radioactivity counts in regions of interest of
comparable sizes, drawn in tumor, liver, kidney and lung at various time
points.
Freshly frozen tissue samples from sarcoma patients and murine sarcomas
were analyzed for expression of oncofetal fibronectin as antigen. Figure 15
presents representative immunofluorescence findings of tumor sections
stained with L19, F8 and KSF antibody (specific to hen egg lysozyme and
used here as negative control). Human sarcomas and WEHI-164 sarcoma
exhibited comparable staining levels for the two antibodies, while F8 showed
a more intense staining in the experimental mouse model Sarcoma 180.
Based on these results, we decided to focus our preclinical work on the
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immunocytokine F8-TNF.

Figure 15. Analysis of antigen expression. Immunofluorescence of freshly
frozen human (diagnosis and case ID) and murine sarcoma tissue samples
with biotinylated antibody in SIP format (green, Alexa Fluor 488) and goat
anti-CD31 antibody (red, Alexa Fluor 594). 20x magnification, scale bars =
100 µm.
The fusion protein F8-TNF, consisting of the F8 antibody in scFv format [21]
sequentially fused to murine TNF with a 15 amino acid linker [25], was
expressed in CHO cells and purified to homogeneity by Protein A
chromatography, followed by gel-filtration (monomer: 44 kDa, non-covalent
homotrimer: 132 kDa) (Figure 16A,B). The fusion protein eluted as a single
peak of the correct size in analytical size-exclusion chromatography (Figure
16C) and exhibited a high functional affinity and kinetic stability towards the
cognate antigen immobilized on a BIAcore microsensor chip with an apparant
KD of 1 nM (Figure 16D). The apparent KD of 1 nM reflects the avidity of the
trimereic fusion protein. The biological TNF activity of F8-TNF was assessed
by a cell cytotoxicity assay on murine LM fibroblasts [25] and on the murine
sarcoma cell lines WEHI-164 and sarcoma-180, revealing an in vitro potency
comparable to the one of recombinant murine TNF (Figure 16E). The fusion
protein,

labeled

biodistribution

with

assay

iodine-125,
in

mice

was

also

bearing

studied

by

quantitative

subcutaneously-grafted

F9

teratocarcinomas, WEHI-164 and sarcoma 180 (Figure 16F), confirming a
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preferential accumulation at the tumor site 24 h after intravenous injection,
with tumor to blood ratios of 37, 13 and 25, respectively.

Figure 16. Cloning, expression and characterization of F8-TNF. A) Schematic
representation of the domain assembly of F8-TNF in non-covalent trimeric
format. B) SDS-PAGE analysis of purified fusion protein: M, molecular
marker; N, non-reducing; R, reducing conditions. C) Size exclusion
chromatography profile of purified F8-TNF trimer (132 kDa, 12.6 ml retention
volume; 1, ferritin 440 kDa, 11 ml; 2, BSA 67 kDa, 14.1 ml). D) BIAcore
analysis of the fusion protein on an EDA-coated CM5 sensor chip. E)
Cytotoxicity assays of F8-TNF and recombinant murine TNF against LMFibroblasts (IC50 rTNF: 2 x 10-13; IC50 F8-TNF: 4 x 10-13), WEHI-164 (IC50
rTNF: 2 x 10-13 M; IC50 F8-TNF: 5 x 10-12 M) and Sarcoma 180 cells (IC50
rTNF: 3 x 10-13 M; IC50 F8-TNF: 4 x 10-13 M). F) Biodistribution results
obtained 24 h after the i.v. administration of 3 $g of radioiodinated F8-TNF to
tumor-bearing mice (F9 teratocarcinoma, WEHI-164 fibrosarcoma, Sarcoma
180). Organs were excised and radioactivity counted. Results are expressed
as percent of injected dose per gram of tissue (%ID/g ± SE).
The selective immunofluorescence staining of WEHI-164 and sarcoma 180
with F8-TNF on tumor sections ex vivo and following intravenous
administration is shown in Figure 17 and reveals an accumulation of the
fusion protein not only on tumor neo-vasculature, but also on sarcoma cells.
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Figure 17. Immunofluorescence analysis of murine WEHI-164 and Sarcoma
180 tumors. A) Tumor sections were stained ex vivo for binding to EDA with
biotinylated F8-TNF, biotinylated Sip (F8) or SIP (KSF) (green, Alexa Fluor
488) and rat anti-CD31 antibody (red, Alexa Fluor 594). B)
Immunofluorescence analysis of tumor following therapy administration for
accumulation of F8-TNF with rat anti-TNF (green, Alexa Fluor 488) and goat
anti-CD31 antibody (red, Alexa Fluor 594). 20x magnification, scale bars =
100 µm.
We studied the therapeutic activity of intravenous administrations of F8-TNF
(2 $g), doxorubicin (5 mg/kg) or the combination of the two agents at the
recommended dose in immunocompetent mice bearing WEHI-164 sarcoma
(Figure 18) and 180 sarcoma (Figure 19). The dose of doxorubicin was
chosen on the basis of previous studies performed in other groups [164] and
in our own lab [33, 53]. In both models, doxorubicin treatment did not induce
any significant anti-cancer activity. F8-TNF as a single agent exhibited a
potent tumor growth inhibition compared to the saline control group (p <
0.0001; the statistical analysis is presented in Annex 7.2), resulting in
complete cures of 40% of the animals. The combination therapy of F8-TNF
with doxorubicin led to an enhanced anti-tumor effect and to complete tumor
eradications (4 out of 5 mice and 5 out of 5 mice in WEHI-164 and 180
sarcomas, respectively).
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Figure 18. Therapeutic activity of F8-TNF and doxorubicin in mono- and
combination therapy against established subcutaneous murine WEHI-164
sarcoma. Mice received intravenously a single injection of 5 mg/kg
doxorubicin, three injections of 2 µg F8-TNF or the combination (injections are
indicated by arrows. grey, doxorubicin; black, F8-TNF). Phosphate buffered
saline (PBS) was used as a vehicle. Treatment was repeated every 48 hours.
After 50 and 150 days, cured mice were injected with tumors cells to check for
immune protection against sarcoma. Data represent mean tumor volumes (±
SEM), n = 5 mice per group.
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Figure 19. Therapeutic activity of F8-TNF and doxorubicin in mono- and
combination therapy against established subcutaneous murine Sarcoma 180.
Treatment was started when tumors reached a size of 70 mm3 and mice
received i.v. injections on days 5, 7 and 9 after tumor implantation of either 5
mg/kg doxorubicin, 2 µg F8-TNF, 2 µg F8-TNF followed by 5 mg/kg
doxorubicin or PBS as a control. Injections are indicated by arrows (grey,
doxorubicin; black, F8-TNF). After 50 and 100 days, cured mice were rechallenged by s.c. injection of sarcoma 180 cells. Data represent mean tumor
volumes (± SEM), n = 5 mice per group.
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Treatments were very well tolerated, except for the combination treatment
group of F8-TNF with doxorubicin against WEHI-164 tumors, where mice
exhibited weight loss up to 15%. Mice fully recovered weight after the
treatment cycle was finished (Figure 20). At present, it is not clear why weight
loss in the combination treatment group was observed in the WEHI-164 model
but not in the 180 sarcoma model.

Figure 20. Analysis of toxicity form therapy by observation of changes in the
weight of mice. A) Change in weight of WEHI-164 bearing mice during
treatment with the combination of 2 µg F8-TNF and 5 mg/kg doxorubicin. B)
Weight change during the therapy of subcutaneous Sarcoma 180 tumors.
Data represent mean % weight (± SEM), n = 5 mice per group.
Cured mice were re-challenged by the subcutaneous injection of tumor cells
more than 50 days after the end of therapy. Interestingly, tumor lesions did
not grow, indicating that the treatment had led to an anti-tumor immune
protection against the sarcoma. Similarly, a second subsequent re-challenge
with sarcoma cells, performed over 100 days after the end of therapy, did not
lead to tumor formation, indicating that the anti-sarcoma vaccination effect
was durable.
Tumors from mice treated with F8-TNF turned black few hours after injection.
In parallel experiments, the histological analysis of tumor sections after
treatment revealed the formation of massive necrosis within the neoplastic
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mass already four hours after administration of F8-TNF (Figure 21).

Figure 21. Analysis of WEHI-164 tumors after the administration of F8-TNF.
A) Macroscopic indication of necrotic changes in the tumor. B) Histological
demonstration for a substantial increase of tumor necrosis characterized by
loss of tumor structure and cellular fragmentation (H&E staining) (sacle bar =
100 µm.

4.2.5 Discussion
In this study, we presented evidence for abundant expression of oncofetal
fibronectin (containing the alternatively-spliced EDA and EDB domains) in
samples of murine sarcomas and from human specimens. Furthermore, we
provided initial evidence supporting the ability of the L19 antibody (specific to
the EDB domain of fibronectin) to selectively localize to sarcoma lesions in
patients. The same antibody has been used to image >200 patients with
various types of malignancies [158, 159, 162], while the F8 antibody (which
has been isolated more recently; [21]) has not yet been investigated in
Nuclear Medicine studies.
The fully human immunocytokine L19-TNF has been studied in two Phase I/II
clinical trials in patients with cancer, but could not be used in this study, since
human TNF does not cross-react with the murine receptor. We used F8-TNF
(containing the murine version of the cytokine) for the preclinical
characterization of the therapeutic potential associated to the targeted
delivery of TNF to oncofetal fibronectin. F8-TNF eradicated sarcomas in
almost all treated animals in two murine immunocompetent models of the
disease, when the agent was administered in combination with doxorubicin.
By contrast, this chemotherapeutic agent did not mediate any detectable anticancer activity, when used as monotherapy at the recommended dose of 5
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mg/kg. The immunocytokine not only eradicated tumors, but also vaccinated
mice against two subsequent challenges with sarcoma cells.
Murine sarcomas treated with F8-TNF turned black after treatment. This is
reminiscent of scab formation and tumor eradication, previously observed by
our group for the antibody-based targeted delivery of truncated tissue factor
[165] or photosensitizers [166] to oncofetal fibronectin in the tumor subendothelial extracellular matrix. These findings are in keeping with the ability
of TNF to induce potent intravascular coagulation of tumor blood vessels,
previously reported for the use of recombinant TNF in isolated limb perfusion
procedures [76].
The results presented in this study reinforce the use of TNF for cancer
therapy and provide a rationale for the clinical evaluation of targeted TNF in
combination with doxorubicin in the treatment of patients with soft-tissue
sarcoma. While both EDA and EDB domain of fibronectin could be considered
as targets for the pharmacodelivery of TNF, our immediate clinical plans
feature the use of L19-TNF as therapeutic agent, since the product has
already completed Phase I monotherapy studies [167] and since the tumor
targeting performance of the L19 antibody has been studied in over 200
patients with cancer [158, 159, 162, 168]. The selective uptake of SIP(L19) in
sarcoma lesions, as presented in this paper, has led to the beginning of a
Phase Ib/II clinical trial, featuring the administration of escalating doses of
L19-TNF in combination with 75 mg/m2 doxorubicin (once every three weeks;
EUDRA-CT 2012-000950-75).
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4.3 Tumor targeting properties of antibody fusion proteins
based on different members of the murine tumor necrosis
superfamily3
4.3.1 Abstract
The tumor necrosis factor superfamily (TNFSF) consists of more than 20
members that can modulate cellular and immunological functions, including
cell survival and the stimulation of an inflammatory response. Many TNF
superfamily members display potent anticancer activity when used as
recombinant proteins in vitro and in vivo. While TNF, TRAIL and FasL, have
already been used as payloads in antibody-based pharmacodelivery
strategies, most TNF superfamily members have not yet been investigated as
antibody

payloads.

Here,

we

report

the

cloning,

production

and

characterization of seven novel antibody fusion proteins based on CD40L,
FasL, TRAIL, LiGHT, VEGI, lymphotoxin alpha, lymphotoxin beta and
lymphotoxin alpha1/beta2. The monoclonal antibody F8 was chosen as fusion
partner of proven tumor targeting performance, which recognizes the
alternatively-spliced EDA domain of fibronectin, a marker of angiogenesis. A
quantitative biodistribution analysis performed with radioiodinated protein
preparations in tumor-bearing mice revealed that TRAIL and lymphotoxin
alpha1/beta2 were able to selectively accumulate at the tumor site, while all
other members of the TNF superfamily abrogated the selective tumor
targeting performance of the parental antibody or accumulated also in healthy
tissues. The study indicates that even cytokines, which are closely related in
terms of structure and function, may have a substantially different impact on
the biodistribution and functional properties of the corresponding fusions with
disease-homing antibodies.
4.3.2 Introduction
The use of armed antibodies is an attractive avenue to achieve high local
concentrations of the payload at the site of disease while sparing normal
3

Adapted from T.Hemmerle et al. J. Biotechnology, 2014
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tissues. There are several classes of payloads that can be fused to diseasetargeting antibodies, such as drugs (ADC), enzymes (ADEPT), radionuclides,
photosensitizers and cytokines [2]. The field of antibody-cytokine fusion
proteins (referred to as “immunocytokines”) is in rapid evolution, with several
products currently being tested in clinical and late preclinical studies. While
targeted cytokines can exhibit potent and long-lasting anti-tumor activity, not
all payloads can be efficiently delivered at the tumor site. Indeed, various
molecular mechanisms, such as insufficient extravasation, rapid clearance or
trapping by cognate receptors, may interfere with efficient tumor targeting
[47].
Structurally, the antibody moiety used for immunocytokine development is
typically either an intact IgG molecule or an antibody fragment, such as scFv
fragments in monomeric or diabody format [47, 169]. Various cytokine
payloads can be considered for immunocytokine development. Antiinflammatory cytokines (e.g. IL10) may be preferable for the treatment of
chronic inflammatory conditions, while pro-inflammatory cytokines (e.g. IL2,
IL4, IL6, IL7, IL12, IL15, IL17, IFNg, GM-CSF) and cytotoxic cytokines (e.g.
TNF, FasL, TRAIL, IFNa) may be considered for cancer therapy.
Immunocytokines based on IL2, IL10, IL12 and TNF are currently being
investigated in clinical trials [47, 169].
The tumor necrosis factor superfamily consists of more than 20 membrane
bound or secreted ligands with a common trimeric structure, which mediate a
broad range of biological activities ranging from tumor cell apoptosis, sepsis
and cachexia to the maintenance of lymphatic tissues and organogenesis.
Each ligand specifically recognizes one or more cell surface receptors of the
corresponding TNF receptor (TNFR) family. Receptor binding triggers an
intracellular signal cascade, which can result in cell death or in activation of
inflammation [170-172].
The first identified ligands of the TNF superfamily were the type II
transmembrane proteins tumor necrosis factor (TNF) and lymphotoxin alpha
(LTa), which have been extensively studied for their role in inflammatory
processes and in the induction of tumor cell apoptosis. Severe dose limiting
toxicities of recombinant TNF observed in anti-cancer therapy studies [73]
stimulated

the

development

of

several

TNF

superfamily

based

68

immunocytokines [169]. For example, the fusion of TNF to the L19 antibody,
specific to the extra-domain B of fibronectin, a marker for tumor angiogenesis,
is currently in clinical investigation for cancer therapy [25, 150, 173].
Alternatively, TNF has been fused to an NGR-containing peptide, serving as
tumor homing moiety [81, 174].
Tumor necrosis factor-related apoptosis inducing ligand (TRAIL, Apo2L),
triggers the intrinsic and extrinsic apoptotic pathways when binding to its
receptors DR4 and DR5. Interestingly, recombinant TRAIL (Dulanermin™),
which is currently in clinical development for cancer therapy, shows little
toxicity on normal cells and has been shown to be safe at doses up to 30
mg/kg/d [175, 176]. Investigational TRAIL-based antibody-fusion proteins
include molecules directed against EpCAM, EGFR, MCSP, CD7, CD19, and
CD33 [177-184]. Fas Ligand (FasL, CD95L, CD178, Apo1L) is another
homotrimeric member of the TNF superfamily that induces apoptosis of tumor
cells upon binding to its cognate receptor Fas, which is expressed by most
tumor cells. While recombinant FasL exhibits potent in vitro anti-tumor activity,
the in vivo application is hampered by extreme off-target toxicities. This
limitation could be overcome by fusion of the cytotoxic FasL moiety with an
anti-FAP scFv antibody fragment, resulting in tumor cell growth inhibition
without any detectable evidence of systemic toxicity in mice [169, 185, 186].
Here, we describe the in vitro characterization and comparative quantitative
biodistribution analysis of 8 antibody-cytokine fusion proteins based on murine
CD40L, TRAIL, FasL, VEGI (TLA1), LiGHT (HVEML), lymphotoxin alpha
(LTa), lymphotoxin beta (LTb) and lymphotoxin alpha2/beta1 (LTa1b2). The
experiments, which were performed in immunocompetent tumor-bearing mice
using radioiodinated protein preparations, aimed at assessing the cancer
targeting properties of closely related fusion proteins, based on the F8
antibody in scFv format [21]. This antibody, which is specific to the
alternatively-spliced EDA domain of fibronectin, stains the majority of murine
and human malignancies, while its reactivity toward normal tissues is mainly
confined to placenta, the endometrium in the proliferative phase and some
vessels in the ovaries. The tumor-targeting properties of the F8 antibody [21]
and of the corresponding fusion protein with murine TNF [25, 187] have
previously been reported and served as reference for the new fusion proteins.
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Surprisingly, it was found that the seven new immunocytokines based on
structurally related members of the TNF superfamily differed substantially in
terms of biodistribution properties in tumor-bearing mice.
4.3.3 Materials and Methods
Cell lines and animals
CHO cells (Invitrogen, Zug, Switzerland), LM-Fibroblasts (ATCC-LCG,
Molsheim-Cedex, France) and the murine tumor cell lines F9 teratocarcinoma
(ATCC-LCG) and WEHI-164 sarcoma (ATCC-LCG) were cultured according
to supplier’s protocol.
Cloning, expression and purification of fusion proteins
The fusion proteins were designed as the F8 antibody (specific to the
alternatively-spliced EDA domain of fibronectin [21]) sequentially fused to a
murine member of the tumor-necrosis factor superfamily (cDNA from Sino
Biologicals) via a flexible aminoacid linker. The genes for the F8 antibody and
TNFSF members were PCR amplified, PCR assembled and cloned into the
mammalian cell expression vector pcDNA3.1(+) (Invitrogen) by HindIII/NotI or
NheI/NotI (F8-VEGI, F8-VEGItrunc) restriction sites (sequences of all fusion
proteins are shown in Annex 7.1). The fusion proteins were expressed by
transient gene expression and purified from supernatant by protein A
chromatography as previously described [188]. Purified protein was analyzed
by SDS-PAGE and size exclusion chromatography (Superdex200 10/300GL,
GE Healthcare, Freiburg, Germany). For all further experiments, fusion
proteins

were

purified

to

homogeneity

by

preparative

gel

filtration

(Superdex200 10/300GL). Binding affinity of the antibody moiety was
analyzed by surface plasmon resonance (BIAcore) on an EDA antigen-coated
sensor chip [21, 161]. F8-TNF was produced as previously described [187].
Biodistribution experiments
The

in

vivo

targeting

performance

was

evaluated

by

quantitative

biodistribution analysis as previously described. For the tumor model, female
129/SvEv mice were obtained from Charles River (Sulzfeld, Germany) and
implanted subcutaneously with 25 x 106 F9 teratocarcinoma cells in the flank.
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Tumor-bearing mice were injected with 10 µg radioiodinated protein into the
lateral tail vein. Mice were sacrificed 24 h after injection, organs were excised
and radioactivity was measured in Cobra gamma counter (Packard, Meriden,
CT, US). Radioactivity is expressed as percentage of the injected dose per
gram of tissue (%ID/g). Biodistribution experiments were performed in
accordance with the swiss regulations and under a project license granted by
the Veterinäramt des Kantons Zürich (42/2012).
4.3.4 Results and Discussion
The F8 antibody was fused in scFv format to seven murine members of the
TNF superfamily: CD40L, TRAIL, FasL, LiGHT, VEGI, lymphotoxin alpha,
lymphotoxin beta and lymphotoxin alpha1/beta2. The fusion proteins could be
expressed by mammalian cells and were characterized by SDS-Page
analysis, size exclusion chromatography and surface plasmon resonance
(BIAcore) analysis on an EDA coated sensor chip (Figure 22).

Figure 22. Expression and characterization of antibody-fusion proteins based
on members of the TNF superfamily. Schematic representation of the domain
structures, SDS-Page (M: molecular marker; N: non-reducing conditions; R:
reducing conditions), size exclusion chromatography (SEC200) and surface
plasmon analysis of purified protein preparations on an EDA coated sensor
chip.
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In order to test the antigen binding activity of the F8 moiety in vitro, the fusion
proteins were studied by surface plasmon resonance on a BIAcore
microsensor chip coated with recombinant EDA. All immunocytokine bound to
the cognate antigen with comparable BIAcore profiles (Figure 22). However,
when

tested

in

vivo

by

quantitiative

biodistribution

experiments

in

immunocompetent mice carrying subcutaneously grafted F9 teratocarcinoma
tumors (a highly vascularized tumor expressing EDA around its blood vessels
[21]), radioiodinated preparations of F8-CD40L, F8-FasL, F8-TRAIL, F8TRAILtrunc, F8-VEGI, F8-VEGItrunc, F8-LiGHT, F8-LTA, F8-ltb and F8LTa1b2 displayed different and distinctive distribution patterns

when

compared to F8-TNF (Figure 23; Table 5). While F8 fusions with TRAIL,
truncated TRAIL and LiGHT preferentially localized at the tumor site 24 h after
intravenous injection with only low uptake in healthy organs, F8-LTA was
unable reach its cognate antigen in vivo. F8-CD40L, F8-FasL, F8-VEGI, F8VEGItrunc and F8-ltb exhibited tumor uptake, but those immunocytokines
were also found in certain normal tissues, such as spleen and liver. Thus, our
data reveal that not all members of the tumor-necrosis factor family are
suitable payloads for the antibody-based pharmacodelivery to solid tumors
because not all can be efficiently and selectively delivered to the tumor site as
fusions proteins.

