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Abstract

IL-15 shows great potential to support an antitumor immune response and emerges as a
promising agent in cancer immunotherapy. However, the systemic application of IL-15 is
associated with toxicity and, as a monotherapy the efficacy of IL-15 is still limited. This study
focusses on the development of novel trifunctional fusion proteins enforcing the activity of
IL-15 with costimulatory ligands of the TNF superfamily and targeting the therapeutic activity
to the tumor site by an antibody moiety. The homotrimeric trifunctional fusion proteins of
the first generation was comprised of an antibody moiety (scFv), IL-15 fused to the extended
sushi domain of the IL-15Ra chain (RD), and the extracellular domain (ECD) of 4-1BBL. Non-
covalent trimerization of the ECD of 4-1BBL led to a homotrimeric fusion protein with three
antibody moieties and three RD_IL-15 units. Based on the first generation trifunctional
fusion protein, a novel second generation trifunctional fusion protein incorporating the
ligand of the TNF superfamily in the single-chain format, i.e. genetic fusion of three
extracellular domains by linkers on the same polypeptide chain, was generated, resulting in
a monomeric trifunctional fusion protein with only one functional unit of each component.
Similar T cell stimulation in a non-targeted setting, even improved capacity to enhance T cell
stimulation when target bound and a clear antitumor effect in a mouse model in vivo was
observed for the novel trifunctional fusion protein in the single-chain format. Furthermore,
OX40L and GITRL were successfully incorporated into the novel trifunctional fusion protein in
the single-chain format demonstrating stable protein configuration. Advantageous
costimulatory properties in comparison to the combination of the respective bifunctional
fusion proteins were observed for all trifunctional fusion proteins. Strongest synergistic
effects were shown for RD_IL-15_scFveap_scGITRL in terms of enhancing the cytotoxic
potential of CD8" T cells and enhanced proliferation of CD4" T cells. Finally, in a syngeneic
lung tumor mouse model evaluating the antitumor potential of RD_IL-15_scFvgap_scGITRL
revealed a strong, targeting-dependent antitumor response. Additionally, the effect of an
EGFR-directed trifunctional fusion protein on Trastuzumab-mediated ADCC was evaluated.
Strong enhancement of the ADCC was achieved by the trifunctional fusion protein RD_IL-
15 scFvegrr_sc4-1BBL and the bifunctional fusion protein RD_IL-15_scFvegrr. Thus, the
trifunctional fusion protein format incorporating the ligand of the TNF superfamily in the
single-chain format appears as a promising platform with versatile opportunities for further

development.




Zusammenfassung

Im Bereich der Krebsimmuntherapie hat sich die Therapie mit IL-15 zu einem
vielversprechenden Ansatz entwickelt und zeigt groRes Potential bei der Unterstiitzung einer
antitumoralen Immunantwort. Allerdings ist die systemische Anwendung von IL-15 mit
Toxizitat verbunden und die Wirksamkeit von IL-15 in einem monotherapeutischen Ansatz
begrenzt. Diese Arbeit beschaftigt sich mit der Entwicklung neuartiger trifunktioneller
Fusionsproteine, welche die Aktivitat von IL-15 mit Hilfe costimulatorischer Liganden der
TNF-Superfamilie  verstarken und die therapeutische Aktivitait durch eine
Antikorperkomponente auf den Tumor ausrichten. Das bereits vorhandene homotrimere
trifunktionelle Fusionsprotein der ersten Generation besteht aus einer Antikdrpereinheit
(scFv), IL-15 fusioniert an die erweiterte Sushidomdne des IL-15Ra (RD) und der
extrazelluldaren Doméane (ECD) von 4-1BBL. Die nicht-kovalente Trimerisierung der ECD von 4-
1BBL flUhrt zu einem homotrimeren Fusionsprotein mit drei Antikdrpereinheiten und drei
RD_IL-15 Einheiten. Basierend auf dem trifunktionellen Fusionsprotein der ersten
Generation wurde in dieser Arbeit ein neuartiges trifunktionelles Fusionsprotein der zweiten
Generation entwickelt, in dem der trimere Ligand der TNF-Superfamilie in einem
einzelketten-Format (single-chain) vorliegt. Durch die lineare Verknipfung von drei
extrazelluldren Domadnen zum single-chain Format entsteht ein monomeres, trifunktionelles
Fusionsprotein, mit nur einer AntikOpereinheit und einer RD _IL-15 Einheit. Fiir das
trifunktionelle Fusionsprotein im single-chain Format wurde im Target-ungebundenen
Zustand eine dhnliche, im Target-gebundenen Zustand dagegen eine verbesserte Stimulation
von T-Zellen in vitro gezeigt, sowie ein deutlicher Antitumoreffekt in einem Lungentumor-
Mausmodell in vivo beobachtet. Darliber hinaus wurden auch OX40L und GITRL erfolgreich
in das neue trifunktionelle Fusionsproteinformat eingebracht. Im Hinblick auf die
Stimulierung von T-Zellen zeigten alle trifunktionellen Fusionsproteine verbesserte
Eigenschaften im Vergleich zur Kombination aus den jeweiligen bifunktionellen
Fusionsproteinen. Hinsichtlich der Verstirkung des zytotoxischen Potentials von CD8" T-
Zellen und der Proliferation von CD4" T-Zellen wurden die starksten synergistischen Effekte
fir RD_IL-15_scFveap_scGITRL beobachtet. Zusatzlich konnte in einem syngenen
Lungentumor-Mausmodell eine starke, targeting-abhangige Antitumorantwort fir RD_IL-
15 scFvrap_SCGITRL gezeigt werden. Des Weiteren wurde der Effekt eines gegen EGFR

gerichteten, trifunktionellen Fusionsproteins auf Trastuzumab-vermittelte ADCC untersucht.




Die von dem monoklonalen Antikérper vermittelten ADCC wurde durch das trifunktionelle
Fusionsprotein RD_IL-15_scFvgger_sc4-1BBL und das bifunktionelle Fusionsprotein RD_IL-
15_scFvegrr verstarkt. Folglich erscheint das trifunktionelle Fusionsprotein im single-chain
Format als eine vielversprechende Plattform mit vielseitigen Moglichkeiten fir die weitere

Entwicklung.




1 Introduction

It was Rudolf Virchow who first observed immune cell infiltration in human tumors in the
mid-nineteenth century (Balkwill and Mantovani 2001). In 1891, William Coley then
pioneered in the field of cancer immunotherapy with the development of an early
immunotherapy using bacterial toxins. He injected a non-infectious mixture of bacteria into
inoperable sarcomas of patients thereby triggering an immune response leading to clearance
of cancer in some patients (Coley 1910). Due to the lack of understanding immune
mechanisms and severe side effects, progress in the field of cancer immunotherapy stalled
for nearly a century. In the 1970s, a number of crucial discoveries like the existence of T cells
and their critical role of cellular immune response in adaptive immunity (Miller et al. 1967),
the discovery of tumor necrosis factor (TNF) as one key player in the immune response
triggered by endotoxins (Carswell et al. 1975) and the manufacturing of monoclonal
antibodies (Kohler and Milstein 2005) set stage for the renewed advent of cancer

immunotherapy.

1.1 Cancer immunotherapy

The rapid developments in the field of cancer immunotherapy started with the approval of
Ipilimumab for the treatment of metastatic melanoma in 2011. Ipilimumab is a monoclonal
antibody directed against the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), an
immune checkpoint downregulating the immune response (Hodi et al. 2010). Two other
checkpoint inhibitors, Nivolumab (2014) and Pembrolizumab (2015) have been approved for
the treatment of metastatic melanoma and non-small lung cancer. Both these antibodies
antagonize the programmed cells death protein 1 (PD-1), one of the main regulators of T cell
exhaustion and tolerance (Robert et al. 2014). The principle goal of cancer immunotherapy
in this case is to unleash the suppressed immune system and launch sustained attacks
against tumor cells, resulting in the eradication of cancer. The first approved
immunomodulatory cancer therapeutic to treat cancer in patients is the above mentioned
anti-CTLA-4-mAb Ipilimumab. This success created interest in evaluating other strategies not
only to target checkpoint inhibitors but to investigate costimulatory receptors. To date,
more than 30 immunomodulatory antibodies are tested in clinical studies in Phase | to Il

(Table 1).




Table 1: Imnmunomodulatory antibodies for cancer therapy either approved or in ongoing clinical trials. Data

from https://clinicaltrials.gov/ and https://www.fda.gov, Mai 2018.

Target

Generic name

Indication

Stage of development

Co-inhibitory pathways
CTLA-4

PD-1

Ipilimumab

AGEN-1884
BCD-145
Nivolumab

Pembrolizumab

JS-001

Sym021

SHR-1210

Pidilizumab
Tislelizumab

Cemiplimab

Metastatic melanoma
Sarcoma, Wilm’s tumor,
Lymphoma, Neuroblastoma
Advanced solid cancers
Metastatic melanoma
Metastatic melanoma
Metastatic NSCLC, renal cell
carcinoma

Lymphoma, head and neck
cancer

Liver cancer, colorectal cancer,
bladder cancer

Mesithelioma

AML

Oral cavity cancer

Prostate cancer

Metastatic melanoma

NSCLC

head and neck cancer
Stomach and gastroesophageal
cancer, bladder cancer,
lymphoma, metastatic solid
tumors

Inflammatory breast cancer
Metastatic breast cancer

Soft tissue sarcoma, bone
sarcoma

Recurrent endometrial cancer
Medullary thyroid cancer
Multiple myeloma

Renal cell carcinoma
Neuroendocrine tumors
Meningioma

Metastatic melanoma

NSCLC

Lymphoma

Metastatic cancer, solid rumors,
lymphoma

Advanced solid tumors
Hodgkin’s lymphoma

NK/T cell lymphoma
hepatocellular carcinoma
Diffuse pontine glioma
Metastatic NSCLC/SCLC
Hepatocellular Carcinoma
NSCLC

Basal cell carcinoma
Advanced cutaneous squamous
cell carcinoma

Approved in 2011
Phase |

Phase |
Phase |
Approved in 2014
Approved in 2015

Approved in 2016

Approved in 2017

Phase lll
Phase Il
Phase Il
Phase Il
Approved in 2014
Approved in 2015
Approved in 2016
Approved in 2017

Phase Il
Phase I/Il
Phase Il

Phase Il
Phase Il
Phase Il
Phase IlI
Phase Il
Phase Il
Phase Il
Phase |

Phase |

Phase |

Phase Il
Phase Il
Phase Il
Phase Il
Phase I/l
Phase Il
Phase Il
Phase lll
Phase Il
Phase Il




PD-1 IBI308 NK/T cell lymphoma Phase Il
Hodgkin’s Lymphoma Phase Il
Spartalizumab Melanoma, NSCLC, TNBC, Phase I/l
anaplastic thyroid cancer, solid
tumors
Nasopharyngeal carcinoma Phase Il
AGEN2034 Cervical cancer Phase I/l
Genolimzumab Peripheral T cell ymphoma Phase |
CK-301 Recurrent or metastatic cancers Phase |
BCD-100 Melanoma Phase Il
INCMGAO00012 Metastatic solid tumors Phase |
M7824 HPV associated malignancies Phase Il
PD-L1 Atezolizumab NSCLC, bladder cancer Approved in 2016

Hodgkin’s lymphoma
TNBC

Phase Il
Phase Il

Avelumab Bladder cancer, Approved in 2017
Merkel cell carcinoma
Ovarian cancer Phase Il
Hepatocellular carcinoma Phase Il
Nasopharyngeal cancer Phase Il
Testicular germ cell cancer Phase Il
Neuroendocrine tumors Phase I/II
Metastatic colorectal cancer Phase Il

Durvalumab Bladder cancer Approved in 2017

NSCLC

Phase Il

Esophageal cancer Phase Il
Costimulatory pathways
4-1BB PF-05082566 Solid tumors, B cell lymphoma Phase |
0Xx40 MEDI0562 Advanced solid tumors Phase |
Melanoma, head and neck cancer Phase |
MEDI6469 Colorectal cancer Phase |
head and neck cancer Phase |
0Xx40 MEDI6469 Metastatic breast cancer Phase |
PF-04518600 Metastatic cancer Phase |
GITR INCAGNO1876 Metastatic cancer Phase I/l
OMP-336B11 Metastatic cancer Phase |
MEDI-1873 Metastatic cancer Phase |
GWN323 Solid tumors, lymphomas Phase |
TRX518 Melanoma, solid tumors Phase |
ICOS MEDI-570 Lymphoma Phase |

Cancer immunotherapy not only focuses on immunomodulatory antibodies but also other
approaches. Significant progress in understanding the function of molecular pathways has
led to the development of a number of new immunotherapies like cancer vaccination
(Butterfield 2015), small molecules (Adams et al. 2015), CAR T cells (Maude et al. 2018),
cytokines (Waldmann 2017), bispecific T cell engagers (Krishnamurthy and Jimeno 2018) and
antibody-fusion proteins (Mdiller 2015) which are also evaluated in terms of their
effectiveness against numerous types of cancers and their clinical use. One promising

approach is Blinatumomab, a bispecific T cell engager binding to CD19 on the tumor cell and

10



CD3 on the T cell (Goebeler et al. 2016). Blinatumomab has been approved by the FDA for
relapsed or refractory B cell precursor ALL in 2017. In the context of destruction of cancer
cells by the immune system, cytokines have been explored for the treatment of cancer.
Cytokines are the major regulators of the innate and adaptive immune system and control
proliferation, differentiation, effector functions and survival of leucocytes. Preclinical models
using IL-2, IL-12, IL-15, IL-21 and granulocyte macrophage colony-stimulating factor (GM-
CSF) have shown efficacy in the treatment of murine cancer (Floros and Tarhini 2015;
Kaufman et al. 2014). IL-2 for example has been studied intensively, with recombinant IL-2
(rhIL-2) (Lafreniere and Rosenberg 1985) being one broadly used agent in cancer
immunotherapy which received approval for the treatment of renal cell carcinoma in 1992
and metastatic melanoma in 1998 (Rosenberg 2014). Although IL-2 has shown capability of
mediating tumor regression, monotherapy with IL-2 has shown to be associated with severe
adverse effects in high dose. Despite the success of some concepts in cancer immunotherapy
as monotherapy, the future of cancer immunotherapy lies in the combinatory treatment of
different approaches. Meaningful synergistic effects are anticipated with combinatory
strategies, for example combining checkpoint inhibitors with conventional therapies (Robert
et al. 2011) or targeted therapies (Stagg et al. 2011), the combination of two different
checkpoint inhibitors (e.g. Ipilimumab and Nivolumab (Callahan et al. 2018)) or the
combination with cellular therapies (Cherkassky et al. 2016). On the heel of these studies,
combinations of IL-2 with targeted therapy (Bersanelli et al. 2014) or peptide vaccines
(Schwartzentruber et al. 2011) have shown potent anti-tumor effects with high overall
response rates in patients. This demonstrates that combinations with cytokines gain
increasing interest especially when it comes to finding new combinations with other
immunotherapeutic agents. Therefore, the role of cytokines in cancer immunotherapy will

be further addressed here.

1.2 Common cytokine receptor y-chain family

Cytokines, such as interferons, interleukins, chemokines, and growths factors are modulators
of immunity and inflammation secreted by numerous cell types such as lymphocytes,
monocytes and macrophages. Cytokines are the main coordinators of the innate as well as
the adaptive immune response. The coordination of these responses is achieved by a
network of cytokines that induce maturation of immune cells, control effector functions and

turn the immune response off when control of the pathogen is achieved. Crucial members of
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this coordinating network belong to the type | cytokines. One important family of type |
cytokines consists of interleukin-2 (IL-2), IL-4, IL-7, IL-9, IL-15 and IL-21 that bind to the
receptors of the common y-chain receptor family, named after the shared receptor-y-chain
Yc (Leonard 2001) (Figure 1). The receptor-y-chain was first discovered as a component of
the receptor for IL-2, which is the most extensively studied member of this family. The IL-2
receptor consists of three chains, namely IL-2Ra (Leonard et al. 1984), IL-2RB (Sharon et al.
1986) and y. (Takeshita et al. 1992) which together form the high affinity IL-2 receptor
(Wang et al. 2005). The aPBy heterotrimer, By dimer and a chain monomer have high,
intermediate and low affinities to IL-2, respectively (Dhupkar and Gordon 2017). Upon
binding of the binary complex of IL-2 and IL-2Ra to IL-2RB and IL-2Ry, Janus kinases (JAK) 1
and JAK3 which are associated with the B- and y-chain, respectively are activated (Nelson
and Willerford 1998). One of the members of the signal transducers and activators of
transcription family (STAT), STAT1, STAT3 and STATS in Tcells or STAT4 in NK cells, are
recruited and bind to the phosphorylated IL-2 receptor, resulting in dissociation and
dimerization of these transcription factors. The formed STAT dimers are then translocated to
the nucleus leading to the transcription of target gens (Gaffen 2001). IL-2 binding to its
receptor can also lead to the activation of the PI3K-Akt pathway (Lin and Leonard 2000;
Malek and Castro 2010), which promotes cell growth and survival (Franke et al. 1997). JAK
kinase activation and phosphorylation of IL-2RB can also lead to association of the SHC
adaptor protein which provides a platform for the Ras-MAPK activation promoting cell
growth (Friedmann et al. 1996). Interestingly, IL-2, IL-7, IL-9 and IL-15 mainly activate STAT5
whereas IL-4 activates STAT6 and IL-21 activates STAT3. This differences in activation of STAT
proteins explain the different effects of these cytokines (Leonard and Spolski 2005). As
already mentioned, cytokines can directly enhance or suppress the antitumor response of
T cells which is why cytokines like IL-2 were among the first approaches in cancer

immunotherapy (Atkins et al. 1999).
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Figure 1: Common y-chain receptor family. All cytokines share the common y-chain (y/), IL-2 and IL-15
additionally share the IL-2RB chain and both have three receptor chains. The receptor for each cytokine
activates Janus kinase 1 (JAK1) and JAK3. The main signal transducer and activator of transcription (STAT)
proteins that are activated by these cytokines are shown in bold. Figure adapted from Rochman et al. (2009).

First discovered as a lymphocyte stimulating factor in 1965 (Gordon and MacLean 1965), IL-2
is a T cell growth factor which can augment NK cell cytolytic activity and promotes
immunoglobulin production of B cells (Kim et al. 2006). Additionally, IL-2 contributes to the
development of regulatory T cells hence peripheral T cell tolerance (Sakaguchi et al. 2008)
and regulates the proliferation and survival of activated T cells (D'Souza and Lefrancois
2003). Recombinant IL-2 (rhIL-2) (Lafreniere and Rosenberg 1985) received approval for the
treatment of renal cell carcinoma in 1992 and metastatic melanoma in 1998 (Rosenberg
2014). Although IL-2 has been shown to mediate tumor regression, severe adverse effects in
high dose monotherapy with IL-2 have been observed. While IL-2 has been thoroughly
studied and used for cancer treatment, other cytokines like IL-15 are being investigated for

their use in cancer immunotherapy.
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1.2.1 IL-15in cancer immunotherapy

IL-15 was first identified in 1994 as a T lymphocyte growth factor that shares ~19% sequence
homology and many biological properties of IL-2 (Grabstein et al. 1994). IL-15, in contrast to
IL-2, is mostly trans-presented by the high affinity IL-15 receptor a-chain (Castillo and
Schluns 2012). IL-15 receptor a (IL-15Ra) and IL-15 are coexpressed by macrophages and
dendritic cells, where IL-15Ra chaperones IL-15 through the cell and shuttles it to the cell
surface, where it is presented to NK, NK-T and memory CD8" T cells expressing the IL-15
receptor B- and the common y-chain (Dubois et al. 2002). Trans-presented IL-15/IL-15Ra
signals through IL-15RBy, leading to the recruitment and activation of the Janus kinases JAK1
and JAK3. Activated JAK1 and JAK3 phosphorylate the signal transducer STAT5 leading to
transcription of effector gens (Lodolce et al. 2002). Soluble IL-15 can also bind to the
receptor B- and y-chain with intermediate affinity (Jakobisiak et al. 2011). IL-15 signaling
promotes the antigen presentation and production of IL-12 and IFN-y by DCs and
macrophages (Ohteki et al. 2001), intensifies NK cell proliferation and cytotoxicity (Becknell
and Caligiuri 2005) and provides a potent stimulus for memory CD8" T cells in vivo (Zhang et
al. 1998). In contrast to IL-2, IL-15 has shown to be less efficient in expanding regulatory T
cells although both share the y. and the IL-2RB chain (Vang et al. 2008). Additionally, trans-
presentation of IL-15 plays an important role in the homeostasis of IL-15-dependent cell
lineages, i.e. NK cells and NK-T cells, regulation of their biological functions (Lucas et al.
2007; Lodolce et al. 2002) and appears to regulate homeostasis and acquisition of memory
functions in naive CD4" T cells (Chen et al. 2014). Cancer therapy with IL-2 had showed
severe side effects when administered in high dose. In contrast to IL-2, IL-15 preferentially
induced proliferation of CD8" T cells rather than Tregs (Rochman et al. 2009), IL-15 treatment
does not stimulate activation-induced cell death of T cells (Marks-Konczalik et al. 2000) and
contributes to the proliferation and differentiation of activated CD8" T cells and NK cells
(Morishima et al. 2015) as well as the maintenance of long-term CD8" memory T cells (Zhang
et al. 1998). Therefore, IL-15 has been extensively studied as an alternative to IL-2. Safety
and tolerability is tested for recombinant IL-15 as a monotherapy in treatment of metastatic
cancer (NCT01572493), for the ex vivo expansion of NK cells (NCT02123836) or for the
expansion of CAR Tcells (NCT02992834). Furthermore, combinations of rhIL-15 with
monoclonal antibodies like Alemtuzumab (anti-CD52) (NCT02689453), mAbs targeting
checkpoint inhibitors like Nivolumab (anti-PD-1) and Ipilimumab (anti-CTLA-4)
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(NCT03388632) or combinations of the IL-15/IL-15Ra with the checkpoint inhibitor
Spartalizumab (anti-PD-1) (NCT02452268) are evaluated in phase | clinical trials.

1.2.2 IL-15in therapeutic approaches

With the fusion of IL-15 to the high affinity IL-15 binding domain (extended sushi domain) of
the human IL-15Ra, a novel strategy to improve the activity of IL-15 has evolved (Mortier et
al. 2006). The extracellular part at the N-terminus of IL-15Ra has been shown to hold the
structural elements responsible for IL-15 binding. This particular structure, the so called
extended sushi domain, has been shown to enhance the biological effects of IL-15. Fusion of
IL-15 to the extended sushi domain of the IL-15Ra chain has shown enhanced activation and
survival of NK cells and CD8" T cells (Huntington et al. 2009). Additionally, decreased tumor
burden and long-term survival could be shown in different mouse models (Bessard et al.
2009). Based on this, a new format of cytokine fusion protein, a so called IL-15
superagonistic antibody constituting of IL-15 and a IL-15Ra-Fc chimera has been developed
(Rubinstein et al. 2006). Immunostimulatory effects especially on NK cells but also on NK-
T cells and CD8" T cells in spleen, liver, peripheral blood and bone marrow have been shown
for the superagonistic antibody containing two IL-15 and two effective IL-15Ra sushi
domains per unit (Guo et al. 2015; Wu and Xu 2010; Dubois et al. 2008; Stoklasek et al.
2006). Furthermore, the IL-15/IL-15Ra-Fc fusion protein (ALT-803) has been extensively
studied in various murine in vivo models showing antitumor efficacy either in a
monotherapeutic approach (Xu et al. 2013) or in combination with mAbs targeting CD20 or
PD-1 (Rosario et al. 2016; Mathios et al. 2016). Safety and tolerability of the IL-15/IL-15Ra-Fc
fusion protein ALT-803 in clinical phase | studies has been shown for different cancer types
either in a monotherapeutic approach (NCT01946789; NCT02099539; NCT01885897;
NCT02384954) or in combination with standard chemotherapy (NCT02559674;
NCT03054909), the immunomodulatory monoclonal antibodies Nivolimab (NCT02523469;
NCT03228667) or Pembrolizumab (NCT03228667), NK cell transfer (NCT03050216;
NCT02890758; NCT02465957) or in combination with a vaccination strategy (NCT03127098).
All human clinical trials are still in the process of collecting safety information, but so far
there is no evidence for adverse events in patients receiving ALT-803 treatment. However,
monotherapy with rhiL-15, as the primary effective component of ALT-803, has shown

cytotoxic side effects like hypotension, thrombocytopenia, liver injury, fever and rigors in
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patients with metastatic malignancies (Conlon et al. 2015). Potential cytotoxic side effects
could be circumvented by targeting the IL-15/IL-15Ra complex directly to the tumor side
while half-live and immunomodulatory effects of the cytokines could be improved.
Furthermore, antibody cytokine fusion proteins with their capability to accumulate at the
tumor site could potentially mediate the enrichment of favorable tumor-infiltrating immune
cells like cytotoxic T cells and NK cells. Targeting cytokine delivery to the tumor site could be
achieved by fusion of the cytokine to a targeting moiety e.g. an antibody. The format of the
antibody moiety responsible for selective targeting to the tumor site is crucial as
pharmacokinetic properties of the fusion protein directly influence performance
(Kontermann 2012). Different formats can be used from small fusion proteins based on
antibody fragments like scFvs, to bispecific antibodies (Miller and Kontermann 2010) or
whole antibodies targeting tumor-associated antigens (Kontermann 2012). Fusion of the IL-
15/IL-15Ra to an scFv as a targeting moiety has been shown to mimicking trans-presentation
of IL-15, mediated T cell activation in vitro and reduction of tumor burden in vivo (Kermer et
al. 2012). Additionally, it has been shown that fusion of IL-15/IL-15Ra sushi domain to an
anti-GD2 antibody targeting disialoganglioside did not only retain the immunostimulatory
potential of IL-15 but additionally combined it with antibody-dependent cell mediated
cytotoxicity (ADCC) (Vincent et al. 2013).

The combination of cytokines with an immunomodulatory antibody has shown to augment
tumor immunotherapy against multiple tumor types and was able to restore anergic tumor-
reactive CD8" Tcells (Redmond et al. 2012). This shows that targeting costimulatory
pathways gains increasing interest especially when it comes to finding new combinations
with other immunotherapeutic agents. Therefore, mechanisms and interactions of

costimulatory molecules in T cell stimulation will be further addressed here.

1.3 TNF superfamily-mediated costimulation of T cells

For complete activation of a T cell resulting in clonal expansion and the acquisition of
effector functions, multiple signals are mandatory. The first signal is mediated by the
recognition of a peptide being displayed on the major histocompatibility complex (MHC)
class I/1l of antigen presenting cells (APCs) by the T cell receptor leading to the formation of
the immunological synapse (Dustin 2014). Peptide-MHC class Il complexes are only
recognized by CD4" T cells whereas Peptide-MHC class | complexes are exclusively

recognized by CD8" T cells (Kénig et al. 1992). The second signal, also called the
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costimulatory signal, is necessary to stimulate T cells in conjunction with the first signal and
is provided by ligands on the surface of APCs that engage costimulatory receptors on the
T cell (Lafferty et al. 1983). T cells that recognize the antigen in absence of a costimulatory
signal either fail to respond and undergo apoptosis or enter a state of unresponsiveness
known as anergy (Quill and Schwartz 1987). Thus, costimulation plays a key role in the
activation of Tcells (Mueller et al. 1989). The best characterized T cell costimulatory
pathway involves the CD28 receptor (Jenkins et al. 1991), which binds to the two
costimulatory ligands B7-1 and B7-2 (Linsley et al. 1990). With the identification of the co-
inhibitory receptor cytotoxic T lymphocyte antigen 4 (CTLA-4) which also binds to B7-1 and
B7-2, the two signal model begun to evolve into a more complex regulatory system (Linsley
et al. 1991). Since then, T cell cosignaling receptors have been defined as surface molecules
transducing signals into T cells to positively or negatively modulate T cell receptor signaling.
Costimulatory signaling represents a complex network of receptor ligand interactions
gualitatively and quantitatively influencing the immune response. The expression of
costimulatory or co-inhibitory molecules on the T cell surface is induced upon activation
whereby cell surface interaction and intracellular signaling continuously vary in response to
dynamic tissue environmental conditions (Saito et al. 2010). Accordingly, in the early phase
of Tcell activation upregulation of costimulatory receptors leads to functional
responsiveness. Subsequently, inhibitory receptors become upregulated till the expression
of co-inhibitory dominates the expression of costimulatory receptors, leading to the
termination of the T cell response (Zhu et al. 2011). Diverse expression of cosignaling
molecules additionally allows differential control of T cell subsets leading to the assumption
of an intrinsic difference in responding to costimulation (Zhu et al. 2011).