Figure 23. Comparative biodistribution analysis. Radioiodinated protein
preparations (10 µg) were intravenously administrated to fully
immunocompetent F9 tumor-bearing mice. After 24 h, mice were sacrificed
and organs were excised, weighted and counted for radioactivity, expressing
results as percent of injected dose per gram of tissue (%ID/g) ± SEM.
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Bifunctional proteins, such as immunocytokines, do not always efficiently
extravasate and reach their cognate tumor-associated antigen in vivo, even if
the parental antibody displays good tumor targeting properties as an
unmodified protein (as is the case for the F8 antibody). For example, the
preferential tumor uptake of antibodies specific to splice isoforms of
fibronectin can be completely abrogated by fusion with highly charged
payloads (e.g., Calmodulin [50], VEGF-164 [51] and HIV-1 TAT peptides [52]),
bulky payloads [30], highly glycosylated payloads [189] and payloads prone to
receptor trapping when administered at low doses (e.g., IFNg [53]). Other
payloads can lead to a high uptake in unspecific healthy organs due to the
binding activity of the payload itself (e.g. receptor binding) (Figure 23).
This is the first complete report of a comparative analysis of the properties of
closely-related antibody-cytokine fusion proteins in vitro and in vivo. The
seven novel immunocytokines belonging to the TNF superfamily could be
expressed and purified in functional form, which was similar to the one of F8TNF used as reference product. However, the in vivo analysis of
biodistribution data revealed distinctive differences in the tumor targeting
properties of these closely-related biopharmaceuticals. Armed antibodies
represent a fast-growing class of pharmaceutical biotechnology products,
which will continue to benefit in the future from "precision medicine"
approaches, involving nuclear medicine imaging procedures and quantitative
biodistribution studies.
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tumor

liver

lung

spleen

heart

kidney

intestine

tail

blood

F8-TNF

3.61 ± 0.63

0.09 ± 0.02

0.09 ± 0.03

0.49 ± 0.04

0.06 ± 0.01

0.29 ± 0.09

0.24 ± 0.14

0.10 ± 0.05

0.10 ± 0.04

F8-CD40L

6.19 ± 0.97

4.73 ± 0.12

1.18 ± 0.25

7.15 ± 0.79

0.34 ± 0.04

2.99 ± 0.65

2.47 ± 0.24

0.75 ± 0.43

0.58 ± 0.03

F8-FasL

2.18 ± 0.48

4.35 ± 0.41

0.60 ± 0.12

4.67 ± 0.59

0.24 ± 0.05

1.41 ± 0.48

1.36 ± 0.56

0.28 ± 0.03

0.45 ± 0.10

F8-TRAIL

2.70 ± 0.35

0.25 ± 0.01

0.67 ± 0.09

1.19 ± 0.07

0.09 ± 0.04

0.86 ± 0.03

1.96 ± 0.17

0.09 ± 0.00

0.16 ± 0.02

F8-TRAILtrunc 5.42 ± 2.70

1.23 ± 0.70

0.61 ± 0.10

2.45 ± 0.39

0.21 ± 0.06

1.63 ± 0.22

0.84 ± 0.12

0.32 ± 0.10

0.40 ± 0.28

F8-VEGI

2.62 ± 0.38

2.03 ± 0.13

0.88 ± 0.28

3.68 ± 0.45

0.40 ± 0.03

2.32 ± 0.32

2.46 ± 0.70

0.54 ± 0.30

0.35 ± 0.06

F8-VEGItrunc

3.47 ± 0.22

4.76 ± 0.21

0.74 ± 0.06

7.08 ± 0.29

0.44 ± 0.04

3.64 ± 0.11

2.10 ± 0.24

0.66 ± 0.29

0.36 ± 0.06

LiGHT-F8

0.92 ± 0.33

0.35 ± 0.14

0.49 ± 0.21

0.34 ± 0.08

0.06 ± 0.04

0.31 ± 0.12

0.17 ± 0.07

0.09 ± 0.02

0.31 ± 0.10

LTA-F8

0.09 ± 0.02

1.70 ± 0.32

0.13 ± 0.05

3.12 ± 1.36

0.09 ± 0.03

0.55 ± 0.05

0.08 ± 0.02

0.11 ± 0.04

0.13 ± 0.01

F8-ltb

1.26 ± 0. 22

0.99 ± 0.18

0.83 ± 0.17

1.92 ± 0.51

0.19 ± 0.01

0.87 ± 0.06

0.85 ± 0.37

0.15 ± 0.02

0.32 ± 0.11

F8-LTa1b2

2.32 ± 0.21

0.79 ± 0.01

0.86 ± 0.12

1.06 ± 0.51

0.23 ± 0.03

1.12 ± 0.16

1.04 ± 0.04

0.19 ± 0.07

0.46 ± 0.08

The results are expressed as percent of antibody injected dose per gram of tissue (%ID/g ± SEM)

Table 5. Comparative biodistribution analysis. Radioiodinated protein
preparations were intravenously administrated to fully immunocompetent F9
tumor-bearing mice. After 24 h, mice were sacrificed and organs were
excised, weighted and counted for radioactivity, expressing results as percent
of injected dose per gram of tissue (%ID/g) ± SEM.
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4.4 The dose dependent tumor targeting of antibodyinterferon gamma fusion proteins reveals an unexpected
receptor trapping mechanism in vivo4
4.4.1 Abstract
Cytokines often display substantial toxicities at low concentrations, which
prevent their escalation to therapeutically active regimens for the treatment of
cancer. Fusion proteins, consisting of cytokines fused to recombinant
antibodies, have the potential to improve the anti-cancer activity of proinflammatory cytokines. Murine interferon gamma was appended at the Cterminus of the F8 antibody in diabody format (specific to the EDA domain of
fibronectin, a tumor-associated antigen which is strongly expressed in the
vasculature and stroma of almost all tumor types), generating a protein
termed “F8-IFNg”. Tumor targeting properties were measured in vivo using
radioiodinated protein preparation of the fusion protein. Therapy experiments
were performed in three syngeneic murine models of cancer (F9, WEHI-164
and LLC). F8-IFNg exhibited full retention of biological activity of both
antibody and cytokine moiety in vitro, but unlike the parental F8 antibody did
not exhibit a preferential localization on tumors in vivo. Surprisingly, when
unlabeled F8-IFNg was administered prior to the intravenous injection of
radioiodinated F8-IFNg, a selective accumulation at the tumor site was
observed. F8-IFNg showed dose-dependent anti-cancer activity, with a clear
superiority over untargeted IFNg. The anticancer activity was potentiated by
combination with F8-IL4 without additional toxicities, whereas combination of
F8-IFNg with F8-TNF was lethal in all mice. Unlike other antibody-cytokine
fusions, the use of interferon-gamma as payload for anticancer therapy is
associated with a receptor trapping mechanism. This blockade can be
overcome by the administration of a sufficiently large amount of fusion protein,
without any detectable toxicity at the doses used.

4

Adapted from T.Hemmerle et al. in press, 2014
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4.4.2 Introduction
Immunocytokines are fusion proteins consisting of a cytokine and of a
recombinant antibody. They represent a novel class of “armed” antibodies,
with a considerable anti-cancer potential [46, 47, 190, 191]. Indeed,
antibodies capable of selective accumulation at the tumor site may act as
delivery vehicles and may substantially increase the therapeutic index of proinflammatory cytokines.
In many cases, cytokines have been fused at the C-terminal extremity of full
IgG antibodies, leading to products, which have displayed considerable antitumoral activity in mouse models of cancer and have therefore progressed to
clinical studies [47]. Our groups and others have preferred to fuse cytokines to
recombinant antibody fragments (e.g., scFv fragments, diabodies) devoid of
the Fc portion, in order to generate proteins which do not activate complement
and bind to Fc receptors [47]. We have so far focused on the use of
antibodies, which recognize tumor-associated antigens found in the subendothelial extracellular matrix of solid tumors and lymphomas [17, 19, 21,
192]. In particular, we have used the F8 and L19 antibodies (specific to the
alternatively spliced EDA and EDB domain of fibronectin) for the construction
and in vivo testing of several immunocytokines. These oncofetal isoforms of
fibronectin are virtually undetectable in the normal adult organs (exception
made for placenta and endometrium in the proliferative phase; [20], while
being abundantly expressed in the neo-vasculature and stroma of virtually all
aggressive tumors in mouse and man [17, 102, 193-195]. Some proinflammatory cytokines (e.g., IL2, IL12, TNF) have exhibited an impressive
anti-cancer activity and a selective uptake at the tumor site when fused to L19
or F8 [25, 26, 28, 30, 31, 37, 51, 102, 194, 195]. Other cytokines have shown
limitations either in tumor targeting or in therapy experiments (e.g., IL7, IL17,
IL15, IL18) [32, 35, 36], indicating that the immunocytokine format and the
choice of payload have to be evaluated from case to case. At one extreme,
anti-inflammatory cytokines (such as IL10) can be used as fusion partners
with disease-homing antibodies, with no inhibition of tumor growth (E.
Trachsel and D. Neri, unpublished) but with a substantial inhibition of
autoimmune and/or inflammatory conditions [20, 39].
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A comprehensive analysis of antibody-payloads, which completely abrogate
the in vivo accumulation of the parental antibody at the tumor site, revealed a
number of possible mechanisms. For example, a fusion of the L19 antibody
with highly charged molecules [such as calmodulin, TAT peptide or murine
VEGF-164 (but, surprisingly, not the less charged VEGF-120 isoform)]
abolished tumor targeting in vivo. Similarly, excessive glycosylation [189] or a
too large molecular weight of the fusion protein [30] can lead to
immunocytokines which are well-behaved in vitro, but which do not
accumulate at the tumor site in vivo.
Interferon-gamma [IFNg] has long been considered as a payload for
immunocytokine development [196, 197], since high concentrations of this
protein at the tumor site can mediate a potent influx and activation of
leukocytes [198]. The expression of IFNg-based immunocytokines is
complicated by the presence of many cysteine residues in the protein, which
lead to disulfide-linked high molecular weight aggregates. We have previously
shown that the deletion of cysteine residues or their mutation to serines leads
to the production of immunocytokines with acceptable pharmaceutical
properties [53]. Interestingly, one of these mutants [termed L19-IFNgmut4]
was found to exhibit a measurable anti-tumor activity, which could be
potentiated by combination with L19-IL2. The tumor targeting performance of
L19-IFNgmut4 was substantially higher in mice, which were knock-out for the
interferon gamma receptor, compared to wild-type mice [53].
In this study, we decided to investigate novel IFNg-based immunocytokines,
using the F8 antibody, whose cognate antigen (the EDA domain of
fibronectin) is more strongly expressed in murine tumors [48] and human
tumors [102, 194, 195]. Furthermore, compared to the previous work of
Ebbinghaus et al. [53], we explored different strategies for the fusion of IFNg,
which resulted in the production and purification of immunocytokines with
pharmaceutically acceptable profiles in SDS-PAGE, gel-filtration, BIAcore and
cytokine activity assays.
We surprisingly found that F8-IFNg did not exhibit a preferential localization
on tumors in vivo. However, when a pre-administration of 20 $g unlabeled F8IFNg was followed by the intravenous injection of radioiodinated F8-IFNg, a
selective accumulation of the immunocytokine at the tumor site was observed
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(tumor:blood ratio = 20 at 24 h), indicating the presence of a receptor trapping
mechanism which could be saturated. The biodistribution information was
used for the execution of therapy experiments at relatively high doses (200 $g
every 3 days), which indicated a potent anti-tumor activity of F8-IFNg, with no
detectable toxicity. Importantly, the anticancer activity of F8-IFNg was
superior to the one of KSF-IFNg, a fusion protein consisting of the anti-hen
egg lysozyme KSF antibody, which served as negative control in this study.
4.4.3 Materials and Methods
Cell lines and tumor models
CHO cells (ATCC-LCG, Molsheim Cedex, France) and WEHI-279 cells
(ATCC-LCG), respectively the murine tumor cell lines F9 teratocarcinoma
(ATCC-LCG), WEHI-164 sarcoma (ATCC-LCG) and Lewis lung carcinoma
(LLC; ATCC-LCG) were cultured according to supplier’s protocol. All animal
experiments were performed under a project license granted by the
Veterinäramt des Kantons Zürich, Switzerland (42/2012) and animals were
sacrificed when the tumor volume reached a maximum of 2000 mm3. Female
129/SvEv and male DBA/1 mice were obtained from Charles River (Sulzfeld,
Germany) and female Balb/c and C57BL/6J mice were obtained from Janvier
(Le Genest Saint Isle, France). For therapy studies and biodistribution
experiments, mice were implanted subcutaneously in the flank with 25 x 106
(F9), 3 x 106 (WEHI-164) or 1 x 106 (LLC) tumor cells.
Cloning of IFNg-based antibody fusion proteins
The fusion proteins F8-IFNg and KSF-IFNg contain the antibody F8 (specific
to the alternatively-spliced EDA domain of fibronectin [21]) respectively KSF
(specific to egg lysozyme) in diabody format sequentially fused to murine
interferon gamma (aa 23-155, Cys155 to Ser155; cDNA from Source
BioScience, Nottingham, UK) by the 9 amino acid linker. The genes for the F8
respectively KSF antibody and murine IFNg were PCR amplified, PCR
assembled and cloned into the mammalian cell expression vector
pcDNA3.1(+) (Invitrogen, Zug, Switzerland) by a HindIII/NotI restriction site
(New England BioLabs, Ipswich, MA, USA) (for nucleotide sequence see
Annex 7.1).
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Expression and in vitro characterization of IFNg-based immunocytokines
The fusion proteins were expressed by monoclonal stably transfected CHO
cell line. G418-resistant clones were screened for protein expression by
ELISA using recombinant EDA or hen egg lysozyme. For protein production,
cells were adapted for suspension growth and cell culture supernatant was
purified by Protein A chromatography (GE Healthcare, Freiburg, Germany) to
homogeneity [160]. The purified proteins were analyzed by SDS-PAGE
(NuPage 4-12% Bis-Tris Gel, MOPS Running Buffer; Invitrogen, Zug,
Switzerland), size exclusion chromatography (Superdex200 10/300GL, GE
Healthcare) and surface plasmon analysis (BIAcore; GE Healthcare) on an
EDA coated sensor chip [21, 161]. Cytokine activity was analyzed using a
cytostasis assay with WEHI-279 lymphoma cells (20000 cell/well). Cells were
incubated 72 h with different concentrations of F8-IFNg and KSF-IFNg
respectively commercial recombinant murine IFNg (produced in E.coli; Merck
Millipore, Darmstadt, Germany) in triplicates and cell viability was determined
with Cell Titer Aqueous One Solution (Promega, Dübendrof, Switzerland).
Immunofluorescence on tumor sections
Freshly frozen cryostat sections (10 µm) of untreated tumors were fixed in icecold acetone and stained with biotinylated SIP(F8), SIP(L19), SIP(KSF) or F8IFNg and rat anti-CD31 (BD Bioscience, Allschwil, Switzerland). For detection
streptavidin-Alexa Fluor 488 (Biospa, Milan, Italy) and donkey anti-rat IgG
Alexa Fluor 594 was used. Slides were mounted with fluorescent mounting
medium (Dako) and analyzed with an Axioskop2 mot plus microscope (Zeiss,
Feldbach, Switzerland).
Quantitative biodistribution experiments
Targeting performance of F8-IFNg and KSF-IFNg, proteins were labeled with
125-iodine as previously described [36] and radioiodinated fusion proteins
were injected intravenously in the tail vein of tumor-bearing mice. Mice were
sacrificed after 24 h or 1 h and organs were excised and weighed.
Radioactivity content was measured using a Packard Cobra ! counter and
expressed as percentage of injected dose per gram of tissue (%ID/g ±
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standard error).
Blood Binding Assay
Fresh murine blood gained from DBA/1 mice was incubated for 10 minutes
with radioiodiated protein preparation at different concentration in lithium
heparin containing Microtainer tubes (BD). Blood cells and liquid content were
separated by centrifugation (3 min, 3000 x g) and radioactivity was measured.
Results are expressed as percent of radioactivity dose.
Tumor therapy studies
For the assessment of anti-tumor activity, mice were randomly grouped (n =
5) when tumors reached a size of 100 mm3 and treatment was started by
intravenous injections into the lateral tail vein according to therapy schedule
as indicated in the text. The combination agents F8-TNF and F8-IL4 are
described elsewhere [48, 187]. Mice were monitored daily and tumor volume
was measured with a digital caliper. Tumor volume was calculated using the
formula: volume = 0.5 x length x width2.
Immunofluorescence analysis of tumor infiltrating cells
For the ex vivo detection of targeting, mice were treated according to therapy
schedule (3 injections, every 72 h, 200 µg) and tumors were excised one day
after the final injection. Tumors were embedded in OCT-medium (Thermo
Scientific, Rockford, IL, USA) and 10 µm cryostat sections were stained using
the antibodies rat anti-murine IFNg (eBioscience, San Diego, CA, USA) and
anti-rat Alexa Fluor 488 coupled secondary antibodies (Invitrogen, Zug,
Switzerland). For the assessment of tumor infiltrating immune cells, sections
were staining using rat anti-CD45 (leukocytes, BD Biosciences), rat anti-CD4
(CD4+ T cells, BioXCell), rat anti-CD8 (CD8+ T cells, BioXCell), rat anti-F4/80
(macrophages, Abcam), rabbit anti-Asialo GM1 (NK cells, Wako Pure
Chemical Industries), rat anti-CD45R (B cells, eBioscience), rat anti-Foxp3
(eBioscience) and rabbit anti-CD25 (Santa Cruz) antibodies, detected with
Alexa Fluor 488 coupled secondary antibodies (Invitrogen). For vascular costaining goat or rat anti-CD31 (Santa Cruz, Heidelberg, Germany;
eBioscience) and anti-goat respectively anti-rat IgG Alexa Fluor 594 coupled
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secondary antidodies (Invitrogen, Zug, Switzerland) were used. Slides were
mounted with fluorescent mounting medium (Dako, Glostrup, Denmark) and
analyzed with an Axioskop2 mot plus microscope (Zeiss, Feldbach,
Switzerland).
Statistical analysis
Differences in targeting, tumor volume and survival data were compared using
the repeated measures (mixed model) ANOVA analysis respectively MantelCox test of Graphpad Prism (La Jolla, CA, USA).
4.4.4 Results
Cloning, production and characterization of fusion proteins
The immunocytokines F8-IFNg (specific to the EDA domain of fibronectin, a
marker or tumor angiogenesis) and KSF-IFNg (specific to hen egg lysozyme)
were cloned and expressed by stable transfection in CHO cells. The chosen
format contained the antibody in a stable non-covalent homodimeric diabody
format (i.e., 5-amino acid linker between VH and VL domains), with the IFNg
moiety appended at the C-terminal extremity via a flexible 15-amino acid
linker (Figure 24A,B). F8-IFNg and KSF-IFNg were purified from cell
supernatant by protein A chromatography, yielding a well behaved protein
preparation (Figure 24C,E), which was present in different glycosylated forms
similar to the natural occurring IFNg [199] as indicated by the two molecular
weight bands in SDS-PAGE (Figure 24C). The product retained high affinity
for the cognate antigen, as revealed by BIAcore analysis (Figure 24F), and
displayed even a higher biological cytokine activity than recombinant E.coli
derived commercial IFNg, as measured in a cytostasis assay with WEHI-279
cells (Figure 24D).
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Figure 24. Cloning, expression and in vitro characterization of the noncovalent dimer F8-IFNg. A) Schematic representation of fusion protein
domains; VH, variable domain of heavy chain; VL, variable domain of light
chain. B) SDS-PAGE of affinity purified F8-IFNg (predicted molecular weight
monomer: 41 kDa; two glycosylation forms); M, Molecular weight marker;
Red, reducing conditions; Non, non-reducing conditions. C) Size Exclusion
chromatography of F8-IFNg. D) Cytostasis assay of F8-IFNg, KSF-IFNg and
recombinant murine IFNg using WEHI-279 lymphoma cells (20000 cell/well);
IC50 (rIFNg): 1.9 x 10-8 M, IC50 (F8-IFNg): 1.3 x 10-13 M, IC50 (KSF-IFNg): 5.3 x
10-14 M. E) Size exclusion chromatography of F8-IFNg. F) Surface plasmon
resonance (BIAcore) profile of F8-IFNg on an EDA-coated sensor chip.
Biodistribution studies and single-agent therapeutic activity
In order to study the tumor targeting properties and the therapeutic activity of
F8-IFNg, as well as the negative control KSF-IFNg immunocytokine, we
focused on three murine models of cancer, grafted onto immunocompetent
mice. The F9 teratocarcinoma grows in Sv129 mice, while the Lewis Lung
Carcinoma (LLC) grows in C57Bl/6 mice and the WEHI-164 fibrosarcoma
grows in Balb/c mice. Figure 25A shows that EDA is strongly expressed in
the vasculature and in the interstitium of LLC and WEHI-164 tumors, while
antigen expression is preferentially found around the angiogenic blood
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vessels of F9 tumors. Following intravenous injection of 200 $g F8-IFNg and
KSF-IFNg, a preferential antibody accumulation in all three tumors could be
detected by immunofluorescence only in the case of the specific F8-IFNg
immunocytokine (Figure 25B).
A quantitative biodistribution analysis was performed using radioiodinated
protein preparations in immunocompetent mice, bearing F9 tumors. While the
parental F8 antibody in small immune protein (SIP) format exhibited a
selective tumor uptake, in line with previously published results [21], F8-IFNg
did not accumulate in the tumor, when used at a dose of 15 $g (Figure 25C).
However, pre-administration of 20 $g unlabeled F8-IFNg, followed 15 min.
later by the injection of radioiodinated F8-IFNg, resulted in a biodistribution
profile similar to the one of the parental antibody (Figure 25C), indicating that
a trapping interaction could be blocked and saturated at the doses used. It is
unlikely that this interaction took place at the level of circulating leukocytes,
since an ex vivo incubation of radiolabeled F8-IFNg (at 1 $g/ml and at 100
$g/ml) with mouse blood, followed by centrifugation, led to the recovery of the
immunocytokine in the supernatant (Figure 25D).
A quantitative biodistribution analysis performed 1 h after intravenous injection
of radioiodinated protein preparations revealed that, in contrast to the parental
antibody F8 in SIP format, the immunocytokine F8-IFNg mainly localized to
liver and spleen (Figure 25E). The pre-administration of unlabeled F8-IFNg
reduced liver and spleen uptake, whereas F8-B7.2, a highly glycosylated F8based fusion protein [189] which did not contain the IFNg moiety, showed no
inhibitory effect. These data further support the hypothesis than in vivo
trapping of F8-IFNg at low doses is associated with the presence of the IFNg
moiety.

83

Figure 25. Characterization of targeting performance by immunofluorescence
analysis and quantitative biodistribution studies. A) Untreated freshly frozen
tumor sections were stained with biotinylated SIP(F8) (specific to EDA),
SIP(L19) (specific to EDB), SIP(KSF) (specific to egg lysozyme, as negative
control) and F8-IFNg (Alexa Fluor 488, green) and anti-CD31 antibody (Alexa
Fluor 594, red). B) Immunofluorescence analysis of tumors treated with PBS,
KSF-IFNg or F8-IFNg (total of 600 µg protein, given in 3 i.v. injections, every
72 h). Cryostat sections of tumors were stained with anti-IFNg antibody (Alexa
Fluor 488, green) and anti-CD31 antibody (Alexa Fluor 594, red). 20x
magnification, scale bar = 100 µm. C) Biodistribution data after i.v. injection of
either 15 µg radioiodiated SIP (F8), 15 µg radioiodinated F8-IFNg or 20 µg
unlabeled F8-IFNg followed 10 minutes later by the injection of 15 µg
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radioiodiatied F8-IFNg. Mice were sacrificed after 24 hours. Organs were
excised and radioactivity counted, expressing results as percent of injected
dose per gram of tissue (%ID/g ± SE). D) Ex vivo blood binding assay by
incubation of fresh murine blood with radioiodinated F8-IFNg. E)
Biodistribution experiment with radioiodiated SIP (F8), 15 radioiodinated F8IFNg or 20 µg unlabeled F8-IFNg respectively F8-B7.2 followed 10 minutes
later by the injection of 15 µg radioiodiatied F8-IFNg. Mice were sacrificed 1 h
after i.v. injection.
In a therapy experiment, the dose of F8-IFNg could be escalated from 7.8 $g
(3 µg equivalents of IFNg) to 78 $g (30 µg equivalents of IFNg), with a clear
dependence of tumor growth inhibition on the administered dose (Figure
26A). None of the used regimens was toxic to mice (Figure 26B).

Figure 26. Dose-Titration of F8-IFNg in F9 teratocarcinoma-bearing mice. A)
When tumors were clearly measurable, subcutaneous tumor-bearing 129Sv/E
mice were given three injections of either F8-IFNg or PBS (as negative
control) at different concentrations of the fusion protein (7.8 µg corresponding
to 3 µg IFNg; 26 µg corresponitng to 10 µg IFNg; 78 µg corresponding to 30
µg IFNg) in different time intervals (every 48 hours or very 72 hours). B)
Assessment of toxicity by observation of changes in weight. Results are
expressed as % weight change compared to starting weight over time.
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Biodistribution experiments were repeated in the WEHI-164 and LLC models,
using pre-administration of unlabeled immunocytokine and comparing the
tumor targeting performance of F8-IFNg with the corresponding negative
control protein, KSF-IFNg. In all cases, a preferential tumor accumulation was
observed for F8-IFNg. The tumor uptake (measured as % ID/g) was greater in
F9 tumors, compared to the other two models (Figure 27A,C,E). In all three
tested syngeneic tumor models, the tumor growth inhibition of the targeted
F8-IFNg immunocytokine was significantly greater (p < 0.0001; for statistical
analysis of therapy data see Annex 7.2), compared to KSF-IFNg (Figure
27B,D,F).
At the chosen dose of 200 µg F8-IFNg (corresponding to 78 µg equivalents of
IFNg) no signs of toxicity could be observed (Figure 28). A histological
analysis of tumor sections following immunocytokine treatment, staining for
vascular structures (CD31), CD45-positive leukocytes, CD4 and CD8-positive
lymphocytes, FoxP3 (a marker expressed in regulatory T cells), CD25-positive
lymphocytes, CD45R-positive cells (mainly B cells), Asialo GM1 positive cells
(mainly NK cells) and F4/80-positive cells (mainly macrophage) revealed an
increased infiltration of leukocyte in the targeted IFNg treatment groups, while
the infiltration of FoxP3-positive cells was decreased (Figure 29).
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Figure 27. Targeting properties and anti-cancer activity of F8-IFNg in three
different murine syngeneic mouse models of cancer. For biodistribtuion
experiments, mice were given 20 µg of F8-IFNg followed by 15 µg of
radioiodinated protein. Mice were sacrificed after 24 hours. Organs were
excised and radioactivity counted, expressing results as percent of injected
dose per gram of tissue (%ID/g ± SE). For therapy experiments, tumorbearing mice were injected with either PBS (negative control, buffer vehicle),
200 µg KSF-IFNg (untargeted IFNg; 78 µg equivalents of IFNg) or 200 µg F8IFNg (78 µg equivalents of IFNg) to a total of 600 µg/mouse in 3 i.v. injections,
administered every 72 hours. Results are expressed as tumor volume ± SEM.
F9 teratocarcinoma (A, B); WEHI-164 sarcoma (C, D); Lewis lung carcinoma
(E, F).
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Figure 28. Assessment of toxicity by observation of changes in body weight
of treated mice with F8-IFNg, KSF-IFNg or PBS and in the combination
therapies. A) F9 teratocarinoma in 129Sv/E mice. B) Wehi-164 fibrosarcoma
in Balb/c mice. C) Lewis lung carcinoma in C57BL/6 mice. Results are
expressed as % weight change compared to starting weight over time. D)
Therapy with PBS, F8-IFNg, F8-TNF or the combination. E) Therapy with
PBS, F8-IFNg, F8-IL4 or the combination.
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Figure 29. Immunofluorescence analysis of tumor infiltrating immune cells
after therapy. Tumor-bearing mice were injected with 3 doses of PBS, KSFIFNg or F8-IFNg (every 72 h, 200 µg). 10 $m sections of tumors were stained
for CD31 (vascular control staining, Alexa Fluor 594, red) and for different
surface markers (Alexa Fluor 488, green). 20x magnifaication, scale bar = 100
$m.
Combination studies with immunocytokines
C57BL/6 mice bearing subcutaneous LLC tumors were used to test whether
the therapeutic activity of F8-IFNg could be improved by the combination with
other immunocytokines. When tumors were clearly palpable, mice were
grouped and therapy was started by the injection of either PBS (buffer
vehicle), F8-IFNg (200 µg), F8-TNF (2 µg) or a mixture of F8-IFNg and F8TNF (administered together at the same dose used as single agents). While
F8-IFNg had a more potent growth retardation effect than F8-TNF and single
agent treatment was not toxic (Figure 28), all mice in the combination
treatment group died after the second injection (Figure 30A, B). Figure 30C
shows the therapy results obtained with three injections of F8-IFNg (200 $g),
F8-IL4 (90 $g) or the combination of both. Substantial tumor growth
retardation was observed for the combination regimen compared to the single
agents (p < 0.0001; for statistical analysis of therapy data see Annex 7.2), but
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the treatment had no curative results (Figure 30 D). No signs of toxicity could
be observed (Figure 28).

Figure 30. Therapeutic activity of F8-IFNg in combination with F8-TNF or F8IL4 against Lewis lung carcinoma. A) When tumors were clearly palpable,
mice were randomly grouped and injected intravenously either with PBS, 200
µg F8-IFNg, 2 $g F8-TNF or the combination of the single agents (200 µg F8IFNg with 2 $g F8-TNF). Results are expressed as tumor volume ± SEM. B)
Kaplan Meier plot of the combination therapy with F8-IFNg and F8-TNF. C)
Combination therapy of F8-IFNg (200 $g) with F8-IL4 (90 $g). D) Survival plot
of the combination therapy of F8-IFNg with F8-IL4.
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4.4.5 Discussion

While studying the tumor-targeting properties of immunocytokines, we had
observed that some fusion proteins based on certain cytokines or growth
factors (e.g., IL2, IL12, IL15, TNF, GM-CSF, VEGF-120) retain the tumor
targeting properties of the parental antibody, while others (e.g., those based
on TAT peptides, calmodulin or dual cytokine fusions) completely abrogated
tumor targeting in vivo, even though being fully immunoreactive in vitro [47].
We have previously reported that antibody-interferon gamma fusions do not
selectively localize on tumors in wild-type mice, but regained tumor targeting
ability when tested in mice defective for the IFNg receptor [53]. In this study
we show that by the injection of unlabeled IFNg-based immunocytokine prior
to injection of labeled fusion protein, we are able to overcome this trapping by
IFNg receptor by reducing the uptake of radiolabeled F8-IFNg in liver and
spleen and observe selective accumulation at the tumor site. The clear dosedependence

of

the

tumor

growth

inhibition

profile

as

function

of

immunocytokine dose indicates that the IFNg receptor has first to be
saturated in order to develop an anti-tumor effect. Our data suggest that the
receptor trapping of F8-IFNg can be overcome by the administration of
sufficient amounts of the immunocytokine, without any additional toxicity at
the doses used.
We previously described therapy results obtained with the combination of IL2and IL12-based immunocytokines [37], IL2- and TNF-based immunocytokines
[200] and IL4- and IL2-based immunocytokines as well as IL4- and IL12based immunocytokines [48]. The additive effects of F8-IL4 plus F8-IFNg are
surprising in terms of the opposite T cell polarization properties of the two
cytokines. However, a possible synergy between Th1 and Th2 response has
previously been predicted [198, 201].
We have recently described that receptor trapping mechanisms of certain
immunocytokines can be conveniently tested in vitro, by incubation of
radiolabeled protein preparations with fresh blood, followed by centrifugation
and counting. In the case of F8-IFNg, however, this method was not predictive
for in vivo performance, possibly because of receptor expression in the
endothelium [202]. Indeed, a quantitative biodistribution analysis performed at
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an early time point revealed an unusually high uptake of the immunocytokine
in liver and spleen, a process, which was dependent on the presence of the
IFNg moiety in the fusion protein.
The doses of F8-IFNg used in the mouse to achieve efficient tumor targeting
and tumor growth inhibition were in the 10 mg/kg/dose range. It is interesting
to note that human IFNg (ACTIMMUNE™, IMUKIN®) is administered to
patients at a recommended dose of 1.5 $g/kg/dose. This striking discrepancy
may reflect different activities of the cytokines among species, making clinical
development more difficult. Indeed, while we demonstrated a strong singleagent tumor growth inhibition with F8-IFNg in all syngeneic immunocompetent
mouse models of cancer tested, it remains to be considered whether the fully
human F8-IFNg immunocytokine or F8-IL12 would be the best candidate for
clinical development activities [37, 203]. Indeed, F8-IL12 targets tumors
efficiently also at low doses (~ 0.5 mg/kg) and is able to potently induce IFNg
over-expression at the tumor site [31, 37]. On the other hand, clinical
development of F8-IFNg as "me better" (biosuperior) product may be
facilitated

by

the

fact

that

recombinant

IFNg

is

an

approved

biopharmaceutical, while the industrial development of recombinant IL12 has
been stopped at the level of several Phase II clinical trials. Irrespective of
future industrial plans, the lessons learned in this article shed light about the
nature of immunocytokine receptor trapping mechanisms in vivo and suggest
possible solutions, such as the use of high doses or the use of mutants with
decreased affinity to the receptor.
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4.5 The antibody-based targeted delivery of interleukin-4 and
12 to the tumor neovasculature eradicates tumors in
three mouse models of cancer5
4.5.1 Abstract
Preclinical studies with recombinant murine interleukin 4 (IL4) in models of
cancer have shown potent tumor growth inhibition. However, systemic
administration of human IL4 to cancer patients exhibited modest anti-tumor
activity and considerable toxicities. In order to improve the therapeutic index
and reduce side effects of this cytokine, we developed of a novel
“immunocytokine” based on sequential fusion of murine IL4 with the antibody
fragment F8 (specific to the alternatively spliced extra-domain A of fibronectin,
a marker for tumor-angiogenesis) in diabody format. The resulting fusion
protein, termed F8-IL4, retained full antigen-binding activity and cytokine
bioactivity and was able to selectively localize on solid tumors in vivo. When
used as single agent, F8-IL4 inhibited tumor growth in three different
immunocompetent murine cancer models (F9 teratocarcinoma, CT26 colon
carcinoma and A20 lymphoma). Furthermore, F8-IL4 showed synergistic
effects when co-administered with immunocytokines based on IL2 and IL12.
Indeed, combination therapy with an IL12-based immunocytokine yielded
complete tumor eradication, in spite of the fact that IL4 and IL12 display
opposite immunological mechanisms of action in terms of their polarization of
T-cell based responses. No weight loss or any signs of toxicity were observed
in treated mice, both in monotherapy and in combination, indicating a good
tolerability of the immunocytokine treatment. Interestingly, mice cured form
CT26 tumors acquired a durable protective anti-tumor immunity. Depletion
experiments indicated that the anti-tumor activity was mediated by CD8+ T
cells and by NK cells.

5

Adapted from T. Hemmerle et al. Int. J. Cancer, 2013
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4.5.2 Introduction
Cytokines are potent modulators of the activity of the immune system, which
can be used for therapeutic purposes. A number of cytokines (e.g., IL2,
interferon-alpha and TNF) are frequently used for the treatment of cancer
patients, but these agents can be toxic even at low doses (i.e., few
milligrams), preventing the escalation to therapeutically active regimens [204].
The antibody-based targeted delivery of cytokines (“immunocytokines”) to the
site of disease represents a promising avenue for increasing the therapeutic
index of cytokine products, increasing activity and sparing normal organs [46].
Pro-inflammatory immunocytokines (e.g., those based on IL2, IL12, IL15,
TNF) often display a potent anti-tumoral effect in mouse models of cancer [25,
26, 28, 32, 37]. By contrast, anti-inflammatory immunocytokines (e.g., those
based on IL10) confer a therapeutic benefit in mouse models of chronic
inflammatory conditions (rheumatoid arthritis, endometriosis; [20, 39]) but
have no impact on tumor growth [E. Trachsel and D. Neri, unpublished
results].
We have mainly used antibodies specific to splice-isoforms of fibronectin and
of tenascin-C as vehicles for pharmacodelivery applications, as these
antigens are virtually undetectable in the normal healthy adult (exception
made for placenta, endometrium and some vessels in the ovaries) while being
strongly expressed in the majority of solid tumors and lymphomas, with a
prominent vascular pattern of staining [155, 192, 195]. In particular, we have
used the F8, L19 and F16 antibodies [14, 21, 192] for the development of
armed antibodies, some of which have begun clinical testing in oncology and
in rheumatology [27, 82]. The tumor targeting properties of these antibodies
have been documented in mouse models of cancer and in patients.
The F8 and L19 antibodies (specific to the alternatively-spliced EDA and EDB
domain of fibronectin, respectively) are particularly suitable for in vivo
pharmacodelivery applications, as they recognize their cognate antigen in
mouse and man with identical affinity. Indeed, these antibodies have been
used for the production and in vivo characterization of immunocytokines
based on IL2 [26, 28, 205], IL7 [36], IL10 [39], IL12 [37], IL15 [32], IL17 [35],
IL18 (unpublished), IL24 (unpublished), TNF [25], GM-CSF [32] and
interferons [29, 53].
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Interleukin 4 (IL4) is a 14 kDa compact globular cytokine, stabilized by three
internal disulfide bonds. It was first identified in the early 1980s as a B cell
activating factor and exhibits many biological and immunoregulatory functions.
It can control proliferation, differentiation and apoptosis in several cell types of
hematopoietic and non-hematopoietic origin, including myeloid, mast,
dendritic, endothelial, muscular and neuronal cells [202, 206]. As a key
regulator in humoral and adaptive immunity, IL4 acts as a growth and survival
factor for lymphocytes, stimulating the proliferation of activated B cells and T
cells. The cytokine is crucially involved in the balance between Th1 and Th2
immunological responses, inducing the differentiation of naïve helper T cells
into Th2 cells after antigen challenge [202]. This activity is in stark contrast to
the one of IL12, which drives a Th1 polarization of immune response.
Interleukin 4 also stimulates the proliferation of NK (natural killer) cells and upregulates MHC class II production, therefore enhancing the antigen
presentation [207].
Nowadays, IL4 is mostly considered to be an anti-inflammatory cytokine,
which exhibits disease-suppressing effects in in vivo models of collageninduced arthritis [208]. However, studies with the recombinant protein and
tumors that were modified to secrete murine IL4 have shown that this cytokine
exhibits potent anti-tumor effects. It appears that both expression patterns and
doses determine the effect of IL4 on tumor growth. Furthermore, opposite
biological effects on endothelial cell migration has been observed at low
(promotion) and high concentrations (inhibition) [209].
Preclinical studies with recombinant murine IL4 as therapeutic agent had
shown promising anti-tumor activity in various mouse models of cancer [210213], which led to the clinical investigation of recombinant human IL4 in
several cancer types [214, 215]. The systemic administration of recombinant
human cytokine was tolerated at doses up to 5 $g/kg/day. Unfortunately, only
a minimal anti-tumor activity was observed in several clinical studies with
more than 154 patients. Only one complete response in a patient with
disseminated malignant melanoma and one in a patient with relapsed and
resistant NHL could be achieved. The therapy had substantial toxicity, the
most common side effects being nausea, vomit, diarrhea, headache/pain or
malaise/fatigue/lethargy, including cases of grade 4 toxicities. Therefore, the
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systemic use of IL4 was determined not to be suitable for cancer treatments
[215-217].
In this article, we have generated a tumor-targeting IL4-based antibodycytokine fusion protein (termed F8-IL4), containing the human F8 antibody in
diabody format sequentially fused to recombinant murine IL4, yielding a stable
non-covalent homodimeric product. The F8-IL4 immunocytokine showed good
pharmaceutical properties and was found to potently inhibit tumor growth in
three different syngeneic immunocompetent models of cancer, with a superior
performance compared to the immunocytokine KSF-IL4, specific to hen egg
lysozyme which was used as negative control [29]. Furthermore, F8-IL4 was
found to be very well tolerated and to mediate durable cancer eradication
when used in combination with IL2- and IL12-based immunocytokines.
4.5.3 Materials and Methods
Cell lines, animals and tumor models
CHO cells (ATCC; Molsheim-Cedex, France) and CTLL2 cells (ATCC), F9
teratocarcinoma (ATCC), CT26 colon carcinoma (ATCC), A20 lymphoma
(ATCC), Wehi-164 fibrosarcoma (CLS) and C51 colon carcinoma (kindly
provided by Dr. M.P. Colombo, Department of Experimental Oncology, Istituto
Nazionale Per Lo Studio E La Cura Dei Tumori, Milan, Italy) were grown
according to supplier’s protocol. 11-12 weeks old female 129/SvEv mice were
obtained from Charles River (Sulzfeld, Germany), Balb/c mice from Elevage
Janvier (France). Tumor cells were implanted subcutaneously in the flank
using 25 x 106 cells (F9), 2 x 106 cells (CT26), 8 x 106 cells (A20), 3 x 106cells
(Wehi-164) or 0.5 x 106 cells (C51). Animals were sacrificed when tumor
volumes reached a maximum of 2000 mm3 or weight loss exceeded 15%.
Experiments were performed under a project license granted by the
Veterinäramt des Kantons Zürich, Switzerland (169/2008, 42/2012).
Cloning, expression and protein in vitro characterization
The fusion proteins F8-IL4 and KSF-IL4 contain the antibody F8 [21] or KSF
[29] in diabody format, sequentially fused to murine interleukin 4 (gene from
Source BioScience) by a 15 amino acid linker. The gene encoding for the F8
antibody respectively the KSF antibody and the gene encoding murine IL4
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were PCR amplified and PCR assembled using standard procedures
previously described by our lab [36]. The product was ligated into the
mammalian expression vector pcDNA3.1(+) (Invitrogen) by a HindIII/NotI
restriction site (for sequences of F8-IL4 and KSF-IL4 see Annex 7.1).
The fusion proteins were expressed in stably transfected CHO cells (for
transfection and expression method see [29, 36]), purified to homogeneity by
protein A chromatography and analyzed by SDS-PAGE, size exclusion
chromatography (Superdex200 10/300GL, GE Healthcare) and surface
plasmon analysis (BIAcore) on an EDA antigen-coated sensor chip. For
immunofluorescence, 10 µm cryostat sections of untreated tumors were fixed
in ice-cold acetone and stained with biotinylated F8-IL4 respectively KSF-IL4
and rat anti-CD31 (BD Bioscience). For detection streptavidin-Alexa Fluor 488
and anti-rat-Alexa Fluor 594 was used. Slides were mounted with fluorescent
mounting medium (Dako) and analyzed with an Axioskop2 mot plus
microscope (Zeiss). The biological activity of murine IL4 was determined by its
ability to stimulate the proliferation of CTLL2 cells. Cells (20000 cells/well)
were seeded in 96-well plates in the culture medium supplemented with
varying concentrations of recombinant murine IL4 (eBioscience), F8-IL4 or
KSF-IL4. After incubation at 37 °C for 24 h, cell proliferation was determined
with Cell Titer Aqueous One Solution (Promega, Dübendorf, Switzerland).
Biodistribution studies
The

in

vivo

targeting

performance

was

assessed

by

quantitative

biodistribution where 15 µg of radioiodinated fusion protein was injected i.v.
into the lateral tail vein of tumor-bearing mice (for labeling protocol see [36]).
Mice were sacrificed 24 hours after injection, organs were excised, weighed
and radioactivity was measured using a Packard Cobra ! counter (Meriden,
CT, US). Radioactivity of organs was expressed as percentage of injected
dose per gram of tissue (%ID/g ± SEM).
Therapy studies
When tumors were clearly palpable, mice were randomly grouped (n = 5) and
injected i.v. into the lateral tail vein. The therapeutic antibodies were all
dissolved in phosphate buffered saline (PBS) and this buffer was also used in
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the negative control treatment groups. The mice were monitored daily and
tumor volume was measured with a caliper (volume = length x width2 x 0.5).
Results are expressed as volume in mm3 ± SEM.
Tumor re-challenge studies
To study if mice acquired protective immunity against the tumor due to the
immunocytokine treatment, mice that were cured from a therapy were injected
with 25 x 106 F9 cells/mouse, 2 x 106 CT26 cells/mouse, 3 x 106 Wehi-164
cells/mouse or 0.5 x 106 C51 cells/mouse after more than 50 days after the
treatment end. Tumor volume was determined as in the therapy experiments
(volume = length x width2 x 0.5).
In vivo depletion studies of NK, CD4+ and CD8+ cells
CT26 tumor bearing mice were injected i.p with rabbit anti-Asialo GM1 (Wako
Chemicals), rat anti-CD4 (BioXCell) and anti-CD8 (BioXCell) antibodies on
days 4, 7, 10 and 13 after s.c. injection of tumor cells. On day 5 and 7 after
tumor implantation, mice were injected with 90 µg F8-IL4 and 10µg mIL12-F8F8.
Immunofluorescence studies of treated tumors
For ex vivo detection of the localization of the IL4-based immunocytokines
and of tumor infiltrating cells after therapy, mice were injected three times with
the appropriate proteins as for therapy experiments and sacrificed two days
after the last injection. Tumors were excised, embedded in cryoembedding
medium (Thermo Scientific) and cryostat sections (10 µm) were stained using
the antibodies: anti-IL4 antibody (eBioscience), CD45 (leukocytes, BD
Biosciences), CD4 (CD4+ T cells, BioXCell), CD8 (CD8+ T cells, BioXCell),
F4/80 (macrophages, Abcam), Asialo GM1 (NK cells, Wako Pure Chemical
Industries),