Based on structural features, the wide range of known costimulatory and co-inhibitory
receptors can be grouped into those belonging to the immunoglobulin (lg) superfamily (e.g.
CD28) or the tumor necrosis factor receptor superfamily (TNFSF) including CD27, OX40, 4-
1BB, and GITR.
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Figure 2: Costimulatory and co-inhibitory signaling at the immune synapse. The first signal is mediated by the
interaction of the antigen presented on MHC and the Tcell receptor followed by the interaction of
costimulatory or co-inhibitory receptor-ligand interaction. Only the most common receptor-ligand pairs are
depicted including the TNFSFR (brown) and their ligands (yellow), the Ig superfamily (light blue) and the
inhibitory members of the Ig superfamily (dark blue). Adapted from Chen and Flies (2013).

At present 19 different ligands and 29 corresponding receptors that belong to the TNF
superfamily (TNFSF) have been identified (Figure 2). The receptors of the TNFSF can be
divided into three major groups. The first group includes the receptors comprising a death
domain. Secondly, the group of non-signaling decoy receptors and the third group of TRAF
interacting receptors where the costimulatory receptors belong to. The TNFSF receptors are
type | transmembrane proteins (i.e. extracellular N-terminus and intracellular C-terminus)
and are characterized by the presence of one or more extracellular cysteine-rich domains
(CRDs) which typically contain six cysteine residues forming a ladder-like structure stabilized
by disulfide bonds (Chattopadhyay et al. 2009). The trimeric TNF homology domain of the
ligand is responsible for highly efficient receptor clustering and signal initiating mechanisms.
The TRAF interacting receptors directly interact with one of the six TRAF family members to
initiate canonical or non-canonical nuclear factor kB (NFkB) activation (Silke and Brink 2010).
The TNFSF ligands are type Il transmembrane proteins (i.e. intracellular N-terminus and
extracellular C-terminus) characterized by a conserved C terminal domain, the TNF
homology domain (THD) (Magis et al. 2012).The THD is a beta-sandwich structure that is

responsible for the characteristic formation of non-covalent homotrimers (Bodmer et al.
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2002). Although most ligands are synthesized in a membrane-bound form, soluble forms can
be generated by cleavage of membrane ligands into soluble proteins. This study focuses on
the costimulatory members 4-1BB, OX40 and GITR of the TNFSF, which are important for the

formation of an immune response and the activation of T lymphocytes.

1.3.1 4-1BB and 4-1BBL

4-1BB (CD137) was originally discovered on activated T lymphocytes (Kwon and Weissman
1989) and found to favor proliferation and IL-2 secretion in those cells (Pollok et al. 1993).
24 hours after initial antigen-mediated activation, 4-1BB expression can be observed on
CD4" and CD8" T cells, reaching peak expression after 40 to 64 hours (Vinay and Kwon 1998).
4-1BB is additionally expressed on activated NK cells, B cells and myeloid cells (Vinay and
Kwon 2011). Experiments in 4-1BB knockout mice have indicated that 4-1BB plays an
important role in anti-viral and alloreactive CTL responses (DeBenedette et al. 1999) and in
the induction of persistent formation of memory T cells (Willoughby et al. 2014). Only one
transmembrane ligand for 4-1BB, namely 4-1BBL, has been identified (Alderson et al. 1994).
Expression of 4-1BB ligand is found on APC such as mature DCs, activated B cells and
activated macrophages (DeBenedette et al. 1997). The interaction of 4-1BB with its ligand
leads to a costimulatory signal that protects tumor antigen specific cells from cell death
(Watts 2005). Although the stimulatory effect of 4-1BB/4-1BBL in T cell response addresses
both CD4" and CD8" T cells, CD8" T cells are mainly activated (Tan et al. 1999). Due to its
important costimulatory properties, 4-1BB gained strong interest as a target in cancer
immunotherapy. In vitro, stimulation of 4-1BB by agonistic monoclonal antibodies results in
enhancement of proliferation, survival and effector functions such as cytotoxicity and
cytokine secretion (Melero et al. 1997). The therapeutic effect of agonistic mAbs targeting 4-
1BB has been reported to be mostly driven by a strong CTL response but also an effect on
NK cells (Kohrt et al. 2011) as well as on regulatory T cells (Akhmetzyanova et al. 2016) has
been observed. On human as well as mouse NKcells, 4-1BB becomes expressed upon
exposure to lgG-coated target cells subjected to antibody-dependent cellular cytotoxicity
(ADCC) (Kohrt et al. 2011). This upregulation is mediated by the CD16 Fc, receptor. Once 4-
1BB is expressed on the NK cell surface, stimulation via 4-1BB can strongly enhance the
capability of the NK cell to mediate ADCC in subsequent encounters. This synergistic effect of

ADCC with 4-1BB stimulation has been shown for several mAb like Rituximab (Kohrt et al.
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2011), Trastuzumab (Kohrt et al. 2012) and Cetuximab (Kohrt et al. 2014). In addition to
agonistic mAbs various approaches targeting 4-1BB have been pursued like RNA-dimerized
aptamers (McNamara et al. 2008) or second and third generation CAR T cells comprising the
intracellular signaling domain of 4-1BB (Maude et al. 2018). Two monoclonal antibodies,
Utomilumab (PF-05082566) and Urelumab, targeting 4-1BB are undergoing clinical
evaluation in phase | trials. Safety and tolerability of Utomilumab in combination with PF-
04518600 (OX40 agonist) (NCT02315066), Rituximab (anti-CD20) (NCT01307267),
Trastuzumab (anti-ErbB2) (NCT03364348) and Avelumab (anti-PD-L1) (NCT02554812) are
currently under clinical investigation. In 2009, a Phase Il study of Urelumab was terminated
due to two hepatotoxicity-related deaths (Segal et al. 2017). Therefore, a reduced dose of
Urelumab in combination with Nivolumab (anti-PD-1) (NCT02845323, NCT02253992,
NCT02534506) in different cancer types is being tested in phase I/Il clinical trials. Since
systemic delivery of anti-4-1BB mAb has shown severe adverse events, strategies to target

and limit the 4-1BB signaling to the tumor side become of increasing interest.

1.3.2 0X40 and OX40L

OX40 was first discovered in 1987 on the surface of activated CD4" T cells in rats (Paterson et
al. 1987). Expression pattern of OX40 on T cells depend on the activation status,
differentiation state and population subset. CD4" T cells as well as CD8" T cells, albeit at low
levels, express OX40 24 to 72 hours following TCR engagement (Mallett et al. 1990). Thus,
activation of CD4" as well as CD8" T cells can potentially be achieved by immunotherapeutic
agents directed against OX40. Furthermore, studies have shown that regulatory T cells
express a high amount of OX40 upon activation (Lai et al. 2016). OX40 is predominantly
expressed on T cells, although expression has also been described on NK, NK-T cells and
neutrophils (Baumann et al. 2004). Stimulation of these cells via OX40 has shown a pro-
inflammatory and pro-survival effect suggesting that OX40-targeting also contributes to the
innate immune response (Karulf et al. 2010).The expression of the unique ligand of OX40
(OX40L) is induced on human DCs upon exposure to thymic stromal lymphopoietin (Ito et al.
2005) or tolllike receptor (TLR) agonists (Ohshima et al. 1997). Additionally, human
monocytes, neutrophils (Karulf et al. 2010) and mast cells (Fujita et al. 2006) can express
OX40L. In vitro studies have shown that stimulation of T cells with OX40L enhances

proliferation, expression of effector molecules and cytokine release (Baum et al. 1994). The
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effects on CD8" T cells are most likely mediated via enhanced helper function of the
CD4" T cell population (Serghides et al. 2005). In preclinical tumor models, targeting OX40
has been intensively studied but only showed effectiveness in eradicating primarily
immunogenic tumors (Redmond et al. 2009; Kjaergaard et al. 2000; Weinberg et al. 2000).
Therefore, combinatorial approaches with OX40 agonistic monoclonal antibodies are
pursued. For example combinations of OX40 agonists with chemotherapy (Hirschhorn-
Cymerman et al. 2009) or cancer vaccines (Murata et al. 2006) have shown an improvement
in control of established tumors and enhance the expansion and prolonged survival of
tumor-specific T cells. Additionally, anti-OX40 antibodies have been combined with other
immunostimulatory approaches like mAbs targeting 4-1BB (Lee et al. 2004) or CTLA-4
(Redmond et al. 2014) and cytokines such as IL-2 (Redmond et al. 2012). Currently, two
monoclonal antibodies targeting OX40 are undergoing clinical evaluation. The murine
antibody MEDI6469 is being evaluated in phase | or phase I/Il studies as monotherapy in
patients with colorectal cancer metastasis (NCT02559024) and in head and neck cancer
(NCT02274155) as well as in combination with stereotactic body radiation in breast cancer
(NCT01862900). To circumvent immunogenicity and allow repeated dosing, fully human
OX40 agonists are being developed. Safety and feasibility of the humanized Ab MEDI0562
either in a monotherapeutic approach (NCT03336606) or in combination with
Tremelimumab (anti-CTLA-4) or Darvilimab (anti-PD-L1) (NCT02705482) as well as the
combination of the fully human anti-OX40 monoclonal antibody PF-04518600 with PF-
05082566 (anti-4-1BB) (NCT02315066) is currently under evaluation.

1.3.3 GITR and GITRL

Glucocorticoid-induced TNFR-related protein (GITR) was originally discovered in murine
T cell hybridoma cells treated with dexamethasone (Nocentini et al. 1997). GITR is expressed
at low levels on resting CD4" and CD8" T cells (Gurney et al. 1999) and is upregulated 27 to
72 hours after TCR engagement and remains expressed on the cell surface for several days
(Ronchetti et al. 2004). In contrast, GITR is constitutively and brightly expressed on
regulatory T cells where it is thought to have an inhibitory effect on T, activity (McHugh et
al. 2002). In addition, GITR expression has been found on cells of the innate immune system
like NK cells, eosinophils, basophils, macrophages, and upon activation on B cells (Suvas et

al. 2005). The ligand of GITR (GITRL) is highly expressed on activated APCs and endothelial
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cells (Krausz et al. 2007). Costimulation via GITR/GITRL was shown to enhance T cell
proliferation and effector functions. Ligation of GITR protected T cells from activation
induced cells death leading to an increase in memory T cells (Ronchetti et al. 2004).
Modulation of GITR with agonistic mAbs in preclinical models has shown promising
antitumor activity via the significant increase in effector T cells, depletion and inhibition of
Tregs as well as suppression of MDSCs and IL-10 secretion (Zhu et al. 2015). It has been shown
that the combination of GITR agonists with other immune modulating agents, i.e. a PD-1
antagonist leads to additive antitumor effects (Lu et al. 2014). A number of approaches
targeting GITR have entered clinical evaluation. For example, TRX518, a humanized non-
depleting mAb, was the first antibody to enter clinical trials for metastatic melanoma. In this
phase | study little toxicity but also little efficacy was observed (Koon et al. 2016). A multi
dose study of TRX518 is still ongoing (NCT01239134).

1.3.4 Therapeutic strategies involving the TNFSF

Monoclonal antibodies for the stimulation of the TNFSF receptors showed promising
antitumor response, but due to antigen-independent activation of memory T cells bear the
risk of severe side effects like cytokine release syndrome and hepatotoxicity (Niu et al.
2007). Therefore, targeting the TNFSF receptors using their naturally occurring ligands could
potentially give rise to an advantageous therapeutic approach. However, challenges evolve
from using costimulatory ligands in their natural homotrimeric form, i.e. soluble TNFSF
ligands are only active in an oligomerized form (Rabu et al. 2005). Therefore, different
strategies like addition of a trimerization domain (Harbury et al. 1993) or an oligomerization
domain linking trimers together (Schabowsky et al. 2009) have evolved. Incorporating a
fusion partner like the Fc domain of an IgG has been shown to mediate oligomerization of
TNFSF ligands (Meseck et al. 2011; Hu et al. 2008; Morris et al. 2007). Different GITRL-Fc
fusion proteins have been shown to mediate the expansion of CD4" and CD8" T cells, the
generation of a CD8" T cell memory, depletion of regulatory T cells and thereby an antitumor
effect in vivo (Durham et al. 2017; Leyland et al. 2017; Tigue et al. 2017; Hu et al. 2008). The
recombinant fusion protein MEDI1873, a hexameric GITRL molecule with a human IgG1 Fc
has shown to be a potent T cell agonist in vivo, enhancing the proliferative response of
T cells against protein antigens (Tigue et al. 2017) leading to the initiation of a phase | clinical

study in patients with advanced solid tumors (NCT02583165). Additionally, the combination
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of a murine version of GITRL-Fc and a recombinant poxvirus-based vaccine has been
reported to mediate a robust antitumor response, tumor regression and durable tumor-free
survival (Morillon et al. 2017). Furthermore, OX40L-Fc in combination with vaccination
strategies has been reported to enhance the antitumor response mediated by T cells
(Murphy et al. 2012) and an allogenic cell-based vaccine secreting Fc-OX40L mediating
superior priming of antigen-specific CD8" T cells compared to the agonistic mAb (Fromm et
al. 2016). Strong activation of T cells in vivo and in vitro was reported for the human OX40L-
IgG4P Fc fusion protein MEDI6383 which mediates proliferation of effector and memory
T cells and protection from T,.;-mediated suppression (Oberst et al. 2018). MEDI6383 is
currently undergoing clinical evaluation in patients with advanced solid malignancies both as
monotherapy and in combination with the anti-PD-L1 blocking mAb Darvalumab
(NCT02221960). Theses design may provide the opportunity to maximize multimerisation of
TNFSF ligands and thereby enhance the costimulatory function on effector T cells. Under
physiological conditions, crosslinking of the costimulatory ligands is achieved by cell surface
expression which can be mimicked by fusion of the TNFSF ligand to a targeting moiety in
form of a recombinant antibody. Fusion to a targeting moiety is not only beneficial for
mimicking cell surface expression but additionally is expected to reduces systemic side
effects by targeting the stimulatory effect of the TNFSF ligand to the tumor site (Miller
2015). The smallest, most commonly used antigen-binding fragment is the monovalent
single chain fragment variable (scFv) in which the variable domains of the heavy (VH) and the
light chain (VL) are fused by a short, flexible linker (~15 amino acids) that allows folding into
one binding site (Bird et al. 1988). Moreover, to preserve the biological activity of the
antibody fragment and the linked effector moiety, structural features have to be taken into
account. Immunomodaulatory cytokines can either occur in a monomeric (e.g. IL-2, IL-15),
homodimeric (e.g. IL-10, IFN-y) or homotrimeric (e.g. 4-1BBL, OX40L, GITRL) form thereby
additionally influencing the size and valency of the fusion protein (Kontermann 2012).
Antibody-fusion proteins incorporating TNFSF ligands like 4-1BBL, OX40L and GITRL were
generated by connecting one scFv to one extracellular domain of the ligand, resulting in a
large molecule comprising one functional homotrimeric ligand and three antibody moieties.
Costimulatory activity and antitumor effects of such molecules have been extensively
studied (Hornig et al. 2013; Hornig et al. 2012; Miiller et al. 2008a). The costimulatory fusion

protein itself is not able to introduce T cell activation, hence a primary T cell stimulus is
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necessary. This first T cell signal can be mediated artificially using bispecific antibodies
directed against a tumor associated antigen and CD3 retargeting T cells to the tumor cells or
via a cross-linked anti-CD3 monoclonal antibody (Dixon et al. 1989). Based on the promising
results of the scFv_TNFSFL fusion proteins, Fellermeier et al. (2016) generated novel fusion
proteins of simpler configuration and smaller size by introducing the TNFSFL in a single-chain
format i.e. genetic fusion of three extracellular domains by linkers on the same polypeptide

chain.

1.4 Targets for cancer therapy

Targeting tumor cells requires precise discrimination between healthy and malignant cells.
For antibody-mediated strategies target antigens are usually tumor associated antigens
(TAA) that are highly over expressed on cancer cells and only present at low levels on
healthy tissue (Nestle et al. 1998). TAAs can be further categorized into cancer testis
antigens (van der Bruggen et al. 1991), oncofetal antigens (Shively and Beatty 1985),
differentiation antigens (Vigneron 2015), lineage-specific antigens (Manzo et al. 2015),
oncovial antigens (Liné et al. 2002), and overexpressed antigens (van der Bruggen et al.
1991). The antigens targeted by antibody-fusion proteins characterized in this study belong
to the group of overexpressed antigens (EGFR) and a target not directly expressed by tumor
cells but by fibroblasts in the tumor microenvironment (FAP). In contrast to cancer therapy
using antibodies, the main goal for antibody-fusion proteins incorporating members of the
TNFSF and cytokines is to deliver the fusion protein to the tumor site, concentrating its
effect at the tumor site and thereby minimalizing systemical effects. Therefore, clinically
validated targets, i.e. EGFR and FAP are suitable candidates to mediate the accumulation of

antibody-fusion proteins at the tumor site.

1.4.1 Fibroblast activating protein

Dependent on tumor type and stage of tumor progression, tumors and their
microenvironment compose of a heterogeneous population of cells including infiltration
immune cells, endothelial cells, mesenchymal cells and tumor associated fibroblasts (TAF).
TAFs are a heterogeneous population that can be phenotypically distinguished from normal
fibroblasts. One marker of reactive fibroblasts in tumors is the fibroblast activation protein
(FAP), a type Il transmembrane cell surface protein belonging to the post-proline dipeptidyl

aminopeptidase family. FAP is expressed selectively by TAFs and pericytes in more than 90%
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of human epithelial cancers (Cohen et al. 2008; Goscinski et al. 2008; Garin-Chesa et al.
1990), during embryonic development (Niedermeyer et al. 2000), in tissue of healing wounds
(Mathew et al. 1995) and in chronic inflammation (Wang et al. 2008; Acharya et al. 2006).
However, FAP expression is not detected in benign lesions or healthy adult tissue (Huber et
al. 2003; Aertgeerts et al. 2005). Targeting FAP presents as a promising concept for cancer
therapy. F19 is a mouse monoclonal antibody, targeting FAP on activated tumor stromal
fibroblasts. In a biodistribution study, the F19 mAb has accumulated at the tumor site with
minimal localization to healthy tissue (Welt et al. 1994) and phase | clinical trial revealed a
safe and tolerable profile using the humanized F19 antibody Sibrotuzumab (Scott et al.
2003). In a phase I clinical trial, the treatment of 25 cancer patients with Sibrotuzumab was
found to be safe and well tolerated, but unfortunately no responses were observed
(Hofheinz et al. 2003). More recently, FAP is being explored as a target for antibody
strategies delivering effector molecules like chemical drugs, radioisotopes and cytokines.
FAP5-DM1, a maytansinoid conjugated monoclonal antibody mediated inhibition of tumor
growth and even complete regressions in xenograft models of lung, pancreas, and head and
neck cancer (Ostermann et al. 2008). Also two FAP-directed monoclonal antibodies, ESC11
and ESC14, labeled with the radiolanthanide *’’Lu have shown to accumulate in xenograft
models of FAP-positive human melanoma and delay tumor growth in vivo (Fischer et al.
2012). FAP-directed fusion proteins of scFvmo36 with IL-15 showed antitumor effects in a
lung tumor mouse model (Kermer et al. 2012). The targeting moiety directed against FAP
(scFvmo36) used in this study was isolated by phage display by Brocks and colleagues
(Brocks et al. 2001).

1.4.2 Epithelial growth factor receptor

Malignant transformation of cells and therefore tumor progression can be mediated by
genetic alterations in the expression of growth regulating genes giving them a selective
growth and/or metastatic advantage compared to other cells. Cancer cells generally exhibit a
reduced requirement for exogenous supply of growth factors to maintain their high
proliferation rate. Thereby, different mechanisms contribute to the amplification of signals,
e.g. the upregulation of receptor expression on the cell surface (Aaronson 1991). Different
families of growth factors and their receptors have been shown to contribute to the

autonomous growth of cancer cells. The human epidermal growth factor receptor family
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which comprises of four members, EGFR (HER1, ERBB1), HER2 (NEU, ERBB2), HER3 (ERBB3)
and HER4 (ERBB4), plays a central role in the pathogenesis and progression of different
cancer types. All receptors consist of an extracellular part, a transmembrane domain and a
cytoplasmic membrane. The four extracellular domains of the receptor are responsible for
ligand binding and in an unbound state adopt a tethered conformation that is characterized
by the interaction of domain Il and IV. Upon ligand binding, the dimerization interface of
domain Il is exposed allowing receptor homo- or heterodimerization, thereby activation of
the tyrosine-kinase domain in the cytoplasmic region. Subsequently, phosphorylation of the
tyrosine residue in the cytoplasmic tail leads to activation of downstream signaling including
the MAPK and PIsK/AKT pathway. Physiologically, the receptors of the EGF family are
essential for normal tissue development and are expressed on epithelial, mesenchymal and
neuronal cells where their activation is tightly controlled by restriction of ligand expression.
However, abnormal expression or function of the receptors results in an imbalance between
cell proliferation and differentiation leading to carcinogenesis. Overexpression of the EGF
receptors has been observed in numerous malignancies (Uberall et al. 2008). EGFR is
involved in different processes during tumor progression e.g. motility, adhesion, invasion,
survival and angiogenesis (Verbeek et al. 1998; Hazan and Norton 1998; Turnert et al. 1996;
Grotendorst et al. 1989). Several approaches have been investigated targeting EGFR,
whereby monoclonal antibodies and small molecule inhibitors have shown the most
promising results. In 2004, Cetuximab, as one of the first monoclonal antibodies targeting
EGFR, was approved by the FDA for the treatment of colorectal and head and neck cancer.
Cetuximab is a chimeric IgG1 antagonistic monoclonal antibody binding to domain Ill of EGFR
in the inactive form, thus blocking ligand-receptor interaction and formation of the active
receptor (Sato et al. 1983). In preclinical studies, EGFR has also shown to be a suitable target
to redirect T cells to tumor cells using bispecific antibodies targeting CD3 on the T cell and
EGFR on the tumor cell (Gedeon et al. 2018; Mglgaard et al. 2018; Zhu et al. 2018; Harwood
et al. 2017; Lutterbuese et al. 2010; Reusch et al. 2006). The bispecific antibody anti-
CD3xanti-EGFR (EGFRBi) has been shown to increase cytotoxic activity of EGFRBi-armed
cytokine-induced killer cells (CIK). Furthermore, in glioblastoma xenograft mice, infusion of
EGFRBi-armed CIK cells inhibited glioblastoma tumor growth (Ma et al. 2015). In a first
clinical study, patient derived activated T cells were generated which were then armed with

the bispecific antibody EGFRBi creating EGFR bispecific antibody armed activated T cells
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(EGFR BATs). So far, multiple injections of EGFR BATs did not show any dose limiting
toxicities (Lum et al. 2015). EGFRBi armed activated Tcells in combination with
chemotherapy is currently under clinical investigation (NCT03269526) in phase I/Il studies.
Several other antibody-based approaches, e.g. CAR-engineered NK cells and anti-EGFR
immunoliposomes directed against EGFR" tumors are in clinical or preclinical investigation
(Han et al. 2015; Hsu et al. 2015; Mamot et al. 2012), highlighting the great potential of such
therapeutic concepts. The EGFR-targeting moiety used in this study derived from a

humanized version of the approved monoclonal antibody Cetuximab.

1.5 Purpose of this study

Supporting the activation of the immune system using members of the TNF superfamily and
thereby unleashing an antitumor immune response is a rapidly evolving branch of cancer
immunotherapy. This study focuses on trifunctional antibody-fusion proteins incorporating
costimulatory ligands of the TNF superfamily in the single-chain format. The trifunctional
antibody-fusion protein RD_IL-15_scFv_4-1BBL comprised of the homotrimeric TNFSF ligand,
three targeting moieties directed against FAP (scFveap) and three IL-15 fused to the extended
sushi domain of the IL-15Ra chain (RD_IL-15), has already shown promising results in vitro
and in vivo (Kermer et al. 2014). According to the concept, IL-15 is directed to the tumor site,
where the cytokine activity is further enhanced by the costimulatory activity of 4-1BBL in a
targeting-dependent manner. Thus, improved immune stimulation is expected to be
achieved at lower cytokine dosage with reduced risk of systemic toxicity. The purpose of this
study was to further develop this strategy by improving the fusion protein format, extending
the concept to other costimulatory TNFSF members and direct it to a clinical relevant tumor
target. A novel monomeric trifunctional antibody-fusion protein with a single-chain version
of 4-1BBL was created (RD_IL-15_scFveap_sc4-1BBL). Comparison of the homotrimeric
antibody-fusion proteins and the novel monomeric antibody-fusion protein was performed
regarding target and receptor binding, costimulatory activity, thermal stability and antitumor
activity. Furthermore, other costimulatory members of the TNFSF namely OX40L and GITRL
were incorporated into the novel trifunctional fusion protein single-chain format and
evaluated in terms of protein assembly and stability, target and receptor binding and
immunostimulatory activity on various immune cell subtypes. Additionally, two in vivo
studies were performed using syngeneic tumor models with immunocompetent mice. Due

to the distinct effect of IL-15 on NK cells, an additional set of bi- and trifunctional fusion
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proteins targeting the tumor-associated antigen EGFR was implemented in order to combine
them with a clinically approved monoclonal antibody to enhance the ADCC, thus exploring a

further application option for this fusion protein.
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2 Material

2.1 General supplies

All chemicals were purchased in p.a. quality by Merck (Darmstadt, Germany), Roche (Basel,

Switzerland), Roth (Karlsruhe, Germany), Sigma-Aldrich (Taufkirchen, Germany) or VWR

International (Fontenay-sous-Bois, France). Laboratory plastic was obtained from Greiner

Bio-One (Frickenhausen, Germany). Any different sources are clearly stated.

2.2 Antibodies

All antibodies were purchased from Biolegend (San Diego, USA), Immunotools (Friesoythe,

Germany), KPL (Gaithersburg, USA), Miltenyi Biotech (Bergisch-Gladbach, Germany), Merck

(Darmstadt, Germany) or R&D Systems (Minneapolis, USA).

Table 2: Antibodies used in this study.

Antibody clone Isotype Application  Source

PE anti-human CD3 OKT3 mouse IgG2a,k  FC(1:100) Biolegend
anti-human CD4 VioBlue® M-T466 mouse IgG1,k FC (1:100) Miltenyi Biotech
anti-human CD8 PE-Vio770™ BW135/80 mouse 1gG2a,k FC (1:100) Miltenyi Biotech
APC anti-human CD56 5.1H11 mouse IgG1,k FC (1:100) Biolegend

FITC anti-human CD107a H4A3 mouse IgG1,k FC (1:100) Biolegend
PerCP/Cy5.5 anti-human CD3 OKT3 mouse IgG2a,k FC (1:100) Biolegend

PE anti-human CCR7 G043H7 mouse IgG2a, k  FC(1:100) Biolegend

APC anti-human CD45RA HI100 mouse IgG2b, k  FC(1:100) Biolegend
anti-human CD25 FITC 4E3 mouse IgG2b,k FC (1:100) Miltenyi Biotech
anti-mouse and human FoxP3 PE 3G3 mouse IgG1,k FC (1:100) Miltenyi Biotech
PE anti-human CD69 FN50 mouse IgG1,k FC (1:100) Biolegend
anti-His PE GG11-8F3.5.1 mouse IgG1 FC (1:200) Miltenyi Biotech
Anti-human IgG (y-chain specific)-PE goat polyclonal ~ FC (1:500) Merck
anti-human CD3¢ Antibody UCHT1 mouse IgG1 functional assays R&D Systems
anti-mouse 1gG (H+L) goat polyclonal  functional assays  KPL

anti-mouse CD45 PE-Vio770™ 30F11 rat 1gG2b,k FC (1:100) Miltenyi Biotech
FITC anti-mouse CD3 17A2 rat 1IgG2b,k FC (1:100) Biolegend
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anti-mouse CD4 VioBlue®

PE anti-mouse CD8a

APC anti-mouse CD9%4

anti-mouse MHC class Il PE

anti-mouse CD11c FITC

anti-human and mouse CD11b VioBlue®
APC anti-mouse CD25

Mouse IgG1-PE

Mouse IgGl-VioBlue©

APC Mouse 1gG1,k Isotype Ctrl

FITC Mouse 1gG1,k Isotype Ctrl

Mouse IgG2a-PE-Vio770™

mouse IgG2a control PE

PerCP/Cy5.5 Mouse 1gG2a, k Isotype Ctrl
APC Mouse I1gG2Db, k Isotype Ctrl

FITC Mouse 1gG2b, « Isotype Ctrl

PE Rat IgG2a, K Isotype Ctrl

APC Rat 1gG2a, K Isotype Ctrl

Rat IgG2b-FITC

Rat IgG2b-VioBlue®

Rat 1gG2b-PE-Vio770™

PE Rat IgG2b, k Isotype Ctrl

APC Rat IgG1, A Isotype Ctrl

FITC Armenian Hamster IgG Isotype Ctrl

Anti-human IgG (F specific)-HRP

GK1.5
53-6.7
18d3
M5/114.15.2
N418
M1/70.15.11.5
PC61
1S5-21F5
X-56
MOPC-21
MOPC-21
$43.10
PPV-04
MOPC-173
MPC-11
MPC-11
RTK2758
RTK2758
RG7/11.1
RG7/11.1
RG7/11.1
RTK4530
GO0114F7

HKT888

rat 1gG2b,k

rat 1gG2a,k

rat 1gG2a,k

rat 1gG2b,k
hamster IgG
rat 1gG2b,k

rat 1IgG1, A
mouse IgG1
mouse I1gG1
mouse I1gG1,k
mouse I1gG1
mouse IgG2a
mouse 1gG2a
mouse 1gG2a, kK
mouse IgG2b, k
mouse IgG2b, k
rat 1gG2a, k

rat 1gG2a, k

rat 1gG2b

rat 1gG2b

rat 1IgG2b

rat IgG2b,

rat 1gG1, A

ah 1gG

goat polyclonal

FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)
FC (1:100)

ELISA (1:5000)

Miltenyi Biotech
Biolegend
Miltenyi Biotech
Miltenyi Biotech
Miltenyi Biotech
Miltenyi Biotech
Biolegend
Miltenyi Biotech
Miltenyi Biotech
Biolegend
Biolegend
Miltenyi Biotech
Immunotools
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Miltenyi Biotech
Miltenyi Biotech
Miltenyi Biotech
Biolegend
Biolegend
Biolegend

Sigma-Aldrich

2.3 Bacteria

Escherichia coli TG1

30

supkE thi-1 A(lac-proAB) A(mcrB-hsdSM)5 (rk- mK-)
[F’ traD36 proAB laclgZAM15] (Stratagene, La Jolla, USA)




2.4 Buffers and Solutions

For all solutions water was used as a solvent, unless stated otherwise.

Bradford solution

Buffers for cloning

Coomassie solution

DNA loading buffer, 5x

DPBS

ELISA blocking solution (BSA)

ELISA blocking solution (MPBS)

ELISA developing solution

ELISA wash buffer (PBST)

Fekete’s solution

Fixation buffer

FoxP3 Perm Buffer (10x)

HPLC buffer

IMAC elution buffer

IMAC sodium phosphate
buffer, 5x (low salt)

IMAC wash buffer

Bio-Rad Protein Assay (Bio-Rad, Munich, Germany)

restriction enzyme dependent (Thermo Fisher Scientific,
Waltham, USA)
0.008% (w/v) Coomassie Brilliant Blue G-250, 35 nM HClI

250 pg/ml xylenecyanol blue, 250 pg/ml bromphenol
blue, 50 mM EDTA, 80% glycerol

Dulbecco’s phosphate-buffered saline (Thermo Fisher
Scientific, Waltham, USA)

1% (w/v) BSA in 1x PBS

2% (w/v) non-fat dry milk powder in 1xPBS

100 mM sodium acetate pH 6.0, 100 pg/ml TMB in DMSO,
0.006% (V/V) HzOZ
0.1% (v/v) Tween in PBS

63.4% (v/v) ethanol absolute, 8.7% (v/v) formaldehyde
(37%), 4.3% (v/v) glacial acetic acid
4% (v/v) PFA

(BioLegend, San Diego, USA)

0.1 M Na;HPO4, 0.1 M NaH;P0O4, 0.1 M Na,SOy4, pH 6.7

20% (v/v) 5x Sodium phosphate buffer, 250 mM
imidazole

250 mM Na-phospohate (37.38 g Na,HPO, + 6.24 g
NaH,PO4ad 1l H,0), 1.25 M NaCl, pH 7.5

20% (v/v) 5x sodium phosphate buffer, 25 mM imidazole
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Laemmli loading buffer, 5x 25% (v/v) glycerol, 10% (w/v) SDS, 0.05% (w/v)
bromphenol blue, in 313 mM Tris, pH 6.8; reducing

conditions: + 12,5% (v/v) B-mercaptoethanol

Brefeldin A (1000x) (Biolegend San Diego, USA)

erythrocyte lysis buffer 55 mM NH4Cl, 10 mM KHCOs, 0.1 mM EDTA, 0.4 mM
NaOH, pH 8.0

MTT 5 g/I MTT (Thiazol Blue Tetrazolium Bromide, approx. 98%
TLC)

MTT lysis buffer 15% SDS (w/v) in Dimethylformamide/H,0 (1:1) with 80%

acetic acid, pH 4.5-5
PBA 2% FCS, 0.2% NaNs in PBS

PBS 2.67 mM KCl, 1.47 mM KH,PQO4, 137.93 mM NaCl,
8.06 mM NayHPOQOy4, pH 7.5

reagent diluent 0.1% (w/v) BSA, 0.05% (v/v) Tween20, 20 mM Tris,
150 mM NaCl, pH 7.2

SDS-PAGE running buffer, 5x 1.92 M glycine, 0.25 M Tris, 1% (w/v) SDS, pH 6.8

streptavidin Poly HRP (Thermo Fisher Scientific, Waltham, USA)

TAE buffer 50x 2 M Tris, 0.95 M glacial acetic acid, 50 mM EDTA, pH 8
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2.5 Cell lines

Table 3: Cell lines used in this study.

cell line origin stably transfected = media

B16 mouse melanoma RPMI 1640, 5% FBS

B16-FAP mouse melanoma human FAP RPMI 1640, 5% FBS, 200 pg/ml Zeocin

HT1080 human fibrosarcoma RPMI 1640, 5% FBS

HT1080#33 human fibrosarcoma human FAP RPMI 1640, 5% FBS, 200 pg/ml G418

HEK293-6E human embryonic kidney FreeStyle Medium F17, 4 nM GlutaMAX-I,
0.1% (v/v) Kolliphor P188

SKBR-3 human breast

adenocarcinoma
CTLL-2 mouse cytotoxic

T lymphocytes

DMEM, 10% FBS

RPMI 1640, 20% FBS, 10 mM HEPES, 1x
MEM-NEAA, 0.05 mM B-Mercaptoethanol,
1 mM natriumpyruvate, 400 IU/ml rhiL-2

2.6 Primary human cells

PBMCs

2.7 Enzymes

FastAP alkaline Phosphatase

Pfu DNA-Polymerase

Restriction enzymes

T4 DNA Ligase

2.8 Instruments

balance

centrifuge

CO, incubator for cell culture

from healthy donors (Blutzentrale, Kinikum Stuttgart)

1 U/ul (Thermo Fisher Scientific, Waltham, USA)

2.5 U/ul (Thermo Fisher Scientific, Waltham, USA)

BamHlI, EcoRlI,Notl, Sfil, Xbal, Xhol (Thermo Fisher
Scientific, Waltham, USA)
5 U/ul (Thermo Fisher Scientific, Waltham, USA)

440-39N and 440-33N (Kern, Balingen, Germany)

Eppendorf 5804R (Eppendorf, Hamburg, Germany)
AvantiJ301, rotors: JA14, JA30.5 (Beckman Coulter, Krefeld,
Germany)

Rotana 460 RF (Hettich Zentrifugen, Tuttlingen, Germany)

Varocell 140 (varolab GmbH, Giesen, Germany)
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electrophoresis system

flow cytometer

gel documentation

heat block

HPLC

incubator for bacteria

laminar flow cabinet

magnetic stirrer

microplate reader

microscope

PCR cycler

pH-meter

spectrophotometer

Vortex

ZetaSizer

2.9 Kits and Markers

Mini PROTEAN® TetraCell, Mini-Sub® Cell GT and
PowerPac™ Basic (Bio-Rad, Munich, Germany)
MACSQuant Analyzer 10, MACSQuant VYB (Miltenyi Biotec
GmbH, Bergisch-Gladbach, Germany)

Transilluminator, Gel documentation system Felix (Biostep,
Jahnsdorf, Germany)

HBT1-131 (HLCHeap Labor Consult, Bovenden, Germany)

Waters 2695 Separation Module, Waters 2489 UV/Visible
Detector (Waters, Milford, USA)
InforsHAT Multitron 2 (Infors AG, Basel, Swizerland)

Variolab Mobilien W90 (Waldner-Laboreinrichtung,
Wangen, Germany)

MR 3001K 800W (Heidolph Instruments, Niirnberg,
Germany)

Tecan Spark® (Tecan, Crailsheim, Germany)

Olympus CKX41SF (Olympus, Tokyo, Japan)

Eppendorf Mastercycler (Eppendorf, Hamburg, Germany)
PH 522 (Schiitt Labortechnik, Géttingen, Germany)

Nanodrop® ND-1000 (pEQLab, Biotechnology, Erlangen,
Germany)
Vortex-Genie 2 (Scientific Industries Inc., Bohemia, New
York, USA)

ZetaSizer Nano Z3 (Malvern, Herrenberg, Germany)

CellTrace™ CFSE Proliferation Kit ~ (Thermo Fisher Scientific, Waltham, USA)

GeneRuler™ DNA Ladder Mix
human IFN-y DuoSet ELISA

(Thermo Fisher Scientific, Waltham, USA)

(R&D Systems Inc., Minneapolis, USA)
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NucleoBond® Xtra Midi
NucleoSpin® Gel and PCR Clean-
up

PageRuler™ prestained protein
ladder

REDTaq® ReadyMix™

PCR Reaction Mix

Tumor Dissociation Kit, mouse
MACS Comp Bead Kit

anti-mouse Igk

2.10 Mice

C57BL/6

2.11 Plasmids

pIRESpuro3_msc4-1BBL-mscCD40L

pSecTagA_scFv36_hscOX40L

(Macherey-Nagel, Diiren, Germany)

(Macherey-Nagel, Diiren, Germany)

(Thermo Fisher Scientific, Waltham, USA)

(Sigma-Aldrich, St. Louis, USA)

(Miltenyi Biotec GmbH, Bergisch-Gladbach, Germany)

(Miltenyi Biotec GmbH, Bergisch-Gladbach, Germany)

C57BL/6NCrl (Charles River, Wilmington, USA)

Sina Fellermeier, 2015,
Institute of Cell Biology
Immunology

Sarah Ring, 2014,
Institute of Cell Biology
Immunology

pSecTagA RD_IL-15_ scFv36_hscOX40L Sarah Ring, 2014,

pSecTagA_scFvhu225co_his_4-1BBL

Institute of Cell Biology
Immunology

Nadine Beha, 2014,
Institute of Cell Biology
Immunology

pSecTagA(-Xbal)_RD_IL-15_scFv36_His_sc4-1BBL  Sarah Ring, 2014,

pSecTagAHis_RD_IL-15_scFv36

Institute of Cell Biology
Immunology

Vanessa Kermer, 2012,
Institute of Cell Biology
Immunology

pSecTAgA(-Xbal)_scFv36_his_sc4-1BBL Sarah Ring, 2014,

Institute of Cell Biology
Immunology

and

and

and

and

and

and

and
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pAB1_scFvCEA 2006, Institute of Cell Biology and
Immunology

pSecTagA_scFv36_hscGITRL Sarah Ring, 2014,
Institute of Cell Biology and
Immunology

pSecTagA_RD_IL-15_scFv36_hscGITRL Sarah Ring, 2014,
Institute of Cell Biology and
Immunology

2.12 Primers for cloning

Primers were synthesized by Sigma Aldrich (St. Louis, USA) and dissolved in H20 to a

concentration of 50 uM and stored at -20°C.

Table 4: Primers for cloning.

Name Application Sequence (5’-3)
msc4-1BBL-Stop-EcoRI-for cloning: CCGGAATTCTTACTCCCAAGGGTTGT
pSecTagA_scFv36_msc4-1BBL CGGGCTTGAC

pSecTagA_RD_IL-15_scFv36_msc4-1BBL

BamHI-msc4-1BBL-back cloning: CGCGGATCCTCTAGAAGGACCGAGC
pSecTagA_scFv36_msc4-1BBL CACGGCCCGCCCTC
pSecTagA_RD_IL-15_scFv36_msc4-1BBL

CEA(VL)-NotlI-for cloning: ATAGTTTAGCGGCCGCCCGTTTCAG
pSecTagA_RD_IL-15_scFvCEA_mscGITRL CTCCAGCTTGGTGCC
CEA(VH)-Xhol-back. cloning: AC CGGTCG ACC GGA GGC GGT
pSecTagA_RD_IL-15_scFvCEA_mscGITRL TCA CAG GTG AAA CTG CAG CAG
TCT GGG
hu225co-Notl-for cloning: ATAGTTAGCGGCCGCTCTCTTGATTT
pSecTagA_scFvhu225co_sc4-1BBL CCAGCTTGGTGCC

pSecTagA_RD_IL-15_scFvhu225co_sc4-1BBL

hu225co-Xhol-back cloning: AACCGCTCGAGCGGAGGCGGTTCA
pSecTagA_scFvhu225co_sc4-1BBL GAGGTGCAGCTGGTCGAGTCTGGC
pSecTagA_RD_IL-15_scFvhu225co_sc4-1BBL

pSec-Seq2 reverse Primer for pSecTag TAGAAGGCACAGTCGAGG
pET-Seql forward Primer for pSecTag TAATACGACTCACTATAGG
leikr-back reverse Primer for msc-4-1BBL AAGCTGGAAATAAAACGG
pweggggs-back reverse Primer for msc-4-1BBL CCCTGGGAGGGCGGCGGAGGAAGC
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2.13 Recombinant proteins

4-1BB-Fc extracellular domain of human 4-1BB (aa 24-186) fused to
human Fcyl

0X40-Fc extracellular domain of human OX40 (aa 29-214) fused to
human Fcyl

GITR-Fc extracellular domain of human GITR (aa 26-161) fused to

human Fcyl (R&D Systems, Minneapolis, USA)

m4-1BB-Fc extracellular domain of mouse 4-1BB (aa 24-187) fused to
human Fcyl (R&D Systems, Minneapolis, USA)

mGITR-Fc extracellular domain of mouse GITR (aa 22-153) fused to
human Fcyl (R&D Systems, Minneapolis, USA)

scDb33xCD3 single chain diabody targeting FAP and CD3 (Institute of Cell
Biology and Immunology, Hornig et al. (2012))

Cetuximab Erbitux®, kindly provided by Dr. Thomas Mirdter (Robert-
Bosch-Krankenhaus, Stuttgart, IKP, Germany)

Trastuzumab Herceptin®, kindly provided by Prof. Hans-Heinrich

Heidtmann (St. Joseph Hospital, Bremerhaven, Germany)

2.14 Reagents and Media for bacterial culture

Ampicillin (1000x) 100 mg/ml
LB medium (w/v) 1% peptone, 0.5% yeast extract, 0.5% NaCl
LBamp, cic agar plates LB medium, 2% (w/v) agar; after autoclaving addition of

ampicillin to 100 pug/ml and 1% (w/v) D-glucose

2.15 Reagent and Media for mammalian cell culture

DMEM (Thermo Fisher Scientific, Waltham, USA)
Eosin 0.4% Eosin, 10% FBS, 0.02% NaNs, in PBS
FBS FBS Premium (PAN Biotech, Aidenbach, Germany)
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Freestyle F17-medium

G418 disulfate salt

human Plasma

Lymphocyte Separation
Medium

PEI

Penicillin/Streptomycin

(Pen/Strep)

RPMI 1640

TN1

Trypsin (10x)

Zeocin™

HEPES (1 M)

MEM NEAA (100x)

B-Mercaptoethanol (50 mM)

rhiL-2

2.16 Software

Graphic analysis

Flow cytometry analysis

Supplemented with 4 mM GlutaMAX-l (Thermo Fisher
Scientific, Waltham, USA), 0.1% Kolliphor P188 (Sigma-
Aldrich, Taufkirchen, Germany)

Merck KGaA, Darmstadt, Germany

from healthy donors (Blutzentrale, Kinikum Stuttgart)

(PromoCell, Heidelberg, Germany)

Polyethylenimin, linear, 25 kDa (Sigma-Aldrich, Taufkirchen,
Germany)

100x (Thermo Fisher Scientific, Waltham, USA)

supplemented with L-Glutamine (Thermo Fisher Scientific,
Waltham, USA)

20% (w/v) Trypton N1 in Freestyle F17 Medium+GlutaMAX-
I+Kolliphor P188

0.5% Trypsin Glutamine (Thermo Fisher Scientific, Waltham,
USA)

100 mg/ml (Thermo Fisher Scientific, Waltham, USA)

(Thermo Fisher Scientific, Waltham, USA)
(Thermo Fisher Scientific, Waltham, USA)
(Thermo Fisher Scientific, Waltham, USA)

Recombinant Human Interleukin-2 (Immunotools,

Friesoythe, Germany)

GraphPad Prism® (GraphPad Software, La Jolla, USA)
Microsoft Excel 2010 (Microsoft, Redmond, USA)
FlowJo 10.4 (tree Star Inc, Ashland, USA)
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Sequence analysis

Protein database

Literature research

2.17 Special implement

Dialysis chamber

cell strainer

Dialysis membrane

ELISA plates

Hemocytometer

HPLC column

IMAC affinity matrix

Microtiter plates

polycarbonate membrane
cell culture inserts
Poly-Prep Chromatograpy
columns

Reaction tubes

Syringe filters

Clone Manager 9 (Scientific & Educational Software, Cary,
USA)
NCBI Blast (http://blast.ncbi.nim.nih.gov/Blast.cgi)

UniProt (http://www.uniprot.org/)

NCBI PubMed (https://www.ncbi.nlm.nih.gov/pubmed)

SIide—A—Lyzer© Dialysis Cassettes, 0.5-3 ml capacity,
MW(CO 10000 (Thermo Fisher Scientific, Waltham, USA)

Falcon™ Cell Strainers, 70 um, nylon

ZelluTrans, MWCO 6,000-8,000, 40 mm (Carl Roth, Karlsruhe,
Germany)

MICROLON 96-well high binding capacity
Neubauer improved (PlanOptik, Elsoff, Germany)

Yarra™ SEC-3000 (Phenomenex, Aschaffenburg, Germany)
TSKgel Supra SW3000 (Tosoh Bioscience LLC, King of Prussia,
USA)

Ni-NTA-Agarose (Qiagen, Hilden, Germany)
Microtiter plate Cellstar® 96-well

Corning® Transwell® 24 mm with 5 um pores

(Bio-Rad, Munich, Germany)

1.5 ml, 2 ml Safe-lock (Eppendorf AG, Hamburg, Germany)

Acrodisc® 13 mm with 0.2 pum HT Tuffym© membrane

(Pall Corporation, Dreieich, Germany)
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3 Methods

3.1 Cloning strategy of murine homologs of tri-functional fusion proteins

For the generation of pSecTagA_scFv36_msc4-1BBL and pSecTagA_RD_IL-15_scFv36_msc4-
1BBL, the DNA fragment encoding for the msc4-1BBL was amplified from pIRESpuro3_msc4-
1BBL-mscCD40L using the primers msc4-1BBL-Stop-EcoRI-for and BamHI-msc4-1BBL-back.
After restriction digestion with BamHl and EcoRl, msc4-1BBL was inserted into
pSecTagA_scFv36_hscOX40L or  pSecTagA_RD_IL-15 scFv36_hscOX40L, respectively
replacing hscOX40L.

To generate pSecTagA(-Xbal)_scFv36_mscGITRL and pSecTagA(-Xbal) RD_IL-
15_scFv36_mscGITRL, the DNA fragment encoding for mscGITRL was synthesized by GeneArt
including an Xbal and EcoRl restriction site flanking mscGITRL. After restriction digestion with
Xbal and EcoRIl, mscGITRL was inserted into pSecTagA(-Xbal) scFv36_msc4-1BBL and
pSecTagA(-Xbal)_RD_IL-15_scFv36_msc4-1BBL, respectively replacing msc4-1BBL.

The CEA-targeting tri-functional fusion protein was cloned by amplification of the DNA
fragment encoding for scFvcea from pAB1_scFvCEA using the primers CEA(VL)-Notl-for and
CEA(VH)-Xhol-back. The DNA fragment was introduced into pSecTagA(-Xbal) RD_IL-

15_scFv36_mscGITRL via the restriction sites for Notl and Xhol replacing scFv36.

3.2 Cloning strategy of fusion proteins targeting EGFR

The fusion proteins targeting EGFR pSecTagA(-Xbal) RD _IL-15 scFvhu225co_His_sc4-1BBL
and pSecTagAHis_RD_IL-15_ scFvhu225co were generated by the amplification of
scFvhu225co from pSecTagA_scFvhu225co_his_4-1BBL using the primers hu225co-Notl-for
and hu225co-Xhol-back followed by restriction digestion with Notl and Xbal and the
insertion of the DNA fragment into pSecTAgA(-Xbal) RD_IL-15_scFv36_His_sc4-1BBL and
pSecTagAHis_RD_IL-15 scFv36 respectively, replacing scFv36.

For the generation of the bi-functional fusion protein targeting EGFR, restriction digestion of
pSecTagA_scFvhu225co_his_4-1BBL with Sfil and Notl was performed and the DNA fragment
corresponding for scFvhu225co was inserted into pSecTAgA(-Xbal)_scFv36_his_sc4-1BBL
resulting in pSecTAgA(-Xbal)_scFvhu225co_his_sc4-1BBL.
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3.3 PCR

Polymerase chain reaction was used for the amplification of desired DNA fragments and the

introduction of restriction sites for cloning. The reaction was prepared as follows:

10 ng Template DNA

2.5 pl dNTPS (each sNTP 50 mM, 200 mM total)
1l Forward and reverse Primer (10 pmol/ul)
0.5 ul Pfu Polymerase 1 U/pl

Adto50 ul  ddH,0
The following PCR program with 30 cycles of denaturation, annealing and elongation was
used for the amplification of DNA fragments. The elongation time differed depending on the

expected length of the desired DNA fragment (Pfu Polymerase: 500 bp/min).

Temperature [°C] Duration [min]
Pre cycle 94 5
Denaturation 94 1
Annealing 52 1
Elongation 72 1 min/500 bp
Post cycle 72 5

The obtained DNA was purified by preparative agarose gel electrophoresis.

3.4 Gel electrophoresis

After amplification and after digestion, DNA was analyzed using gel electrophoresis. DNA
samples were mixed with 5x DNA loading buffer to a final concentration of 1x DNA loading
buffer and together with PageRuler™ Prestained Protein Ladder separated on a 1% (w/v)
agarose gel with 1 ug/ml ethidium bromide in TAE buffer for 50 minutes and applied voltage
of 80V. The desired DNA fragments were excised under UV light and purified using
NucIeoSpin© Gel and PCR clean up kit according to the manufacturer’s instructions. DNA was

eluted from the columns using 30 ul ddH,O0.

3.5 Restriction digestion
Depending on the experiment, either 10 ug of plasmid DNA or the purified PCR product was
used for restriction digestion. The buffer and the temperature at which the restriction

digestion is optimal were chosen according to manufacturer’s instructions. If different
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reaction conditions were required for restriction enzymes, consecutive digestion was
performed with puffer exchange in between using the NucleoSpin® Gel and PCR clean up Kit
according to the manufacturer’s instructions. To avoid relegation, vector DNA was
dephosphorylated using 1 ul Fast AP thermos-sensitive alkaline phosphatase [1 U/ul] at 37°C
for 20 minutes. After restriction digestion vector and insert fragments were separated using
agarose gel electrophoresis. The desired DNA fragments were excised under UV light and
isolated using NucleoSpin® Gel and PCR clean up Kit according to the manufacturers’

instructions.

3.6 Ligation

For ligation of linearized and dephosphorylated vector and insert, molar ratios of 1:1, 1:3
and 1:5 with a fixed quantity of 20 ng vector was used. Linearized and dephosphorylated
vector without addition of insert served as control. The ligation was performed using 1 ul of

T4 DNA ligase [5 U/ul] in a total volume of 20 pl for 1 h at room temperature.

3.7 Transformation

For transformation 100 ul of freshly thawed chemical competent TG1 E.coli were gently
mixed with 10 pl of the ligation mix. After Incubation for 15 minutes on ice, heat shock was
performed for 2 minutes at 42°C followed by 1 minute incubation on ice. Then 1 ml of LB
medium was added and after incubation at 37°C for 30-90 minutes, TG1 cells were harvested
by centrifugation [1500g, 1 min] and plated on LB agar plates containing ampicillin and

glucose. Plates were incubated o/n at 37°C.

3.8 Isolation of plasmid DNA

Overnight cultures of LB medium with 1% (v/v) glucose and 100 pg/ml ampicillin were
inoculated from a single colony (5 ml for Mini Preparation or 100 ml for Midi preparation)
and incubated at 37°C, 170 rpm. Cells were harvested the next day by centrifugation (3500 g,
15 min) and plasmid DNA was isolated using NucleoSpin® Plasmid kit (Mini) or NucleoBond
Xtra® Midi kit (Midi) according to manufacturer’s instructions. In the case of Midi
preparation, DNA was air dried and dissolved in 100 ul ddH,0, for Mini preparation, DNA
was eluted in 30 ul ddH,0 and till further use stored at -20°C. Plasmid identity was

confirmed by sequencing.
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3.9 Sequence analysis

Sanger sequencing of plasmid DNA was performed using the LIGHTRUN tube system of GATC
Biotech (GATC Biotech AG, Konstanz). For further analysis, Clone Manager 9 Basic Edition

and Nucleotide BLAST® algorithm was used.

3.10 Photometric determination of DNA concentration

The DNA concentration was determined photometrically at 260nm using

Nanodrop 1000 3.8.1.

3.11 Mammalian cell culture

3.11.1 General cultivation methods

Mammalian cells were cultivated at 37°C in a humidified atmosphere with 5% CO,. Adherent
cells were grown in tissue culture flasks and passaged every 2-3 days using 1x Trypsin-EDTA
for detachment. For long time storage cells were detached at 80% confluency, resuspended
in FBS with 10% DMSO (v/v) aliquoted into cryo vials and frozen gradually to - 80°C in a cryo
box filled with isopropanol. For thawing the cells cryo vials were shortly incubated in a water
bath at 37°C and added to 10 ml of the appropriate culture medium. Cells were harvested by
centrifugation (500 g, 5 minutes) and transferred into a tissue culture flask with the

respective culture medium.