CD45R (B cells, eBioscience), Foxp3 (eBioscience), CD31

(Santa Cruz); and detected with Alexa Fluor 488 respectively Alexa Fluor 594
coupled secondary antibodies (Invitrogen). Slides were mounted with
fluorescent mounting medium (Dako) and analyzed with an Axioskop2 mot
plus microscope (Zeiss).
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Statistical analysis
Data are expressed as the mean ± SEM. Differences in tumor volume, %ID/g
and tumor-to-blood ratio between groups were compared using Graphpad
Prism’s repeated measures (mixed model) ANOVA analysis (LaJolla, CA,
USA).
4.5.4 Results
Production and in vitro characterization of IL4-based immunocytokines
We produced the immunocytokines F8-IL4 (specific to the EDA domain of
fibronectin, a marker or tumor agngiogenesis) and KSF-IL4 (specific to hen
egg lysozyme and used as negative control) in stably transfected CHO-S
cells. The format chosen for immunocytokine expression contained the
recombinant antibody in stable non-covalent homodimeric diabody format
(i.e., scFv fragment with a 5-amino acid linker between VH and VL domains),
with the cytokine moiety appended at the C-terminal extremity via a flexible
15-amino acid linker. The resulting fusion proteins were purified to
homogeneity, as documented by SDS-PAGE analysis and size-exclusion
chromatography (Figure 31A,B). The products retained a high-affinity for the
cognate antigen, as revealed by BIAcore analysis (Figure 31C), and a
biological cytokine activity comparable to the one of recombinant murine IL4
(Figure 31D). Furthermore, the ability of F8-IL4 (but not KSF-IL4) to
recognize tumor neovascular structures in murine F9, CT26 and A20 tumors
was confirmed by immunofluorescence analysis (Figure 31E).
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Figure 31. Cloning, expression and in vitro characterization of the noncovalent dimer F8-IL4 (monomer 39.6 kDa, dimer 79.2 kDa). A) SDS-Page
analysis. MW, molecular marker; N, non-reducing; R, reducing conditions. B)
Size exclusion chromatography profile. 1, thyroglobulin 669 kDa; 2, BSA 67
kDa; 3, % -lactoglobulin 35 kDa. C) Surface plasmon analysis of F8-IL4 on an
EDA coated sensor chip. D) Bioactivity assay with CTLL2 cells (20000
cells/well). EC50: KSF-IL4 (20 pM), F8-IL4 (23 pM), recombinant IL4 (28 pM).
E) Immunofluorescence analysis of biotinylated F8-IL4 respectively KSF-IL4
on tumor sections (scale bar = 100 µm).
In vivo studies in F9 tumor-bearing mice
We performed a biodistribution experiment with radioiodinated protein
preparations in immunocompetent Sv129Ev mice, bearing sub-cutaneously
grafted F9 tumors. Analysis of percentage injected dose per gram of tissue 24
hours after intravenous administration showed a preferential accumulation of
F8-IL4 at the tumor site, which was not observed for the negative control KSFIL4 fusion protein (p < 0.001) (Figure 32A). An ex vivo immunofluorescence
analysis of tumor sections following intravenous administration of the
immunocytokines confirmed a preferential accumulation of F9-IL4 on CD31positive tumor neo-vascular structures (Figure 32B).
In a dose finding study, the antitumor activity of F8-IL4 was tested by
intravenous injections every second day a doses of 45 $g and 90 $g, starting
when tumors were 50 mg in weight. The higher dose exhibited the best tumor
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retardation results (Figure 32C). A higher dose could not be tested, due to
insufficient solubility of the product. A comparison between F8-IL4 and KSFIL4 revealed that the EDA-specific immunocytokine exhibited a substantially
more potent (for P values, see Annex 7.2) therapeutic effect (Figure 32D).
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Figure 32. Targeting and therapeutic performance of F8-IL4 in F9
teratocarcinoma. A) Quantitative biodistribution study of radioiodinated F8-IL4
respectively KSF-IL4. Mice bearing s.c. tumors were injected i.v. with 15 µg
radiolabeled protein. Mice were sacrificed after 24 hours. Organs were
excised and radioactivity counted, expressing results as percent of injected
dose per gram of tissue (%ID/g ± SE). B) Histochemical confirmation of tumor
targeting by the analysis of tumors of mice treated with F8-IL4, KSF-IL4 or
vehicle (PBS). Cryostat sections of tumors were stained with anti-IL4 antibody
(Alexa Fluor 488, green) and anti-CD31 antibody (Alexa Fluor 594, red). Scale
bar = 100 µm. C) Dose escalation study on F9 tumor-bearing mice. Treatment
was started when tumors reached a volume of 70 mm3 and mice were
injected every 48 h with either PBS, 45 µg F8-IL4 or 90 µg F8-IL4. Data
represent mean tumor volumes (± SEM), n = 4 mice per group. D)
Comparison of targeted delivery of IL4 to non-targeted administration. Mice
received i.v. injections of 90 µg F8-IL4, 90 µg KSF-IL4 or PBS every second
day. Data represent mean tumor volumes (± SEM), n = 5 mice per group.
F9 tumors were not cured by F8-IL4 treatment alone, but previous experience
with immunocytokines specific to oncofetal fibronectin had revealed that
curative results could be obtained by the judicious combination of two
targeted immunocytokines [25, 31, 37, 150, 151]. We first performed
combination experiments in F9 tumor-bearing mice using F8-IL4 plus F8-IL2
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[28], in consideration of the fact that IL2-based products are the most
frequently investigated immunocytokines in clinical trials [47]. Figure 33A
shows the therapy results obtained with four injections of F8-IL4 (90 $g) and
F8-IL2 (20 $g). Substantial tumor growth retardation was observed for the
combination regimen, which led to complete tumor eradications in 2/5 mice.
Upon re-challenge with F9 cells, however, both animals developed tumors.
We then studied (Figure 33B) the combination of F8-IL4 with IL12-F8-F8 (8.6
$g), a newly-developed IL12-based immunocytokine which had shown activity
in several mouse models of cancer [37]. Here, the combination treatment led
to complete tumor eradications in 4/5 mice. Again, in a re-challenge
experiment, all animals developed new tumor lesions. The treatment with F8IL4, F8-IL2, IL12-F8-F8 and the corresponding combinations was well
tolerated, as reflected by the fact that weight loss was < 5% (Figure 33C). A
microscopic analysis of tumor sections following immunocytokine treatment,
staining for vascular structures (CD31), CD45-positive leukocytes, CD4 and
CD8-positive lymphocytes, F4/80-positive cells (mainly macrophage), Asialo
GM1 positive cells (mainly NK cells), CD45R-positive cells (mainly B cells)
and FoxP3 (a marker expressed in regulatory T cells), revealed a rich infiltrate
of a variety of leukocyte in the immunocytokine treatment groups, without
substantial changes in vascular structures or in FoxP3-positive cells (Figure
34).
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Figure 33. Therapeutic activity of F8-IL4 in combination with F8-IL2 or IL12F8-F8 against F9 teratocarinoma. A) Combination treatment of F8-IL4 with
F8-IL2. When F9 tumors were clearly palpable, mice were randomly grouped
and injected with PBS, 90 µg F8-IL4, 20 µg F8-IL2 or the combination of both.
Data represent mean tumor volumes (± SEM), n = 5 mice per group. B) Mice
bearing F9 tumors were injected with PBS, 90 µg F8-IL4, 8.75 µg IL12-F8-F8
or the combination of the single agents. Data represent mean tumor volumes
(± SEM), n = 5 mice per group. C) Analysis of toxicity by the observation
changes in weight of treated mice.
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Figure 34. Ex vivo immunofluorescence analysis of tumor infiltrating cells on
F9 tumor sections following treatment with PBS, KSF-IL4, F8-IL4, F8-IL2, F8IL4 in combination with F8-IL2, IL12-F8-F8 or F8-IL4 in combination with IL12F8-F8. Scale bars, 100 $m.
In vivo studies in CT26 tumor-bearing mice
In order to study a second immunocompetent mouse model of cancer, we
focused on Balb/c mice bearing subcutaneous CT26 tumors of colorectal
origin. As for F9 tumors, a preferential tumor targeting was observed for F8IL4, although with lower %ID/g in neoplastic lesions (Figure 35A). A
microscopic ex vivo immunofluorescence analysis confirmed that only F8-IL4
had preferentially accumulated at the tumor site (Figure 35B). Also in this
model, F8-IL4 displayed a superior therapeutic performance compared to
KSF-IL4 (for P values, see Annex 7.2), which was not better than saline
(Figure 35C). Substantial tumor growth retardation could be observed in the
F8-IL4 plus IL12-F8-F8 combination group, with complete cures in 2/5 mice
(Figure 35D), without any detectable weight loss (Figure 36). A microscopic
analysis of tumor sections following immunocytokine treatment confirmed a
rich leukocyte infiltrate, in analogy to the data presented for F9 tumors
(Figure 37).
The selective depletion of cells of the immune system revealed that in the
CT26 model (Balb/c) the anti-tumor effect was mediated predominantly by the
NK cells and CD8+ T cells, while depletion of CD4+ T cells have only a minor
impact on the anti-cancer activity of the immunocytokine treatment (Figure
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35E).
Upon re-challenge after more than 60 days after treatment, the two cured
mice with the same tumor (CT26), mice did not develop tumor lesions
therefore indicating that they had acquired a protective immunity. Cured mice
from the depletion experiment were injected with either CT26 cells (original
tumor), Wehi-164 fibrosarcoma cells or C51 colon carcinoma cells. While
previously cured mice rejected subsequent challenge with CT26 and Wehi164 cells, C51 tumor cells were able to form tumors (Figure 35F-H). These
findings suggest that CT26 ande Wehi-164 tumors cells (but not C51) share
antigens and structural features, which makes them susceptible to an
acquired anti-tumor immunity.

Figure 35. Anti-tumoral activity of targeted IL4 against CT26 colon carcinoma.
A) Biodistribution study of radioiodinated F8-IL4 with CT26-tumor-bearing
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mice. Mice were sacrificed after 24 hours. Organs were excised and
radioactivity counted, expressing results as percent of injected dose per gram
of tissue (%ID/g ± SE). B) Representative images of the immunofluorescence
analysis of F8-IL4 respectively KSF-IL4 treated tumors (scale bar = 100 µm).
10 $m sections of tumors treated with 3 injection were stained with anti-IL4
(green) and anti-CD31 (red) antibody. C) Therapeutic comparison of F8-IL4 to
KSF-IL4 (negative control, specific to egg lysozyme). Mice received i.v.
injections of 90 µg F8-IL4, 90 µg KSF-IL4 or PBS every 48 h. Data represent
mean tumor volumes (± SEM), n = 5 mice per group. D) Combination of F8IL4 with IL12-F8-F8 in the treatment of CT26 tumors. Mice were given 4
injections (every 48 h) with either PBS, 90 µg F8-IL4, IL12-F8-F8 and the
combination. Data represent mean tumor volumes (± SEM), n =5 mice per
group. E) In vivo depletion of CD4 T cells, CD8 T cells, and NK cells. CT26
tumor–bearing mice were treated with F8-IL4 in combination with IL12-F8-F8
or PBS. Depletion antibodies were administered on days 4, 7, 10 and 13 (gray
arrows) and the therapeutic intervention of F8-IL4 in combination with IL12F8-F8 on day 5 and 7 (90 µg F8-IL4 together with 10 µg IL12-F8-F8) (balck
arrows; * 9 of 23 animals had a lethal hypersensibility reaction to the
treatment). Data represent mean tumor volumes (± SEM). F-H) Tumor rechallenge experiment. Mice cured by the combination treatment of F8-IL4 with
IL12-F8-F8 were re-challenged with the original tumor CT26 colon carcinoma
(F), C51 colon carcinoma (G) or Wehi-164 fibrosarcoma (H) by subcutaneous
injection of tumor cells more than 50 days after they were cured from the
primary tumor. Data represent mean tumor volumes (± SEM, n & 3 mice per
group).

Figure 36. Weight monitoring of CT26 tumor-bearing mice treated with PBS,
F8-IL4, IL12-F8-F8 and the combination.
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Figure 37. Ex vivo immunofluorescence analysis of tumor infiltrating cells on
CT26 tumor sections following treatment following treatment with PBS, KSFIL4, F8-IL4, IL12-F8-F8 or F8-IL4 in combination with IL12-F8-F8 (Combo).
Scale bars, 100 $m.
In vivo studies in A20 tumor-bearing mice
We studied A20 murine lymphomas as a third model of cancer, since not only
solid tumors but also the majority of lymphomas have previously been
reported to strongly express oncofetal fibronectin around vascular structures
[38, 155, 158]. As for the previous two models, a quantitative biodistribution
study and an ex vivo immunofluorescence analysis following intravenous
administration confirmed a preferential accumulation of F8-IL4 around tumor
neo-vascular structures (Figure 38A,B). In keeping with its selective tumor
targeting properties, F8-IL4 displayed a superior tumor growth retardation
compared to KSF-IL4 (Figure 38C). The combination of F8-IL4 and IL12-F8F8 led to complete eradications of implanted tumors in all treated mice
(Figure 38D), without any weight loss (Figure 39). However, 25 days after the
beginning of therapy, small tumor nodules appeared at inguinal lymph nodes
in 4/5 mice, which continued to grow. A microscopic analysis of tumor
sections following immunocytokine treatment confirmed, also in this case, a
rich leukocyte infiltrate. The analysis of B cell infiltration did not yield
informative results with the CD45R marker, because of the B-cell lymphoma
origin of A20 tumors (Figure 40).
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Figure 38. Functional activity of F8-IL4 against A20 lymphoma. A)
Quantitative Biodistribution study of radioiodinated F8-IL4 with A20-tumorbearing mice. Mice were sacrificed 24 hours after the injection of 15 µg
radioiodinated protein. Organs were excised and radioactivity counted,
expressing results as percent of injected dose per gram of tissue
(%ID/g ± SE). B) Accumulation of F8-IL4 respectively KSF-IL4 on A20 tumor
sections (scale bar = 100 µm). C) Comparison of targeted to non-targeted
administration of IL4. Mice received i.v. injections of 90 µg F8-IL4, 90 µg KSFIL4 or PBS every second day. Data represent mean tumor volumes (± SEM),
n = 5 mice per group. D) Therapeutic activity of F8-IL4 in combination with
IL12-F8-F8. Treatment was started when tumors reached a volume of 70 mm3
and mice were injected 4 times (every 48 h) with either PBS, 90 µg F8-IL4,
IL12-F8-F8 and the combination. Data represent mean tumor volumes (±
SEM), n = 5 mice per group.

Figure 39. Weight monitoring of A20 tumor-bearing mice treated with PBS,
F8-IL4, IL12-F8-F8 and the combination.
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Figure 40. Ex vivo immunofluorescence analysis of tumor infiltrating cells on
A20 tumor sections following treatment with PBS, KSF-IL4, F8-IL4, IL12-F8F8 or F8-IL4 in combination with IL12-F8-F8 (Combo). Scale bars, 100 µm.
4.5.5 Discussion
Immunocytokines represent a novel potent class of armed antibody
therapeutics with the potential to improve the therapeutic index of the
corresponding cytokine moiety [46, 47, 190]. The ability of immunocytokines
to selectively localize at the site of disease (while sparing normal tissue) is
crucially important for a superior performance compared to non-targeted
cytokines. While general solutions can be found for fusion of antibodies with
cytokines which lead to a complete retention of both antigen binding activity
and immunomodulatory activity [47], not all fusion proteins retain the tumor
targeting performance of the parental antibody. Indeed, we have previously
reported that the selective tumor localization of antibodies specific to
fibronectin splice isoforms (e.g., L19, F8) can be abolished by payloads of
excessive size [30], extreme pI values [50], excessive glycosylation or by a
receptor trapping mechanism. For example, antibody-interferon gamma
fusions did not selectively localize to tumors in wild-type mice, but regained
tumor targeting ability when tested in mice defective for the IFNg receptor
[53]. Interleukin-4 represents one of those few cytokines (such as IL2, TNF
and IL12), which allow the production of fusion proteins with excellent tumor
targeting properties, comparable to the ones of the parental antibody.
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The clinical investigation of immunocytokines has so far focused on antibodycytokines based on IL2, IL12 and TNF for cancer therapy and IL10 for the
treatment of chronic diseases such as rheumatoid arthritis. For the
development of immunocytokines several antibody formats can be considered
ranging form single-chain variable fragment (scFv) to full immunoglobulin G
(IgG). Large antibody fragments containing the Fc portion have the
disadvantage of long circulatory half-life, dose-dependent pharmacokinetic
profiles, slow extraversion and the potential of targeting the cytokine to cells
carrying Fc receptors on their surface. Using the smaller scFv format with a
shorter linker (diabody; [21]) results in the formation of non-covalent
homodimers with high binding avidity and a rapid clearance, as a
consequence of the relatively small size and absence of FcRn binding.
The observation that the F8-mediated targeted delivery of IL4 and IL12 may
lead to additive anti-cancer effects was counter-intuitive and somewhat
unexpected, since the two cytokines are thought to mediate opposite effects
on the regulation of T cell activity. While interleukin 4 primes naïve T cells into
a Th2 response, IL12 promotes T cell differentiation into IFNg-producing Th1
cells, thereby activating an opposing arm of the adaptive immune response.
Indeed, it is generally believed that subsets of CD4+ T cells each produce
cytokines that negatively regulated the development or effector activity of
other subsets [202]. In this study, we showed that CD8+ T cells and NK cells
were mainly responsible for the anti-cancer activity of the immunocytokines
used, while CD4+ T cells played only a minor role. The experimental
observation that cured mice could reject subsequent challenges with
autologous and certain heterologous tumor cells (Wehi-164, but not C51 cells)
suggests that certain T cell antigens may be shared among different tumors.
In the future, HLA-peptidome analysis may help to identify peptides, to be
used in conjunction with tetramer technology, for the molecular profiling of a
polyclonal CD8+ T cell response.
The action of individual cytokines is undoubtedly complex and may involve
multiple mechanisms. Interleukin 12 enhances the cytotoxic activity of NK
cells and CD8+ T cells, while also mediating the increase of IFNg and IP10
levels, with a direct effect on cancer cells and on the endothelium [218]. High
levels of endogenous IL4 in the tumor microenvironment have been shown to

110

correlate with metastatic spread and to be involved in the survival of colon
cancer stem cells [219]. Experiment in mice performed with cell secreting
murine IL4 led to tumor rejections and lasting anti-tumor immunity [210, 212,
213, 220]. Interleukin-4 may also impair angiogenesis, reducing the tumor
burden indirectly by destroying stromal structures and by starving tumor cells
[209]. In spite of the different immunobiology of the two cytokines, in our
therapy experiments both F8-IL4 and IL12-F8-F8 mediated comparable
patterns of leukocyte infiltration into the tumor mass and displayed a potent
single-agent therapeutic activity.
Is the combination of therapeutic immunocytokines a general strategy to
stimulate a selective anti-cancer activity of the immune system? The
therapeutic management of cancer is often achieved by the combination of
several neoplastic agents in a standardized treatment regime. The
combination of two immunocytokines may create an environment, which
supports and potentiates a pre-existing immune response against the tumor
cells. We have previously reported, that the combination of the IL2- and IL12
based immunocytokines in a syngenic mouse model exhibits an additive
effect in tumor growth retardation [37]. Furthermore, the combination of IL2and TNF-based immunocytokines exhibited a synergistic action and
eradicated tumors, which could not be cured by the individual products when
used as single agents, or by the action of the unmodified cytokines [25]. The
three tumor models described in this article, which responded well to a
combination treatment with F8-IL4 and IL12-F8-F8, could not be cured by
conventional chemotherapy (e.g., paclitaxel at 10 mg/kg). While providing
support for the use of immunocytokines in the clinic, this observation also
suggests that the different patterns of side effects observed with cytotoxic
agents and immune modulators may justify mechanistic studies about
possible combination regimens [34].
The observation of a potent and well-tolerated therapeutic activity of F8-IL4 in
mouse models of cancer provides a rationale for the use of the corresponding
fully human immunocytokine in patients with solid tumors and lymphomas.
These clinical development activities are supported by the fact that the F8
antibody recognizes the human and murine cognate antigen with identical
affinity, and by the observation that the EDA domain of fibronectin is strongly
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expressed in a variety of different malignancies [135, 154, 155, 195, 221]. The
therapeutic potential of F8-IL4 may deserve to be explored also in nononcological conditions. While the EDA domain of fibronectin is virtually
undetectable in most normal adult tissues (with the exception of the female
reproductive system), the F8 antibody has been shown to efficiently target
endometriosis [20] and atherosclerosis [221] in vivo. Therapy studies with F8IL4 in angiogenesis-related chronic inflammatory diseases will be important
not only to assess the activity of the product against these conditions, but also
to learn about its safety profile in polymorbid patients (e.g., elderly patients).
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4.6 Antibody-mediated delivery of interleukin 4 to the neovasculature reduces chronic skin inflammation6
4.6.1 Abstract
The antibody-mediated delivery of cytokines (“immunocytokines”) to sites of
pathological

angiogenesis

represents

an

attractive

strategy

for

the

development of innovative biopharmaceuticals, capable of modulating the
activity of the immune system in cancer and in chronic inflammatory
conditions. Recombinant IL4 has previously been shown to be therapeutically
active in patients with psoriasis. The antibody-mediated delivery of this
cytokine to sites of chronic skin inflammatory conditions should lead to an
improved potency and selectivity, compared to non-targeted IL4. The
therapeutic activity of F8-IL4, a fusion protein of the F8 antibody (specific to
the alternatively-spliced EDA domain of fibronectin) with murine IL4, was
investigated in three immunocompetent mouse models of skin inflammation:
two induced by the TLR7/8 ligand imiquimod (Balb/c and BL/6) and one
mediated by the over-expression of VEGF-A. The EDA domain of fibronectin,
a marker for angiogenesis, is expressed in the inflamed skin in all three
models and F8-IL4 selectively localized to inflamed skin lesions following
intravenous administration. The F8-IL4 fusion protein mediated a therapeutic
benefit, which was superior to the one of a non-targeted version of IL4 and led
to increased levels of key regulatory cytokines (including IL5, IL10, IL13, and
IL27) in the inflamed skin, while IL2 levels were not affected in all treatment
groups. A murine version of etanercept and a murine anti-IL17 antibody were
used as positive control in the therapy experiments. Skin inflammatory lesions
can be selectively targeted using anti-EDA antibody-cytokine fusion proteins
and that pharmacodelivery of IL4 confers a therapeutic benefit by shifting the
cytokine balance.

6

Adapted from T.Hemmerle et al. submitted, 2014
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4.6.2 Introduction
Psoriasis is a chronic inflammatory autoimmune disease of the skin and small
joints that impairs the quality of life of 1-2 % of the human population. The
disease results from a combination of genetic and environmental factors,
leading to a thickening of the epidermis and to the increased proliferation of
keratinocytes [89, 92, 94].
The treatments of psoriasis can be divided in three main categories of
pharmacological

intervention:

topical

therapy,

phototherapy

and

pharmacotherapy with immunomodulatory drugs. The topical treatment for
mild-to-moderate psoriasis consists of topical corticosteroids, vitamin D
analogues, anthralin, topical retinoids, calcineurin inhibitors, salicylic acid,
coal tar and moisturizers. For more severe psoriasis, the topical treatment is
combined with either phototherapy using natural sunlight or artificial ultraviolet
light or with oral drugs, such as retinoids, methotrexate, cyclosporine,
hydroxyurea,

thioguanine.

More

recently,

several

immunomodulatory

biologicals [such as alefacept (Amevive®), etanercept (Enbrel®) infliximab
(Remicade®) and ustekinumab (Stelara®)], which are administered via the
intravenous, intramuscular or subcutaneous route, have been approved for
the treatment of moderate-to-severe psoriasis [89, 92, 96]. Several emerging
products are currently in advanced clinical development programs, including
antibodies that target IL23 (p19 subunit) or IL17, as well as JAK3 low
molecular weight inhibitors, which prevent the signaling of common gammachain cytokines (IL2, IL4, IL7, IL9, IL15 and IL21) [94]. Indeed, IL17 blockers
are exhibiting impressive therapeutic results in psoriasis patients, with up to
82% of patients enjoying a PASI75 benefit by week 12 [222]. The anti-IL17A
antibody secukinumab is currently filed for marketing authorization in Japan,
the United States and the European Union for the treatment of psoriasis and
psoriatic arthritis [94, 223].
The histological changes in psoriatic lesions are accompanied by the
formation of hyperplastic dermal blood vessels and by a rich infiltrate of
immune cells in the skin [92, 95]. High levels of interferon-gamma, as well as
low levels of IL10 and IL4, indicate that a TH1 immunomodulatory mechanism
may play a role in the disease. As a consequence, pharmaceutical
intervention, aiming at a shift from a TH1 to a TH2 environment in the inflamed
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skin, has been proposed as a therapeutic strategy for the treatment of
psoriasis [224, 225].
Recombinant IL4 was originally investigated as immune modulator with anticancer potential, but despite promising pre-clinical results [210, 212, 213,
226], a lack of efficacy at the doses used in the clinical trials (up to 5
ug/kg/day)

prevented

further

developments

in

Oncology

[215-217].