3.11.2 PBMCs

PBMCs were isolated from buffy coats of anonymous healthy donors provided by the blood
bank of the Klinikum Stuttgart. All steps during PBMC isolation were performed at room
temperature. The buffy coat (approximately 80 ml) was diluted with RPMI 1640 to a total
volume of 240 ml. In order to separate the erythrocytes and granulocytes from the
lymphocytes, 10 ml lymphocyte separation medium was carefully overlaid with 30 ml of the
diluted buffy coat followed by centrifugation (800 g, 20 minutes without break). Most of the
supernatant containing plasma and platelets was removed before the white interphase that
formed due to the gradient centrifugation containing the PBMCs was carefully collected,
transferred into a new tube, diluted with RPMI to a total volume of 50 ml and centrifuged at
650 g for 15 minutes. To remove remaining platelets, the pellet was washed twice using

50 ml RPMI 1640. In the last step PBMCs were pooled, counted and resuspended in FBS +
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10% DMSO (v/v), aliguoted into cryo vials and gradually frozen to - 80°C in a cryo box filled

with isopropanol.

3.11.3 Isolation of regulatory T cells

Regulatory T cells were separated from freshly isolated PBMCs using human CD4" CD25"
Regulatory T Cell isolation kit according to the manufacturers’ instructions. In brief first,
negative selection was performed where all non-CD4" cells were removed using an antibody
cocktail directly coupled to magnetic beads. In the second step, positive selection for
CD4" CD25" cells was performed using an anti-CD25-biotin antibody followed by the
incubation with streptavidin coupled magnetic beads. Purity of the isolated CD4'CD25" and
CD4'CD25 Tcells fraction was determined using flow cytometry (anti-CD3-PerCP/Cy5.5,
anti-CD4-VioBlue and anti-FoxP3-PE staining).

3.12 Expression and purification of recombinant proteins

3.12.1 Transfection of HEK293-6E

HEK293-6E cells were cultured in an orbital shaker at 37°C with 5% CO,, 70% humidity and
115 rpm. All fusion proteins were produced using the HEK293-6E system. Plasmid DNA and
PEl were mixed in a ratio of 1:2. Depending on the total volume of HEK293-6E cell culture,

the amount of DNA and PEIl was adjusted according as follows:

Volume of HEK293-6E cell culture 50 ml 100 ml 200 ml
Plasmid DNA [ug] 50 100 200
PEI [ug] 100 200 400

The day of transfection cell count of HEK293-6E cells was adjusted to 1.7 x 10° cells/ml and
two transfection solutions were prepared. Solution A consisted of F17-medium++ (5% of
volume of HEK293-6E cell culture) with plasmid DNA and solution B consisted of F17-
medium++ (5% of volume of HEK293-6E cell culture) mixed with PEI (1 mg/ml for solution).
Both solutions were incubated for 2 min before they were combined, incubated for
additional 15 minutes at room temperature before being carefully added to the cells. After
24 h incubation in the orbital shaker, 0.5% (v/v) TN1 was added. Supernatants were
harvested by centrifugation (650 g for 15 minutes) 96 hours post transfection and dialyzed

(MWCO 6,000-8,000) against PBS overnight at 4°C.
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3.12.2 Immobilized metal ion affinity chromatography (IMAC)

All fusion proteins were purified via their His-tag by IMAC using affinity matrix Ni**-Nitrilo-
Triacetic-Acid-Agarose (Ni-NTA Agarose). Dialyzed HEK293-6E supernatants were incubated
overnight with 1 ml Ni-NTA beads at 4°C under rotation. The next day Ni**-NTA-Protein-
suspension was applied to a chromatography column where beads were retained and the
flow through was collected. Unspecifically bound proteins were removed by applying IMAC
wash buffer to the column (10-20 ml). Subsequently, Ni**-NTA bound protein was eluted in
4-6 500 ul fractions using IMAC elution buffer. To quantify the amount of protein in the wash
fraction as well as in the elution fractions qualitative Bradford assay (10 ul of sample + 90 pl
of 1x Bradford reagent) was used. Protein-containing fractions of similar blue coloration

were pooled and dialyzed (MWCO 10,000) against 5 | of PBS overnight at 4°C.

3.13 Biochemical characterization

3.13.1 SDS polyacrylamide gel electrophoresis

To determine the molecular mass and purity of the recombinant proteins SDS-PAGE (12%)
was performed. Therefore, protein samples (3 pg) were mixed with reducing or non-
reducing 5x Laemmli loading buffer to a final concentration of 1x, denaturated at 95°C for
5 minutes and separated at 40 mA/gel in SDS-PAGE running buffer using polyacrylamide gels

prepared the following:

Stacking gel (5%) Separating gel (12%)
ddH,0 4.1 ml 4.9 ml
30% PAA 1.0 ml 7.5 ml
1.5 M Tris-HCI pH 8.0 - 3.8 ml
1 M Tris-HCl pH 6.8 0.75 ml -
10% SDS 0.06 ml 0.15 ml
10% APS 0.06 ml 0.15 ml
TEMED 0.006 ml 0.006 ml

After separation, residual salt and detergent were removed by boiling the polyacrylamide gel
three times in H,0. Proteins were stained using Coomassie staining solution for at least 1 h

and destaining was performed using hot water for several hours.
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3.13.2 Size exclusion chromatography

Size exclusion chromatography was performed to determine the oligomerization state of the
proteins under native conditions. 40 ul of purified protein at a concentration of 0.2-
0.6 mg/ml was loaded on a Yarra™ SEC-3000 column at a flow rate of 0.5 ml/min with 0.1 M
Na,HPO4/NaH,P0O4, 0.1 M Na,SO4, pH 6.7 as mobile phase. As reference molecules, the
proteins thyroglobulin (669 kDa), B-Amylase (200 kDa), bovine serum albumin (67 kDa) and
carbonic anhydrase (29 kDa) were used. To determine the size of the proteins, the retention

time was interpolated in the standard curve using GraphPad Prism.

3.13.3 Thermal stability

Zetasizer Nano ZS was used to analyze the thermal stability of the proteins by dynamic light
scattering. A glass cuvette was filled with 100 pg sterile filtered protein in 1 ml PBS and
temperature increased in a range of 35°C to 85°C in 1°C intervals. After equilibration of the
sample for 2 minutes, two measurements were performed at each temperature. The
temperature showing a clear increase in the detected mean count rate indicating variation in

particle size was defined as the melting point.

3.14 Functional characterization

Fusion proteins were diluted in the respective solvent (MPBS in ELISA, PBA for flow
cytometry, RPMI + 10% FCS for cell based assay and DPBS for animal experiments) in all

experiments.

3.14.1 ELISA

Enzyme-linked immunosorbent assay (ELISA) was used to determine the simultaneous
binding of the fusion proteins to the target (FAP) via the antibody moiety and the respective
receptor via the ligand part. FAP-Flag (1 pg/ml) was immobilized on a 96-well high binding
plate overnight at 4°C in 100 ul PBS followed by washing with PBS and blocking of the
residual binding sites with 2% MPBS (200 pl/well) for 1h at RT. After another washing step
with PBS, samples diluted in 2% MPBS were added in duplicates (100 pl/well) and incubated
for 1h at RT. After two washing steps with PBST (0.005% Tween 20) and one with PBS,
respective TNFSF-receptor-Fc fusion protein (100 ng/well) was applied. Two washing steps

with PBST and one with PBS were performed before addition of anti-huFc-HRP (1:5000) for
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1 h. The afore mentioned washing procedure was repeated before 100 pl/well substrate
solution (100 mM sodium acetate pH 6.0, 0.1 mg/ml TMB, 0.006% (v/v) H,0,) was added.
Enzymatic reaction was stopped with 50 ul 1 M H,SO, after distinct blue coloration.

Absorbance was measured at 450 nm using the Tecan Spark®.

3.14.2 Flow cytometry

3.14.2.1 Identification of immune cell subsets and their functional characterization

The expression of cell surface and intracellular markers (CD3, CD4, CD8, CD56, CD69,
CD107a, CD45RA, CCR7, FoxP3) was used to identify T cell subsets and NK cells and analyze
their functional properties using flow cytometry. Cells were seeded into a U bottom
microtiter plate and incubated (1 h at 4°C) with directly labeled mAb against the respective
marker. After a three times washing step with PBA, cells were analyzed using MACSQuant
Analyzer 10. If multicolor staining was used, spectral overlap was compensated using MACS
Comp Bead Kit anti-mouse Igk according to manufacturers’ instructions. Fluorochrome-
conjugated antibody combinations for the determination of leucocyte subpopulations are

shown in Table 5.

Table 5: Identification of leucocyte subpopulations.

leucocyte subpopulations  fluorochrome-conjugated mAbs

CD4/CD8 T cells aCD3-PE, aCD4-VioBlue, aCD8-PE-Vio770

NK cells aCD3-PE, aCD56-APC

T cell subtypes aCD3-PerCP, aCD4-VioBlue, aCD8-PE-Vio770, aCD4-VioBlue, aCD8-PE-Vio770,
(naive, central memory, aCD45RA-APC, aCCR7-PE

effector and effector memory)

regulatory T cells aCD3-PerCP, aCD4-VioBlue, aCD25-APC, aFoxP3-PE

Cytotoxicity of T cells aCD3-PE, aCD4-VioBlue, aCD8-PE-Vio770, aCD107a-FITC

3.14.2.2 Binding analysis

Binding of fusion proteins to targets on the cell surface was determined using flow
cytometry. 2x10° target cells per well were seeded into a U-well plate and incubated (1 h,
4°C) with 100 pl of a serial dilution of the respective recombinant protein. After
centrifugation (500 g, 5 min, 4°C) and washing three times with PBA cells were incubated for
1 h at 4°C with the respective detection system. For direct detection of the His-tagged fusion

proteins a PE conjugated anti-His mAb was used. To verify simultaneous binding of a surface
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antigen and respective receptor of the TNF superfamily ligand, cells with bound recombinant
fusion protein was incubated with the respective TNFSFR-huFc fusion protein (5 ug/ml, 1 h at
4°C). After washing three times with PBA a PE conjugated anti-human Fc antibody was added
for 1 h at 4°C. After three washing steps with 150 ul PBA, cells were resuspended in 150 pl
PBA and analyzed using MACSQuant Analyzer 10 or MACSQuant VYB. Data analysis was
performed using FlowJo Version 8.8.6 and 10.2. The relative MFI was calculated using the

following formula:

MFIsample - (MFIdetection - MFIcells)

relative MFI =
MFIcells

Following a method published by Benedict et al. 1997 the concentration corresponding to

half-maximal binding (ECso) was calculated from the relative MFI using Graphpad Prism 6.

3.14.2.3 Stimulatory activity of recombinant fusion proteins

To assess the stimulatory effects of fusion proteins on PBMCs in a targeted setting, target
cells were seeded in a concentration of 2x10* cells/well in a 96-well F-bottom microtiter
plate and incubated o/n at 37°C with 5% CO,. PBMCs were thawed and cultivated at 37°C
with 5% CO, for 2 h in a concentration of about 10-15x10° cells/20 ml in an @ 10 cm petri
dish to allow the monocytes to adhere. Thereafter, the cells were transferred into a new
@ 10 cm petri dish and cultivated at 37°C with 5% CO; o/n. All assays were carried out in a
total volume of 200 pl using RPMI supplemented with 10% FCS. The next day, the
supernatant on the target cells was removed and 50 ul of the titrated fusion proteins or
50 pl medium as control was added. After incubation for 1 h at RT to ensure target cell
binding, unbound fusion protein was removed by washing three times with RPMI
supplemented with 10% FCS before 100 pl of 2x10° PBMCs/well were added. To support the
activation of PBMCs in the coculture setting, 100 pl of a aCD3 mAb (previously cross-linked
for 30 min with an anti-mouse IgG (H+L) mAb at a molar ratio of 1:3) in a suboptimal
concentration (PBMC batch dependent) was added. In the non-targeted setting, a dilution
series of the fusion proteins was prepared in a 96-well microtiter plate (100 ul/well) and
100 pl of 2x10° PBMCs/well were added. The targeted as well as the non-targeted assays

were incubated at 37°C with 5% CO, for 1-6 days, according to the read out to be analyzed.
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3.14.2.4 IFN-y ELISA

Stimulation of T cells by the recombinant fusion proteins was determined measuring the
concentration of IFN-y in the supernatants by sandwich ELISA (DuoSet Human IFN-y # DY285,
R&D Systems). Therefore, the coculture setting described in 3.14.2.3 was incubated for 48 h
(5% CO,, 37 °C) followed by centrifugation (500 g, 5 min). Cell-free supernatants were
harvested and aliquots stored at-20°C.

A mouse anti-human IFN-y Ab was immobilized on a 96-well high binding plate overnight at
4°C in 100 ul PBS followed by blocking of the residual binding sites with 200 ul 10% BSA in
PBS for 1 h. In the meantime, cell-free supernatants harvested from the coculture assay
were diluted 5- to 20-fold in RPMI. For the standard a serial dilution (1:2, RPMI) starting at a
concentration of 1000 pg/ml was prepared. After blocking, 100 ul standard/supernatant
were transferred into the plate and incubated for 2 h followed by washing and the addition
of the detection antibody (biotinylated goat anti-human-IFN-y Ab) provided by the kit
(concentration Lot dependent, diluted in reagent diluent). For detection, streptavidin Poly-
HRP (0.5 mg/ml) was added in a dilution of 1:5000 in reagent diluent and incubated for
20 min. After each incubation step, the ELISA plate was washed three times using 0.005%
PBS-tween followed by one time washing with PBS. In the last step, substrate solution
(100 mM sodium acetate buffer pH 6.0, 0.1 mg/ml TMB, 0.006% H,0,) was added and the
enzymatic reaction was stopped with 50 ul 1M H,SO, after distinct blue coloration.
Absorbance was measured at 450 nm using the Tecan Spark®. IFN-y concentration was

determined via the interpolated standard curve.

3.14.2.5 Interleukin-10 release assay

IL-10 release by regulatory and effector cells upon stimulation with the targeted trifunctional
fusion proteins was measured in sandwich ELISA (DuoSet Human IL-10 # DY217B, R&D
Systems). Therefore, target cells were incubated with 90 nM of the respective fusion protein,
unbound fusion protein was removed by three times washing with RPMI supplemented with
10% FCS and 2x10* Tregs/Well or Teg/well as well as a cross-linked anti-CD3 antibody (0.5
ug/ml) were added. After incubation for 24 hours at 37°C with 5% CO,, cell-free

supernatants were harvested and aliquots stored at -20°C.

A mouse anti-human IL-10 Ab was immobilized on a 96-well high binding plate overnight at

4°C in 100 ul PBS followed by blocking of the residual binding sites with 200 ul 10% BSA in
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PBS. In the meantime, cell-free supernatants harvested from the assay stated above were
diluted 5- to 20-fold in RPMI. For the standard a serial dilution (1:2, RPMI) starting at a
concentration of 2000 ug/ml was prepared. After 1 h of blocking, 100 pl standard and
supernatant were transferred into the plate to incubate for 2h followed the addition of the
detection antibody (biotinylated goat anti-human-IL-10 Ab) provided by the kit
(concentration Lot dependent, diluted in reagent diluent). For detection, streptavidin Poly-
HRP (0.5 mg/ml) was added in a dilution of 1:5000 in reagent diluent and incubated for
20 min. After each incubation step, the ELISA plate was washed three times using 0.005%
PBS-tween followed by one time washing with PBS. In the last step, substrate solution
(100 mM sodium acetate buffer pH 6.0, 0.1 mg/ml TMB, 0.006% H,0,) was added and the
enzymatic reaction was stopped with 50 ul 1M H,SO, after distinct blue coloration.

Absorbance was measured at 450 nm using the Tecan Spark®.

3.14.2.6 Proliferation

To analyze the proliferative effect, PBMCs were labeled using the CellTrace™ CFSE Cell
Proliferation Kit. Therefore, PBMCs were resuspended in PBS with 0.1% BSA at a cell count
1x10° cells/ml and CFSE with final concentration of 625 nM was added. After incubation at
37°C for 15 minutes, internalization of CFSE was stopped by incubation on ice for 5 minutes
and addition of double the volume of cold RPMI 1640 + 10% FBS. Cell count was determined
and adjusted to meet the conditions of the respective assay. Every isolated PBMC batch was
tested for its proliferative response upon stimulation with a cross-linked anti-human CD3
mAb [100-0.001 ng/ml]. To this end, a mouse anti-human CD3 mAb and a goat anti-mouse
IgG (H+L) were mixed in a molar ratio of 1:3, incubated for 30 minutes at room temperature
followed by serial dilution and the addition to B16-FAP cells with PBMCs. A suboptimal cross-
linked anti-CD3 antibody concentration inducing 20-40% of the maximal proliferation
capacity was implemented for further proliferation assays measuring the activity of targeted
fusion proteins. CFSE labeled PBMCs (2x10° cells/well) were added to target cells
preincubated with the respective targeted fusion protein and cross-linked anti-CD3 antibody
in a suboptimal concentration as indicated in 3.14.2.3. For the non-targeted setting CFSE
labeled PBMCs were added to a serial dilution of the respective fusion protein only. After
6 days the cells were harvested, transferred into a U bottom plate and resuspended in PBA.
In order to analyze the proliferation of T cells, NK cells or T cell subtypes, additional antibody

staining of corresponding cell surface markers was performed. Harvested PBMCs were
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incubated with anti-CD3-PE, anti-CD4-VioBlue, anti-CD8-PEVio770 and anti-CD56-APC for 1h
at 4°C and washed three times with 150 ul PBA before analysis of the proliferation of T cells
and NK cells. Proliferation was determined by CFSE dilution through cell division analyzed by

flow cytometry using MACSQuant Analyzer 10 or MACSQuant VYB.

3.14.2.7 PBMC subsets

Proliferation response and changes in composition of naive (Ty, CD45RA* CCR7"), central
memory (Tcw, CD45RA™ CCR7), effector memory (Tew, CD45RA™ CCR7) and effector
(Te, CD45RA" CCR7) T cells upon fusion protein stimulation was analyzed by flow cytometry.
CFSE labeled PBMCs (2x10° cells/well) were added to target cells (2x10* cells/well)
preincubated with the respective targeted fusion protein in presence of a cross-linked anti-
CD3 antibody in a suboptimal concentration. After 6 d of incubation at 37°C with 5% CO,
PBMCs were harvested, resuspended in PBA and stained with anti-CD3-PerCP, anti-CD4-
VioBlue, anti-CD8-PEVio770, anti-CCR7-PE and anti-CD45RA-APC. After 1 h incubation and
three times washing with 150 ul PBA, analysis of proliferation and composition of the

indicated T cell subsets was performed using MACSQuant Analyser10.

3.14.2.8 Cytotoxicity assay

ADCC by NK cells was assessed using MTT assay. For this purpose, 2x10* SKBR-3 cells/well
were seeded in a 96-well plate. The next day the target cells were preincubated with the
respective fusion proteins (100 nM) for 1h at RT. After washing three times with medium,
targeted fusion proteins were incubated in presence of a serial dilution of Trastuzumab
(1 nM-0,06 pM) with PBMCs, applied at a concentration of 2x10* NK cells/well (equals target-
to-effector ratio of 1:1). After 24 h incubation at 37°C with 5% CO, PBMCs were carefully
removed and CD107a cell surface levels analyzed by flow cytometry using anti-CD3-PE, anti-
CD56-APC and anti-CD107a-FITC antibody staining in presence of Brefeldin A solution. To
analyze tumor cells viability, MTT (10 ul MTT + 100 ul RPMI 1640 +10% FBS each well) was
added to the remaining target cells. After incubation at 37°C for 2h, MTT lysis buffer (90 ul)
was added. Formazan formation was determined after incubation for 4 h at 37°C by

measuring the absorption at 595 nm with reference wavelength 655 nm in the Tecan reader.
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3.14.2.9 CTLL-2 Proliferation assay

The activity of IL-15 was determined in a cytokine-growth-dependent proliferation assay.
Therefore, 2x10* CTLL-2 cells/well were seeded in a F bottom plate, starved in IL-2 free
medium for 4 h at 37°C with 5% CO,. Fusion proteins were added in a serial dilution. After
incubation for 72 h at 37°C with 5% CO, proliferation of CTLL-2 cells was determined by
adding 10 pl MTT to each well. After incubation at 37°C for 2 h, MTT lysis buffer (120 ul) was
added. Released formazan was determined after incubation for 3 d at RT by measuring the

absorption at 595 nm with reference wavelength 655 nm.

3.14.2.10 Cytotoxic potential of T cells

The cytotoxic potential of T cells was determined by measuring the level of CD107a on the
cell surface of degranulating T cells. Therefore, 2x10° PBMCs/well were added to previously
seeded target cells (2x10” cells/well) preincubated with a serial dilution of the respective
fusion protein and the crosslinked anti-CD3 antibody at a suboptimal concentration. After
incubation for 5 days, the prestimulated PBMCs were transferred to fresh target cells (2x10*
cells/well, seeded the day before) previously preincubated with scDbFAPxCD3 [30 pM] for
1h. The bispecific antibody retargets the T cells to the tumor cells, triggering T cell-mediated
cytotoxicity involving the release of cytolytic proteins by degranulation. After 6 h of
incubation at 37°C with 5% CO, PBMCs were harvested and staining was performed using
anti-CD3-PE, anti-CD4-VioBlue, anti-CD8-PEVio770 and anti-CD107a-FITC in presence of
Brefeldin A solution. After 1 h incubation and three times washing with 150 ul PBA, flow

cytometric analysis was performed using MACSQuant Analyser10.

3.14.2.11 Expression of CD69 activation marker

The activation of regulatory T cells (CD4" CD25%) or effector T cells (CD4* CD257) mediated by
the trifunctional fusion proteins was determined by CD69 cell surface expression analysis by
flow cytometry. Thus, target cells were incubated for 1h at RT with 90 nM of the respective
fusion protein. Unbound fusion protein was removed by three times washing with RPMI
supplemented with 10% FCS. 2x10* Tregs/Well or Teir/well as well as a cross-linked anti-CD3
antibody (0.5 pg/ml) were added. After incubation for 24 hours at 37°C with 5% CO,, the
T cells were harvested, resuspended in PBA and staining with anti-CD3-PerCP, anti-CD4-
VioBlue, anti-CD25-FITC and anti-CD69-PE was performed. After 1 h incubation and three

times washing with 150 pl PBA, analysis of the early activation marker (CD69") on regulatory
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T cells (CD4" CD25%) and effector Tcells (CD4* CD25) was performed using MACSQuant

Analyser10.

3.15 Protein stability

3.15.1 In vitro serum stability

Serum stability of the fusion proteins was determined by dilution the fusion proteins to a
final concentration of 200 nM in 50% human plasma. The samples were either directly
stored at - 20°C (day 0 value) or incubated at 37°C for 1, 3 or 7 days prior to storage at-20°C.
Levels of intact protein was determined in ELISA via binding of the antibody moiety to
recombinant FAP and detection via the respective receptor-Fc fusion protein and anti huFc-
HRP. ELISA with the diluted samples (1:2 in MPBS) was performed as described in 3.14.1.
Protein concentrations in the diluted samples were interpolated from a standard curve of

purified fusion protein and normalized to the value of day 0.

3.16 Animal studies
Animal care and experiments were performed in accordance with federal guidelines and
were approved by the university and state authorities. All intravenous injections were

performed by Dr. Oliver Seifert.

3.16.1 B16-FAP lung tumor model

To determine the therapeutic potential of the trifunctional fusion proteins a syngeneic lung
tumor mouse model was used (Hornig et al. 2013; Kermer et al. 2012; Kermer et al. 2014).
Groups of six female C57BL6/N at the age of 8 months received one injection with 8.5x10°
B16-FAP cells in 100 ul DPBS per mouse on day 0. On day 1,2 and 10 mice were treated with
intraperitoneal injections (100 pl) of fusion proteins or DPBS as a control. Mice were
sacrificed on day 21 by CO, inhalation. Lunges were removed, fixed and bleached in Fekete’s

solution and metastasis were counted.

3.16.2 B16-FAP solid tumor model

A syngeneic solid tumor model was used to analyze the in vivo antitumor activity of the
trifunctional fusion proteins. 5x10°> B16-FAP cells (in 100 ul DPBS) were injected
subcutaneously into each flank of female C57BL6/N mice at the age of 6 months. Tumor

growth was monitored by measuring the length (a) and the width (b) of the tumors using a
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caliper. Tumor volume was calculated using the formula: V = a x b? /2. Mice were treated
intraperitoneal with 0.2 nmol RD_IL-15_scFv, RD_IL-15_scFv_mscGITRL or PBS on days
1,2,10,11,12,13 and 14. On day 15 and 18 mice received a higher dose of 0.4 nmol of the
respective fusion proteins. Tumor volume was measured on a daily basis. Tumors and spleen

were analyzed for infiltrated immune cell on day 21 when mice were sacrificed.

3.16.2.1 Tumor dissociation and analysis of tumor infiltration lymphocytes

Tumors of each treatment group were pooled according to their size (3-4 pooled tumor
samples, 1-3 tumors each sample) and the weight of each tumor sample was determined.
Tumors bigger than 1000 mm?> were cut and only % was used for further analysis. For
isolation of immune cells from the tumors Tumor Dissociation Kit, mouse (Miltenyi Biotec
GmbH, Bergisch-Gladbach, Germany) was used according to the manufacturer’s instructions.
Dissociated tumors were analyzed for infiltrating immune cells by flow cytometry using anti-
mouse CD45-PEVio770, anti-mouse CD3-FITC, anti-mouse CD4-VioBlue, anti-mouse CD8-PE
and anti-mouse CD94-APC.

3.16.2.2 Isolation and analysis of spleenocytes

For harvesting immune cells from the spleen, spleens were extracted and a homogeneous
cell suspension was prepared by mashing the spleen through a 70 um cell strainer. After a
washing step with RPMI1640 + 10% FBS, cells were resuspended in 10 ml erythrocyte lysis
buffer and incubated for 2 minutes at 37°C. To stop the reaction, 40 ml RPMI 1640 + 10% FCS
were added. The erythrocyte lysis step was repeated till total lysis was achieved. Isolated
spleenocyte were analysed by flow cytometry using anti-mouse CD3-FITC, anti-mouse CD4-

VioBlue, anti-mouse CD8-PE and anti-mouse CD94-APC.

3.17 Statistics

Unless stated otherwise, all data are represented as mean with the corresponding standard
deviation of at least three independent experiments. If necessary, daily variability of effector

and target cells was compensated using blockshift correction according to
X’n =Xp— (Yn— 7)

with X', is the corrected value of X from the experiment n, Y is the average of the X values

from all experiments performed and Y,, is the average of the duplicate values of X from
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experiment n. Significances were calculated using one-way ANOVA followed by Tukey’s post
test or unpaired t-test (GraphPad Prism 6). P values below 0.05 were considered statistically

significant (*** P <0.001, ** P <0.01, * P <0.05).
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4 Results

4.1 Bifunctional tumor-targeted antibody-fusion proteins

Previous studies of homotrimeric antibody-fusion proteins with non-covalent trimerization
via the TNF superfamily ligand have demonstrated targeting-dependent costimulatory
activity and antitumor potential (Kermer et al. 2014; Hornig et al. 2013; Miiller et al. 2008a).
For further development, novel fusion proteins of simpler configuration and smaller size
have been generated by introducing the TNFSFL in a single chain format, i.e. genetic fusion
of three extracellular domains of the TNFSF ligand by linkers on the same polypeptide chain
(Figure 3A). Hence, a monomeric costimulatory fusion protein (scFv_scTNFSFL) with a single-
chain version of 4-1BBL was generated targeting the fibroblast activation protein (FAP).

The bifunctional antibody-fusion proteins were composed of a FAP-directed scFv (SCFVgap)
antibody moiety and the extracellular domain (ECD) of the TNFSF member 4-1BBL (aa 71-
254). They were generated in two different formats (Figure 3A). In the homotrimeric format,
the scFv was linked to the N-terminus of the ECD of 4-1BBL and noncovalent trimerization of
the ligand led to the formation of a homotrimeric fusion protein, composed of three
antibody units and one functional 4-1BBL unit (scFveap_4-1BBL) (Mller et al. 2008a). In the
novel single-chain format, the scFv was fused to the first of three consecutive linked ECDs of
4-1BBL, leading to a monomeric single-chain fusion protein where intramolecular
trimerization 4-1BBL takes place, resulting in a molecule with only one antibody unit and one
functional ligand unit, respectively (scFveap_sc4-1BBL) (Fellermeier et al. 2016). The linker
connecting the scFv and 4-1BBL was 15 amino acids long and contained a hexahistidine-tag.
The linkers between the ECDs in sc4-1BBL were identical and composed of (GGGGS),. Both
antibody-fusion proteins were provided with an Ig-chain leader sequence for cell secretion
and a hexahistidine-tag between the scFv and the ECD of the TNFSF ligand for purification

and detection.