Interestingly, some cancer patients with concomitant psoriasis were reported
to benefit from IL4 treatment [227]. These findings were supported by several
in vitro and in vivo studies, which confirmed the ability of IL4 to mediate a
potent induction of TH2 cell differentiation and promising therapeutic results
[194, 228, 229].
While cytokines often display a potent therapeutic activity in preclinical models
of cancer and other conditions, their clinical use is often limited by severe
systemic toxicities that prevent a dose escalation to therapeutically active
regimes. The antibody-mediated pharmacodelivery of cytokines to the site of
disease may help to increase therapeutic activity, while sparing normal
tissues. Several antibody-cytokine fusion proteins (“immunocytokines”) are in
development for cancer therapy indications [47, 169]. More recently, IL10based immunosuppressive antibody-cytokine fusion proteins have been
proposed for the therapy of chronic inflammatory conditions [20, 39, 40, 124,
230] and one IL10-based immunocytokine is currently being investigated in
Phase I studies in patients with rheumatoid arthritis [126]. It would be
desirable to develop immunocytokines active both against cancer and chronic
inflammatory conditions, since these products would allow the treatment of
polymorbid patients and may be associated with a benign safety profile.
The F8 antibody, specific to the alternatively spliced extra-domain A (EDA) of
fibronectin, is particularly suited for in vivo pharmacodelivery applications in
cancer and in chronic inflammation, as it recognizes its cognate antigen in
virtually all cancer types and in many inflammatory conditions, while being
undetectable in the majority of healthy tissues, exception made for placenta,
the endometrium in the proliferative phase and some vessels in the ovaries
[21, 39, 135, 155]. EDA has only three amino acid mutations from mouse to
man and the F8 antibody binds to both proteins with identical affinity, thus
facilitating preclinical studies in immunocompetent mouse models and clinical
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development activities [21]. We have recently constructed an antibodycytokine fusion protein based on F8 and murine IL4 (“F8-IL4”), which has
exhibited a potent anti-cancer activity in all syngeneic immunocompetent
mouse models of cancer tested so far [48].
In this article, we describe the targeting and therapeutic activity of F8-IL4 in
acute and chronic mouse models of skin inflammation, based on the overexpression of VEGF-A in the mouse skin after challenge with a contact
sensitizer (contact-hypersensitivity model) or based on the topical applications
of imiquimod

(IMQ). F8-IL4 was more active than an IL4-based

immunocytokine specific to hen egg lysozyme (and thus serving as negative
control) and displayed a therapeutic action comparable to the one observed
with a murine analog of etanercept [230]. Analysis of cytokine levels in the
inflamed skin revealed that F8-IL4 substantially alters the expression of key
immunomodulatory cytokines.
4.6.3 Materials and Methods
Proteins and animals
The fusion proteins were expressed from stable monoclonal cell lines in CHO
cells as previously reported: Briefly, cells that were stably transfected with
SIP(KSF), murine TNFR-Fc or F8-IL4 respectively KSF-IL4 [48] were grown in
suspension in PowerCHO-2CD medium (Lonza). The proteins were purified
from cell culture supernatant by protein A affinity chromatography and
analyzed by SDS-PAGE and size exclusion chromatography (Superdex200
10/300GL; GE Healthcare). SIP(F8) [21] was provided by Philogen SpA
(Siena, Italy) and anti-mouse IL17A antibody (clone 17F3; Bio X Cell, West
Lebanon, NH, USA). Female C57BL/6 and FVB mice were obtained from
Charles River (Sulfzfeld, Germany), Balb/c mice from Janvier (Le-Genest,
France) and K14-VEGF-A transgenic mice were bred in house at the ETH
Zürich.
Immunofluorescence analysis
For the detection of the antigen EDA in both mouse models, frozen sections
of murine psoriatic ear skin (10 $m) were fixed in ice-cold acetone and
stained with biotinylated SIP(F8) and SIP(KSF) (specific to hen egg lysozyme;
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used as negative control). Rat anti-CD31 (BD Bioscience) was used for
vascular staining. Bound antibodies were detected using streptavidin-Alexa
Fluor 488 (Invitrogen) and donkey anti-rat IgG-Alexa Fluor 594 (Invitrogen).
Slides were mounted with fluorescent mounting medium (Dako) and analyzed
with an Axioskop2 mot plus microscope (Zeiss).
Biodistribution and autoradiography experiments
The in vivo targeting performance of SIP(F8) respectively SIP(KSF) and F8IL4 respectively KSF-IL4 were evaluated by quantitative biodistribution
analysis as described previously [37]. Briefly, radioiodiated protein was
injected into the lateral tail vein of mice. Mice were sacrificed 24 hours after
injection, organs were excised and radioactivity was counted in Cobra gamma
counter (Packard, Meriden, CT). Radioactivity was expressed was percentage
of the injected dose per gram of tissue (%ID/g). For autoradiography
experiments, ears were exposed for 48 h and read with a phosphor-imager
(BAS5000, Fujifilm, Stamfort, CT).
IMQ-induced skin inflammation
C57BL/6 or Balb/c mice were treated on each side of both ears with 5 mg
Aldara® cream (containing 0.25 mg imiquimod, IMQ; MEDA Pharma GmbH,
Solna, Sweden) for 5 consecutive days and on day 7 (Figure 42A and Figure
48A). Ear thickness was measured daily with a caliper. For the study of a
chronic state of inflammation, IMQ was additionally applied on day 9 and 11,
leading to maintenance of the disease (Figure 48A). Experiments were
performed in agreement with the swiss regulations and under a project license
granted by the Veterinäramt des Kantons Zürich (117/2011).
Contact hypersensitivity-induced skin inflammation
Contact hypersensitivity (CHS) reactions were induced in the ear skin of 8week-old female FVB mice that overexpress VEGF-A in the epidermis under
control of the human keratin 14 promoter as previously described [102, 231,
232]. Hemizygous K14-VEGF-A transgenic mice with no pre-existing
inflammatory lesions were sensitized by topical application of a 2% oxazolone
(4-ethoxymethylene-2-phenyl-2-oxazoline-5-one;

Sigma)

solution

in
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acetone/olive oil (4:1 vol/vol) to the shaved abdomen (50 µl) and each paw
(5 µl). Five days after sensitization, the ears were challenged by topical
application of 10 µl of oxazolone solution (1%). The ear thickness was
measured before challenge and repeatedly after the challenge using a caliper.
Experiments were performed in agreement with swiss regulations and under a
project license granted by the Veterinäramt des Kantons Zürich (149/2008).
Therapy experiments
On day 7, after starting the application of imiquimod respectively after
challenge with oxazlone, mice were randomly grouped for a homogenous
mean in ear thickness (n = 5 mice per group) and injected intravenously (i.v.)
in the lateral tail vein. The doses of the therapeutic proteins F8-IL4 and
murine TNFR-Fc were the ones which were previously found to be active in
mouse models of cancer and of arthritis [48] [230].
Ear thickness was measured with a caliper in a blinded fashion and results
are expressed as mean delta ear thickness and mean ear thickness,
respectively, in µm ± SEM. Mice were sacrificed on day 13 for the IMQinduced skin inflammation model, respectively on day 15 for the CHS-induced
skin inflammation model. The ear draining lymph nodes were excised and
weighted. Results are expressed as the mean weight of lymph node of each
mouse in mg ± SEM.
Histological experiments
At the end of therapy, ear tissues were embedded in OCT compound and 10
$m cryostat sections were cut. Immunoflourescence were performed as
previously described [48]. Briefly, for ex vivo detection of injected proteins, 10
$m sections of ear tissue at the end of therapy were stained with rat anti-IL4
(eBioscience) followed by donkey anti-rat IgG-Alexa Fluor 488 (Invitrogen) or
rabbit anti-IgE (Dako) followed by donkey anti-rabbit IgG-Alexa Fluor 488
(Invitrogen). Goat anti-CD31 (Santa Cruz) followed by donkey anti-goat IgGAlexa Fluor 594 (Invitrogen) was used for a vascular staining. For the
assessment of immune cells, sections of ear tissue were staining using goat
anti-CD31 (Santa Cruz, Heidelberg, Germany) and rat anti-CD45 (leukocytes,
BD Biosciences) respectively rat anti-F4/80 (macrophages, Abcam). Bound
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antibodies were detected with Alexa Fluor coupled secondary antibodies
(Invitrogen) and slides were mounted with fluorescent mounting medium
(Dako, Glostrup, Denmark) and analyzed with an Axioskop2 mot plus
microscope (Zeiss, Feldbach, Switzerland). ImageJ 1.47 was used for the
determination of epidermal thickness and for the quantification of leukocyte
and macrophage infiltration (percentage of ear tissue between the cartilage
backbone and the epidermis that stained positive was determined).
Analysis of cytokine levels in tissue extract
Ear tissue was obtained at the end of therapy from each mouse and
processed to a tissue extract as previously described [200]. Briefly, ears were
cut into small pieces and suspended in 50 mM Tris, 150 mM NaCl buffer
containing one tablet of complete protease inhibitor cocktail (Roche
Diagnostics, Rotkreuz, Switzerland). For homogenization, a 5 mm stainless
steal bead (Qiagen, Hombrechtikon, Switzerland) was added and the tissue
was homogenized in a QIAGEN Tissue Lyzer (4 x 1 min, 4°C, 30 Hz).
Supernatant was harvested after centrifugation (5 min, 4°C, 16’000 x g). After
normalization of total protein concentration based on the results of a BCA
assay (Thermo Fisher Scientific, IL, US), a multiplex bead-based flow
cytometry analysis was performed using the mouse Th1/Th2/Th17/Th22
13plex FlowCytomix Multiplex kit (eBioscience). FACS analysis was
performed on a BD FACS Canto (BD Bioscience, Allschwil, Switzerland) and
data evaluated with FlowCytomix Pro 3.0 software (eBioscience). Using
standard curves generated by the FlowCytomix Pro 3.0 software with control
samples, a level of quantification was assigned for each cytokine.
Statistical analysis
Data are expressed as the mean ± SEM. Differences in ear thickness
between therapy groups were compared using Graphpad Prism’s grouped
two-way ANOVA multiple comparisons (Bonferroni corrected) analysis
(GraphPad Software Inc., LaJolla, CA, US). Differences in lymph node
weights, epidermal thickness and in cytokine levels were compared using a
one-way ANOVA test (Tukey corrected) with p < 0.05 considered to be
significant.
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4.6.4 Results
The expression of EDA(+)-fibronectin in murine skin lesions was investigated
by immunofluorescence analysis in inflamed ear skin of wild type mice
sensitized with TLR7/8 ligand imiquimod, which induces inflamed scaly skin
lesions that morphologically resemble plaque type psoriasis [233],

or of

VEGF-A transgenic mice, which develop inflammation after sensitization and
challenge with contact sensitizer oxazolone (contact hypersensitivity model;
CHS-model) [232]. We used the F8 antibody (specific to EDA; [21]) and the
KSF antibody (specific to hen egg lysozyme, used as control; [28]) in small
immune protein (SIP) format [21, 173]. An EDA staining was observed in the
sub-endothelial extracellular matrix surrounding blood vessels at sites of
inflammation (Figure 41A, Figure 47A and Figure 51A).
Radioiodinated preparations of the F8 and KSF antibodies in SIP format
(Figure 41B), as well as F8-IL4 (Figure 41C), were injected intravenously in
BL6 mice with imiquimod-induced skin inflammation in the ears and in healthy
control wild type mice, in order to quantitatively assess the disease homing
performance of the F8 antibody and its derivative. SIP(F8) was used as a
suitable positive control for the assessment of the targeting properties of F8IL4, since the two proteins are homobivalent, have comparable molecular
weights and were previously shown to exhibit similar tumor-targeting
selectivity [21, 48]. Both SIP(F8) and F8-IL4, but not SIP(KSF), exhibited a
selective localization in inflamed ears 24 hours after their intravenous
administration. These findings were confirmed by an autoradiographic
analysis (Figure 41B, C). In order to study microscopically the antibody
accumulation in inflamed tissue, mice with inflamed ears were treated with
therapeutic proteins (3 injections, every 48 h, 100 µg) and sections of ear
tissue were stained with anti-IgE antibodies for the detection of the "CH4
domain of SIP(F8), as well as with anti-IL4 antibodies for F8-IL4 and KSF-IL4
detection. An accumulation around neovascular structures was observed for
SIP(F8) and F8-IL4, but not in the KSF-IL4 treatment group, confirming the
ability of the F8 antibody to selectively deliver the cytokine to the site of
inflammation (Figure 41D).
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Figure 41. Selective accumulation of the F8 antibody in inflamed lesions of
the IMQ-induced chronic skin inflammation model. A) EDA is expressed in
certain vascular structures in the inflamed ears, but not in non-inflamed ears.
The KSF antibody, specific to hen egg lysozyme, was used as negative
control. Scale bar = 100 $m. Radioiodinated preparations of SIP(F8),
SIP(KSF) (B), as well as F8-IL4 (C), were injected in the lateral vein of mice
wild type mice (wt) and in mice with inflamed ears. Mice were sacrificed 24 h
after injection and organs were weighed and measured in a gamma-counter
(mean ± SEM, n = 4). The accumulation of radioactivity was analyzed by
autoradiography. D) Ex vivo analysis of antibody-based targeting. After three
injection with therapeutic proteins (100 $g), ears were analyzed for the
accumulation of therapeutic proteins, using anti-IgE secondary reagents for
the detection of SIP, or anti-IL4 reagents for F8-IL4 and KSF-IL4 detection.
Scale bar =100 $m.

121

In order to assess the therapeutic potential of F8-IL4, mice received an
intravenous injection of phosphate buffered saline (PBS, vehicle), SIP(F8)
(100 µg), murine TNFR-Fc (30 µg), F8-IL4 (100 µg) or KSF-IL4 (100 µg), 7
days after the start of IMQ topical application and the rate of disease
regression was studied. The treatment was repeated every 48 h (Figure
42A). Figure 42B and Figure 43 show that the treatment with F8-IL4 resulted
in a faster decrease of ear swelling compared to the vehicle control group (p <
0.05) and to the untargeted IL4 (KSF-IL4; p < 0.05) treatment group. F8-IL4
had a comparable therapeutic effect as TNFR-Fc, a murine version of
Etanercept chosen as positive control [230]. F8-IL4 treatment resulted in an
improvement of inflammation, as indicated by the decreased weight of the ear
draining lymph nodes at day 13 (end of the experiment) (Figure 42C). All
therapeutic interventions were well tolerated and no weight loss could be
observed (Figure 44). To gain more insight about the mechanism of action of
F8-IL4, ear tissue after therapeutic treatment was analyzed for a change in
cytokine levels. Figure 45 shows that while IL1a is significantly downregulated by the treatment of F8-IL4, other key immunomodulatory cytokines,
including IL5, IL10, IL13, IL21, IL27, IFNg and TNF, were up-regulated. By
contrast, IL2 did not exhibit a substantial regulation. A histological analysis
following immunocytokine treatment, staining for CD45-positive leukocytes
and F4/80-positive cells (mainly macrophage) revealed an increased
infiltration of immune cells in the targeted IL4 treatment group compared to
the vehicle control group (4.0 times higher for CD45 and 6.7 times higher for
F4/80; p < 0.0001) (Figure 46).
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Figure 42. Therapeutic activity of F8-IL4 for the treatment of IMQ-induced
skin inflammation. A) Induction and therapy schedule. Stars: application of
imiquimod to the ears; arrows: injection of therapy. B) Therapy was started at
day 7 after induction of inflammation and mice (n = 5) were randomly grouped
and injected with either PBS (circles), SIP(F8) (squares), murine TNFR-Fc
(triangles), F8-IL4 (diamonds) or KSF-IL4 (crosses). Ear thickness was
measured daily and expressed the difference in ear thickness compared to
therapy starting point in mean ± SEM (n = 5). C) At the end of therapy (day
13), the ear draining lymph nodes were excised and weighted (mg ± SEM; *,
p < 0.05; ***, p < 0.001).
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Figure 43. Therapeutic activity of F8-IL4 for the treatment of IMQ-induced
skin inflammation (A), CHS-induced skin inflammation (B) or chronic model of
IMQ-induced skin inflammation (C). Ear thickness was measured daily and
expressed as the mean ± SEM (n = 5).
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Figure 44. Analysis of the toxicity of the therapeutic regiments. A) IMQinduced skin inflammation model in BL/6 mice. B) CHS-induced inflammation
model. C) Chronic model of IMQ-induced skin inflammation in Balb/c mice.
Weight was monitored daily and expressed as percentage of weight loss ±
SEM (n = 5).
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Figure 45. Analysis of cytokine levels in mice with IMQ-induced skin
inflammation. At the end of the therapy (day 13), the concentrations of 13
different cytokines were measured in ear tissue extract, using multiplex beadbased flow cytometry (mean ± SEM (*, p < 0.05; **, p < 0.01; ***, p < 0.001;
****, p < 0.0001)).
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Figure 46. Representative immunofluorescence images of inflamed ears of
mice treated with PBS or F8-IL4. A) IMQ-induced skin inflammation model. B)
CHS-induced inflammation model. Scale bars = 100 µm. Sections were
evaluated for area percentage positive staining with ImageJ (percentage of
positive stained area ± SEM; n = 5).
Targeting

and

therapy

experiments

were

repeated

for

the

contact

hypersensitivity-induced inflammation model using hemizygous mice, which
overexpress VEGF-A in the skin, under the control of the keratin-14 promoter
[231, 232]. Quantitative biodistribution experiments with
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I-labeled proteins

revealed a selective accumulation of SIP(F8) and F8-IL4 in the inflamed ear
skin compared to healthy skin and ear tissue (Figure 47B). A preferential
homing in the inflamed tissue was observed for F8-IL4 but not for KSF-IL4,
confirming the crucial contribution of the F8 antibody for in vivo targeting
applications (Figure 47C). An immunofluorescence analysis of ear tissue of
treated mice revealed a selective accumulation of SIP(F8) and F8-IL4 around
inflamed blood vessels, while KSF-IL4 accumulation could not be detected
(Figure 47D).
A therapy experiment was started 7 days after oxazolone challenge (Figure
48A), when inflammation was established. Mice treated with F8-IL4 had a less
severe ear swelling (Figure 48B and Figure 43) and lighter ear draining
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lymph nodes (Figure 48C) compared to mice treated with vehicle (p < 0.01),
antibody with no payload (i.e., SIP(F8); p < 0.05) or KSF-IL4 (p < 0.01).
Hematoxylin and eosin (H&E) staining of ears revealed epidermal
hyperthickening in the groups treated with vehicle control (PBS), SIP(F8) and
KSF-IL4 as compared to mice treated with TNFR-Fc and F8-IL4 (p < 0.0001)
(Figure 48D). All treatments were well tolerated and resulted in no weight loss
(Figure 44).
The analysis of ear tissue homogenate in the various treatment groups, using
multiplex bead-based flow cytometry, showed elevated levels of certain
cytokines, including IL5, IL10, IL13, IL21, IL27, IFNg and TNF (Figure 49).
Similar patterns of cytokine levels were observed in therapy experiments with
VEGF-A transgenic mice and with IMQ-treated mice, but in the case of VEGFA transgenics a selective elevation of IL6 levels was observed after F8-IL4
treatment (Figures 45 and 49). An immunofluorescence analysis of treated
ear sections, staining for CD45 and F4/80, revealed an increased infiltration of
immune cells in the F8-IL4 treatment group compared to the vehicle control
group (2.7 times higher for CD45 and 13.7 times higher for F4/80; p < 0.0001)
(Figure 46).
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Figure 47. Antibody-based targeting to inflamed skin lesions in VEGF-A
transgenic mice. A) Immunofluorescence analysis of EDA expression in
certain vascular structures in the inflamed ears, but not in non-inflamed ears.
Scale Bar = 100 $m. Radioiodinated preparations of SIP(F8), SIP(KSF) (B),
as well as F8-IL4 and KSF-IL4 (C), were injected in the lateral vein of mice
type mice (wt) and in mice with inflamed ears. After 24 h, organs were
excised, weighed and measured in a gamma-counter (mean ± SEM, n = 4).
The accumulation of radioactivity was analyzed by autoradiography. D) Ex
vivo immunofluorescence analysis of targeting. Ears were analyzed for the
accumulation of therapeutic proteins, using anti-IgE secondary reagents for
the detection of SIP, or anti-IL4 reagents for F8-IL4 and KSF-IL4 detection.
Scale bar =100 $m.
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Figure 48. Therapeutic activity of F8-IL4 for the treatment of contact
hypersensitivity. A) Induction and therapy schedule. Stars: application of
oxazolone; arrows: injection of therapy. B) Therapy was started at day 7 after
induction of inflammation and mice (n = 5) were randomly grouped and
injected with either PBS (circles), SIP(F8) (squares), murine TNFR-Fc
(triangles), F8-IL4 (diamonds) or KSF-IL4 (crosses). Ear thickness was
measured daily and expressed the difference in ear thickness compared to
therapy starting point in mean ± SEM. C) At day 15, the end of therapy, the
ear draining lymph nodes were excised and weighted (mg ± SEM; *, p < 0.05;
****, p < 0.0001)). D) H&E staining of ear sections after treatment. Scale bar
=100 $m.
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Figure 49. Analysis of cytokine levels in inflamed lesions of mice with contact
hypersensitivity reaction. At the end of the therapy (day 15), cytokine
concentrations were measured in ear tissue extract (*, p < 0.05; ****, p <
0.0001).
In order to confirm the disease homing performance of the F8 antibody and its
derivative in IMQ-induced skin inflammation model with a different mouse
strain and (Balb/c mice), quantitative biodistribtuion experiments were
performed. The F8 antibody and its derivative F8-IL4 accumulated in inflamed
ears 24 hours after intravenous administration (Figure 50B, C).
In order to closely mimic the chronic state of skin inflammation, IMQ was
applied during therapy every second day after the initial acute phase to
stabilize the degree of inflammation (Figure 51, Figure 43). Therapeutic
proteins such as F8-IL4 (100 µg), KSF-IL4 (100 µg), TNFR-Fc (30 µg), antiIL17 antibody (100 µg), as well as the combination of F8-IL4 and TNFR-Fc
and anti-Il17 antibody, were administered every 48 h intravenously.
Treatment with F8-IL4 resulted in a decrease of ear swelling compared to the
vehicle control group (p < 0.0001) and to the control group treated with fusion
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protein KSF-IL4 (p < 0.0001) (Figure 51B). In this model, the therapeutic
benefit observed with F8-IL4 used as single agent was lower compared to the
benefit mediated by a murine version of etanercept or by IL17 blockade, used
alone or in combination with F8-IL4. Therapeutic interventions were well
tolerated and no weight loss could be observed (Figure 44). Figure 52 shows
tissue concentration levels of key cytokines. In this disease setup, resembling
more the chronic state of inflammation, F8-IL4 elevated levels of IL10, IL13,
IL22, IL27, IFNg and TNF. By contrast, IL1a, IL2, IL5, IL6 and IL17 were not
significantly changed. The combination treatments did not alter the cytokine
expression pattern compared to the monotherapy with F8-IL4. Anti-IL17
therapy had no effect on IL17 levels at the site of inflammation

Figure 50. Antibody-based targeting to inflamed skin lesions in VEGF-A
transgenic mice. A) Immunofluorescence analysis of EDA expression in
certain vascular structures in the inflamed ears, but not in non-inflamed ears.
Scale bar = 100 $m. Radioiodinated protein preparations of SIP(F8),
SIP(KSF) (B), as well as F8-IL4 and KSF-IL4 (C), were injected in
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intravenously in healthy mice and in mice with inflamed ears. After 24 h,
organs were excised, weighed and measured in a gamma-counter (mean ±
SEM, n = 3). The accumulation of radioactivity was analyzed by
autoradiography.

Figure 51. Therapeutic activity of F8-IL4 for the treatment in the chronic
model of IMQ-induced skin inflammation. A) Induction and therapy schedule.
Stars: application of imiquimod to the ears; arrows: injection of therapy. B)
Therapy was started at day 7 after induction of inflammation and mice (n = 5)
were randomly grouped and injected with either PBS, F8-IL4 (100 $g), KSFIL4 (100 $g), murine TNFR-Fc (30 $g), anti-IL17 antibody (100 $g) or the
combination of F8-IL4 with TNFR-Fc and anti-IL17 antibody, respectively. Ear
thickness was measured daily and expressed the difference in ear thickness
compared to therapy starting point in mean ± SEM (delta ear thickness). C) At
day 13, the ear draining lymph nodes were excised and weighted (mg ± SEM;
*, p < 0.05).
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Figure 52. Analysis of cytokine levels in inflamed lesions of mice with contact
hypersensitivity reaction. At the end of the therapy (day 15), cytokine
concentrations were measured in ear tissue extract using multiplex beadbased flow cytometry (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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4.6.5 Discussion
We have investigated the expression of the EDA domain of fibronectin in
mouse models of skin inflammation. The clinical-stage anti-EDA F8 antibody
was able to stain vascular structures at sites of inflammation. Additionally, the
F8-IL4 immunocytokine retained the targeting properties of the parental F8
antibody and it accumulated around neo-vascular structures in vivo, following
intravenous administration.
We have recently shown that F8-IL4 exhibits a clear dose-dependent singleagent activity against all immunocompetent mouse models of cancer tested,
and that this therapeutic action could be strongly potentiated by combination
with an IL12 base immunocytokine [48]. The anti-tumor activity was mediated
by NK cells and CD8+ T lymphocytes. While the combination of the two
immunocytokines (which are thought to compete for the development of
different T cell subsets) may be counterintuitive, it led to cures and to longlasting protective immunity against additional challenges with tumor cells [48].
IL4 plays a role in the humoral and adaptive immunity as a growth and
survival factor for lymphocytes, as a stimulator for the proliferation of activated
B cells and T cells, as well as a key regulator for the differentiation of naïve T
cells into Th2 cells [202]. In this study, we report that the targeted delivery of
IL4 not only inhibits tumor growth, but also mediates a potent antiinflammatory activity in vivo.
We had previously studied immunocytokines specific to the alternativelyspliced EDB domain of fibronectin, which is also expressed in human psoriatic
samples and in the VEGF-A transgenic mouse model of skin inflammation.
While the antibody-mediated delivery of IL2 to neovascular sites enhanced
inflammation in the psoriatic ear and even in skin areas, which had not been
challenged with oxazolone, IL12 and IL10-based immunocytokines neither
increased nor reduced inflammation in the same model [40].