4.1.1 Biochemical properties

ScFvrap_4-1BBL and scFveap_sc4-1BBL were transiently produced in HEK293-6E cells and
purified by immobilized metal affinity chromatography (IMAC) with yields of 3.0 mg/I
(scFveap_4-1BBL) and 7.4 mg/| (scFveap_sc4-1BBL). Protein purity was confirmed by SDS-PAGE

analysis under reducing (R) and non-reducing (NR) conditions revealing single bands
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corresponding to the respective monomer of the two antibody-fusion proteins (Figure 3B).
The determined apparent molecular masses for scFveap_4-1BBL (approximately 50 kDa) and
scFvrap_sc4-1BBL (approximately 89 kDa) correlated to the calculated molecular masses of

47.7 kDa and 89.2 kDa, respectively.
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Figure 3: Biochemical characterization of bifunctional antibody-fusion proteins. A Molecular composition and
schematic assembly of scFvpap_4-1BBL and scFvpap_sc4-1BBL. B SDS-PAGE analysis (12% PAA; 3 ug/lane;
Coomassie Brilliant Blue staining) of scFvgap_4-1BBL (1) and scFvgap_sc4-1BBL (2) was performed under non-
reducing (NR) and reducing (R) conditions. M, protein marker. C Size exclusion chromatography was used to
investigate the proteins under native conditions. Elution times of standard proteins and their corresponding
molecular mass [kDa] are indicated as dashed lines. D Dynamic light scattering was used to determine thermal
stability. The melting point is indicated as a dotted line.
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Size exclusion chromatography showed one major peak corresponding to the correct
assembled trimeric (scFveap_4-1BBL) or monomeric (scFveap_sc4-1BBL) molecules under
native conditions, respectively (Figure 3C). For scFveap_sc4-1BBL only a minor peak of high
molecular weight species was observed (Figure 3C). Thermal stability of 4-1BBL, sc4-1BBL,
SCFVrap_4-1BBL and scFveap_sc4-1BBL was analyzed by dynamic light scattering revealing a
melting point of 49°C for both, 4-1BBL and sc4-1BBL. Likewise, the two antibody-fusion
proteins scFveap_4-1BBL and scFveap_sc4-1BBL exhibited similar stability with a melting point
of 47°C (Figure 3D). All evaluated biochemical characterizations are summarized in Table 6.
In summary, scFveap_4-1BBL and scFveap_sc4-1BBL could be expressed and purified to a high
degree, showing correct apparent size and assembly. Fusion of the antibody moiety to 4-

1BBL in both formats did not alter thermal stability.

Table 6: Biochemical characterization of the bifunctional antibody-fusion proteins with 4-1BBL.

Fusion protein MW, MWopace MWsec Yield
(kDa, monomer) (kDa, monomer) (kDa) (mg/1)

ScFveap_4-1BBL 47.7 50 134 3.0

ScFveap_sc4-1BBL 89.2 89 97 7.4

.
the calculated molecular mass (MW_,,.) is based on the amino acid sequence.

4.1.2 Binding properties

Binding of scFveap_4-1BBL and scFveap_sc4-1BBL to FAP expressing cells (B16-FAP) was
determined by flow cytometry (Figure 4A). As expected, the antibody-fusion proteins only
bound to target expressing cells (B16-FAP) whereas no binding was detected on the FAP
negative cells (B16). Bound fusion protein was detected with 4-1BB-Fc and anti-Fc-PE, thus
confirming simultaneous binding of the fusion proteins to the antigen (FAP) and the
recombinant 4-1BB receptor (Figure 4A). Binding capacity of scFveap_4-1BBL and scFveap_scd-
1BBL was compared (Figure 4B). While the homotrimeric fusion protein scFvgap_4-1BBL
showed strong binding (ECsg 0.15+0.1 nM), the monomeric fusion protein scFveap_sc4-1BBL
showed factor 30 weaker binding (ECso 4.6+£1.8 nM) that was similar to the binding observed
for scFveap only (ECsp 3.3+0.17 nM). Thus, the lower antibody valency of scFvgap_sc4-1BBL led

to a reduced binding capacity in comparison to the scFveap_4-1BBL.
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Figure 4: Binding properties of antibody-fusion proteins with 4-1BBL analyzed in flow cytometry. A
Bifunctional binding scFv-ligand fusion proteins (40 nM) were incubated either on FAP* (B16-FAP) or FAP™ (B16)
cells. Antibody-mediated binding was detected via ligand-receptor interaction, using recombinant 4-1BB-Fc
(5 ug/ml). Detection of the receptor was performed by anti-human Fc-PE mAb. Thick grey line, cells only;
dashed black line, detection system; black line, fusion protein. B Comparison of the antibody binding capacity.
HT1080-FAP cells were incubated with scFv or scFv-ligand fusion proteins in a serial dilution followed by
detection via anti-His-PE mAb. Mean + SD, n=3.

4.1.3 Costimulatory activity

According to the concept of tumor-targeted costimulation of T cells, it was analyzed how the
antigen-binding properties of the bifunctional scFv-ligand fusion proteins would translate
into target-mediated costimulatory activity. Hence, a co-culture assay with tumor target cells
and human PBMCs in presence of a suboptimal concentration of a cross-linked anti-CD3 mAb
and the bifunctional fusion proteins was performed, whereby costimulatory activity was
measured in terms of PBMC proliferation. ScFveap 4-1BBL as well as scFveap_sc4-1BBL
showed to be costimulatory active, enhancing the anti-CD3 mAb-induced T cell proliferation
(Figure 5A), whereupon scFveap_sc4-1BBL was more potent at lower concentrations (0.1-3
nM) compared to scFveap_4-1BBL. In line with the costimulatory nature of 4-1BBL, no PBMC
activation was induced by the fusion proteins themselves, i.e. without CD3-mediated
primary stimulus. Furthermore, it was analyzed if the costimulatory effect of the single-chain
fusion proteins was also target-dependent. In the absence of target cells scFveap_sc4-1BBL
showed some enhancement of PBMC proliferation compared to scFveap_4-1BBL that did not
(Figure 5B). Thus, scFveap_sc4-1BBL showed apparently stronger, but less targeting-

restrictive costimulatory activity than scFveap_4-1BBL.
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Figure 5: Costimulatory activity of scFv-ligand fusion proteins in target-bound (A) or non-target bound (B)
form. PBMCs were incubated with a suboptimal concentration of cross-linked anti-CD3 mAb and scFv-ligand

fusion proteins either in A presence of HT1080-FAP target cells or B without target cells. Mean + SD, Blockshift,
n=3.

4.2 Trifunctional tumor-targeted antibody-fusion proteins with IL-15 and 4-

1BBL

Next, the TNFSF ligand 4-1BBL in the single-chain format was introduced in the trifunctional,
homotrimeric antibody-fusion protein RD_IL-15_scFveap_4-1BBL (Kermer et al. 2014), in
order to develop a novel fusion protein version of simpler configuration and smaller size that
supports this concept.

Trifunctional tumor-targeted antibody-fusion proteins were composed of IL-15 fused to the
extended sushi domain of the IL-15Ra chain (aa 31-107) (RD_IL-15), a FAP-directed antibody
moiety (scFv) and one or three units of the extracellular domain (ECD) of the TNFSF member
4-1BBL (aa 71-254) (Figure 6A). In the homotrimeric format, RD_IL-15 is fused to the N-
terminus of the scFv and the scFv is linked to the N-terminus of one ECD of 4-1BBL. Non-
covalent trimerization of 4-1BBL leads to the formation of a homotrimeric molecule
composed of one functional 4-1BBL unit, three antibody units and three RD_IL-15 units
(RD_IL-15_scFv_4-1BBL). In the novel single-chain format, RD_IL-15_scFvgap was fused to the
N-terminus of the first of the three consecutive ECDs of 4-1BBL (sc4-1BBL), leading to a
monomeric single-chain fusion protein with one functional unit of each component (RD_IL-
15_scFv_sc4-1BBL). The glycine-serine linker connecting the extracellular domain of the IL-
15Ra and IL-15 had a length of 20 amino acids, the linker between scFv and TNFSF ligand
was 15 amino acids long, while the linkers between the ECDs of sc4-1BBL was composed of

(GGGGS),4. The homotrimeric as well as the single-chain fusion protein were provided with
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an lg-chain leader sequence for cell secretion and a His-tag between the scFv and the ECD

of the TNFSF ligand for purification and detection.

4.2.1 Biochemical characterization

The trifunctional fusion proteins were transiently produced in HEK293-6E cells and purified
by immobilized metal affinity chromatography (IMAC) with yields of 15.0 mg/l (RD_IL-
15_scFveap_4-1BBL) and 21 mg/l (RD_IL-15_scFvgap_sc4-1BBL). Protein purity and integrity
was confirmed in SDS-PAGE analysis under reducing (R) and non-reducing (NR) conditions
revealing bands corresponding to the monomer of the two antibody-fusion proteins (Figure
6B). The slight double band observed for RD_IL-15 scFvgap_4-1BBL under reducing
conditions could be explained by the six potential N-glycosylation sites provided by the three
IL-15 moieties (Thaysen-Andersen et al. 2016). The molecular mass determined from the
SDS-PAGE for RD_IL-15_scFvgap_4-1BBL (~63 kDa) and RD_IL-15_scFvgap_sc4-1BBL (~105 kDa)
correlated to the calculated molecular masses of 71.2 and 112.6 kDa, respectively. Assembly
into trimeric (RD_IL-15_scFveap_4-1BBL) or monomeric (RD_IL-15_scFveap_sc4-1BBL)
molecules under native condition was confirmed by one major peak in size exclusion
chromatography, respectively (Figure 6C). RD_IL-15_scFvap_sc4-1BBL showed in addition
two minor peaks corresponding probably to dimers (~¥259 kDa, 17%) and higher oligomers
(~414 kDa, 37%). Dynamic light scattering was used to determine thermal stability of the two
trifunctional fusion proteins, revealing a melting point of 47°C which is identical to the
melting point of the corresponding bifunctional antibody-fusion proteins (Figure 6D). Hence,
fusion of RD_IL-15 to scFveap_sc4-1BBL or scFveap_4-1BBL, respectively did not influence
thermal stability. Thus, both trifunctional antibody-fusion proteins were obtained at high
purity and correctly assembled with similar thermal stability. Biochemical properties are

outlined in Table 7.
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Figure 6: Biochemical characterization of trifunctional fusion proteins. A Molecular composition and
schematic assembly of RD_IL-15_scFvgap_4-1BBL and RD_IL-15_scFvgap_sc4-1BBL. B SDS-PAGE analysis (12%
PAA; 3 ug/lane; Coomassie Brilliant Blue staining) of RD_IL-15_scFvgap_sc4-1BBL (1) and RD_IL-15_scFvgap_4-
1BBL (2) was performed under non-reducing (NR) and reducing (R) conditions. M, protein marker. C Size
exclusion chromatography was used to investigate the proteins under native conditions. Elution times of
standard proteins and their corresponding molecular mass [kDa] are indicated as dashed lines. D Thermal
stability was determined using dynamic light scattering. Dotted line indicates the melting point.

Table 7: Biochemical characterization of the trifunctional antibody-fusion proteins.

Fusion protein MW i MWopace MWsec Yield
(kDa, monomer) (kDa, monomer) (kDa) (mg/1)

RD_IL-15_scFveap_4-1BBL 71.2 63 233 15.0

RD_IL-15_scFveap_sc4-1BBL 112.6 105 141 21.0

.
the calculated molecular mass (MW_,,.) is based on the amino acid sequence.
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4.2.2 Binding properties

Simultaneous binding to FAP expressing cells (B16-FAP) and to the receptor 4-1BB of the
trifunctional antibody-fusion proteins was determined using flow cytometry with 4-1BB-Fc
and anti-Fc-PE as a detection system (Figure 7A). Antibody-mediated binding could only be
observed to target expressing cells (B16-FAP) while no binding could be detected to the FAP
negative cell line (B16). The homotrimeric fusion protein RD_IL-15_scFvgap_4-1BBL showed
three-fold stronger binding (ECsg 0.320.3 nM) than the monomeric fusion protein RD_IL-
15_scFveap_sc4-1BBL (ECso 0.92+0.5 nM) (Figure 7B). Thus, lower antibody valency of the
RD_IL-15_scFveap_sc4-1BBL fusion protein manifested in reduced target-binding compared
to RD_IL-15_scFveap_4-1BBL. However, both trifunctional fusion proteins showed the
capability to bind simultaneously target-expressing tumor cells and the recombinant

receptor 4-1BB, confirming functionality of the antibody moiety and the TNFSF ligand.
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Figure 7: Binding properties of trifunctional fusion proteins. Flow cytometry was used to determine binding to
target cells. A Dual binding to FAP and the 4-1BB receptor. Trifunctional fusion proteins (40 nM) were
incubated either on FAP® (B16-FAP) or FAP™ (B16) cells. Antibody-mediated binding was detected via ligand-
receptor interaction, using recombinant 4-1BB-Fc (5 pg/ml). Detection was performed by anti-human Fc-PE
mAb. Thick grey line, cells only; dashed black line, detection system; black line, fusion protein. B Comparison of
the antibody-binding capacity. B16-FAP cells were incubated with a serial dilution of the trifunctional fusion
proteins followed by detection via anti-4-1BBL-PE mAb. Mean £ SD, n=3.

4.2.3 Activity of trifunctional antibody-fusion proteins

RD_IL-15 is active in a target bound as well as in a soluble form. First, the IL-15 activity of the
non-targeted trifunctional fusion proteins was assessed. Therefore, PBMCs were incubated
with the trifunctional fusion proteins in absence of target cells. RD_IL-15 scFvgap_4-1BBL as

well as RD_IL-15_scFveap_sc4-1BBL showed similar activity with ECsg 1.144£0.07 nM and
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ECs0 1.840.23 nM, respectively. Compared to RD_IL-15 scFviap (ECso 0.28+0.05 nM), both
trifunctional fusion proteins showed reduced proliferative activity, suggesting that
proliferation of PBMCs is driven by stimulation via RD_IL-15 (Figure 8B). Lower RD_IL-15

valency in RD_IL-15_scFveap_sc4-1BBL did not translate into lower IL-15 activity in the non-

targeted setting.
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Figure 8: Activity of trifunctional fusion protein in target bound (A and C) or non-target bound (B) form on
PBMC proliferation and cytokine release. A B16-FAP cells were co-cultured with PBMCs, a suboptimal
concentration of a cross-linked anti-CD3 mAb and fusion proteins. IFN-y release was measured after 48 h via
Sandwich-ELISA. B PBMCs were incubated with a serial dilution of fusion proteins in absence of target cells. The
proliferation of CFSE-labeled PBMCs was determined after 6 days via flow cytometry. C B16-FAP cells were co-
cultured with PBMCs, a suboptimal concentration of a cross-linked anti-CD3 mAb and targeted fusion proteins.
After 6 days, proliferation of PBMCs was measured by CFSE dilution in flow cytometry. Mean + SD, Blockshift,
n=3, one-way ANOVA, Tukey’s post hoc test, ***p<0.001, **p<0.01.

In the targeted setting, PBMCs were incubated with the trifunctional fusion proteins in
presence of target cells and a suboptimal concentration of a cross-linked anti-CD3 mAb. To
assure the presence of target-bound fusion protein only, unbound fusion protein was
removed by washing before addition of PBMCs and the cross-linked anti-CD3 mAb to the co-
culture assay. Costimulatory activity, enhancing the anti-CD3 mAb-induced stimulation was
measured in terms of proliferation and IFN-y release. The trifunctional fusion protein in the

single chain format (RD_IL-15 scFvgap_sc4-1BBL) was more potent compared to RD_IL-
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15_scFviap_4-1BBL not only in terms of proliferation (Figure 8C), but also in terms of IFN-y
release (up to 5-fold) (Figure 8A). In summary, introduction of the TNFSF ligand 4-1BBL in the
single-chain format manifested in higher costimulatory activity of the antibody-fusion

protein in the targeted approach.

4.2.4 Antitumor activity in a syngeneic mouse model

Therapeutic antitumor potential of the trifunctional antibody-fusion proteins was
investigated in vivo using a syngeneic B16-FAP lung metastases tumor model in C57BL/6
mice, previously established in the laboratory (Kermer et al. 2012; Hornig et al. 2013; Kermer
et al. 2014). Since inter-species cross-reactivity is not given for human and mouse 4-1BBL
(Bossen et al. 2006), in the trifunctional fusion protein the human 4-1BBL was substituted by
mouse 4-1BBL (aa 104-309). Thus, RD_IL-15_ scFvgap_msc4-1BBL was generated and

compared to the corresponding RD_IL-15_scFveap_m4-1BBL variant (Kermer et al. 2014).

4.2.4.1 Characterization of the trifunctional fusion proteins for the in vivo mouse model

RD_IL-15_scFveap_msc4-1BBL and RD_IL-15_scFveap_m4-1BBL were produced in transiently
transfected HEK293-6E cells and purified via IMAC. In SDS-PAGE analysis under reducing
conditions, the two trifunctional fusion proteins showed single bands corresponding to the
respective monomer. However, due to an uneven number of cysteine in murine 4-1BBL
(position 137, 160, 246), apparently additional disulfide bonds form and both RD_IL-
15_scFveap. m4-1BBL and RD_IL-15 scFveap.msc4-1BBL appear as multimers under non-
reducing conditions (Figure 9A). In addition, m4-1BBL other than human 4-1BBL is expected
to be strongly glycosylated (positon 139, 161, 293). Size exclusion chromatography revealed
one major peak for RD_IL-15_scFveap._msc4-1BBL, indicating the apparent molecular mass
(279 kDa) clearly above the calculated size of 123.4 kDa. In contrast, RD_IL-15_scFvgap_m4-
1BBL (calculated size 223.8 kDa) showed one major peak at 79 kDa and two additional
smaller peaks at 130kDa and 208 kDa, indicating a rather heterogenic, multimeric
configuration. (Figure 9B). Functional characterization demonstrated simultaneous binding
of the trifunctional fusion proteins to the B16-FAP tumor cells and to the corresponding
recombinant receptor m4-1BB-Fc by flow cytometry (Figure 9C). Here, also expression of

m4-1BBL was detected on B16-FAP and B16 cells.
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Figure 9: Characterization of the trifunctional fusion proteins applied in the in vivo mouse model. A SDS-PAGE
analysis (12% PAA; 3 pg/lane, Coomassie Brilliant blue staining) of RD_IL-15_scFvpap_msc4-1BBL (1) and RD_IL-
15_scFvpap_m4-1BBL (2) was performed under non-reducing (NR) and reducing (R) conditions. M, protein
marker B Size exclusion chromatography was used to investigate the proteins under native conditions. Elution
times of standard proteins and their corresponding molecular mass [kDa] are indicated as dashed lines. C Flow
cytometry was used to analyze bifunctional binding. Trifunctional fusion proteins (40 nM) were incubated
either on FAP" (B16-FAP) or FAP™ (B16) cells. Antibody-mediated binding was detected via ligand-receptor
interaction, using recombinant m4-1BB-Fc. Detection was performed by anti-human Fc-PE mAb. Thick grey line,
cells; dashed black line, detection; black line, fusion protein. D Antibody-mediated binding analyzed by flow
cytometry. B16-FAP cells were incubated with a serial dilution of fusion proteins followed by detection via anti-
His-PE mAb. Mean * SD, n=3. E Cytokine activity on PBMC proliferation. CFSE-labeled PBMCs were incubated
with fusion proteins in absence of target cells. After 6 days, the IL-15 activity of non-targeted fusion proteins
determined via flow cytometry. Mean + SD, n=3.

Antibody-mediated binding of the trifunctional fusion proteins was compared by flow
cytometry analysis (detection via anti-His-PE mAb) (Figure 9D). RD_IL-15_scFvgap_msc4-1BBL
(ECs504.241.1 nM) showed lower binding capacity than RD_IL-15_scFveap. m4-1BBL
(ECs0 0.29£0.2 nM). Thus, a pattern similar to that of the corresponding human trifunctional
fusion proteins was observed. IL-15 activity was assessed for the trifunctional fusion proteins
in a proliferation assay with human PBMCs in a non-targeted setting. RD_IL-15_scFvgap_m4-
1BBL induced an approximately 10-fold higher proliferative response (ECsq 0.06+0.01 nM)
compared to RD_IL-15_scFveap_msc4-1BBL (ECso 0.7+0.18 nM) (Figure 9E). Results are

summarized in Table 8. In summary, although differences in structural features of human
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and mouse 4-1BBL are limiting direct molecular translation, the trifunctional fusion proteins
with the murine homolog of 4-1BBL showed to be functional for all components and were

therefore used as surrogated in the in vivo mouse model.

Table 8: Characterization of trifunctional fusion proteins for in vivo study.

RD_IL-15_scFveap_m4-1BBL  RD_IL-15_scFveap_msc4-1BBL

MW, (kDa, monomer) : 74.6 123.4
MWopace (kDa, monomer) # 76 159
MWsec (kDa, main peak) 79 279
ECso (nM, binding in FC) 0.29+0.2 4.2+1.1
ECso (nM, proliferation) 0.06+0.01 0.7+0.18
Yield (mg/l) 15.9 8.8

" The calculated molecular mass (MW) is based on the amino acid sequence.
*The molecular mass calculated from the SDS-PAGE was only determined from reducing conditions.

4.2.4.2 Therapeutic evaluation of the trifunctional fusion proteins in an in vivo tumor
mouse model

The antitumor potential of RD_IL-15_scFveap_msc4-1BBL and RD_IL-15_scFveap_m4-1BBL was
evaluated in a syngeneic B16-FAP lung metastases tumor model. Groups of six C57BL/6 mice
were challenged with B16-FAP (i.v.) on day O and treated with 0.02 nmol of the respective
fusion protein or PBS at two early (day 1 and 2) and one late (day 10) time points. On day 21,
mice were sacrificed, lungs removed (Figure 10A) and tumor burden evaluated by counting
the tumors on the lungs (Figure 10B). Compared to the group of mice treated with PBS,
tumor formation was significantly reduced by approximately 70% when mice were treated
with RD_IL-15_scFveap._msc4-1BBL and 54% when treated with RD_IL-15 scFveap_m4-1BBL,
respectively. The difference between the treatment effects of the trifunctional fusion
proteins was not statistically significant. In summary, this in vivo study indicated strong

antitumor potential for both trifunctional fusion proteins.
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Figure 10: Antitumoral activity of trifunctional fusion protein in vivo. 8.5x10° B16-FAP cells were injected i.v.
into female C57BL/6 mice. Treatment with 0.02 nmol/day RD_IL-15_scFvgap_msc4-1BBL, RD_IL-15_scFveap_m4-
1BBL or PBS was performed on day 1, 2 and 10 post tumor cell injection. After sacrificing the mice on day 21 A
lungs were removed, fixed and B tumors on the lung counted. Mean * SD, n=6 mice/group, one-way ANOVA,
Tukey’s post hoc test, **p<0.01, *p<0.05.
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4.3 Antibody-fusion proteins incorporating scGITRL and scOX40L
Trifunctional fusion proteins incorporating sc4-1BBL showed promising effects regarding in
vitro and in vivo activity. Consequently, the repertoire of trifunctional antibody-fusion

proteins was extended by the TNFSFL members OX40L and GITRL in the single-chain format.

4.3.1 Biochemical properties

Bifunctional fusion proteins comprised of a targeting moiety (scFv) fused to the ECD of the
TNFSF members OX40L (aa 51-183) and GITRL (aa 72-199), both in the single chain format.
Similarly, the new trifunctional tumor-targeted antibody-fusion proteins incorporated RD_IL-
15, a scFveap as an antibody moiety and the extracellular domain (ECD) of the TNFSF member
OX40L and GITRL in the single chain format. The linkers between the ECDs of scOX40L was
composed of GGGSGGG while a (GGSGG), linker was used for the ECDs of scGITRL.
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Figure 11: Biochemical characterization of bi- and trifunctional fusion proteins with different scTNFSF ligands.
SDS-PAGE analysis (12% PAA; 3 pg/lane, Coomassie Brilliant Blue staining) of A scFvgap_sc4-1BBL (1),
SCFVEap_SCOX40L (2) and scFvpap_scGITRL (3) and C RD_IL-15_scFvpap_sc4-1BBL (1), RD_IL-15_scFveap_scOX40L
(2) and RD_IL-15_scFvgap_scGITRL (3) was performed under non-reducing (NR) and reducing (R) conditions. M,
protein marker. Size exclusion chromatography was used to investigate the bifunctional B and trifunctional D
fusion proteins under native conditions. Elution times of standard proteins and their corresponding molecular
mass [kDa] are indicated as dashed lines.

Both the bi- and trifunctional fusion proteins were transiently produced in HEK293-6E cells
and purified by immobilized metal affinity chromatography (IMAC) with yields of 3-9 mg/I
(bifunctional fusion proteins) and 2-21 mg/l (trifunctional fusion proteins). SDS-PAGE

analysis under reducing (R) and non-reducing (NR) conditions was used to confirm protein
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purity revealing single bands for the bifunctional fusion proteins (Figure 11A). The apparent
molecular mass determined from the SDS-PAGE for scFveap_sc4-1BBL (approximately 82 kDa)
and scFveap_SCGITRL (approximately 76 kDa) correlated to the calculated molecular mass of
89.2 kDa and 73.3 kDa, respectively. However, scFveap_scOX40L with a calculated molecular
mass of 75.6 kDa shows a single band at approximately 110 kDa in the SDS-PAGE, which
could be attributed to glycosylation, since OX40L comprises four potential N-glycosylation
sites. For the trifunctional fusion proteins, SDS-PAGE revealed single bands for RD_IL-
15_scFveap_sc4-1BBL and RD_IL-15_scFveap_scOX40L (Figure 11C). While the MW determined
from the SDS-PAGE (approximately 103 kDa) corresponded to the calculated molecular mass
of 112.6 kDa for RD_IL-15_scFveap_sc4-1BBL, the trifunctional fusion protein RD_IL-
15_scFveap_scOX40L showed a single band at a higher molecular weight (approximately
124 kDa) than the calculated molecular mass of 99.1 kDa which could again be explained by
glycosylation. For the trifunctional fusion protein incorporating scGITRL a double band was
observed (approximately 78 and 103 kDa) which could be explained by the two potential N-
glycosylation sites provided by GITRL. Deglycosylation of RD_IL-15_scFvgap_scGITRL lead to a
single band corresponding to the calculated molecular weight (data not shown). Size
exclusion chromatography of scFvpap_sc4-1BBL revealed one major peak at 97 kDa
corresponding to the calculated molecular mass of 89.2 kDa (Figure 11B). In comparison, the
two novel bifunctional showed one additional minor peak at a higher molecular weight
corresponding to dimer formation which is more dominant for scFviap_scGITRL than for
scFveap_scOX40L. Thus, all bifunctional antibody-fusion proteins showed one dominant peak
for the correctly assembled monomer and scFveap_scOX40L and scFveap_ScGITRL additionally
show a small fraction of dimers. Correct assembly into trifunctional monomeric molecules
under native condition was confirmed by one major peak in size exclusion chromatography
(Figure 11D). RD_IL-15_scFvgap_sc4-1BBL additionally showed two minor peaks of higher
molecular weight corresponding to dimer-formation (17%, ~259 kDa) and higher oligomer
formation (37%, ~414 kDa). Similar results could be obtained for the two trifunctional fusion
proteins with scOX40L and scGITRL, whereby RD_IL-15_scFvgap_scOX40L showed 24% of
dimers (~372 kDa) and 15% of trimers (>669 kDa) and the composition of RD_IL-
15_scFveap_SCGITRL revealed 17% dimer formation (~283 kDa) and 30% trimer formation
(>669 kDa). All evaluated characteristics of the bi-and trifunctional antibody-fusion proteins

are summarized in Table 9. In summary, for all trifunctional fusion proteins one major peak
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presumably corresponding to monomer formation was observed, with additional minor

fractions corresponding to dimer and higher oligomer formation.