Our study

shows, for the first time, that an immunocytokine decreases ear swelling and
inflammation in two immunocompetent mouse models of psoriasis. The
targeted delivery of IL4 may decrease inflammation by inhibiting angiogenesis
[209]. Furthermore, F8-IL4 alters the concentrations of many (but not all)
cytokines at the site of disease, thus affecting the activity of local immune
cells. Similar results were observed in a murine model of collagen-induced
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arthritis, where F8-IL4 inhibited disease progression and was able to cure all
mice with established arthritis in combination with dexamethasone [234].
The combination of TNF blockers with certain other anti-inflammatory agents
(e.g., IL1b blockers; [235]) has given rise to considerable toxicity in the clinic.
More recently there has been an interest in combining anti-TNF antibodies
with milder anti-inflammatory protein therapeutics (e.g., IL17 blockers) [236].
While many anti-inflammatory cytokines were up-regulated as a result of F8IL4 treatment, TNF levels were also increased. The combination treatment
with F8-IL4 and TNF blockade or IL17 blockade potentiated the single agent
activity of F8-IL4. Interestingly, TNF or IL17 blockade did not substantially
alter the levels of these key immunomodulators at the site of disease.
Recombinant human IL4 has been studied in patients with psoriasis at doses
of 5, 10 and 15 $g by subcutaneous administration [224] with no dose limiting
toxicities observed. In mice, F8-IL4 can be safely administered up to 100 $g
without any sign of toxicity (the dose has so far been limited only by the
protein concentration which could be formulated). Safety toxicology studies in
cynomolgus monkeys will help identify suitable safe starting doses and help
planning dose escalation studies in patients.
In summary, our study shows that the anti-EDA antibody F8 can be used to
selectively deliver immunomodulatory cytokines at sites of inflammatory skin
conditions in the acute and chronic phase. F8-IL4 has the potential to be used
for the therapy of Th1-based inflammatory diseases that express the extradomain A of fibronectin. Indeed, F8-IL4 is the first immunocytokine in a large
series of immunomodulatory products developed by our group that provides a
substantial therapeutic benefit both in mouse models of cancer and in mouse
models

of

angiogenesis-related

inflammatory

diseases.

Industrial

manufacturing activities for the fully human F8-IL4 analogue are in progress,
with the aim to investigate the pharmaceutical potential of this armed antibody
product in patients with psoriasis, psoriatic arthritis and rheumatoid arthritis.
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4.7 The antibody-based delivery of IL4 to the neo-vasculature
cures mice with arthritis7
4.7.1 Abstract
Disease-homing antibody-cytokine fusion proteins are considered as
innovative biopharmaceutical agents for the therapy of cancer and chronic
inflammatory conditions with the potential to modulate the activity of the
immune system at the site of disease. Here we show that F8-IL4, an antibodycytokine fusion protein, selectively localizes to neovascular structures at sites
of rheumatoid arthritis in the mouse, leading to high local concentrations of
IL4. When used in combination with dexamethasone, F8-IL4 was able to cure
mice with established collagen-induced arthritis.
4.7.2 Introduction
Rheumatoid arthritis (RA) is a common, chronic, inflammatory disorder of the
joints predominantly affecting young adults and premenopausal women. The
disease is characterized by a progressive inflammatory synovitis, manifested
by polyarticular joint swelling and tenderness. The synovitis results in erosion
of articular cartilage and marginal bone with subsequent joint destruction. This
destruction of the bone is thought to be irreversible. There is no known cure
for RA.
Cytokines play a crucial role in inflammatory processes and monoclonal
antibodies, blocking the interaction of certain pro-inflammatory cytokines (e.g.,
TNF and IL6) with their receptor provide a substantial benefit to a fraction of
RA patients [237, 238]. For example, a 50% percent reduction in American
College of Rheumatology parameters (ACR50) has been documented in 35%
and 40% of RA patients treated with adalimumab and tocilizumab,
respectively [238-240]. Indeed, cytokine-blocking antibodies and antibodybased fusion proteins represent one of the largest sectors of modern
pharmaceutical biotechnology.

7

Adapted from T. Hemmerle et al. submitted, 2014
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As an alternative therapeutic strategy, the antibody-based pharmacodelivery
of anti-inflammatory cytokines (such as IL10) has been considered [39, 124].
Thanks to advanced technologies [6], high-affinity human antibodies can be
raised against virtually any accessible marker of disease and may selectively
accumulate at the site of disease, thus facilitating the development of
pharmacodelivery strategies. In particular, the F8 antibody, specific to the
alternatively-spliced EDA domain of fibronectin, a marker of angiogenesis,
has been shown to strongly react with neovascular structures at sites of
chronic inflammation in human specimens and in the mouse [21], while the
antigen is only found in placenta, endometrium and some vessels of the
ovaries in normal adult tissue [39]. The immunocytokine F8-IL10 is currently
being investigated in clinical trials in patients with active RA [126].
4.7.3 Materials and Methods
Cell lines, Proteins and Animals
CHO-S cells in suspension (Invitrogen, Zug, Switzerland) were cultured in
PowerCHO-2CD (Lonza, Basel, Switzeralnd) with 8 mM ultraglutamine
(Lonza),

HT

supplement

(Gibco,

Zug,

Switzeralnd)

and

antibiotics/antimycotics (Gibco) in shaker incubators. The cloning and
production of murine TNFR-Fc [125], F8-IL4 and KSF-IL4 [48] as well as L19IL10 in diabody format [39, 124] has been previously described. Male DBA/1J
mice were obtained from Janvier (Le Genest-St-Isle, France).
Collagen-induced arthritis model
For the induction of rheumatoid arthritis in mice, male DBA/1J mice (8 weeks
old) were immunized by subcutaneous injection at the base of the tail with an
emulsion of bovine type II collagen emulsified in Completes Freund’s Adjuvant
(CFA) (Hooke Laboratories, Lawrence, MA, USA). Three weeks later, a
booster injection of bovine collagen/CFA was given to the mice. After the
booster injection, mice were inspected daily and disease was monitored by
applying a clinical score to every paw (0 = normal; 1 = one toe inflamed and
swollen; 2 = more than one toe, but not entire paw inflamed and swollen or
mild inflammation and swelling of entire paw; 3 = entire paw inflamed and
swollen; 4 = very inflamed and swollen paw). A total maximum score of 16
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can be reached per mouse. In addition, swelling of affected paws was
measured daily with a caliper under anesthesia (isoflurane). Paw thickness is
expressed as the mean of all four paws of each animal. Animals were
included into a therapy group when showing signs of joint inflammation with a
total score of 1 to 4. Experiments were performed in agreement with the swiss
regulations and under a project license granted by the Veterinäramt des
Kantons Zürich (208/2010).
Blood incubation assay
The ability of F8-IL4 to interact with blood cells was determined by a blood cell
binding assay using
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I-labeled protein preparations as previously described

[125]. F8-IL4 was labeled with iodine-125 (Perkin Elmer, Schwerzenbach,
Switzerland) and incubated at a concentration of 50 $g/ml with fresh murine
blood from a Balb/c mouse in Microtainer LH tubes (BD, Allschwil,
Switzerland) to prevent coagulation. After 10 min of incubation, tubes were
centrifuged for 3 min at 2000 x g. Plasma was separated from blood cells and
radioactivity was counted using a Cobra y counter (Packard, Meriden, CT,
USA). Radioactivity was expressed as percent of the input.
Autoradiography experiments
The in vivo targeting performance of F8-IL4 respectively KSF-IL4 was
evaluated by autoradiography analysis [39, 124]. Radioiodinated protein
preparations were injected into the lateral tail vein (100 $g; F8-IL4 7 $Ci, KSFIL4 8 $Ci). Mice were sacrificed 24 h after injection and paws were exposed
for 16 h to a phosphorimager screen (Fujifilm, Dielsdorf, Switzerland).
Accumalated radioactivity was read with a phosphorimager (BAS5000,
Fujifilm, Stamfort, CT, USA).
Immunofluorescence analysis
Frozen sections of healthy and arthritic paws were fixed in ice-cold acetone
and stained for EDA expression using biotinylated F8 and KSF antibody in
small immunoprotein

(SIP) format. Bound antibody was detected using

Streptavidin-Alexa Fluor conjugate (Invitrogen) (green).
To detect the in vivo accumulation of immunocytokine, arthritic mice were
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injected with F8-IL4 or KSF-IL4 (100 $g/mouse, 3 injections, every 72 h).
Sections of swollen paws (score 3) were stained with a rat anti-mouse IL4
antibody (eBioscience) and an anti-rat IgG Alexa Fluor coupled secondary
antibody (Invitrogen) (green). Vascular structures were stained using antiCD31 antibody (Santa Cruz, Heidelberg, Germany) and secondary Alexa
Fluor coupled antibody (Invitrogen) (magenta). Slides were mounted with
fluorescent mounting medium (Dako, Glostrup, Denmark) and analyzed with
an Axioskop2 mot plus microscope (Zeiss, Feldbach, Switzerland).
Dose finding therapy experiment
Mice were immunized with 50 $g bovine collagen/CFA emulsion for the first
immunization and 60 $g for the second immunization. When mice developed
a new clinical score of 1 to 4, they were randomly assigned to a treatment
group and therapy was started (n = 7-8 mice per group). Phosphate buffered
saline (PBS) (vehicle), 30 $g murine TNFR-Fc, 5 $g F8-IL4 or 100 $g F8-IL4
were injected into the lateral tail vein on day 1, 4 and 7. Mice were monitored
daily for the arthritic clinical sore, the thickness of inflamed paws and weight
and sacrificed due to the arthritic score (& score 2 on more than one paw for
more than 4 days) and weight loss (>15%) in accordance with local
regulations.
Comparison of targeted to untargeted IL4 and combination therapy with
murine TNFR-Fc
For a moderate strength in arthritic inflammation, mice were immunized with
50 $g bovine collagen/CFA emulsion for the first immunization and 40 $g for
the second immunization and included in a treatment group with a new clinical
score of 1 to 4 (n = 8-9 mice per group). On day 1, 4 and 7, mice were treated
intravenously with either PBS (vehicle control), 30 $g murine TNFR-Fc, 100
$g F8-IL4, 100 $g KSF-IL4 or the combination of F8-IL4 with murine TNFR-Fc
(100 $g F8-IL4 with 30 $g murine TNFR-Fc).
Comparison of subcutaneous to intravenous administration of F8-IL4 and
combination therapy with dexamthasone or the antibody-mediated delivery of
IL10
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Mice, immunized for moderate arthritis strength (50 $g and 40 $g), with a new
clinical score of 1 to 4 were included in a treatment group and treated with
either intravenous PBS (vehicle control), 100 $g F8-IL4, 200 $g L19-IL10 or
the combination of F8-IL4 with L19-IL10 or subcutaneous 100 $g F8-IL4 or
intraperitoneal 100 $g dexamethasone or the combination of intravenous F8IL4 and intraperitoneal dexamethasone (n = 8-10 mice per group).
Immunocytokine treatments were administered three times, every 72 h and
dexamethasone was administered daily until day 9.
Analysis of cytokine levels in serum
Blood was obtained at the end of therapy from each mouse and processed to
serum. To quantify cytokine levels of treated and control mice, a multiplex
bead-based flow cytometry analysis was performed using the mouse
Th1/Th2/Th17/Th22 13plex FlowCytomix Multiplex kit (eBioscience, Allschwil,
Switzerland). FACS analysis was performed on a BD FACS Canto (BD
Bioscience, Allschwil, Switzerland) and data evaluated with FlowCytomix Pro
3.0 software (eBioscience).
Analysis of cytokine levels in paw tissue
To compare cytokine levels in paws of treated and control mice, hind paws
with a score of 2 to 4 were taken at the end of the therapy experiment. After
detaching the skin, paws were cut into small pieces and the tissue fragments
were suspended in a 50 mM Tris, 150 mM NaCl buffer containing complete
protease inhibitor cocktail (Roche Diagnostics, Rotkreuz, Switzerland). For
homogenization, a 5 mm stainless steal bead (Qiagen, Hombrechtikon,
Switzerland) was added and the tissue was homogenized in a QIAGEN
Tissue Lyzer (4 x 1 min, 4°C, 30 Hz). The supernatant was harvested after
centrifugation (5 min, 4°C, 16’000 x g). The protein concentrations of the
extracts were determined by a BCA assay (Thermo Fisher Scientific,
Waltham, MA, USA) and samples were normalized according to total protein
concentration.
For the quantification of cytokine levels, a multiplex bead-based flow
cytometry analysis was performed using the mouse Th1/Th2/Th17/Th22
13plex FlowCytomix Multiplex kit (eBioscience). FACS analysis was
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performed on a BD FACS Canto (BD Bioscience) and data evaluated with
FlowCytomix Pro 3.0 software (eBioscience).
Analysis of serum IgE levels
For the determination of IgE levels in mice treated with F8-IL4 compared to
levels in mice treated with vehicle control, serum was analyzed using a Mouse
IgE Ready-Set-Go ELISA kit (eBioscience) according to the supplier’s
protocol. Briefly, wells were coated with anti-mouse IgE monoclonal antibody
and bound IgE was detected with biotinylated anti-mouse IgE.
Analysis of serum anti-collagen antibodies
For the determination of anti-bovine collagen type II specific antibody levels in
mice treated with F8-IL4 compared to levels in mice treated with vehicle
control respectively levels in healthy mice to levels in mice treated with PBS,
the combination F8-IL4 with L19-IL10 or the combination of F8-IL4 with
dexamethasone, serum was analyzed by ELISA technique as previously
described [39].
Bovine collagen II solution (5 µg/ml) was coated and serum samples were
tested in triplicates at a 1:1000 dilution. Bound IgG, IgG1 and IgG2a were
detected by incubation with horseradish peroxidase conjugated goat antimouse Fc (for IgG), IgG1 or IgG2a antibodies (Santa Cruz Heidelberg,
Germany).
Statistical analysis
Data are expressed as the mean ± SEM.
4.7.4 Results and Discussion
F8-IL4 is a fusion protein consisting of the F8 antibody in non-covalent
homodimeric scFv format (“diabody” [241]), fused to murine IL4. The diabody
format has previously been shown to allow an efficient accumulation at sites
of disease, while being rapidly cleared from circulation [21, 173]. We
expressed F8-IL4 and KSF-IL4 (an immunocytokine of irrelevant specificity in
the mouse, serving as negative control as it recognizes hen egg lysozyme) in
CHO

cells,

yielding

homogenous

protein

preparations

after

affinity
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chromatography (Figure 53a-c). A radioiodinated preparation of F8-IL4,
incubated with mouse blood, remained in the plasma after a centrifugation
step, indicating that the protein is not efficiently trapped by leukocytes (Figure
53d). An intravenous administration of radioiodinated F8-IL4 and KSF-IL4 into
mice with collagen-induced arthritis revealed that F8-IL4 (but not KSF-IL4)
was able to selectively localize at sites of arthritis (e.g., inflamed toes and
paws) in the mouse, as revealed by an autoradiographic analysis 24 h after
injection (Figure 53e). A microscopic analysis of antigen expression and of
the immunocytokine localization in arthritic lesions confirmed that the F8-IL4
fusion protein was able to selectively localize on the sub-endothelial
extracellular matrix of newly formed blood vessels (Figure 53f).

Figure 53. Cloning, expression and characterization of F8-IL4. a) Schematic
representation of an antibody-cytokine fusion protein based on the F8
antibody in diabody format and IL4 (F8-IL4 respectively KSF-IL4). b) SDSPAGE analysis of purified fusion protein (M, molecular-weight marker; R, F8IL4 under reducing conditions; NR, F8-IL4 under non-reducing conditions).
Monomeric fusion proteins are expected to have a molecular weight of 40
kDa. c) The size-exclusion chromatography profile of purified F8-IL4 (SEC
200). The peak eluting at a retention volume of 13.2 ml corresponds to the
non-covalent homodimeric form of F8-IL4. d) Incubation experiment of
radiolabeled protein preparation with murine blood. Radioiodinated F8-IL4
was incubated with fresh mouse blood containing inhibitors of coagulation (50
$g/ml). After centrifugation and separation of plasma from the cell pellet,
radioactivity was counted and expressed as percent of initial dose. e)
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Investigation of selective accumulation of F8-IL4 in inflamed paws. Arthritic
mice were injected with 125I-labelled F8-IL4 or KSF-IL4 (untargeted IL4;
specific to hen egg lysozyme; negative control). Uptake of radioiodinated
antibodies was analyzed by phosphorimaging 24 hours after injection (score
0, no inflammation or swelling; score 1, one inflamed and swollen toe; score
2, two or more inflamed and swollen toes). f) Immunofluorescence analysis of
targeting. Healthy and inflamed paw tissues were stained ex vivo with SIP(F8)
or SIP(KSF) (green). Additionally, mice with established arthritis were injected
with F8-IL4 or KSF-IL4 and antibody accumulation was analyzed by staining
for IL4 (green). (Vascular CD31 staining in magenta; Scale bar = 100 $m)

The therapeutic activity of F8-IL4 was assessed in mice with collagen-induced
arthritis. F8-IL4 showed a dose-dependent disease-modulating effect with a
superior performance to a murine analogue of etanercept (TNFR-Fc) in a
model of severe arthritis [125]. The therapeutic benefit also resulted in a
reduction of body weight loss and correlated with decreased IL6 and
increased IL13 serum levels (Figure 54a, Figure 56). When comparing F8IL4 to untargeted IL4 (KSF-IL4), the F8-based immunocytokine exhibited a
clear superiority over KSF-IL4 (Figure 54b, Figure 57).
A comparison between intravenous and subcutaneous administration of F8IL4 was also performed, as the subcutaneous route is more convenient for
patients. Both treatments were similarly efficacious in terms of disease score,
but the subcutaneous administration of F8-IL4 resulted in a decreased body
weight loss (Figure 54c). While the combination with murine TNFR-Fc [125]
exhibited no superior disease-reduction than F8-IL4 as monotherapy (Figure
54d, Figure 57), the treatment with a combination of F8-IL4 and a previously
described IL10-based immunocytokine (L19-IL10) [39, 124] resulted in
disease stabilization, which lasted for 28 days (Figure 55a-c). Surprisingly,
the combination of F8-IL4 with dexamethasone resulted in a highly potent
disease-modulating activity, with a complete disappearance of any sign of
arthritis in 100% (9/9) of the study animals (Figure 56a-c). A cytokine analysis
in paws of animals at the end of the experiment confirmed that the F8-IL4 plus
dexamethasone combination treatment resulted in a complete normalization
of cytokine concentrations. The most striking reduction of cytokine levels was
observed for IL10, IL13, IL17, IL21, IL22 and TNF levels (Figure 55d, Figure
58 and 59). By contrast, only a trend to normalization in anti-collagen
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antibody levels were observed (Figure 60). F8-IL4 treatment did not lead to
increased IgE levels, in keeping with the observation that IL4 blockade had no
effect on circulating eosinophils and IgE levels in allergy patients (Figure 61)
[242].
To our knowledge this is the first report of durable and complete regressions
in mice with established RA. The findings are likely to be of clinical
significance, since dexamethasone is often used to treat RA patients and
since the F8 antibody reacts with identical affinity against murine and human
EDA, and since other immunocytokines specific to fibronectin splice isoforms
are currently being investigated in clinical trials. The observed correlation
between F8-IL4 treatment and cytokine changes in serum and in inflamed
joints may facilitate the monitoring of patients and/or the implementation of
patient stratification procedures. While some anti-inflammatory therapeutic
proteins have been associated with an elevation of cancer risk in patients, F8IL4 has been shown to mediate a strong anti-tumoral activity in
immunocompetent mouse models of cancer [48].
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Figure 54. Therapeutic activity of F8-IL4 in the collagen-induced arthritis
model. a) Dose finding and poof of principle study with low dose F8-IL4 (5 $g)
and high dose F8-IL4 (100 $g) compared to vehicle (PBS; negative control)
and 30 $g murine TNFR-Fc (positive control). IL6 and IL13 levels were
determined in serum. b) Comparison of targeted to untargeted delivery of IL4.
F8-IL4 displayed superior therapeutic activity to KSF-IL4 (IL6 and IL13 levels
were determined in serum). c) Effect of the route of administration on efficacy
of F8-IL4. No significant difference of subcutaneous to intravenous
administration could be observed (IL6 and IL13 levels were determined in
serum). d) Combination therapy with murine TNFR-Fc. No additive effect of
F8-IL4 with TNF-blockade was observed (IL6 and IL13 levels were
determined in serum).
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Figure 55. The combination of F8-IL4 and dexamethasone cures mice with
collagen-induced arthritis. Therapeutic activity was investigated by arthritic
score, measurement of paw thickness, observation of changes in weight and
analysis of cytokine levels. a) F8-IL4 in combination with L19-IL10 stabilized
arthritis progression over a 4 weeks period. Combination of F8-IL4 with
dexamethasone lead to complete regression of arthritic in all mice. b)
Therapeutic regimes were well tolerated. Weight was monitored daily and
expressed as percent of weight loss. c) Combination treatment with F8-IL4
and dexamethasone decreased paw swelling to baseline value (doted line at
1.8 mm, determined with healthy mice). d) Cytokine levels were determined in
paw tissue lysates.
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Figure 56. Cytokine analysis in serum of mice treated with PBS, 30 $g TNFRFc, 5 $g F8-IL4 (low F8-IL4) or 100 $g F8-IL4 using multiplex bead-based
flow cytometry.
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Figure 57. Cytokine levels in serum of mice treated with PBS, 30 $g TNFRFc, 100 $g F8-IL4, the combination of F8-IL4 with TNFR-Fc or 100 $g KSFIL4.
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Figure 58. Cytokine analysis in paw lysates of mice treated with PBS, 100 $g
F8-IL4 i.v., 100 $g F8-IL4 s.c., 200 $g L19-IL10, 100 $g dexamethasone, the
combination of F8-IL4 with L19-IL10 respectively dexamethasone using
multiplex bead-based flow cytometry.
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Figure 59. Analysis of cytokine levels in serum of mice treated with PBS, 100
$g F8-IL4 i.v., 100 $g F8-IL4 s.c., 200 $g L19-IL10, 100 $g dexamethasone,
the combination of F8-IL4 with L19-IL10 respectively dexamethasone using
multiplex bead-based flow cytometry.
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Figure 60. Determination of bovine type II collagen-specific total IgG, IgG1
and IgG2a antibody titers in serum by ELISA. a) Comparison of PBS (vehicle
control) treated mice to F8-IL4 treated mice. b) Investigation of the different
anti-collagen antibody levels in the cured F8-IL4 combination group with
dexamethasone and the stabilized F8-IL4 combination group with L19-IL10 to
the PBS control group and healthy mice.
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Figure 61. Detection of circulating IgE in serum by ELISA. No difference in
IgE concentration in serum of PBS treated mice to mice treated with
intravenous F8-IL4 could be observed.
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5 Conclusions
A substantial part of modern pharmaceutical research focuses on the
development of targeted therapies, which may be able to address unmet
medical

needs.

There

is

increasing

awareness

regarding

potential

pharmacokinetic limitations, which may hinder the therapeutic performance of
bioactive agents (e.g., small molecules and therapeutic proteins). Arming
antibodies with active molecules, in order to achieve a selective localization at
the site of disease while sparing normal tissue, represents a promising
approach for the development of targeted therapies, both in cancer and in
chronic inflammation. The work presented in this thesis aimed at exploring the
disease

homing

properties

and

the

therapeutic

activity

of

novel

immunomodulatory antibody-based fusion proteins in murine models of
cancer and of chronic inflammatory diseases.
All projects presented in the thesis started with the design, cloning and
expression of novel fusion proteins, based on building blocks (e.g., antibodies,
payloads) which had previously been described by our group or by other
groups. However, a priori, we did not know whether the corresponding
proteins would express and whether they would display the desired
therapeutic activity in vivo. Virtually all bifunctional proteins described in this
work were of good pharmaceutical quality and retained the functional binding
activities of both the parental antibody and of the payload in in vitro assays.
However, not all payloads could be efficiently delivered to the site of disease
in vivo, underlining the importance of testing novel antibody-based
biopharmaceuticals in quantitative biodistribution assays. Surprisingly, even
members of the same class of immunomodulatory proteins (e.g., members of
the TNF superfamily) showes distinct biodistribution profiles and tumor
targeting properties, in spite of the fact that these proteins had comparable
molecular weights, valence and structural features. We observed examples, in
which the antibody-based fusion protein was able to efficiently accumulate at
the site of disease, but showed unexpectedly high levels of uptake in healthy
organs, such as spleen and liver (e.g., as was the case for F8-FasL). In some
instances, the targeting properties of the parental antibody were completely
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lost in the corresponding fusion protein (e.g., F8-B7.2, F8-LTA, F8-IFNg). In
the case of interferon gamma, the complete abrogation of tumor homing
activity could be restored by administration of sufficiently large amounts of the
immunocytokine product, indicating that a dose-dependent receptor-based
“trapping” mechanism was operational in vivo. These findings reinforce the
need for “Precision Medicine” approaches for the development of targeted
therapies, since in vitro data are not always predictive for the in vivo
pharmacokinetic

properties

and

the

targeting

performance

of

novel

biopharmaceuticals.
Preclinical

therapy

studies

in

cancer

models

were

used

for

the

characterization of activity of new fusion proteins. These studies also provided
initial information regarding disease indications, which may be particularly
suited for certain armed antibody products. For example, soft-tissue sarcomabearing mice could be cured using a combination of doxorubicin and F8-TNF.
Importantly, cured mice were rendered not only tumor-free by the
pharmacological intervention, but also immune to subsequent tumor
challenges. Thus, mice had acquired a protective immunity against sarcomas,
likely dependent the action of T cells and NK cells. These findings suggest
that sarcomas may be an attractive class of malignancies for the development
of targeted TNF-based products and indeed clinical trials in this indication
have recently started in Italy and in Germany. It will be important to study
whether the immunological mechanisms of tumor rejection, which are
operational in mice, also apply to the human situation. In addition, it will be
important to learn whether a synergy between targeted TNF (e.g., L19-TNF,
F8-TNF) and doxorubicin can be seen not only in mice, but also in patients.
Doxorubicin represents the most commonly used cytotoxic drug for the firstline treatment of patients with soft-tissue sarcomas, but unfortunately this
agent rarely induces objective responses. Thus, there is a considerable
biomedical interest to see whether TNF-based immunocytokines can
potentiate the action of doxorubicin-based regimens in cancer patients.
The newly developed immunocytokine F8-IL4 exhibited potent single agent
anti-cancer activity and when used in combination with targeted IL12, mice
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with teratocarcinoma, colon carcinoma or lymphoma could be cured due to an
immune response primarily mediated by NK cells and CD8+ T cells. Cured
mice were not only immune to re-challenge with the syngeneic tumor, but also
to a different tumor type.
The F8-IL4 immunocytokine was one of the most interesting products,
developed in the frame of my PhD thesis. Interestingly, this fusion protein not
only inhibited tumor growth in three immunocompetent mouse models of
cancer, but also exhibited a potent therapeutic activity in chronic inflammatory
diseases. The antibody-based targeted delivery of IL4 was able to reduce
swelling and disease severity in two mouse models of skin inflammation: one
mediated by the action of the TLR7/8 ligand imiquimod, and one caused by
the overexpression of VEGF-A in the skin of transgenic mice. The
combination of F8-IL4 with TNF- or IL17-blockade further potentiated this
therapeutic effect. In the collagen-induced model of rheumatoid arthritis, F8IL4 inhibited disease progression. The combination of F8-IL4 with targeted
IL10 delivery induced a long-lasting stabilization of established arthritis.
Surprisingly, the combination of F8-IL4 with dexamethasone cured all mice
with established arthritis, whereas cures could not be observed using the two
therapeutic products as single agents. To the best of our knowledge, this
observation represents the first example of a complete cure of established
rheumatoid arthritis in mice. It will be important to learn whether a similar
benefit can be observed in patients, particularly in consideration of the fact
that rheumatoid arthritis is still a highly prevalent and incurable disease, which
causes substantial pain, disability and loss of quality of life to patients.
The promising findings resulting from the preclinical evaluation of F8-IL4 in
mouse models of cancer and of chronic inflammation provide a strong support
for the development of a fully human variant of this immunocytokine for
pharmaceutical applications. The F8 antibody recognizes the human and
murine antigen with identical affinity. Recombinant human IL4 has previously
been used in patients for the treatment of psoriasis and cancer, exhibiting an
excellent safety profile. While the preparation activities for clinical trials are in
progress, it will be interesting to study in more detail the molecular basis for

154

the strong synergy, which was observed when combining F8-IL4 with
corticosteroids.
In summary, I have cloned, expressed and characterized over 10 antibodybased fusion proteins and tested them in vitro (e.g., biochemical
characterization of the products, immunohistochemical studies) and in vivo
(e.g., biodistribution studies, therapy experiments). The two most promising
products, which have emerged from these studies are probably F8-TNF and
F8-IL4. The first product holds promises for the treatment of soft-tissue
sarcomas, especially when used in combination with doxorubicin. By contrast,
I believe that the strongest pharmaceutical potential for F8-IL4 may reside in
the field of chronic inflammation. The observation of a potent anti-cancer
activity of F8-IL4 may be a positive feature in terms of product safety, as the
cognate antigen is typically expressed at sites of tissue remodeling, in tumors,
in would healing and in inflammation.
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7.1 Nucleotide sequences
7.1.1 F8-B7.2
B7.2
linker
F8 diabody
GTTTCCGTGGAGACGCAGGCTTATTTCAATGGGACTGCATATCTGCCGTGCCCATTT
ACAAAGGCTCAAAACATAAGCCTGAGTGAGCTGGTAGTATTTTGGCAGGACCAGCAA
AAGTTGGTTCTGTACGAGCACTATTTGGGCACAGAGAAACTTGATAGTGTGAATGCC
AAGTACCTGGGCCGCACGAGCTTTGACAGGAACAACTGGACTCTACGACTTCACAAT
GTTCAGATCAAGGACATGGGCTCGTACGATTGTTTTATACAAAAAAAGCCACCCACA
GGATCAATTATCCTCCAACAGACATTAACAGAGCTGTCAGTGATCGCCAACTTCAGT
GAACCTGAAATAAAACTGGATCAGAATGTAACAGGAAATTCTGGCATAAATTTGACC
TGCATGTCTAAGCAAGGTCACCCGAAACCTAAGAAGATGTATTTTCTGATAACTAAT
TCAACTAATGAGTATGGTGATAACATGCAGATATCACAAGATAATGTCACAGAACTG
TTCAGTATCTCCAACAGCCTCTCTCTTTCATTCCCGGATGGTGTGTGGCATATGACC
GTTGTGTGTGTTCTGGAAACGGAGTCAATGAAGATTTCCTCCAAACCTCTCAATTTC
ACTCAAGAGTTTCCATCTCCTCAAACGTATTGGAAGtcttcctcatcgggtagtagc
tcttccggctcatcgtccagcggcGAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTG
GTACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTTAGC
CTGTTTACGATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCA
GCTATTAGTGGTAGTGGTGGTAGCACATACTACGCAGACTCCGTGAAGGGCCGGTTC
ACCATCTCCAGAGACAATTCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAGA
GCCGAGGACACGGCCGTATATTACTGTGCGAAAAGTACTCATTTGTATCTTTTTGAC
TACTGGGGCCAGGGAACCCTGGTCACCGTCTCGAGTTCAGGCGGATCTGGCGAAATT
GTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTC
TCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAGAAA
CCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGCATC
CCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCAGA
CTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCGCCG
ACGTTCGGCCAAGGGACCAAGGTGGAAATCAAA

7.1.2 CTLA-4-Fc
CTLA-4
hinge
murine Fc
GAAGCCATACAGGTGACCCAACCTTCAGTGGTGTTGGCTAGCAGCCATGGTGTCGCC
AGCTTTCCATGTGAATATTCACCGTCACACAACACTGATGAGGTCCGGGTGACTGTG
CTGCGGCAGACAAATGACCAAATGACTGAGGTCTGTGCCACGACATTCACAGAGAAG
AATACAGTGGGCTTCCTAGATTACCCCTTCTGCAGTGGTACCTTTAATGAAAGCAGA
GTGAACCTCACCATCCAAGGACTGAGAGCTGTTGACACGGGACTGTACCTCTGCAAG
GTGGAACTCATGTACCCACCGCCATACTTTGTGGGCATGGGCAACGGGACGCAGATT
179

TATGTCATTGATCCAGAACCATGCCCGGATTCTGACgtgcccagggattgtggttgt
aagccttgcatatgtacaGTCCCAGAAGTATCATCTGTCTTCATCTTCCCCCCAAAG
CCCAAGGATGTGCTCACCATTACTCTGACTCCTAAGGTCACGTGTGTTGTGGTAGAC
ATCAGCAAGGATGATCCCGAGGTCCAGTTCAGCTGGTTTGTAGATGATGTGGAGGTG
CACACAGCTCAGACAAAACCCCGGGAGGAGCAGTTCAACAGCACTTTCCGTTCAGTC
AGTGAACTTCCCATCATGCACCAGGACTGGCTCAATGGCAAGGAGTTCAAATGCAGG
GTCAACAGTGCAGCTTTCCCTGCCCCCATCGAGAAAACCATCTCCAAAACCAAAGGC
AGACCGAAGGCTCCACAGGTGTACACCATTCCACCTCCCAAGGAGCAGATGGCCAAG
GATAAAGTCAGTCTGACCTGCATGATAACAGACTTCTTCCCTGAAGACATTACTGTG
GAGTGGCAGTGGAATGGGCAGCCAGCGGAGAACTACAAGAACACTCAGCCCATCATG
GACACAGATGGCTCTTACTTCGTCTACAGCAAGCTCAATGTGCAGAAGAGCAACTGG
GAGGCAGGAAATACTTTCACCTGCTCTGTGTTACATGAGGGCCTGCACAACCACCAT
ACTGAGAAGAGCCTCTCCCACTCTCCTGGTAAA
7.1.3 F8-TNF
F8 scFv
linker
TNF
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAA
ATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACC
CTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAG
AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC
ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGC
AGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCG
CCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAtcttcctcatcgggtagtagc
tcttccggctcatcgtccagcggcCTCAGATCATCTTCTCAAAATTCGAGTGACAAG
CCTGTAGCCCACGTCGTAGCAAACCACCAAGTGGAGGAGCAGCTGGAGTGGCTGAGC
CAGCGCGCCAACGCCCTCCTGGCCAACGGCATGGATCTCAAAGACAACCAACTAGTG
GTGCCAGCCGATGGGTTGTACCTTGTCTACTCCCAGGTTCTCTTCAAGGGACAAGGC
TGCCCCGACTACGTGCTCCTCACCCACACCGTCAGCCGATTTGCTATCTCATACCAG
GAGAAAGTCAACCTCCTCTCTGCCGTCAAGAGCCCCTGCCCCAAGGACACCCCTGAG
GGGGCTGAGCTCAAACCCTGGTATGAGCCCATATACCTGGGAGGAGTCTTCCAGCTG
GAGAAGGGGGACCAACTCAGCGCTGAGGTCAATCTGCCCAAGTACTTAGACTTTGCG
GAGTCCGGGCAGGTCTACTTTGGAGTCATTGCTCTG
7.1.4 F8-CD40L
F8 scFv
linker
CD40L

180

GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAA
ATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACC
CTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAG
AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC
ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGC
AGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCG
CCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAggtggaggcggttcaggcgga
ggtggctctggcggtggcggatcaCAAAGAGGTGATGAGGATCCTCAAATTGCAGCA
CACGTTGTAAGCGAAGCCAACAGTAATGCAGCATCCGTTCTACAGTGGGCCAAGAAA
GGATATTATACCATGAAAAGCAACTTGGTAATGCTTGAAAATGGGAAACAGCTGACG
GTTAAAAGAGAAGGACTCTATTATGTCTACACTCAAGTCACCTTCTGCTCTAATCGG
GAGCCTTCGAGTCAACGCCCATTCATCGTCGGCCTCTGGCTGAAGCCCAGCAGTGGA
TCTGAGAGAATCTTACTCAAGGCGGCAAATACCCACAGTTCCTCCCAGCTTTGCGAG
CAGCAGTCTGTTCACTTGGGCGGAGTGTTTGAATTACAAGCTGGTGCTTCTGTGTTT
GTCAACGTGACTGAAGCAAGCCAAGTGATCCACAGAGTTGGCTTCTCATCTTTTGGC
TTACTCAAACTC
7.1.5 F8-FasL
F8 scFv
linker
FasL
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAA
ATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACC
CTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAG
AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC
ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGC
AGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCG
CCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAtcttcctcatcgggtagtagc
tcttccggctcatcgtccagcggcCAAATAGCCAACCCCAGTACACCCTCTGAAAAA
AAAGAGCCGAGGAGTGTGGCCCATTTAACAGGGAACCCCCACTCAAGGTCCATCCCT
CTGGAATGGGAAGACACATATGGAACCGCTCTGATCTCTGGAGTGAAGTATAAGAAA
GGTGGCCTTGTGATCAACGAAACTGGGTTGTACTTCGTGTATTCCAAAGTATACTTC
CGGGGTCAGTCTTGCAACAACCAGCCCCTAAACCACAAGGTCTATATGAGGAACTCT
AAGTATCCTGAGGATCTGGTGCTAATGGAGGAGAAGAGGTTGAACTACTGCACTACT
GGACAGATATGGGCCCACAGCAGCTACCTGGGGGCAGTATTCAATCTTACCAGTGCT
GACCATTTATATGTCAACATATCTCAACTCTCTCTGATCAATTTTGAGGAATCTAAG
ACCTTTTTCGGCTTGTATAAGCTT
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7.1.6 F8-TRAIL
F8 scFv
linker
TRAIL
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAA
ATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACC
CTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAG
AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC
ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGC
AGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCG
CCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAtcttcctcatcgggtagtagc
tcttccggctcatcgtccagcggcACCTTTCAGGACACCATTTCTACAGTTCCAGAA
AAGCAGCTAAGTACTCCTCCCTTGCCCAGAGGTGGAAGACCTCAGAAAGTGGCAGCT
CACATTACTGGGATCACTCGGAGAAGCAACTCAGCTTTAATTCCAATCTCCAAGGAT
GGAAAGACCTTAGGCCAGAAGATTGAATCCTGGGAGTCCTCTCGGAAAGGGCATTCA
TTTCTCAACCACGTGCTCTTTAGGAATGGAGAGCTGGTCATCGAGCAGGAGGGCCTG
TATTACATCTATTCCCAAACATACTTCCGATTTCAGGAAGCTGAAGACGCTTCCAAG
ATGGTCTCAAAGGACAAGGTGAGAACCAAACAGCTGGTGCAGTACATCTACAAGTAC
ACCAGCTATCCGGATCCCATAGTGCTCATGAAGAGCGCCAGAAACAGCTGTTGGTCC
AGAGATGCCGAGTACGGACTGTACTCCATCTATCAGGGAGGATTGTTCGAGCTAAAA
AAAAATGACAGGATTTTTGTTTCTGTGACAAATGAACATTTGATGGACCTGGATCAA
GAAGCCAGCTTCTTTGGAGCCTTTTTAATTAAC
7.1.7 F8-TRAILtrunc
F8 scFv
linker
TRAILtrunc
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAA
ATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACC
CTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAG
AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC
ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGC
AGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCG
CCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAtcttcctcatcgggtagtagc
tcttccggctcatcgtccagcggcCCCAGAGGTGGAAGACCTCAGAAAGTGGCAGCT
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CACATTACTGGGATCACTCGGAGAAGCAACTCAGCTTTAATTCCAATCTCCAAGGAT
GGAAAGACCTTAGGCCAGAAGATTGAATCCTGGGAGTCCTCTCGGAAAGGGCATTCA
TTTCTCAACCACGTGCTCTTTAGGAATGGAGAGCTGGTCATCGAGCAGGAGGGCCTG
TATTACATCTATTCCCAAACATACTTCCGATTTCAGGAAGCTGAAGACGCTTCCAAG
ATGGTCTCAAAGGACAAGGTGAGAACCAAACAGCTGGTGCAGTACATCTACAAGTAC
ACCAGCTATCCGGATCCCATAGTGCTCATGAAGAGCGCCAGAAACAGCTGTTGGTCC
AGAGATGCCGAGTACGGACTGTACTCCATCTATCAGGGAGGATTGTTCGAGCTAAAA
AAAAATGACAGGATTTTTGTTTCTGTGACAAATGAACATTTGATGGACCTGGATCAA
GAAGCCAGCTTCTTTGGAGCCTTTTTAATTAAC
7.1.8 F8-VEGI
F8 scFv
linker
VEGI
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAA
ATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACC
CTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAG
AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC
ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGC
AGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCG
CCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAtcttcctcatcgggtagtagc
tcttccggctcatcgtccagcggcGCTGGCCAGCTCCGGGTCCCCGGAAAAGACTGT
ATGCTTCGGGCCATAACAGAAGAGAGATCTGAGCCTTCACCACAGCAAGTTTACTCA
CCTCCCAGAGGCAAGCCGAGAGCACACCTGACAATTAAGAAACAAACCCCAGCACCA
CATCTGAAAAATCAGCTCTCTGCTCTACACTGGGAACATGACCTAGGGATGGCCTTC
ACCAAGAACGGGATGAAGTACATCAACAAATCCCTGGTGATCCCAGAGTCAGGAGAC
TATTTCATCTACTCCCAGATCACATTCCGAGGGACCACATCTGTGTGTGGTGACATC
AGTCGGGGGAGACGACCAAACAAGCCAGACTCCATCACCATGGTTATCACCAAGGTA
GCAGACAGCTACCCTGAGCCTGCCCGCCTACTAACAGGGTCCAAGTCTGTGTGTGAA
ATAAGCAACAACTGGTTCCAGTCCCTCTACCTTGGGGCCACGTTCTCCTTGGAAGAA
GGAGACAGACTAATGGTAAACGTCAGTGACATCTCCTTGGTGGATTACACAAAAGAA
GATAAAACTTTCTTTGGAGCTTTCTTGCTA
7.1.9 F8-VEGItrunc
F8 scFv
linker
VEGItrunc
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
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AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAA
ATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACC
CTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAG
AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC
ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGC
AGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCG
CCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAtcttcctcatcgggtagtagc
tcttccggctcatcgtccagcggcTACTCACCTCCCAGAGGCAAGCCGAGAGCACAC
CTGACAATTAAGAAACAAACCCCAGCACCACATCTGAAAAATCAGCTCTCTGCTCTA
CACTGGGAACATGACCTAGGGATGGCCTTCACCAAGAACGGGATGAAGTACATCAAC
AAATCCCTGGTGATCCCAGAGTCAGGAGACTATTTCATCTACTCCCAGATCACATTC
CGAGGGACCACATCTGTGTGTGGTGACATCAGTCGGGGGAGACGACCAAACAAGCCA
GACTCCATCACCATGGTTATCACCAAGGTAGCAGACAGCTACCCTGAGCCTGCCCGC
CTACTAACAGGGTCCAAGTCTGTGTGTGAAATAAGCAACAACTGGTTCCAGTCCCTC
TACCTTGGGGCCACGTTCTCCTTGGAAGAAGGAGACAGACTAATGGTAAACGTCAGT
GACATCTCCTTGGTGGATTACACAAAAGAAGATAAAACTTTCTTTGGAGCTTTCTTG
CTA
7.1.10 F8-LiGHT
LiGHT
linker
F8 scFv
TCTCACCAGGCCAACCCAGCAGCACATCTTACAGGAGCCAACGCCAGCTTGATAGGT
ATTGGTGGACCTCTGTTATGGGAGACACGACTTGGCCTGGCCTTCTTGAGGGGCTTG
ACGTATCATGATGGGGCCCTGGTGACCATGGAGCCCGGTTACTACTATGTGTACTCC
AAAGTGCAGCTGAGCGGCGTGGGCTGCCCCCAGGGGCTGGCCAATGGCCTCCCCATC
ACCCATGGACTATACAAGCGCACATCCCGCTACCCGAAGGAGTTAGAACTGCTGGTC
AGTCGGCGGTCACCCTGTGGCCGGGCCAACAGCTCCCGAGTCTGGTGGGACAGCAGC
TTCCTGGGCGGCGTGGTACATCTGGAGGCTGGGGAAGAGGTGGTGGTCCGCGTGCCT
GGAAACCGCCTGGTCAGACCACGTGACGGCACCAGGTCCTATTTCGGAGCTTTCATG
GTCtcttcctcatcgggtagtagctcttccggctcatcgtccagcggcGAGGTGCAG
CTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCCTGT
GCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCCAGGCTCCA
GGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATACTAC
GCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTG
TATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGCGAAA
AGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCG
AGTGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAAATTGTGTTG
ACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGC
AGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGC
CAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGCATCCCAGAC
AGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCAGACTGGAG
CCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTC
GGCCAAGGGACCAAGGTGGAAATCAAA
7.1.11 F8-LTA
LTA
184