Table 9: Characterization of bi- and trifunctional fusion proteins with sc4-1BBL, scOX40L and scGITRL.

MW, MWoee" MW Yield
Fusion protein

(kDa, monomer) (kDa, monomer) (kDa) (mg/l)
SCFVeap_sc4-1BBL 89.2 82 97 7
SCFVEap_scOX40L 75.6 110 127 3
SCFVeap_scGITRL 73.3 76 107 9
RD_IL-15_scFveap_sc4-1BBL 112.6 103 180 21
RD_IL-15_scFvgap_scOX40L 99.1 124 197 2
RD_IL-15_scFveap_SCGITRL 96.7 93/105 174 18

" The calculated molecular mass (MW) is based on the amino acid sequence.
*The molecular mass calculated from the SDS-PAGE was only determined from reducing conditions.

4.3.2 Binding properties

Flow cytometry was used to determine simultaneous binding of the bi- and trifunctional
antibody-fusion proteins to B16-FAP cells and the respective recombinant costimulatory
receptors (4-1BB, OX40 and GITR). For analyzing simultaneous binding to target and
respective receptor, 4-1BB-Fc, OX40-Fc or GITR-Fc combined with anti-Fc-PE was used as a
detection system. All bi- (Figure 12A) and trifunctional (Figure 12B) antibody-fusion proteins
showed binding to the target expressing B16-FAP cells, whereas no binding was detected to
the FAP negative cell line B16. Bi- (Figure 12C) and trifunctional (Figure 12D) antibody-fusion
proteins showed concentration dependent binding to the FAP expressing target cells. While
SCFveap_sc4-1BBL (ECsp 3.01+0.9 nM) and scFveap_SCGITRL (ECsg 4.5+1.7 nM) show similar
binding, scFveap_scOX40L showed a slightly weaker binding (ECso 8.44£1.9 nM). Similar results
could be obtained for the trifunctional fusion proteins. Here, similar binding of RD_IL-
15_scFveap_SCGITRL (ECs04.2+0.5nM) and RD_IL-15_scFveap_sc4-1BBL (ECsg 7.3+3.3 nM)
compared to the control RD_IL-15_scFviap (ECso 4.3+0.5 nM) could be detected, whereas
RD_IL-15_scFveap_scOX40L showed weaker binding (ECsp 11.8+4.3 nM). In summary, all bi-
and trifunctional fusion proteins showed the capability to simultaneously bind to target-
expressing tumor cells (B16-FAP) and their respective receptor. Fusion of OX40L to scFvgap Or
RD_IL-15_scFvrap seemed to slightly hamper antibody-mediated binding of the antibody-

fusion protein.
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Figure 12: Binding properties of bi- and trifunctional antibody-fusion proteins. Targeting specificity of
bifunctional A and trifunctional B antibody-fusion proteins was determined by flow cytometry. Antibody-fusion
proteins (40 nM) were incubated either on FAP* (B16-FAP) or FAP™ (B16) cells. Antibody-mediated binding was
detected via ligand-receptor interaction, using recombinant 4-1BB-Fc, OX40-Fc and GITR-Fc (5 pg/ml),
respectively. Detection was performed by anti-human Fc-PE mAb. Thick grey line, cells; dashed black line,
detection; black line, fusion protein. Binding properties of bifunctional C and trifunctional D antibody-fusion
proteins was compared by flow cytometry. B16-FAP cells were incubated with a serial dilution of fusion
proteins followed by detection via anti-His-PE mAb. Mean £ SD, n=3.
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4.3.3 Plasma stability

All bi- and trifunctional fusion proteins were evaluated for their in vitro stability in human
plasma at 37°C. For all bifunctional fusion proteins, no drop in intact protein level could be
detected during the analyzed time of 7 days (Figure 13A). Thus, antibody and TNFSF ligand-
receptor binding capacity was preserved over the entire analyzed time period. This was also
observed for all analyzed trifunctional fusion proteins, except for RD_IL-15_scFveap_ScGITRL,
where the intact protein level dropped to 84% on day 7 (Figure 13B). In summary, the bi-

and trifunctional antibody-fusion proteins showed sustained plasma stability in vitro.
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Figure 13: Plasma stability of fusion proteins. A bifunctional and B trifunctional fusion proteins (200 nM) were
incubated in 50% human plasma over 7 days. Stability of the fusion proteins was determined by ELISA
measuring binding to immobilized FAP and detecting bound protein via the respective TNFSFR-Fc / anti-huFc-
HRP. Data was normalized to the binding of the fusion protein without serum incubation (day 0). Mean + SD,
n=3.

4.3.4 Activity of untargeted trifunctional fusion proteins

Activity of IL-15 in the trifunctional fusion proteins was determined via proliferation of
PBMCs (Figure 14A) and CTLL-2 cells (Figure 14B). CTLL-2 is a murine cytotoxic T lymphocyte
cell line which is growth dependent upon IL-2/1L-15. The human and mouse scTNFSFL ligands
4-1BBL, OX40L and GITRL are not cross reactive, thus no activation of corresponding mouse
receptors an CTLL-2 cells can be expected. Proliferative activity on CTLL-2 cells could be
demonstrated for all three antibody-fusion proteins, reflecting the activity of IL-15. Similar
proliferative effects compared to the control RD_IL-15 scFveap (ECso 1.0+0.1 nM) were

observed for RD_IL-15_scFvrap_SCGITRL (ECsp 0.4+0.05 nM) and RD_IL-15_scFvgap_sc4-1BBL
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(ECsp 2.840.6 nM), while RD _IL-15_scFveap_scOX40L (ECso 7.1£3.0 nM) showed slightly
reduced activity. Comparison of the proliferation of human PBMCs mediated by RD_IL-
15_scFveap_sc4-1BBL (ECsg 7.1+3.8 nM), RD_IL-15_scFveap_scOX40L (ECsp 6.212.1 nM) and
RD_IL-15_scFveap_scGITRL (ECsp 2.1+1.2 nM) did not reveal significant differences, and was
reduced compared to the control RD_IL-15_scFvgap (ECso 0.840.3 nM), suggesting that the
TNFSF ligands are not active in a soluble form of the fusion protein. In summary, in
untargeted form, all three trifunctional antibody-fusion proteins showed RD_IL-15 activity

that was not further enhanced by the TNFSF ligand.
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Figure 14: Effect of non-targeted trifunctional fusion proteins on proliferation of PBMCs and proliferation of
CTLL-2 cells. A PBMCs were incubated with fusion proteins in absence of target cells. Proliferation of CFSE-
labeled PBMCs was determined after 6 days via flow cytometry. B Previously starved CTLL-2 cells were
incubated with fusion proteins. After 72 h, proliferation was assessed in MTT assay. Mean + SD, n=3.

4.3.5 Activity of targeted fusion proteins

In a coculture setting of B16-FAP tumor cells and PBMCs, costimulatory activity of targeted
bi-and trifunctional antibody-fusion proteins was determined by measuring the
enhancement of T cell proliferation above the levels induced by suboptimal anti-CD3 mAb
stimulation (Figure 14). In this setting, targeted presentation of the fusion proteins was
achieved by removing the unbound fusion proteins from the target cells after 1 hour of
incubation before adding the PBMCs and the anti-CD3 mAb in a suboptimal concentration. In
presence of target cells and anti-CD3 mAb, all bi-and trifunctional antibody cytokine fusion
proteins proved to be costimulatory active. The bifunctional fusion protein with sc4-1BBL
showed the highest proliferative enhancement on CD3" (Figure 14A), CD4" (Figure 14B) and
CD8" T cells (Figure 14C) compared to scFveap_scOX40L and scFveap_scGITRL.
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Figure 15: Activity of target-bound bi- and trifunctional fusion proteins. B16-FAP cells were cocultured with
PBMCs, a suboptimal concentration of a cross-linked anti-CD3 mAb and targeted A-C bifunctional and D-E
trifunctional fusion proteins. After 6 days the proliferation of A and D CD3" T cells, B and E CD4" T cells
(CD3'CD4" T cells) and € and F CD8" T cells (CD3°CD8" T cells) was determined by CFSE dilution in flow
cytometry. Mean # SD, Blockshift, n=3.

Similar to the bifunctional setting, the trifunctional fusion protein incorporating 4-1BBL
showed highest effects on proliferation of CD3" (Figure 15D) and CD8'T cells (Figure 15F).
Regarding proliferation of CD4" T cells, RD_IL-15_scFveap_scOX40L showed highest effects.
Interestingly, the trifunctional fusion protein with scGITRL was less effective than the
trifunctional fusion protein with sc4-1BBL and scOX40L, respectively and the bifunctional
fusion protein with scGITRL was only effective on CD8" T cells. In general, the scTNFSFL
members showed costimulatory activity regarding the enhancement of anti-CD3 mAb-

induced proliferation.

4.3.6 Activity of targeted bi- and trifunctional fusion proteins on T cells subpopulations

Activity of the bi- and trifunctional fusion proteins was not only examined for proliferation
induction of CD4" and CD8" T cells (Figure 15), but also for their subpopulations (Figure 16,
Figure 17). Proliferation of naive, central memory, effector memory and effector CD4" and
CD8" Tcells were induced by the anti-CD3 mAb and could be further enhanced by

SCFVrap_sc4-1BBL, scFvpap_scOX40L (Figure 16) and all trifunctional fusion proteins (Figure

17).
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For the bifunctional fusion proteins, strongest proliferation of CD4" T cell subpopulations,
especially effector and effector memory cells, was observed for scFveap_sc4-1BBL (Figure
16A). In terms of proliferation of CD8" T cell subpopulations, particularly the memory
phenotypes benefited from costimulation with scFveap_sc4-1BBL (Figure 16C). While all three
bifunctional fusion proteins show a similar pattern regarding the composition of the CD4"
T cell subpopulation after costimulation, i.e. shifting towards CD4" effector memory T cells
compared to the anti-CD3 mAb alone (Figure 16B), differences between the bifunctional
fusion proteins could be observed regarding the composition of CD8" T cell subpopulations.
Here, treatment with scFveap_sc4-1BBL led to a clear proportional increase of the effector

memory subpopulation, whereas an increased percentage of effector CD8" Tcells was

observed for the treatment with scFvgap_scGITRL (Figure 16D).
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Figure 16: Bifunctional fusion protein mediated effect on proliferation and composition of T cell
subpopulations. Proliferation (A and C) and composition (B and D) of CD4" T cells (A and B) and CD8" T cells (C
and D) was determined by flow cytometry. B16-FAP cells were cocultured with CFSE-labeled PBMCs and a
suboptimal concentration of a cross-linked anti-CD3 mAb and target-bound bifunctional fusion proteins
(30 nM). After 6 days, proliferation and composition of naive (Ty; CD45RA’, CCR7"), central memory (Tew;
CD45RA’, CCR7"), effector (Tg; CD45RA’, CCR7) and effector memory (Tgyw; CD45RA’, CCR7) subpopulations of
CD4" T cells and CD8" T cells were identified. Mean + SD, Blockshift, n=3.
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Regarding the stimulatory activity of the trifunctional fusion proteins on subpopulations of
CD4" T cells, RD_IL-15_scFvgap_sc4-1BBL and the control protein RD_IL-15_scFveap showed
rather similar proliferative effects, while RD_IL-15_ scFvgap_scOX40L demonstrated the
highest effect on the effector memory phenotype (Figure 17A). Additionally, in terms of
composition, RD_IL-15_scFveap_scOX40L showed a mild shift in favor of the effector memory
CD4" T cells (Figure 17B). Concerning the effect of the trifunctional fusion proteins on the
proliferation of the subpopulations of CD8" T cells, treatment with all trifunctional fusion
proteins and RD_IL-15_scFvgap resulted in a proliferative effect on all T cell subpopulations

(Figure 17C).
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Figure 17: Trifunctional fusion protein induced effect on proliferation and composition of T cell
subpopulations. Proliferation (A and C) and composition (B and D) of CD4" T cells (A and B) and CD8" T cells (C
and D) was determined by flow cytometry. B16-FAP cells were cocultured with CFSE-labeled PBMCs and a
suboptimal concentration of a cross-linked anti-CD3 mAb and target-bound trifunctional fusion proteins
(30 nM). After 6 days, proliferation and composition of naive (Ty; CD45RA’, CCR7"), central memory (Tow;
CD45RA’, CCR7"), effector (Tg; CDASRA’, CCR7) and effector memory (Tgyw; CD45RA’, CCR7) subpopulations of
CDA4" T cells and CD8" T cells were identified. Mean + SD, Blockshift, n=3.

Interestingly, differences could be observed in terms of composition of the subpopulations.
While RD_IL-15_scFveap and RD_IL-15_scFveap_scOX40L equally shifted the composition in

favor of effector and effector memory CD8" T cells, treatment with RD_IL-15_scFvgap_scé-
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1BBL clearly manifested in a shift towards effector memory CD8" T cells, while RD_IL-
15_scFveap_scGITRL favoured the effector memory phenotype of the CD8" T cells (Figure
17D). Thus, the different influence on T cell subsets by antibody-fusion proteins in the bi-
and trifunctional format was shown, highlighting the role of sc4-1BBL especially in the

context of CD8" T cells and the benefit of combination of RD_IL-15 with scOX40L.

4.3.7 Trifunctional versus combination of bifunctional fusion proteins

Furthermore, the combination of RD_IL-15 and the TNF-superfamily ligands 4-1BBL, OX40L
and GITRL were evaluated as trifunctional antibody-fusion protein in comparison to the
combination of the respective bifunctional fusion proteins. Bifunctional and trifunctional
fusion proteins presented the same antibody moiety and orientation of the fusion partner.
Equimolar amounts of cytokine and costimulatory ligand were applied and

immunomodulatory effects on proliferation and cytotoxicity of T cells was analyzed.

4.3.7.1 Proliferative effect on T cells and NK cells

Fusion proteins were targeted to B16-FAP cells cocultured with PBMCs in presence of a
suboptimal concentration of anti-CD3 mAb. At lower concentrations (1, 10 nM), all
trifunctional fusion proteins achieved stronger proliferative effects on T cells compared to
the combination of the corresponding bifunctional fusion proteins. The trifunctional fusion
proteins with scOX40L and scGITRL (Figure 18B and C) showed the strongest signal
enhancement on CD4" Tcells. In contrast, the CD8" Tcells already showed high
responsiveness to RD_IL-15 and trifunctional fusion proteins only showed a minor
enhancement on the proliferation of CD8" T cells (Figure 18D-F). Proliferation of NK cells was
mainly triggered by RD_IL-15, however this effect could be further enhanced by the

trifunctional fusion proteins with scGITRL, especially at lower concentrations (Figure 18l).
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Figure 18: Activity of targeted combined bi- and trifunctional antibody-fusion proteins on the proliferation of
T cells and NK cells. B16-FAP cells were cocultured with PBMCs, a suboptimal concentration of a cross-linked
anti-CD3 mAb and target-bound antibody-fusion proteins. After 6 days the proliferation of A-C CD3" T cells, D-F
CD4" T cells (CD3'CD4" T cells), G-I CD8" T cells (CD3" CD8" T cells) and J-L NK cells (CD3'CD56" cells) was
determined by CFSE dilution in flow cytometry. Graphic shows mean + SD, n=3, one-way ANOVA, Tukey’s post
hoc test,  p<0.001,  p<0.01, p<0.05.

4.3.7.2 Effect of trifunctional fusion proteins on the cytotoxic potential of T cells

The influence of trifunctional fusion proteins in comparison to the combination of the
respective bifunctional fusion proteins on the cytotoxicity of T cells was analyzed. Therefore,
unstimulated PBMCs were incubated for 5 days with targeted trifunctional fusion proteins or
a combination of bifunctional fusion proteins in presence of a suboptimal concentration of
the anti-CD3 mAb. Subsequently, PBMCs were transferred to a fresh plate and T cells
retargeted to B16-FAP cells via a bispecific antibody (scDbFAPxCD3). Thereby, T cells were
triggered and their cytotoxic potential was determined by measuring degranulation of

T cells.
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Regarding the cytotoxic potential of CD8" T cells, all trifunctional proteins appeared to

strongly enhanced the cytotoxic potential (Figure 19A-C), whereby the strongest
enhancement compared to the combination of the respective bifunctional fusion proteins or
RD_IL-15_scFveap was achieved by RD_IL-15_scFveap_scGITRL (Figure 19C). Similar
degranulation of T cells was observed for RD_IL-15_scFveap_sc4-1BBL, however, here the
effect clearly is driven by sc4-1BBL as similar effects were obtained for the bifunctional
fusion protein scFvpap_sc4-1BBL (Figure 19A). Interestingly, RD_IL-15_scFvgap_sc4-1BBL was
also effective in enhancing the degranulation capacity of CD4" T cells, which could not be
observed for RD_IL-15_scFveap_scOX40L or RD_IL-15_scFveap_scGITRL (Figure 19D-F). In most
cases, the combination of RD_IL-15 and members of the TNFSF ligands in trifunctional fusion
proteins has shown to be advantageous compared to the individual bifunctional fusion
proteins. Moreover, the trifunctional fusion proteins were more effective compared to the
combination of two bifunctional fusion proteins and in some cases, the single bifunctional
fusion proteins showed higher stimulatory activity than the combination of two bifunctional

fusion proteins.
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Figure 19: Effect of targeted bi-and trifunctional antibody-fusion proteins on the cytotoxic potential of CD4"
and CD8" T cells. B16-FAP cells were cocultured with PBMCs, a suboptimal concentration of a cross-linked anti-
CD3 mAb and targeted fusion proteins. After 5 days, PBMCs were transferred to fresh B16-FAP cells and
incubated in presence of a bispecific antibody (scDbFAPxCD3) retargeting T cells to the target cells. After 6 h,
degranulation of A-C CD4" T cells (CD4" CD107a’) and D-F CD8" T cells (CD8" CD107a’) was determined using
flow cytometry. Mean + SD, Blockshift, n=3, one-way ANOVA, Tukey’s post hoc test, ***p<0.001, **p<0.01,
p<0.05.
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4.3.7.3 Influence of the trifunctional fusion proteins on the activation of regulatory T cells

While IL-2 has the ability to activate regulatory T cells, IL-15 has shown to be less efficient in
expanding regulatory T cells (Vang et al. 2008). Therefore, the trifunctional fusion proteins
were assessed for their potential to stimulate regulatory T cells (Tregs) and Theiper Cells. Freshly
isolated Tegs (CD3'CD4'CD25) from PBMCs were activated by the anti-CD3 mAb but to a
lower extent than the fraction of Theper cells (CD3'CD47CD25’). Addition of the trifunctional
fusion proteins showed an enhancing effect on the expression of the activation marker CD69

on Thelper Cells but not on Tegs (Figure 20A).
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Figure 20: Effect of targeted trifunctional antibody-fusion proteins on regulatory T cells. B16-FAP cells were
cocultured with freshly isolated CD3* CD4" CD25 Ty cells or CD3" CD4" CD25" T, cells in presence of 90 nM
targeted fusion proteins and 500 ng/ml of a cross-linked anti-CD3 mAb. After 24 h activation was measured by
A CD69 via flow cytometry and B IFN-y and C IL-10 release was measured in sandwich-ELISA. Mean % SD,
Blockshift, n=3.

Regarding IFN-y release, costimulation with the trifunctional fusion proteins only showed a
slightly higher amount of released IFN-y for the T,s compared to treatment with the anti-
CD3 mAb alone (Figure 20B). To a much higher extent, the trifunctional fusion proteins were
able to induce IFN-y release of the Theier cell fraction. Similar results were obtained for the

release of IL-10, where the trifunctional fusion proteins showed a strong enhancement on

81



the Thelper cells (Figure 20C). Thus, the trifunctional fusion proteins had low or no stimulatory
effect on Tegs compared to Theper cells regarding CD69 expression, IFN-y release and IL-10

secretion.

4.3.8 Antitumor activity of RD_IL-15_scFvgap_mscGITRL in syngeneic mouse models

RD_IL-15_scFvap_scGITRL proved to be a promising candidate due to strong stimulatory
potential on the proliferation of CD8" T cells and NK cells and its potential to enhance the
cytotoxic potential of CD8" T cells. Thus, a trifunctional fusion protein incorporating the
mouse homologous of scGITRL (aa 49-173) was generated for further in vivo studies. In
contrast to human GITRL, murine GITRL is reported to present as a dimer (Chattopadhyay et
al. 2008). Therefore, human scGITRL was replaced by a mouse scGITRL composed of only
two extracellular domains instead of three. Thus, scFvgap_mscGITRL and RD_IL-
15_scFveap_mscGITRL were generated. The glycine-serine linker connecting the extracellular
domain of mscGITRL was composed of (GGGS)s. Additionally, an analogues trifunctional
fusion protein targeting CEA was generated (RD_IL-15_scFvcea_mscGITRL). The antigen CEA
is not present in the mouse, therefore, the generated trifunctional fusion protein serves as a

control for the evaluation of the influence of targeting on the antitumor effect.

4.3.8.1 Biochemical characterization of the fusion proteins with mouse GITRL

All novel fusion proteins for the in vivo tumor mouse models were produced in HEK293-6E
cells and purified using immobilized metal affinity chromatography (IMAC) with yields of 4-
25 mg/I. Protein purity was confirmed in SDS-PAGE analysis under reducing (R) and non-
reducing (NR) conditions revealing bands corresponding to the monomer for RD_IL-
15 _scFveap._mscGITRL (87 kDa), RD_IL-15_scFveap (53 kDa) (Figure 21A) and RD_IL-
15_scFvcea_mscGITRL (79 kDa) (Figure 21B). correlating to the calculated molecular masses
of 81.4, 51.4 and 81.4 kDa, respectively. ScFveap_mscGITRL with a calculated molecular mass
of 57.4 kDa showed double bands of approximately 57 kDa and 53 KDa. One major peak in
size exclusion chromatography representing monomeric molecules and additional minor
fractions were observed to a similar degree for all GITRL fusion proteins (Figure 21C). While
RD_IL-15_scFvgap only showed a small minor peak pointing towards dimer formation, higher
dimer formation was observed for the bi- and trifunctional fusion proteins with mGITRL.
Similar amounts of multimers were observed for the two trifunctional fusion proteins. The

biochemical properties are summarized in Table 10.
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Figure 21: Biochemical characterization of bi- and trifunctional fusion proteins with RD_IL-15 and murine
scGITRL. SDS-PAGE analysis (12% PAA; 3 pg/lane, Coomassie Brilliant Blue staining) of A RD_IL-
15_scFveap_mscGITRL (1), scFveap_mscGITRL (2), RD_IL-15_scFveap (3) and B RD_IL-15_scFvega_mscGITRL (4) was
performed under non-reducing (NR) and reducing (R) conditions. M, protein marker. C Size exclusion
chromatography. Elution times of standard proteins and their corresponding molecular mass [kDa] are
indicated as dashed lines.

Table 10: Biochemical characterization of the antibody-fusion proteins for animal studies.

MW, MWpace MWsec Yield
Fusion protein
(kDa, monomer) (kDa, monomer) (kDa) (mg/l)
RD_IL-15_scFveap 51.4 53 94 26.4
SCFVeap_mscGITRL 57.4 57/53 94.3 3.7
RD_IL-15_scFveap_mscGITRL 81.4 87 133.8 24.8
RD_IL-15_scFveea_mscGITRL 81.4 79 132.2 16

" The calculated molecular mass (MW) is based on the amino acid sequence.

4.3.8.2 Antibody-mediated binding and IL-15 activity of the fusion proteins with mouse
scGITRL

Binding of the antibody-fusion proteins targeting FAP was determined on B16-FAP cells
(Figure 22A), while binding of the CEA-targeting RD_IL-15_scFvcea_mscGITRL was evaluated
on LS174T cells (Figure 22B), using anti-His-PE as a detection system. All FAP-directed fusion
proteins bound to B16-FAP cells with ECsgvalues of 0.6£0.04 nM for RD_IL-15_scFvgap,
1.840.8 nM for RD_IL-15  scFvpap._mscGITRL and 0.9+0.09 nM for scFveap. mscGITRL. The
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CEA-directed version of the trifunctional fusion protein bound to LS174T cells with an
ECso value of 12.7+2.4 nM. Binding of mscGITRL to its receptor mGITR was confirmed in in
ELISA where recombinant FAP-Flag was immobilized and bound antibody-fusion protein was

detected using mGITR-Fc and anti-Fc-HRP (Figure 22C).
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Figure 22: Functional characterization of the fusion proteins to be used in the in vivo mouse model. Binding
analysis of FAP-directed A and CEA-directed B antibody-fusion proteins by flow cytometry. A B16-FAP and B
LS174T cells were incubated with a serial dilution of the fusion proteins and bound protein was detected via
anti-His-PE mAb. C Binding of mscGITRL to its receptor mGITR was determined in ELISA, measuring binding to
immobilized FAP and detecting bound fusion protein via mGITR-Fc (5 pg/ml)/anti-huFc-HRP. D Cytokine activity
on PBMC proliferation. PBMCs were incubated with fusion proteins in absence of target cells. Proliferation of
CFSE-labeled PBMCs was determined after 6 days via flow cytometry. Mean + SD, n=3.

Analysis of binding in ELISA revealed almost identical binding properties for
sCFVvrap_MscGITRL (ECso 3.74£3.5 nM) and RD_IL-15_scFveap_mscGITRL (ECsg 4.942.9 nM). IL-15
activity of the fusion proteins was determined by proliferation induction of human PBMCs in
absence of target cells (Figure 22D). RD_IL-15_scFveap Was able to induce proliferation of
PBMCs with an ECsgvalue of 0.18+0.02 nM, while the two trifunctional fusion proteins
RD_IL-15_scFveap._mscGITRL (ECs0 0.36+0.06 nM) and RD_IL-15_scFvcea_mscGITRL
(ECs0 0.74£0.2 nM) showed similar proliferative effects. In summary, the fusion proteins were
able to bind their target and the RD_IL-15 as well as the mscGITRL units showed functionality

in terms of proliferation induction and receptor binding, respectively.
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4.3.8.3 Antitumor activity of RD_IL-15_scFveap_mscGITRL in syngeneic lung tumor model

Therapeutic antitumor potential of the trifunctional antibody-fusion protein with mscGITRL
was investigated in vivo using a syngeneic lung tumor model in C57BL/6 mice. B16-FAP cells
were injected i.v. into C57BL/6 mice, which received 0.2 nmol fusion protein or PBS as a
control on day 1, 2 and 10 post tumor cell injection. Mice were sacrificed on day 21, lungs

removed and tumors counted (Figure 23A).
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Figure 23: Antitumoral activity of bi- and trifunctional fusion protein in a syngeneic lung metastases tumor
mouse model. 8.5x10° B16-FAP cells were injected (i.v.) into female C57BL/6 mice. Treatment with
0.2 nmol/day RD_IL-15_scFvgap_mscGITRL, RD_IL-15_scFvcga_mscGITRL, RD_IL-15_ScFveap + SCFVeap_mscGITRL
or PBS was performed on day 1, 2 and 10 post tumor cell injection. After sacrificing the mice on day 21 A lungs
were removed, fixed and B tumors on the lung counted. Mean + SD, n=6 mice/group, one-way ANOVA, Tukey’s
post hoc test, ***p<0.001, **p<0.01, *p<0.05.

Administration of the trifunctional antibody-fusion protein lead to stronger antitumor effect
(approximately 70%) compared to the combination of the respective bifunctional fusion

proteins or the PBS group (approximately 74%). Moreover, the trifunctional fusion protein
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targeting CEA, which is not expressed in mice, showed less efficacy compared to RD_IL-
15_scFveap_mscGITRL and a similar number of metastases compared to the combination of
the two bifunctional fusion proteins. These observations confirms the important role of
targeting of the trifunctional fusion protein for the antitumor effect and the beneficial effect
of the trifunctional fusion protein compared to the combination of the two bifunctional

fusion proteins (Figure 23B).

4.3.8.4 Antitumor activity of RD_IL-15_scFviap_mscGITRL in a syngeneic solid tumor
model

Additionally, the antitumor potential of RD_IL-15_scFveap_mscGITRL and RD_IL-15_scFveap
was analyzed in a solid tumor model in C57BL/6 mice. Here, B16-FAP cells were injected into
both flanks of C57BL/6 mice. Mice were treated early after tumor cell inoculation (day 1, 2)
and later once the tumors became visible (day 10-15, 18). Overall, treatment with RD_IL-
15_scFveap or RD_IL-15_scFveap._mscGITRL did not lead to a significant reduction of tumor
burden compared to the PBS control (Figure 24A and B) but a tendency for tumor growth
delay was observed for groups treated with RD_IL-15_scFveap_ mscGITRL or RD_IL-15_scFvgap.
At a very early time point of tumor development (day 12) RD_IL-15_scFveap_mscGITRL was
shown to delay tumor outgrowth significantly. Later on day 17, also RD_IL-15_scFvgap shortly
delayed the tumor growth, nevertheless after that until the final day of the experiment
(day 21), no statistically significant differences between the groups could be detected

anymore (Figure 24C).
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Figure 24: In vivo activity of RD_IL-15_scFvgap_mscGITRL in a syngeneic solid tumor mouse model. Tumor
growth inhibition is shown A indicating the average tumor volume/group, B depicting the individual tumor
growth /group over time and C indicating the individual tumor volume/group at day 12, 17 and 21. 5x10° B16-
FAP cells were injected (s.c.) into both flanks of C57BL/6 mice. Treatment with RD_IL-15_scFvga_mscGITRL,
RD_IL-15_scFvpap or PBS was performed on day 1, 2, 10-14 (0.2 nmol, dotted lines) and day 15 and 18 (0.4
nmol, dashed lines). post tumor cell injection. Tumor volume was measured each day. Mean + SD, n=6
mice/group, unpaired t-test, *p<0.05.

On day 21 mice were sacrificed, tumors removed and analyzed for immune cell infiltration.
For this purpose, tumors of each treatment group were pooled according to their size (2-4
tumors in each case). Then, tumors were dissociated and the number of infiltrating
leucocytes, in particular T cell (CD3", CD4", CD8", T,es) (Figure 25B-D,F) and NK cell (Figure

25E) per grams of tumor was analyzed via flow cytometry. Analysis of immune cell
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infiltration did not reveal a significant difference between the control and the treatment
groups. Furthermore, there was no correlation between the amount of infiltrated immune

cells and the tumor volume.
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Figure 25: Analysis of immune cell infiltration into solid tumors after fusion protein treatment. 5x10° B16-FAP
cells were injected into each flank of female C57BL/6 mice (day 0). Treatment with RD_IL-15_scFvap_mscGITRL,
RD_IL-15_scFvgap or PBS was performed on day 1, 2, 10-14 (0.2 nmol) and day 15 and 18 (0.4 nmol). On day 21
mice were sacrificed, tumors removed, grouped according to their tumor volume (2-4 tumors each group),
dissociated and A leucocyte (CD45") B T cells(CD3") € CD3'CD4" T cell D CD3°CD8" T cell, E NK cell (CD3'CD94")
and F regulatory T cell (CD3'CD4°CD25" FoxP3") infiltration was determined using flow cytometry.

Although treatment with RD _IL-15_scFvgap or RD_IL-15_scFveap. mscGITRL did not show an
increase in tumor infiltrating immune cells, an effect on the immune cells in the spleen was
observed (Figure 26). Here, analysis showed a significant increase of NK cells in spleens of
mice treated with RD_IL-15_scFveap_ mscGITRL compared to the PBS group (Figure 26D).

Statistic significant enhancement of T cells could not be determined.
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Figure 26: Analysis of immune cells in the spleen. 5x10° B16-FAP cells were injected into both flanks of female
C57BL/6 mice. Treatment with RD_IL-15_scFvgap_mscGITRL, RD_IL-15_scFvgap or PBS was performed on day 1,
2, 10-14 (0.2 nmol) and day 15 and 18 (0.4 nmol). post tumor cell injection. On day 21 mice were sacrificed,
spleens removed, dissociated and A CD3", B CD3CD4", € CD3'CD8" T cell and D NK cell (CD3'CD94") infiltration
was determined using flow cytometry. one-way ANOVA, Tukey’s post hoc test, ***p<0.001, **p<0.01, *p<0.05.

RD_IL-15_scFveap_scGITRL has shown a significant antitumor effect in the lung tumor model.
Consequently, RD_IL-15_scFveap_scGITRL proved to be a promising candidate for cancer
immunotherapy and the trifunctional antibody-format potentially evolves as an interesting

platform for further development.

4.4 EGFR-directed trifunctional antibody-fusion proteins for the
enhancement of ADCC

The trifunctional antibody-fusion protein platform was further validated by introducing a
targeting moiety directed against the epidermal growth factor receptor (EGFR). Here, the
fusion proteins RD_IL-15_scFvgap, SCFVeap_sc4-1BBL and RD_IL-15scFveap_sc4-1BBL served as
a template, exchanging the scFviap for scFvegrr, Whereby the scFveger corresponds to a
humanized version of Cetuximab (mAb C225, (Goldstein et al. 1995)) provided by Prof. R.

Kontermann.
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4.4.1 Biochemical properties

RD_IL-15_scFvegrr, SCFvegrr_Sc4-1BBL and RD_IL-15scFvegrr_sc4-1BBL were transiently
produced in HEK-2936E cells and purified by IMAC. All molecules were produced with yields
in a range of 5-30 mg/l. SDS-PAGE analysis under reducing (R) and non-reducing conditions

(NR) confirmed purity and integrity of all three fusion proteins targeting EGFR (Figure 27A).
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Figure 27: Biochemical characterization of EGFR-directed antibody-fusion proteins with sc4-1BBL. SDS-PAGE
analysis (12% PAA; 3 pg/lane, Coomassie Brilliant Blue staining) of A RD_IL-15_scFvggrr_sc4-1BBL (1),
SCFVegrr_Sc4-1BBL (2) and RD_IL-15_scFvegrr (3) was performed under non-reducing (NR) and reducing (R)
conditions. M, protein marker. B Size exclusion chromatography was used to investigate the proteins under
native conditions. Elution times of standard proteins and their corresponding molecular mass [kDa] are
indicated as dashed lines.

The apparent molecular mass determined from the SDS-PAGE for RD_IL-15_scFvegrr
(approximately 53 kDa), scFvggrr_sc4-1BBL  (approximately 80kDa) and RD_IL-
15_scFvegrr_sc4-1BBL (approximately 97 kDa) correlated with the calculated molecular mass
of 50.9 kDa, 88.5 kDa and 111.7 kDa, respectively. Size exclusion chromatography showed
that all three proteins eluted as one predominant peak of slightly lower sizes than their
calculated molecular weight (Figure 27B). While a small amount of higher molecular species
was observed for RD_IL-15_scFvegrr, the two fusion proteins incorporating 4-1BBL did not
show such dimer formation. All evaluated characteristics of the bi-and trifunctional

antibody-fusion proteins targeting EGFR were summarized in Table 11.

Table 11: Characterization of bi- and trifunctional fusion proteins targeting EGFR.

chalc* MWPAGE# MWgec Yield
Fusion protein
(kDa, monomer) (kDa, monomer) (kDa) (mg/l)
RD_IL-15_scFvgger 50.9 53 34 30.2
SCFVeger_sc4-1BBL 88.5 80 50 4.75
RD_IL-15_scFvgger_sc4-1BBL 111.7 97 98 8.35

" The calculated molecular mass (MW) is based on the amino acid sequence.
#The molecular mass calculated from the SDS-PAGE was only determined from reducing conditions.
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4.4.2 Binding properties

The binding capacity to EGFR as well as the ability of sc4-1BBL incorporated in the fusion
proteins to bind to the receptor 4-1BB-Fc was evaluated by flow cytometry. All three fusion
proteins showed binding to EGFR expressing SKBR-3 cells. Simultaneous binding of the
incorporated 4-1BBL to the receptor 4-1BB was shown using 4-1BB-Fc and anti-Fc-PE as a

detection system (Figure 28A, upper panel).
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Figure 28: Binding properties of fusion proteins targeting EGFR. A Bifunctional binding analysis by flow
cytometry. Fusion proteins (40 nM) were incubated with EGFR® (SKBR-3) cells (upper panel). To block the
binding of the antibody moiety to EGFR, cells were preincubated with a 200-fold molar excess of Cetuximab
prior to addition of the antibody-fusion protein (lower panel). Antibody-mediated binding was detected via
ligand-receptor interaction, using recombinant 4-1BB-Fc (5 pug/ml), detection was performed by anti-human Fc-
PE mAb (upper panel) or anti-His-PE (lower panel). Thick grey line, cells only; dashed black line, detection
system; dotted line, fusion protein + Cetuximab; black line, fusion protein. B and C Antibody-mediated binding
analyzed by flow cytometry. SKBR-3 cells were incubated with fusion proteins followed by detection via B anti-
His-PE mAb or C anti-4-1BB-PE. Mean * SD, n=3.
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When SKBR-3 cells were preincubated with a 200-fold molar excess of Cetuximab, binding of
fusion proteins was blocked, proving specific binding of the fusion proteins to EGFR (Figure
28A, lower panel). RD_IL-15_scFvegrr (ECs0 0.17+0.02 nM) demonstrated similar binding
compared to scFvegrr (ECs0 0.1940.04 nM) (Figure 28B), whereas the two fusion proteins
SCFVegrr_Ssc4-1BBL  (ECsp 1.3£0.4 nM) and RD_IL-15_scFvegrr_4-1BBL  (ECsp 1.7+0.7 nM)
showed similar lower binding (Figure 28C). Thus, all fusion proteins showed the capability to
specifically bind to EGFR expressing tumor cells (SKBR-3) and to simultaneously bind to the
receptor 4-1BB.

4.4.3 IL-15 activity

Activity of the RD_IL-15 in the fusion proteins was determined via the induction of
proliferation of CTLL-2 cells (Figure 29A). RD_IL-15_scFvegrr (ECsp 4.624.0 nM) as well as
RD_IL-15_scFvegrr_sc4-1BBL (ECsq 7.246.7 nM) showed the ability to induce CTLL-2
proliferation in a concentration dependent manner. In addition, RD_IL-15_scFvgger_sc4-1BBL
showed two times lower activity on PBMC proliferation (ECso 1.9420.005 nM) compared to
RD_IL-15_scFvegrr (ECs0 0.8£0.3 nM) (Figure 29B). This observation was in accordance with
the results obtained with the FAP-directed trifunctional fusion proteins, indicating that the

IL-15 activity is not enhanced by the sc4-1BBL component in soluble form.
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Figure 29: Effect of non-targeted trifunctional fusion proteins on the proliferation of CTLL-2 cells and PBMCs.
A Previously starved CTLL-2 cells were incubated with fusion proteins. After 72 h, proliferation was assessed in
MTT assay. B PBMCs were incubated with fusion proteins in absence of target cells. Proliferation of CFSE-
labeled PBMCs was determined after 6 days via flow cytometry. Mean + SD, n=3.
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4.4.4 Targeting-mediated activity on T cells

The activity of targeted fusion proteins was determined in a coculture assay with SKBR-3
cells (EGFR") and PBMCs in presence of an anti-CD3 mAb in suboptimal concertation.
Measuring IFN-y release, the trifunctional fusion protein showed the strongest enhancement
effect compared to the corresponding bifunctional fusion proteins (Figure 30A). In terms of
T cell proliferation, the trifunctional fusion protein was in general more effective than RD_IL-
15_scFvegrs, but less effective than scFveggrr_sc4-1BBL on CD4" and CD8" T cells (Figure 30C

and D). In general, all novel fusion proteins targeting EGFR have shown costimulatory

activity.
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Figure 30: Targeted fusion protein mediated enhancement of T cell stimulation. SKBR-3 cells were cocultured
with PBMCs, a suboptimal concentration of a cross-linked anti-CD3 mAb and targeted fusion proteins. A After
48 hours IFN-y release was measured in sandwich- ELISA. B-D After 6 days the proliferation of B CD3" T cells, C

CD3'CD4" T cells and D CD3" CD8" T cells was determined by CFSE dilution in flow cytometry. Mean + SD,
Blockshift, n=3.
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4.4.5 Targeting-mediated activity on NK cells

The set of fusion proteins targeting EGFR was developed for the enhancement of antibody-
dependent cellular cytotoxicity (ADCC) by NK cells. Therefore, the influence of targeted
fusion proteins on NK cell proliferation was determined in a coculture assay with SKBR-3
cells and PBMCs. In presence of an anti-CD3 mAb, the proliferative effect of the fusion
proteins on NK cells is supported by cytokine release of T cells. Here, RD_IL-15_scFvegrr_scé-
1BBL showed highest effect on NK cells proliferation at higher concentrations (30, 90 nM).
Whereas, in lower concentrations (1, 3, 10 nM) the trifunctional fusion proteins showed
similar effect as scFvegrr_sc4-1BBL (Figure 31A). In presence of anti-CD3 mAb, T cell
stimulation leads to IL-2 release supporting the stimulation of NK cells. Therefore, the effect
of the fusion proteins on NK cells was additionally assessed in absence of anti-CD3 mAb. In
contrast, the trifunctional fusion protein mediated higher effects at lower concentration
(10 nM) compared to the two bifunctional fusion proteins. At higher concentrations (30,
90 nM), RD_IL-15_scFvegrr and RD_IL-15_scFvegrr_sc4-1BBL revealed similar proliferative
effects, while scFvegrr_sc4-1BBL fell behind (Figure 31B). These findings led to the
assumption, that the combination of IL-15 and sc4-1BBL in one trifunctional fusion protein

has a beneficial effect on proliferation of NK cells.
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Figure 31: Fusion protein mediated stimulation of proliferation of NK cells. Proliferation of NK cells mediated
by targeted fusion proteins was determined either in A presence or B in absence of a cross-linked anti-CD3

mAb. After 6 days the proliferation of NK cells (CD3” CD56") was determined by CFSE dilution in flow cytometry.
Mean * SD, Blockshift, n=3.
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4.4.6 Influence of fusion proteins directed against EGFR on antibody-mediated cellular

cytotoxicity (ADCC)

Trastuzumab was the first monoclonal antibody targeting HER2 approved for clinical use
acting by binding the extracellular domain of HER2 and exhibiting therapeutic efficacy in
HER2 overexpressing metastatic and early stage breast cancer. One mechanism of action of
Trastuzumab is the antibody-dependent cellular cytotoxicity (ADCC) (Gennari et al. 2004;
Cooley et al. 1999; Lewis et al. 1993). Upon exposure to IgG-coated target cells subjected to
antibody-dependent cellular cytotoxicity (ADCC), 4-1BB becomes expressed on NK cells
(Navabi et al. 2015). Therefore, the fusion proteins targeting EGFR were combined with a
Trastuzumab to investigate the potential of the trifunctional fusion protein to enhance the
Trastuzumab-induced ADCC of NK cells. SKBR-3 cells (Her-2* and EGFR") with targeted fusion
proteins (100 nM) were incubated with a serial dilution of Trastuzumab in presence of
PBMCs. After 24 hours, cell viability of target cells (MTT) and cytotoxic potential of NK cells

(degranulation, flow cytometry) was determined.
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Figure 32: Fusion protein mediated enhancement on ADCC of Trastuzumab. EGFR and Her-2 positive cells
(SKBR-3) were cocultured with PBMCs (5% NK cells) in presence of target-bound fusion protein [100 nM] and a
serial dilution of Trastuzumab. After 24h A ADCC was determined by measuring cell viability in MTT assay and B
Cytotoxic potential of NK cells was determined by measuring CD107a expression in flow cytometry. Mean + SD,
n=3.

Trastuzumab mediated ADCC in a concentration dependent manner, and all three fusion
proteins were able to enhance Trastuzumab-mediated ADCC. In terms of target cell (SKBR-3)
viability, RD_IL-15_scFvegrr (ECso 0.004+0.003 nM) and RD_IL-15_scFvegrr_sc4-1BBL (ECso
0.005+0.002 nM) showed a similar enhancement effect on tumor cell killing, whereas
scFVegrr_sc4-1BBL (ECsg 0.01+0.006 nM) was less effective (Figure 32A). However in terms of
measuring degranulation of NK cells, the effect of Trastuzumab was not further enhanced by

the fusion proteins (Figure 32B). 4-1BBL has shown to be active in terms of NK cell-mediated
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tumor cell killing in the bifunctional fusion protein, but this effect could not be further
enhanced by combining 4-1BBL with IL-15 in the trifunctional fusion protein.

Due to the ability to activated NK cells in terms of proliferation and their Trastuzumab-
mediated ADCC enhancing properties, the trifunctional fusion protein with IL-15 and sc4-

1BBL provides a suitable platform for further development.

96



5 Discussion

Using antibody-fusion proteins to modulate the immune system has become a growing field
in current research. In the present study, second generation IL-15-based trifunctional fusion
proteins have been generated. In comparison to the first generation, IL-15-based
trifunctional fusion proteins comprising one targeting moiety (scFv), one RD_IL-15 unit and
one effector moiety (4-1BBL) in the single chain format have shown beneficial costimulatory
effects. Furthermore, IL-15-based trifunctional fusion proteins were generated incorporating
other members of the TNF superfamily (OX40L and GITRL). All trifunctional fusion proteins
were stable and costimulatory active, i.e. enhancing the activation of different immune cell
subsets. Furthermore, antitumor potential of the trifunctional fusion proteins with 4-1BBL
and GITRL was shown by reducing tumor burden in a mouse model in vivo. In a last step, an
IL-15-based trifunctional fusion protein with sc4-1BBL and a targeting moiety directed
against EGFR was generated. The EGFR-targeting fusion protein manifested the ability of NK
cell activation and enhanced ADCC mediated by the clinically approved monoclonal antibody

Trastuzumab.

5.1 Improving antibody-fusion proteins by introducing the TNFSFL in the

single-chain format

The homotrimeric scFv-TNFSFL fusion proteins have been extensively studied. Here, fusion
of the TNFSF ligands 4-1BBL, OX40L and GITRL to a scFv lead to targeting-dependent
costimulatory activity (Sapski et al. 2017; Kermer et al. 2014; Hornig et al. 2013; Hornig et al.
2012).

The specific assembly of scFv-TNFSFL is mediated by the extracellular TNF homology domain
of the TNF superfamily member forming trimers in a non-covalent fashion (Bodmer et al.
2002). Accordingly, ligand-receptor interaction occurs in a 3:3 ratio resulting in receptor
clustering and signaling. While other members of the TNF superfamily, e.g. TNF, FasL and
TRAIL, present themselves in a tightly packed bell-shaped form, the costimulatory members
reveal different structural properties. Despite the typical length of the THD in 4-1BBL, it
forms a planar three-bladed propeller shape, whereas OX40L and GITRL have a shorter TNF
homology domain leading to a blooming flower-like shape. To date, a single-chain version,
i.e. the genetic fusion of three extracellular domains on one polypeptide chain, has been

reported to prevent ligand dissociation and therefore stabilized intramolecular
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homotrimerization resulting in increased biological activity of TNF (Krippner-Heidenreich et
al. 2008), TRAIL (Siegemund et al. 2016; Schneider et al. 2010) and TNFSF ligands
(Fellermeier-Kopf et al. 2018; Fellermeier et al. 2016). Especially GITRL was expected to
benefit from stabilization by the single-chain format, as human GITRL is described to show
only loose trimeric assembly and a dynamic monomer-trimer (Chattopadhyay et al. 2007) or
dimer-trimer (Zhou et al. 2008) equilibrium due to substantially smaller intersubunit
interfaces with correspondingly fewer contacts between the interacting protomers
compared to other TNF superfamily ligands (Chattopadhyay et al. 2009).

In this study, the single-chain version of 4-1BBL, OX40L and GITRL incorporated in bi-and
trifunctional fusion proteins have been evaluated. In the generation process of the single-
chain format, the length of the linkers connecting the extracellular domains of the
costimulatory ligand has to be carefully chosen to support their naturally occurring
trimerization. The information about the distance between N- and C-terminus of adjoining
subunits in the trimeric structure derived from crystal structure data (Won et al. 2010;
Chattopadhyay et al. 2008; Chattopadhyay et al. 2007; Compaan and Hymowitz 2006). In this
study, all fusion proteins incorporating the costimulatory ligand in the single-chain format
showed the ability to bind their respective receptors, leading to the assumption of correct
linker length and thereby correct assembly of the costimulatory ligands. Fusion of sc4-1BBL,
scOX40L or scGITRL to scFvgap or RD_IL-15_scFveap did not hamper receptor-ligand
interaction of the costimulatory ligands, further validating the single-chain format as a
suitable platform for the generation of antibody-fusion proteins. However, lower antibody
valency in the single-chain format (antibody-ligand ration 1:1) compared to the
homotrimeric format (antibody-ligand ration 3:1) led to reduced antibody binding capacities.
Thus, the bifunctional fusion protein in the single-chain format (scFveap_sc4-1BBL) showed
reduced binding compared to the homotrimeric format (scFveap_4-1BBL) but similar binding
compared to the single scFveap alone. Similar results were obtained for the trifunctional
fusion proteins in the single-chain (RD_IL-15_scFvgap_sc4-1BBL) and homotrimeric format
(RD_IL-15_scFvpap_4-1BBL), where reduced binding for RD_IL-15_scFvgap_sc4-1BBL was
observed. In contrast, bifunctional fusion proteins with 4-1BBL and OX40L in the single-chain
format, but targeting EpCAM or CLD4/6 have either shown similar or even reduced binding

compared to the respective scFv alone (Fellermeier et al. 2016). Here, accessibility of the
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epitope was potentially hampered upon fusion of the antibody moiety to a costimulatory
ligand, which resulted in reduced binding capacity.

Lower antibody valency of scFveap_sc4-1BBL led to reduced antigen binding capacity in
comparison to scFveap_4-1BBL. Nevertheless, in a targeted setting, monomeric scFveap_sc4-
1BBL showed significantly improved capacity to enhance T cell proliferation and an even
more distinct improvement in terms of IFN-y release of PBMCs compared to homotrimeric
scFveap_4-1BBL (Figure 5). This was not only shown for the bifunctional but also for the
trifunctional fusion proteins, where targeted RD_IL-15_scFvrap_sc4-1BBL showed superior
costimulatory effects on PBMCs compared to RD_IL-15_scFvgap_4-1BBL (Figure 8). These
findings indicate improved bioactivity for the fusion proteins with sc4-1BBL. In the single-
chain format, naturally occurring trimerization of the TNFSF ligand presumably is stabilized
by covalent linkage of the extracellular domains. According to the current model of TNFSF
receptor activation, TNF superfamily ligand-receptor interaction leads to the trimerization of
the receptor and further to the formation of ligand-receptor complex clustering
(Chattopadhyay et al. 2009). In the context of an antibody-fusion protein, receptor
trimerization and clustering can be achieved by cell surface presentation of the trimeric TNF
superfamily ligand, mimicked by targeting to a cell surface or oligomerization of soluble
ligands (Wajant 2015). Support of trimeric ligand formation through the single-chain format
positively influenced ligand-receptor complex clustering while targeting the fusion protein to
the tumor cell with one scFv unit is sufficient for membrane presentation of the TNFSF
ligand.

It has to be taken into account, that increased costimulatory activity of the bi- and
trifunctional fusion proteins with a scTNFSFL could also potentially result from
oligomerization in soluble form. Soluble 4-1BBL, OX40L and GITRL are hardly active but can
potentially regain their activity by molecular crosslinking. In this study, it was observed that
the bifunctional fusion protein scFveap_sc4-1BBL induced an effect on PBMC proliferation in a
soluble form without target cells (Figure 5). In contrast, costimulatory activity of scFveap_4-
1BBL only occurred in a targeted setting, in accordance with former data (Hornig et al. 2012).
Compared to the latter, scFvrap_sc4-1BBL showed a small oligomeric fraction in size
exclusion chromatography. The oligomeric fraction probably occur due to dimer formation
of the scFv which has been described for other scFvs (Arndt et al. 1998). These findings lead

to the assumption that spontaneous oligomerization of the scTNFSFL mediated by the scFv
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could potentially cause targeting-independent activation of the respective receptor. Thus,
differences in the tendency for dimer-formation of scFvs influence oligomersation of the
scTNFSFL and therefore potentially targeting-independent activity of the fusion protein. High
effects on PBMC proliferation in absence of target cells was observed for bifunctional fusion
proteins targeting EpCAM (scFvgpcam_sc4-1BBL and scFvepcam_4-1BBL) (Fellermeier et al.
2016). Size exclusion chromatography also revealed a dimeric fraction for the bifunctional
fusion protein scFvgycam_scOX40L (Fellermeier et al. 2016). Interestingly, scFvgpcam_scOX40L
did not show targeting-independent costimulation of T cells, indicating differences in the
influence of the oligomerization state on the activity of different TNFSF members. Due to
variations observed for different scFvs and different TNFSF ligands, the targeting moiety as
well as the TNFSF ligand have to be chosen carefully. Importantly, independent of the
oligomeric state, costimulatory activity of the scFveap_sc4-1BBL fusion protein was only
observed in presence of the anti-CD3 mAb-mediated primary stimulus, indicating a strictly
costimulatory nature without any supra-agonistic activity.

In addition to advantageous functional effects, high serum stability for bifunctional fusion
proteins in the single-chain format has been observed. Similar results have also been
reported for scTNF compared to wild-type TNF (Krippner-Heidenreich et al. 2008), for
sCFvepcam_sc4-1BBL compared to scFvepcam_4-1BBL and scFvgycam_scOX40L compared to
sCFVepcam_OX40L (Fellermeier et al. 2016).

In summary, introduction of the TNF superfamily member 4-1BBL in the single-chain format
led to stabilization of the functional unit in the fusion proteins with enhanced costimulatory

activity albeit reduced antibody binding capacity.

5.2 Combination of IL-15 and TNF superfamily members 4-1BBL, OX40L and

GITRL in trifunctional fusion proteins
In this study, the strong effects of RD_IL-15 were further enhanced when combined with
ligands of the TNF superfamily. Previous studies have shown that fusion of IL-15 to the
extended sushi domain combined with a targeting moiety (scFv) results in a functional
molecule successfully inducing T cell response in vitro and reduction of tumor burden in a
B16 mouse model (Kermer et al. 2012). In further development, RD_IL-15_scFvgap was fused
to the TNF superfamily member 4-1BBL resulting in a trifunctional fusion protein further
enhancing the advantageous features of RD_IL-15_scFvgap in terms of T cell proliferation and

antitumor response (Kermer et al. 2014). Several combinatorial approaches incorporating

100



two monomeric cytokines in one polypeptide have been described, e.g. the fusion of IL-12
and IL-2 to several antibody fragments resulting in different combinations of the latter
(Gillies et al. 2002). The fusion protein scFv_IL-12_Fc_IL-2 has been shown to activate resting
T cells and NK cells as well as to induce tumor regression in a mouse tumor model (Jahn et
al. 2012). Durable complete responses in mice with WEHI-161 sarcomas have been observed
for the dual-cytokine fusion protein, consisting of an antibody moiety targeting fibronectin
fused to IL-2 and TNF (Luca et al. 2017). Based on the homotrimeric trifunctional fusion
protein by Kermer et al. (2014), a novel trifunctional fusion protein was generated in this
study, incorporating the ligand of the TNF superfamily in the single-chain format. Similar to
the bifunctional fusion proteins in the homotrimeric and single chain format, introduction of
4-1BBL in the single-chain format led to reduced antibody avidity of the molecule and
therefore reduced scFv-mediated binding to target cells. Interestingly, higher avidity in terms
of IL-15 for the homotrimeric trifunctional fusion proteins did not show any further
advantageous effects compared to RD_IL-15_scFvgap_sc4-1BBL. Accordingly, studies on other
antibody-fusion protein formats showed that bivalent IgG-IL-15_RD and monovalent IL-
15_RD induced proliferation of Kit225 cells to a similar extend (Vincent et al. 2014). Fusion of
4-1BBL or sc4-1BBL to RD_IL-15_scFvgap did not enhance but rather inhibit the IL-15 activity
of the non-targeted trifunctional fusion protein, indicating inactivity of the costimulatory
ligand in solution. Activity of the costimulatory ligand could only be observed in the targeted
setting where cell surface expression is mimicked by antibody-mediated binding. This
observation is consistent with previous studies on scFv_4-1BBL (Miiller et al. 2008a) and
scFv_0OX40L (Mduller et al. 2008b). Lower antibody valency in the single-chain format did not
translate into lower ligand activity, leading to the assumption that cell surface presentation
of the ligand by a single antigen-binding unit was sufficient. The presence of redundant scFv
units might sterically interfere with optimal presentation of the ligand, explaining the
improved activity of the trifunctional fusion protein with the TNFSF ligand in the single-chain
format.