linker
F8 scFv
CTCTCTGGTGTCCGCTTCTCCGCTGCCAGGACAGCCCATCCACTCCCTCAGAAGCAC
TTGACCCATGGCATCCTGAAACCTGCTGCTCACCTTGTTGGGTACCCCAGCAAGCAG
AACTCACTGCTCTGGAGAGCAAGCACGGATCGTGCCTTTCTCCGACATGGCTTCTCT
TTGAGCAACAACTCCCTCCTGATCCCCACCAGTGGCCTCTACTTTGTCTACTCCCAG
GTGGTTTTCTCTGGAGAAAGCTGCTCCCCCAGGGCCATTCCCACTCCCATCTACCTG
GCACACGAGGTCCAGCTCTTTTCCTCCCAATACCCCTTCCATGTGCCTCTCCTCAGT
GCGCAGAAGTCTGTGTATCCGGGACTTCAAGGACCGTGGGTGCGCTCAATGTACCAG
GGGGCTGTGTTCCTGCTCAGTAAGGGAGACCAGCTGTCCACCCACACCGACGGCATC
TCCCATCTACACTTCAGCCCCAGCAGTGTATTCTTTGGAGCCTTTGCACTGtcttcc
tcatcgggtagtagctcttccggctcatcgtccagcggcGAGGTGCAGCTGTTGGAG
TCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCT
GGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGGG
CTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATACTACGCAGACTCC
GTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTGTATCTGCAA
ATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGCGAAAAGTACTCAT
TTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCGAGTGGTGGA
GGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGAGAAATTGTGTTGACGCAGTCT
CCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGT
CAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCC
AGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGT
GGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGAT
TTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGG
ACCAAGGTGGAAATCAAA
7.1.12 F8-ltb
F8 scFv
linker
ltb
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTggtggaggcggttcaggcggaggtggctctggcggtggcggaGAA
ATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACC
CTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCGTTTTTAGCCTGGTACCAGCAG
AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC
ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGC
AGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGATGCGTGGTCGGCCG
CCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAtcttcctcatcgggtagtagc
tcttccggctcatcgtccagcggcGATGGAGGCAAAGGCTCCTGGGAGAAGCTGATA
CAAGATCAACGATCTCACCAGGCCAACCCAGCAGCACATCTTACAGGAGCCAACGCC
AGCTTGATAGGTATTGGTGGACCTCTGTTATGGGAGACACGACTTGGCCTGGCCTTC
TTGAGGGGCTTGACGTATCATGATGGGGCCCTGGTGACCATGGAGCCCGGTTACTAC
TATGTGTACTCCAAAGTGCAGCTGAGCGGCGTGGGCTGCCCCCAGGGGCTGGCCAAT
GGCCTCCCCATCACCCATGGACTATACAAGCGCACATCCCGCTACCCGAAGGAGTTA
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GAACTGCTGGTCAGTCGGCGGTCACCCTGTGGCCGGGCCAACAGCTCCCGAGTCTGG
TGGGACAGCAGCTTCCTGGGCGGCGTGGTACATCTGGAGGCTGGGGAAGAGGTGGTG
GTCCGCGTGCCTGGAAACCGCCTGGTCAGACCACGTGACGGCACCAGGTCCTATTTC
GGAGCTTTCATGGTC
7.1.13 F8-LTa1b2
LTa
linker
LTb
linker
LTb
linker
F8 diabody
linker
F8 diabody
GATGGAGGCAAAGGCTCCTGGGAGAAGCTGATACAAGATCAACGATCTCACCAGGCC
AACCCAGCAGCACATCTTACAGGAGCCAACGCCAGCTTGATAGGTATTGGTGGACCT
CTGTTATGGGAGACACGACTTGGCCTGGCCTTCTTGAGGGGCTTGACGTATCATGAT
GGGGCCCTGGTGACCATGGAGCCCGGTTACTACTATGTGTACTCCAAAGTGCAGCTG
AGCGGCGTGGGCTGCCCCCAGGGGCTGGCCAATGGcctCCCCATCACCCATGGACTA
TACAAGCGCACATCCCGCTACCCGAAGGAGTTAGAACTGCTGGTCAGTCGGCGGTCA
CCCTGTGGCCGGGCCAACAGCTCCCGAGTCTGGTGGGACAGCAGCTTCCTGGGCGGC
GTGGTACATCTGGAGGCTGGGGAAGAGGTGGTGGTCCGCGTGCCTGGAAACCGCCTG
GTCAGACCACGTGACGGCACCAGGTCCTATTTCGGAGCTTTCATGGTCtcttcctca
tcgggtagtagctcttccggctcatcgtccagcggcCTCTCTGGTGTCCGCTTCTCC
GCTGCCAGGACAGCCCATCCACTCCCTCAGAAGCACTTGACCCATGGCATCCTGAAA
CCTGCTGCTCACCTTGTTGGGTACCCCAGCAAGCAGAACTCACTGCTCTGGAGAGCA
AGCACGGATCGTGCCTTTCTCCGACATGGCTTCTCTTTGAGCAACAACTCCCTCCTG
ATCCCCACCAGTGGCCTCTACTTTGTCTACTCCCAGGTGGTTTTCTCTGGAGAAAGC
TGCTCCCCCAGGGCCATTCCCACTCCCATCTACCTGGCACACGAGGTCCAGCTCTTT
TCCTCCCAATACCCCTTCCATGTGCCTCTCCTCAGTGCGCAGAAGTCTGTGTATCCG
GGACTTCAAGGACCGTGGGTGCGCTCAATGTACCAGGGGGCTGTGTTCCTGCTCAGT
AAGGGAGACCAGCTGTCCACCCACACCGACGGCATCTCCCATCTACACTTCAGCCCC
AGCAGTGTATTCTTTGGAGCCTTTGCACTGggtggaggcggttcaggcggaggtggc
tctggcggtggcggaGATGGAGGCAAAGGCTCCTGGGAGAAGCTGATACAAGATCAA
CGATCTCACCAGGCCAACCCAGCAGCACATCTTACAGGAGCCAACGCAAGCTTGATA
GGTATTGGTGGACCTCTGTTATGGGAGACACGACTTGGCCTGGCCTTCTTGAGGGGC
TTGACGTATCATGATGGGGCCCTGGTGACCATGGAGCCCGGTTACTACTATGTGTAC
TCCAAAGTGCAGCTGAGCGGCGTGGGCTGCCCCCAGGGGCTGGCCAATGGCCTCCCC
ATCACCCATGGACTATACAAGCGCACATCCCGCTACCCGAAGGAGTTAGAACTGCTG
GTCAGTCGGCGGTCACCCTGTGGCCGGGCCAACAGCTCCCGAGTCTGGTGGGACAGC
AGCTTCCTGGGCGGCGTGGTACATCTGGAGGCTGGGGAAGAGGTGGTGGTCCGCGTG
CCTGGAAACCGCCTGGTCAGACCACGTGACGGCACCAGGTCCTATTTCGGAGCTTTC
ATGGTCtcttcctcatcgggtagtagctcttccggctcatcgtccagcggcGAGGTG
CAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCC
TGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCCAGGCT
CCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATAC
TACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACACG
CTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGCG
AAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTC
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TCGAGTGGCGGTAGCGGAGGGGAAATTGTGTTGACGCAGTCTCCAGGCACCCTGTCT
TTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATG
CCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCTAT
GGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGG
ACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTGTATTAC
TGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTGGAAATC
AAAtcttcctcatccggaagtagctcttcgggatcctcgtccagcggcGAGGTGCAG
CTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCCTGT
GCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCCAGGCTCCA
GGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCACATACTAC
GCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACACGCTG
TATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGCGAAA
AGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCG
AGTGGCGGTAGCGGAGGGGAAATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTG
TCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTTAGCATGCCG
TTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGT
GCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACA
GACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTGTATTACTGT
CAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAA
7.1.14 F8-IFNg
F8 diabody
linker
IFNg
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTTCAGGCGGATCTGGCGAAATTGTGTTGACGCAGTCTCCAGGCACC
CTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTT
AGCATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTC
ATCTATGGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGG
TCTGGGACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTG
TATTACTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTG
GAAATCAAAtccggatccgcgggaggttcaggtggaCACGGCACAGTCATTGAAAGC
CTAGAAAGTCTGAATAACTATTTTAACTCAAGTGGCATAGATGTGGAAGAAAAGAGT
CTCTTCTTGGATATCTGGAGGAACTGGCAAAAGGATGGTGACATGAAAATCCTGCAG
AGCCAGATTATCTCTTTCTACCTCAGACTCTTTGAAGTCTTGAAAGACAATCAGGCC
ATCAGCAACAACATAAGCGTCATTGAATCACACCTGATTACTACCTTCTTCAGCAAC
AGCAAGGCGAAAAAGGATGCATTCATGAGTATTGCCAAGTTTGAGGTCAACAACCCA
CAGGTCCAGCGCCAAGCATTCAATGAGCTCATCCGAGTGGTCCACCAGCTGTTGCCG
GAATCCAGCCTCAGGAAGCGGAAAAGGAGTCGC
7.1.15 KSF-IFNg
KSF diabody
linker
187

IFNg
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCAGCTATGCCATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAAGACACGGCCGTATATTAC
TGTGCGAAATCGCCTAAGGTGTCGCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGCGGTAGCGGAGGGTCTGAGCTGACTCAGGACCCTGCTGTGTCT
GTGGCCTTGGGACAGACAGTCAGGATCACATGCCAAGGAGACAGTCTCAGAAGCTAT
TATGCAAGCTGGTACCAGCAGAAGCCAGGACAGGCCCCTGTACTTGTCATCTATGGT
AAAAACAACCGGCCCTCAGGGATCCCAGACCGATTCTCTGGCTCCAGCTCAGGAAAC
ACAGCTTCCTTGACCATCACTGGGGCTCAGGCGGAAGATGAGGCTGACTATTACTGT
AACTCCTCTCCCCTGAATCGGCTGGCTGTGGTATTCGGCGGAGGGACCAAGCTGACC
GTCCTAGGCtccggatccgcgggaggttcaggtggaCACGGCACAGTCATTGAAAGC
CTAGAAAGTCTGAATAACTATTTTAACTCAAGTGGCATAGATGTGGAAGAAAAGAGT
CTCTTCTTGGATATCTGGAGGAACTGGCAAAAGGATGGTGACATGAAAATCCTGCAG
AGCCAGATTATCTCTTTCTACCTCAGACTCTTTGAAGTCTTGAAAGACAATCAGGCC
ATCAGCAACAACATAAGCGTCATTGAATCACACCTGATTACTACCTTCTTCAGCAAC
AGCAAGGCGAAAAAGGATGCATTCATGAGTATTGCCAAGTTTGAGGTCAACAACCCA
CAGGTCCAGCGCCAAGCATTCAATGAGCTCATCCGAGTGGTCCACCAGCTGTTGCCG
GAATCCAGCCTCAGGAAGCGGAAAAGGAGTCGCTCG
7.1.16 F8-IL4
F8 diabody
linker
IL4
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTAC
TGTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTtcaggcggatctggcGAAATTGTGTTGACGCAGTCTCCAGGCACC
CTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTT
AGCATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTC
ATCTATGGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGG
TCTGGGACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTG
TATTACTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTG
GAAATCAAATCTTCCTCATCgggtagtagctcttccggctcatcgtccagcggcCAT
ATCCACGGATGCGACAAAAATCACTTGAGAGAGATCATCGGCATTTTGAACGAGGTCACAGG
AGAAGGGACGCCATGCACGGAGATGGATGTGCCAAACGTCCTCACAGCAACGAAGAACACCA
CAGAGAGTGAGCTCGTCTGTAGGGCTTCCAAGGTGCTTCGCATATTTTATTTAAAACATGGG
AAAACTCCATGCTTGAAGAAGAACTCTAGTGTTCTCATGGAGCTGCAGAGACTCTTTCGGGC
TTTTCGATGCCTGGATTCATCGATAAGCTGCACCATGAATGAGTCCAAGTCCACATCACTGA
AAGACTTCCTGGAAAGCCTAAAGAGCATCATGCAAATGGATTACTCG

7.1.17 KSF-IL4
KSF diabody
188

linker
IL4
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCAGCTATGCCATGAGCTGGGTCCGC
CAGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGC
ACATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAG
AACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAAGACACGGCCGTATATTAC
TGTGCGAAATCGCCTAAGGTGTCGCTTTTTGACTACTGGGGCCAGGGAACCCTGGTC
ACCGTCTCGAGTGGCGGTAGCGGAGGGTCTGAGCTGACTCAGGACCCTGCTGTGTCT
GTGGCCTTGGGACAGACAGTCAGGATCACATGCCAAGGAGACAGTCTCAGAAGCTAT
TATGCAAGCTGGTACCAGCAGAAGCCAGGACAGGCCCCTGTACTTGTCATCTATGGT
AAAAACAACCGGCCCTCAGGGATCCCAGACCGATTCTCTGGCTCCAGCTCAGGAAAC
ACAGCTTCCTTGACCATCACTGGGGCTCAGGCGGAAGATGAGGCTGACTATTACTGT
AACTCCTCTCCCCTGAATCGGCTGGCTGTGGTATTCGGCGGAGGGACCAAGCTGACC
GTCCTAGGCtcttcctcatcgggtagtagctcttccggctcatcgtccagcggcCAT
ATCCACGGATGCGACAAAAATCACTTGAGAGAGATCATCGGCATTTTGAACGAGGTCACAGG
AGAAGGGACGCCATGCACGGAGATGGATGTGCCAAACGTCCTCACAGCAACGAAGAACACCA
CAGAGAGTGAGCTCGTCTGTAGGGCTTCCAAGGTGCTTCGCATATTTTATTTAAAACATGGG
AAAACTCCATGCTTGAAGAAGAACTCTAGTGTTCTCATGGAGCTGCAGAGACTCTTTCGGGC
TTTTCGATGCCTGGATTCATCGATAAGCTGCACCATGAATGAGTCCAAGTCCACATCACTGA
AAGACTTCCTGGAAAGCCTAAAGAGCATCATGCAAATGGATTACTCG
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7.2 Statistical Analysis
7.2.1 The antibody-based targeted delivery of TNF in combination with
doxorubicin eradicates sarcomas in mice and confers protective
immunity
7.2.1.1 WEHI-164 sarcoma
Doxorubicin vs PBS:

from day

15

p < 0.0001

F8-TNF vs PBS:

from day

10
11

p < 0.001
p < 0.0001

Combo vs PBS:

from day

8
9
10

p < 0.05
p < 0.01
p < 0.0001

Doxorubicin vs F8-TNF:

from day

11
12

p < 0.01
p < 0.0001

Doxorubicin vs Combo:

from day

10
11
12

p < 0.05
p < 0.001
p < 0.0001

F8-TNF vs Combo:

from day

18
19

p < 0.01
p < 0.0001

7.2.1.2 Sarcoma 180

Doxorubicin vs PBS:

not statistically significant

F8-TNF vs PBS:

from day

15
16

p < 0.001
p < 0.001

Combo vs PBS:

from day

12
13
14

p < 0.01
p < 0.001
p < 0.0001

Doxorubicin vs F8-TNF:

from day

15
16

p < 0.01
p < 0.0001

Doxorubicin vs Combo:

from day

11
12
13

p < 0.05
p < 0.01
p < 0.001
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F8-TNF vs Combo:

from day

14

p < 0.0001

21
22
23
24

p < 0.05
p < 0.01
p < 0.001
p < 0.0001

7.2.2 The dose dependent tumor targeting of antibody-interferon
gamma fusion proteins reveals an unexpected receptor trapping
mechanism in vivo
7.2.2.1 Statistical analysis of biodistribution data in F9 teratocarinoma
comparing F8-IFNg to KSF-IFNg

%ID/g in tumor

p < 0.0001

Tumor-to-blood ratio

p < 0.05

7.2.2.2 Statistical analysis of tumor volume data
7.2.2.2.1 F9 teratocarcinoma: Monotherapy
PBS vs KSF-IFNg:

from day

11
12
13

p < 0.05
p < 0.01
p < 0.0001

PBS vs F8-IFNg:

from day

9
10
11

p < 0.05
p < 0.001
p < 0.0001

KSF-IFNg vs F8-IFNg:

from day

10
11

p < 0.01
p < 0.0001

7.2.2.2.2 WEHI-164 sarcoma: Monotherapy
PBS vs KSF-IFNg:

from day

14
15

p < 0.05
p < 0.01

PBS vs F8-IFNg:

from day

11
12

p < 0.05
p < 0.01
191

KSF-IFNg vs F8-IFNg:

from day

13

p < 0.0001

13
14
15

p < 0.05
p < 0.01
p < 0.0001

7.2.2.2.3 Lewis Lung Carcinoma: Monotherapy
PBS vs KSF-IFNg:

from day

17
18

p < 0.01
p < 0.0001

PBS vs F8-IFNg:

from day

12
13

p < 0.01
p < 0.0001

KSF-IFNg vs F8-IFNg:

from day

12
13
14

p < 0.05
p < 0.001
p < 0.0001

7.2.2.2.4 Lewis Lung Carcinoma: Combination therapy F8-IFNg with F8-TNF
PBS vs F8-IFNg:

from day

11
12
13

p < 0.05
p < 0.001
p < 0.0001

PBS vs F8-TNF:

from day

11
12
13

p < 0.05
p < 0.001
p < 0.0001

F8-TNF vs F8-IFNg:

from day

18
19
20

p < 0.05
p < 0.001
p < 0.0001

7.2.2.2.5 Lewis Lung Carcinoma: Combination therapy F8-IFNg with F8-IL4
PBS vs F8-IFNg:

from day

14
15

p < 0.001
p < 0.0001

PBS vs F8-IL4:

from day

14
15

p < 0.001
p < 0.0001

PBS vs Combo:

from day

14
15

p < 0.001
p < 0.0001

F8-IL4 vs F8-IFNg:

from day

24

p < 0.0001

F8-IL4 vs Combo:

from day

19

p < 0.05
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F8-IFNg vs Combo:

from day

20
21

p < 0.01
p < 0.0001

20
21

p < 0.05
p < 0.0001

7.2.2.3 Statistical analysis of survival data
7.2.2.3.1 Lewis Lung Carcinoma: Combination therapy F8-IFNg with F8-TNF
PBS vs F8-IFNg:

p < 0.01

PBS vs F8-TNF:

p < 0.01

F8-TNF vs F8-IFNg:

not statistically significant

7.2.2.3.2 Lewis Lung Carcinoma: Combination therapy F8-IFNg with F8-IL4
PBS vs F8-IFNg:

p < 0.01

PBS vs F8-IL4:

p < 0.01

PBS vs Combo:

p < 0.01

F8-IL4 vs F8-IFNg:

p < 0.01

F8-IL4 vs Combo:

p < 0.01

F8-IFNg vs Combo:

p < 0.01

7.2.3 The antibody-based targeted delivery of interleukin-4 and 12 to
the tumor neovasculature eradicates tumors in three mouse
models of cancer
7.2.3.1 Statistical analysis of biodistribution experiments
7.2.3.1.1 F9 teratocarcinoma: F8-IL4 vs KSF-IL4
%ID/g in the tumor

p < 0.001

Tumor-to-blood ratio

p < 0.0001
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7.2.3.2 Statistical analysis of therapy tumor volume data
7.2.3.2.1 F9 teratocarcinoma: Dose-Escalation of F8-IL4
F8-IL4 45 µg vs PBS:

from day

10
11
12

p < 0.05
p < 0.001
p < 0.0001

F8-IL4 90 µg vs PBS:

from day

10
11

p < 0.01
p < 0.0001

F8-IL4 45 µg vs F8-IL4 90 µg:

from day

17

p < 0.0001

7.2.3.2.2 F9 teratocarcinoma: F8-IL4 vs KSF-IL4
F8-IL4 vs PBS:

from day

10
11
12

p < 0.01
p < 0.001
p < 0.0001

KSF-IL4 vs PBS:

from day

11
12

p < 0.001
p < 0.0001

F8-IL4 vs KSF-IL4:

from day

10

p < 0.0001

7.2.3.2.3 F9 teratocarcinoma: F8-IL4, F8-IL2, IL12-F8-F8 and combinations
F8-IL4 vs PBS:

from day

9

p < 0.0001

F8-IL2 vs PBS:

from day

9

p < 0.0001

IL12-F8-F8 vs PBS:

from day

9

p < 0.0001

F8-IL4/ F8-IL2 vs PBS:

from day

13
14

p < 0.01
p < 0.0001

F8-IL4/ IL12-F8-F8 vs PBS:

from day

13
14

p < 0.01
p < 0.0001

F8-IL4 vs F8-IL2:

from day

16

p < 0.0001

F8-IL4 vs IL12-F8-F8:

from day

16

p < 0.0001

F8-IL2 vs IL12-F8-F8:

from day

17

p < 0.01
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18

p < 0.0001

F8-IL4 vs F8-IL4/F8-IL2:

from day

9
10

p < 0.01
p < 0.0001

F8-IL2 vs F8-IL4/ F8-IL2:

from day

13
14
15

p < 0.05
p < 0.001
p < 0.0001

F8-IL4 vs F8-IL4/IL12-F8-F8:

from day

9
10

p < 0.001
p < 0.0001

F8-IL2 vs F8-IL4/IL12-F8-F8:

from day

13
14
15

p < 0.05
p < 0.001
p < 0.0001

IL12-F8-F8 vs F8-IL4/ F8-IL2:

from day

13
14
15
16

p < 0.01
p < 0.001
p < 0.001
p < 0.0001

IL12-F8-F8 vs F8-IL4/IL12-F8-F8:

from day

11
12
13

p < 0.05
p < 0.001
p < 0.0001

F8-IL4/ F8-IL2 vs F8-IL4/ IL12-F8-F8:

from day

20
21

p < 0.05
p < 0.001

10
11
12

p < 0.01
p < 0.01
p < 0.0001

7.2.3.2.4 CT26 colon carcinoma: F8-IL4 vs KSF-IL4
F8-IL4 vs PBS:

from day

KSF-IL4 vs PBS:

not statistically significant

F8-IL4 vs KSF-IL4:

from day

11
12

p < 0.01
p < 0.0001

7.2.3.2.5 CT26 colon carcinoma: F8-IL4 vs IL12-F8-F8
F8-IL4 vs PBS:

from day

9
10
11

p < 0.05
p < 0.001
p < 0.0001

IL12-F8-F8 vs PBS:

from day

10
11

p < 0.01
p < 0.0001
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F8-IL4/IL12-F8-F8 vs PBS:

from day

9
10

p < 0.001
p < 0.0001

F8-IL4 vs IL12-F8-F8:

from day

19

p < 0.01

F8-IL4 vs F8-IL4/IL12-F8-F8:

from day

14
15

p < 0.01
p < 0.0001

IL12-F8-F8 vs F8-IL4/IL12-F8-F8:

from day

13
14
15

p < 0.01
p < 0.01
p < 0.0001

11
12
13

p < 0.05
p < 0.001
p < 0.0001

7.2.3.2.6 A20 Lymphoma: F8-IL4 vs KSF-IL4
F8-IL4 vs PBS:

from day

KSF-IL4 vs PBS:

not statistically significant

F8-IL4 vs KSF-IL4:

from day

12
13
14
15

p < 0.05
p < 0.01
p < 0.001
p < 0.0001

7.2.3.2.7 A20 lymphoma: F8-IL4 vs IL12-F8-F8
F8-IL4 vs PBS:

from day

11
12
13

p < 0.05
p < 0.001
p < 0.0001

IL12-F8-F8 vs PBS:

from day

11
12
13

p < 0.01
p < 0.001
p < 0.0001

F8-IL4/IL12-F8-F8 vs PBS:

from day

11
12

p < 0.01
p < 0.0001

F8-IL4 vs IL12-F8-F8:

from day

22
23
24

p < 0.05
p < 0.001
p < 0.0001

F8-IL4 vs F8-IL4/IL12-F8-F8:

from day

21
22

p < 0.05
p < 0.0001
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IL12-F8-F8 vs F8-IL4/IL12-F8-F8:

from day

28
29
30

p < 0.05
p < 0.001
p < 0.0001

197

7.3 Abbreviations
%ID/g Percentage of injected dose per gram
ADC Antibody-drug conjugate
ADCC Antibody-dependent cellular cytotoxicity
ADEPT Antibody-directed enzyme prodrug therapy
BiTe Bi-specific T cell engager
CD Cluster of differentiation
CDC Complement-dependent cytotoxicity
CDR Complementarity-determining regions
CEA Carcinoembryonic antigen
CH Constant heavy chain
CHO Chinese hamster ovary cell line
CL Constant light chain
CT Computed tomography
CTL Cytotoxic T lymphocyte
CTLA4 Cytotoxic T lymphocyte antigen 4
DART® Disulfide-stabilized dual affinity retaining diabodies
DMEM Dulbecco’s Modified Eagle Medium
DNA Deoxyribonucleic acid
EC50 Half maximal effective concentration
ECM Extracellular matrix
EDA Extra-domain A of fibronectin
EDB Extra-domain B of fibronectin
EDTA ethylenediaminetetra acetic acid
EGF Epidermal growth factor
ELISA Enzyme-linked immunosorbent assay
EpCAM Epithelial cell adhesion molecule
Fab Fragment antigen-binding portion of an antibody
FBS Fetal bovine serum
Fc Crystallizable fragment of Ig molecule
Fc!R Fc gamma receptor
Fc"RI high-affinity Fc epsilon receptor
FcR Fc receptor
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FcRn Neonatal Fc receptor
FDA U.S. Food and Drug Administration
FDG Fluorodeoxyglucose
FPLC Fast protein liquid chromatography
Fv Variable fragment of Ig molecule
H&E Hematoxylin and eosin staining
HIF Hypoxia-inducible factor
HPLC High-performance liquid chromatography
IC50 Half maximal inhibitory concentration
IFNa Interferon alpha
IFNb Interferon beta
IFNg Interferon gamma
Ig Immunoglobulin
IIICS Type III connecting segment of fibronectin
IL Interleukin
i.p. Intraperitoneal
IU International units
i.v. Intravenous
KD Dissociation constant
mAb Monoclonal antibodies (mAbs)
MHC Major histocompatibility complex
MOPS 3-(N-morpholino)propanesulfonic acid
mRNA Messenger ribonucleic acid
MTD Maximum tolerated dose
NHL Non-Hodgkin lymphoma
NK Natural killer cell
PASI psoriasis area severity index
PASI75 75% reduction in the PASI score
PBS Phosphate buffered saline
PCR Polymerase chain reaction
PET Positron emitting tomography
pI Isoelectric point
PSMA Prostate-specific membrane antigen
RIT Radioimmunotherapy
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rpm Rotations per minute
RPMI Roswell Park Memorial Institute (cell culture medium)
RT Room temperature
RU Resonance units
SEM Standard error of the mean
s.c. Subcutaneous
scFv Single-chain variable fragment
SDS Sodium dodecyl sulfate
SDS-PAGE Sodium dodecylsulfate polyacrylamide gel electrophoresis
SEC Size-exclusion chromatography
SIP Small immonoprotein
SPECT Single photon emission computed tomography
TandAb® Tandem diabody
TCR T cell receptor
TEA Triethylamine
TLR Toll like receptor
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor
VH Variable heavy chain
VL variable light chain
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