In the present study, additional trifunctional fusion proteins with the TNF superfamily
members OX40L and GITRL in the single-chain format were generated based on the
promising results for the trifunctional fusion protein incorporating 4-1BBL in the single-chain
format. Strong immune stimulation and a combinatory benefit were observed for the

trifunctional fusion proteins in the targeted setting. The combination of the respective
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bifunctional fusion proteins was less effective, presumably due to antibody-mediated
competition for the same target on the cell surface. Additionally, all trifunctional fusion
proteins exceeded the costimulatory effect of to the respective bifunctional fusion protein.
Thus, targeting IL-15 and ligands of the TNF superfamily simultaneously to the tumor cell
resulted in stimulation of different immune cell subsets, where the effect was dependent on
the TNFSFL-cytokine combination. In this study, the trifunctional fusion protein incorporating
IL-15 and 4-1BBL showed strong impact on proliferation as well as on the cytotoxic potential
of CD8" T cells (Figure 18 and 19). Under physiological conditions, 4-1BBL and IL-15 play an
important role in the maintenance of CD8" T cell memory. Here, IL-15 induces the expression
of 4-1BB on CD8" effector memory T cells which are then maintained by 4-1BBL stimulation
(Pulle et al. 2006). Additionally, elevated expression of 4-1BB was observed on tumor-
reactive tumor-infiltrating lymphocytes following incubation with IL-15 and IL-7 (Ye et al.
2014). Interestingly, RD_IL-15_scFvgap_sc4-1BBL did not only show strong impact on the
cytotoxic potential of CD8" T cells, but also on the degranulation of CD4" T cells (Figure 19).
Several studies have reported that CD4" T cells are powerful antitumor effector cells and can
outperform CD8" T cells (Perez-Diez et al. 2007), i.e. CD4" T cells kill melanoma cells in vitro
when recognizing a peptide presented by the tumor cell in the context of HLA class Il antigen
(Brady et al. 2000). OX40 engagement in the context of chemotherapy-induced lymphopenia
has been reported to induce a CD4" T cell population characterized by secretion of Th1l and
Th2 cytokines and thereby eradicating very advanced melanomas in mice (Hirschhorn-
Cymerman et al. 2012) and Qui et al. identified a costimulatory pathway (0OX40, 4-1BB) and
an intracellular mechanism relying on eomesodermin inducing both antigen-specific and
bystander cytotoxic CD4" T cells (Qui et al. 2011).

Furthermore, scFveap_scOX40L and scFveap_scGITRL highly benefited from fusion to RD_IL-15
represented by a 2- (RD_IL-15_scFveap_scOX40L) to 3- fold (RD_IL-15_scFveap_ScGITRL)
increase in T cell proliferation (Figure 15). Interestingly, scGITRL only displayed very low
activity in the bifunctional fusion protein while the trifunctional fusion protein with scGITRL
demonstrated strong activity enhancing the proliferation of CD8" T cells and the cytotoxic
potential of CD8" T cells. In line with this, GITR expression on CD8" memory T cells has been
observed to be induced upon exposure to IL-15 (Sabbagh et al. 2007). Furthermore, IL-15 as
well as GITRL have shown the potential to induce the proliferation and enhance the

cytotoxic potential of CD8" T cells (Robinson and Schluns 2017; Clouthier and Watts 2014).
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IL-15 has been reported to enhance the recovery of cytotoxic T lymphocyte activity without
losing their specificity and favoring the expansion of CD8" Tcy cells (Daudt et al. 2008).
Additionally, transferred CD8" T cells into IL-15 transgenic mice showed high CTL activity and
expression of granzyme B compared to IL-15 knockout mice (Yajima et al. 2005). GITR
stimulation was found to enhance cytotoxicity and IFN-y secretion in a T cell transfer setting
(Imai et al. 2009). Modulation of GITR has revealed compelling antitumor activity which is
attributed to both its costimulatory role on CD4" and CD8" T cells (Coté et al. 2011; Zhou et
al. 2007) as well as inhibition or depletion of intratumoral regulatory T cells (Coe et al. 2010;
Cohen et al. 2010; Ko et al. 2005). Hence, a trifunctional fusion protein combining IL-15 and
GITRL is of great potential, regarding the promotion of an antitumor immune response.

For further evaluation of the costimulatory potential of the trifunctional fusion proteins not
only mechanisms at the molecular level but also the immune cell type distribution has to be
taken into account. Various studies in colon carcinoma have reported the correlation
between high number of memory (CD45R0") lymphocytes and a high overall survival along
with low tumor recurrence (Pages et al. 2009; Pages et al. 2005), hypothesizing that a long
lasting antitumor capacity and trafficking properties of memory T cells play a central role in
control of tumor recurrence (Galon et al. 2006; Xiang et al. 1999). Memory T cells can be
further divided in central memory (Tcw) and effector memory (Tem) (Sallusto et al. 1999),
whereby central memory T cells have been described to traffic to lymphoid tissue and have a
higher proliferative capacity (Klebanoff et al. 2005) compared to effector memory T cells,
localizing in peripheral tissue and developing effector functions more rapidly (Manjunath et
al. 2001). In the present study, Tgvm cells were strongly responsive to treatment with RD_IL-
15_scFveap_sc4-1BBL, whereby the effect was clearly dominant on CD8" Ty cells (Figure 17).
Similar results were obtained with the bifunctional fusion protein scFveap_sc4-1BBL in the
present study as well as with scFvgpg_4-1BBL in the combination with a bispecific antibody
(Sapski et al. 2017). Influenza infection of 4-1BBL-deficient mice revealed a role for 4-1BBL in
controlling influenza specific effector-memory T cell numbers in the primary response (Tan
et al. 2000; Tan et al. 1999), validated by the finding that 4-1BBL is important in antigen-
independent (Zhu et al. 2007; Pulle et al. 2006) as well as antigen-dependent (Wiethe et al.
2003) maintenance of CD8" T cell memory and the ability of 4-1BBL to promote antitumor
effector/memory CD8" T cells in a poorly immunogenic mouse model in combination with an

PD-1 antagonist (Chen et al. 2015). Taken together, these studies further elucidate the
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potent effects of 4-1BBL on memory Tcells. Regarding CD4'Tewcells, RD_IL-
15_scFveap_scOX40L mediated highest responsiveness represented in high proliferation rate
of all CD4" T cell subpopulations as well as in a clear shift of the population towards
CD4" Tewm cells (Figure 17). Again, similar effects have been observed for the bifunctional
fusion protein incorporating scOX40L. In line with the present results, Sapski et al. (2017)
showed that combined costimulation with OX40L increases the impact on CD4" T cell
subsets. Consistently, the OX40L-Fc fusion protein MEDI6383 mediates proliferation of CD4*
and CD8" central and effector memory Tcells in the peripheral blood of non-human
primates (Oberst et al. 2018). RD_IL-15_scFvpap_scGITRL mediated high proliferation of CD4"
and CD8' T cell (Figure 18) and enhanced the cytotoxic potential of CD8" T cell (Figure 19). In
line with these findings, a study by Snell et al. (2012) postulates the IL-15 dependent
upregulation of GITR on memory CD8" T cells.

The antitumoral activity of the trifunctional fusion proteins was assessed in a B16 lung tumor
and a subcutaneous model in immunocompetent C57BL/6 mice. The mouse homolog RD_IL-
15_scFveap_mscGITRL significantly reduced the tumor burden in the lungs (Figure 23). This
observation is supported by several studies using the B16 mouse melanoma model
describing persistent antitumor responses for targeting GITRL like the rejection of B16
melanoma tumors mediated via the agonistic mAb DTA-1 (Coté et al. 2011; Ramirez-
Montagut et al. 2006; Turk et al. 2004). Furthermore, the antitumor potential of GITR
agonism in the B16 mouse model was shown in a DC-based vaccination setting, where DCs
expressed an agonistic mAb directed against CTLA-4 in combination with and anti-GITR mAb
or soluble GITRL (Pruitt et al. 2011). In a tumor model in colon carcinoma, it was shown that
treatment with Fc-mGITRL reduced tumor growth and enhanced survival (Hu et al. 2008).
Treatment with the non-targeted trifunctional fusion protein RD_IL-15_scFvcga_mscGITRL or
the combination of the two bifunctional fusion proteins did not result in reduced tumor
formation. These results indicate that target binding mimicking membrane-presentation of
the TNFSF and simultaneous presentation of the components IL-15 and TNFSFL play an
important role in the effect of the trifunctional fusion protein.

In the subcutaneous syngeneic mouse model a delay of tumor growth for RD_IL-
15_scFveap_mscGITRL and RD_IL-15_scFvgap Was detected (Figure 24). On day 12 after tumor
cell injection, treatment with the trifunctional fusion protein showed significantly lower

tumor burden in comparison to the PBS group. Unfortunately, on day 21 no significant
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difference was observed for the trifunctional fusion protein compared to the bifunctional
fusion protein or the PBS group (Figure 24). B16 melanoma cells are known to be poorly
immunogenic (Zeiser et al. 2012). Thus, using a more immunogenic mouse model for
evaluating the effect of the trifunctional fusion proteins possibly results not only in tumor
growth delay but overall tumor reduction.

Regarding the effect on immune cells in the spleen of the mice, treatment with RD_IL-
15_scFveap._mscGITRL led to a significant increase of NK cells (Figure 26). Unfortunately, no
significant differences were observed in terms of immune cell infiltration into the tumors
(Figure 25). This finding indicates that the fusion proteins either cannot penetrate the tumor
or the amount of fusion protein reaching the tumor site is too low to mediate an antitumor
effect. Tumor size, vascularization, composition of the extracellular matrix and molecule size
are affecting tumor penetration of an antibody or a fusion protein (Beckman et al. 2007).
Monoclonal antibodies with a size of approximately 150 kDa have shown the ability to
penetrate tumors (Olabiran et al. 1994; Myrdal and Foster 1994; Kwok et al. 1988) .Thus, the
low effect of the fusion proteins in this tumor model cannot be explicitly attributed to the
size of the fusion proteins. To further elucidate the properties of the trifunctional fusion
protein in terms of tumor localization and penetration, the pharmacokinetical properties,

bioavailability and biodistribution have to be further assessed.

5.3 Bi- and trifunctional fusion proteins with IL-15 and sc4-1BBL enhance

ADCC

Targeting HER2 in antibody-based antitumor therapy has been subject of various studies
(Pondé et al. 2018; Di Modica et al. 2017). Trastuzumab was the first monoclonal antibody
targeting HER2 approved for clinical use acting by binding the extracellular domain of HER2
and exhibiting therapeutic efficacy in HER2 overexpressing metastatic and early stage breast
cancer. However, patients with HER2-positiv tumors only showed a low response rate to
Trastuzumab therapy and intrinsic resistance mechanisms evolved upon Trastuzumab
monotherapy (Vogel et al. 2002; Cobleigh et al. 1999; Baselga et al. 1996). In contrast,
combination therapy of Trastuzumab along with small molecule inhibitors (Hanusch et al.
2015; Baselga et al. 2012; Maira et al. 2012) or chemotherapy (Esteva et al. 2002; Seidman et
al. 2001; Slamon et al. 2001) provide a beneficial therapeutic effect. One mechanism of
action of Trastuzumab is the antibody-dependent cellular cytotoxicity (ADCC) (Gennari et al.

2004; Cooley et al. 1999; Lewis et al. 1993) which was shown to be further enhanced by
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combination of Trastuzumab with IL-2 treatment (Repka et al. 2003). Additionally, in a
preclinical study the synergistic effect of antibodies against PD-1 and 4-1BB in combination
with Trastuzumab have been observed (Stagg et al. 2011).

ADCC is mediated by NK cells upon binding of the antibody Fc portion to FcyR (Wallace et al.
1994). According to the concept of Kohrt et al. (2014), the monoclonal antibody localizes at
the tumor site and activates surrounding NK cells vial the Fc-FcyR interaction, increasing
expression of the costimulatory receptor 4-1BB on NK cells. The fusion protein with 4-1BBL
could then further enhance the activated NK cell’s ability to kill mAb-coated tumor cells.
Upregulation of 4-1BB on NK cells has also been shown upon stimulation with IL-15 (Navabi
et al. 2015) supporting the rational of combining 4-1BBL and IL-15 in one fusion protein to
stimulate NK cells. A K562 feeder cell line expressing MICA, 4-1BB and IL-15 was reported to
be sufficient in NKcell expansion and promote NK cell activation, proliferation, IFN-y
production and cytotoxicity (Gong et al. 2010) and ex vivo activation of NK cells with 4-1BBL
and IL-15 revealed a clinical effect in hematological malignancies in combination with
chemotherapy (Vela et al. 2018) further stressing the potent effects on NK cells mediated by
the combination of IL-15 and 4-1BBL. In this study, ADCC mediated by Trastuzumab was
further enhanced by the combination with the fusion proteins consisting of 4-1BBL and IL-
15, whereby the trifunctional fusion and the bifunctional fusion protein RD_IL-15_scFvggr
showed highest improvement compared to scFvegrr_sc4-1BBL (Figure 32). Several studies
have shown the beneficial effect of IL-15, 4-1BB targeting or their combination in the
enhancement of ADCC. Synergistic effects have been reported for Trastuzumab and an anti-
4-1BB mAb (Kohrt et al. 2012; Stagg et al. 2011) and Trastuzumab with IL-15 (Wege et al.
2017). Additionally, IL-15 and 4-1BB agonism have revealed synergistic effects in
combination with other monoclonal antibodies, e.g. Cetuximab (Srivastava et al. 2017; Kohrt
et al. 2014).

In the present study, no significant difference was observed between the bifunctional fusion
protein RD_IL-15_scFvegrr and the trifunctional fusion protein regarding the enhancement of
ADCC and in terms of enhanced cytotoxic potential of NK cells. These findings led to the
assumption, that under the present conditions 4-1BBL in the trifunctional fusion protein did
not contribute to the enhancement of NK cell-mediated ADCC. Time shifted application of
Trastuzumab and the trifunctional fusion protein might be required to adapt the strategy to

the timing of 4-1BB receptor expression. Fc-FcyR interaction was shown to induce the
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upregulation of 4-1BB on NK cells in a time dependent manner, peaking at 24 hours (Kohrt et
al. 2014; Lin et al. 2008). Accordingly, preactivation of NK cells via Fc-FcyR interaction and
addition of the trifunctional fusion protein after 24h could potentially lead to more efficient
enhancement of NK cell-mediated ADCC. A similar approach was pursued by Kohrt et al.
(2014) where PBMCs were first cultured with Cetuximab and irradiated EGFR-expressing
tumor cells for 24h followed by incubation of the preactivated, purified NK cells with EGFR-
expressing tumor cells and an anti-4-1BBL mAb.

As one of the first monoclonal antibodies targeting EGFR, Cetuximab was approved by the
FDA for the treatment of colorectal and head and neck cancer in 2004. Hence, the clinically
validated target EGFR was chosen for the fusion proteins enhancing ADCC, mediated by the
clinically used monoclonal antibody Trastuzumab. Upon changing the antibody moiety from
scFveap to scFvegr, all components of the trifunctional fusion protein retained their function,
reflected in EGFR binding, CTLL-2 proliferation in a non-targeted setting and T cell
stimulation of targeted fusion proteins. Thus, the trifunctional fusion protein platform is not

only applicable for different TNFSF ligands but additionally for different targets.

5.4 Conclusion and outlook

In this study, the IL-15 based trifunctional fusion protein with 4-1BBL in the single-chain
format showed similar T cell stimulation in a non-targeted setting, even improved capacity
to enhance T cell stimulation when target bound and a clear antitumor effect in a lung tumor
mouse model in comparison to the homotrimeric fusion protein. Furthermore, OX40L and
GITRL were successfully incorporated into the novel trifunctional fusion protein single-chain
format demonstrating stable protein configuration. Advantageous costimulatory properties
were observed for the trifunctional fusion proteins in comparison to the combination of the
respective bifunctional fusion proteins. RD_IL-15_scFveap_scGITRL showed to be especially
potent in enhancing the cytotoxic potential of CD8" T cells and enhancing the proliferation of
CD4" T cells. A syngeneic lung tumor mouse model revealed a strong, targeting-dependent
antitumor response for RD_IL-15 scFveap_scGITRL. Additionally, strong enhancement of
monoclonal antibody-mediated ADCC was observed for the trifunctional fusion protein
RD_IL-15 scFvegrr_sc4-1BBL.

One strategy to further improve the activity of the trifunctional fusion proteins at the tumor
site would be the combination with other immune-modulatory strategies including

vaccination to enhance the frequency of tumor-specific T cells (Deumelandt et al. 2018;
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Kobayashi et al. 2015; Bartkowiak et al. 2015; Zhu et al. 2015; Ganguly et al. 2010) or the
combination with immune checkpoint inhibitors, e.g. anti-PD-1 (Villarreal et al. 2017;
Messenheimer et al. 2017; Horton et al. 2015; Shindo et al. 2015; Lu et al. 2014) or anti-
CTLA-4 (Pedroza-Gonzalez et al. 2015; Redmond et al. 2014; Curran et al. 2011) monoclonal
antibodies possibly leading to a synergistic effect and further enhancement of the immune
response at the tumor site.

Immunostimulatory approaches bear the risk of excessive activation of the immune system
potentially leading to a cytokine release syndrome, like that observed during phase | studies
with the anti-CD28 mAb TGN1412 (Suntharalingam et al. 2006). In contrast to the supra-
agonistic monoclonal antibody TGN1412, the fusion proteins used in this study are
costimulatory molecules incorporating ligands of the TNF superfamily which are only active
upon target binding of the fusion protein. Therefore, no systemic activation of immune cells
leading to severe side effects is expected. Latent side effects have been associated with high
dose rIL-15 therapy such as hypotension, thrombocytopenia, liver injury and fever (Conlon et
al. 2015). In contrast to rhlL-15, RD_IL-15 in the trifunctional fusion proteins used in the
present study is expected to show reduced side effects due to their tumor-directed targeting
moiety focusing the effect of the fusion protein and thereby IL-15 to the tumor site.
Stimulation with trifunctional fusion proteins offer a promising alternative to agonistic
antibodies or rIL-15 as they are at lower risk for systemic toxicity due to their tumor-directed
targeting moiety. Nevertheless, further studies concerning the safety and tolerability of the
trifunctional fusion proteins have to be conducted.

By establishing the trifunctional fusion proteins combining IL-15 with the single-chain TNFSF
ligands into novel immunostimulatory tumor-targeted fusion proteins, this study adds a
valuable contribution to the field of cancer immunotherapy. The trifunctional fusion proteins
elicit strong stimulatory activity on T cells and NK cells and their modular composition
potentially enables the implementation of various combinations of TNFSF ligands and
cytokines to enhance the immune cell response at the tumor site. Immunotherapeutic
molecules in the format of trifunctional fusion proteins combining targeting, cytokines and a
TNFSFL in the single chain format are of future therapeutic relevance providing a platform

with versatile opportunities for further development.
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D VHpap
i k n e k f k d k a t
307 tcc tcc agc aca gtc tat atg gag ctt agt aga ttg
> e e e e e VHpap
s s t v y m e 1 s r 1
358 gcg gtc tat ttc tgt gca aga cac gga gga act ggg
> e e e e e VHpap
a A4 f c a r h g g t g
XhoI
- + _____
409 tac tgg ggt caa gga acc tca gtc acc gtc tcg agt
> e e VHEap e o v v v e eeeeeeee e >>
vy w q g t s v t v s s
460 ggc gga ggt ggc tct ggc ggt agt gca caa att ctg
> linker........... >>
g g g S g g S
D
q i 1
511 gct tcc tca gtt gta tct ctg ggg cag agg gcc acc
> e e e e e i e e e VLgap
a s v v s 1 g q r a t
562 agc aaa agt gtc agt aca tct gcc tat agt tat atg cac tgg tac caa cag
> e e e i e i e e e VLgap
s k v s t s a \% s \% m




613 aaa cca gga cag cca ccc aaa ctc ctc atc tat ctt gca tcc aac cta gaa

664 tct ggg gtc cct ccc agg ttc agt ggc agt ggg tct ggg aca gac ttc acc

715 ctc aac atc cac cct gtg gag gag gag gat gct gca acc tat tac tgt cag

766 cac agt agg gag ctt ccg tac acg ttc gga ggg ggg acc aag ctg gaa ata

NotI BamHI
__+ _______ _+ _____
817 aaa cgg gcg gcc gca cat cat cac cat cac cac ggc gga ggt gga tcc tct
> >> Vigap >>. ... .. His tag...... >>
k r h h h h h h
EcoRI
_+ _____

868 aga tga gaa ttc

>>. .scTNFSFL. .>>

7.2 RD_IL-15_scFvgp_SCTNFSFL

1 atg gag aca gac aca ctc ctg cta tgg gta ctg ctg ctc tgg gtt cca

ggt
> e e e et Igkappa leader. ..o ettt it eneennenneas >
m e t d t 1 1 1 w v 1 1 1 W v P g
SfiTl
___________ +_____
52 tcc act ggt gac gcg gcc cag ccg gcc atc acc tgc cct ccc cct atg tcc
> >> Igkappa leader

103 gtg gag cac gcc gac atc tgg gtg aag tcc tac tcc ctg tac tcc aga gag
> e e ettt RD (@@ 31-107) ¢t ittt ittt et iieeeennns >
v e h a d i w v k s y s 1 y s r e

154 cgg tac atc tgc aac tcc ggc ttc aag cgg aag gcc ggc acc tcc tcc ctg
> e e e e et e e e RD (@@ 31-107) ¢t ittt ittt i it eiieeeennnn >
r \% i c n s g f k r k a g t s s 1

205 acc gag tgc gtg ctg aac aag gcc acc aac gtg gcc cac tgg acc acc cct
D, RD (@8 31-=107) v vttt it ettt e et eeeeeeeenn >
t e c v 1 n k a t n v a h % t t P

256 tcc ctg aag tgc atc cgg gac cct gcc ctg gtg cat cag cgg cct gca cct
> e e e e e e e RD (@a 31-107) v uvii ittt ettt iiieeenns >
S 1 k c i r d jS) a 1 v h q r jS) a jS)
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307

358

409

460

511

562

613

664

715

766

817

868

919

970

CccC
>>>

ggg gga gga tct ggt

RD (aa 31-107)

ggc ggc

gga agc tta cag aac

ggg tct ggc ggg gga tct ggc gga gga

gtg atc tcc gac
....... Tt T

cag gtg atc tcc ctg gag tcc ggc gac gcc tcc atc cac gac acc gtg gag
> e e e e i i e e e Tt >
q v i S 1 e S g d a S i h d t v e
aac ctg atc atc ctg gcc aac aac tcc ctg tcc tcect aac ggcec aac gtg aca
> e et e e e e i e e e e Tt >
n 1 i i 1 a n n s 1 s s n g n A4 t
gag tcc ggc tgc aag gag tgc gag gag ctg gag gag aag aac atc aag gag
> e et e e e e e e e e D Tt >
e s g c k e c e e 1 e e k n i k e
ttt ctg cag tcc ttc gtg cac atc gtg cag atg ttc atc aac acc agt ggc

> e e e e e e et e e e B Tt >>

f 1 q S f v h i v q m f i n t S
linker >>>
g

XhoI
__+ _____
ggc gga tct ggc gga ggc tcg agc gga ggc ggt tca cag gtg cag ctg aag
D linker..... ..o >>
g g S g g g S S g g g S

>>0 ..., VHeape o o o o - >
q v q 1 k
cag tct gga gct gaa ctg gtg aaa ccc ggg gca tca gtg aag ctg tcc tgc
D VHERp e o v ot ettt et ettt et >
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1480

1531

tct gcg gtc tat ttc tgt gca aga cac gga gct atg
> e e e e i i e e e e VHEap e o o v e i et i e e et i i i e i ie e >
S a v y f c a r h g a m
gac tac tgg ggt caa gga acc tca gtc acc ggc ggt
> e e e e e e VHEppe e o oo vt ie i i i e e ieen
d y w g q g t s v t
tca ggc gga ggt ggc tct ggc ggt agt gca cag tct
.................... >
aq s
cct gct tcc tca gtt gta tct ctg ggg cag tgc agg
D VEADe o o o vt ottt ettt te e eneeneeneean >
P a s s v v s 1 g q c r
gcc agc aaa agt gtc agt aca tct gcc tat tac caa
D ViEADe o o o o vttt ottt et e eneeneeneeas >
a S k S v S t S a y y q
cag aaa cca gga cag cca ccc aaa ctc ctc aac cta
> e e e e e et e e e e e ViEADe o o o o vttt ettt ee e e eneeneeneeas >
g k p g a9 p p k 1 1 n 1
gaa tct ggg gtc cct ccc agg ttc agt ggc gac ttc
> e e e e i e e i e e e VEApe e o o oottt v et neeneeneeneeneens >
e S g v o) o) r f S g d f
acc ctc aac atc cac cct gtg gag gag gag tac tgt
> e e e e i e e e e e VEApe e o o oottt v e tneeneeneeneeneens >
t 1 n i h j9) v e e e y C
cag cac agt agg gag ctt ccg tac acg ttc ctg gaa
> e e e e e e e e e e VL EAD e o o o et ottt te e et tneoneeneeneenns >
q h S r e 1 P vy t f 1 e
NotI BamHI
—_—— + _______ _+ _____
ata aaa cgg gcg gcc gca cat cat cac cat gga tcc
>. . Vigpp. . >> >>. ... .. His
i k r h h h
Xbal EcoRI
_+ _____ _+ _____
tct aga ... ... ... ... tga gaa ttc
>>..scTINFSFL. .>>

136



7.3 sc4-1BBL

52

103

154

205

256

307

358

409

460

511

562

613

Xbal
_+ _____
BamHI
_+ _____
gga tcc tct aga gag gga ccc gag ctg agc ccc gat gat cct gct gga ctg
> e e 4-1BBL (aa 71-254) ... ... >
r e g o) e 1 s o) d d o) a g 1
ctg gac ctg cgg cag ggc atg ttt gct cag ctg gtg gcc cag aac gtg ctg
> e e e e e e 4-1BBL (aa 71-254) ... ittt >
1 d 1 r q g m f a q 1 v a q n v 1
ctg atc gat ggc ccc ctg agc tgg tac agc gat cct gga ctg gct ggc gtg
> e e e e e 4-1BBL (aa 71-254) ... ..t iiiiiiinnnnnnnn. >
1 i d g o) 1 S w y S d o) g 1 a g v
tca ctg aca ggc ggc ctg agc tac aaa gag gac acc aaa gaa ctg gtg gtg
> e et e e e 4-1BBL (aa 71-254) ... .0 iiiiiiiiinnnnnnn. >
s 1 t g g 1 s y k e d t k e 1 A4 A4
gcc aag gcc ggc gtg tac tac gtg ttc ttt cag ctg gaa ctg cgg aga gtg
> e e e e e 4-1BBL (@aa 71-254) . ittt ittt >
a k a g v y y v f f q 1 e 1 r r v
gtg gcc ggc gaa gga tct ggc tct gtg tct ctg gcc ctg cat ctg cag cct
> e e e e e 4-1BBL (@aa 71-254) ¢ ittt ittt >
v a g e g S g S v S 1 a 1 h 1 q o)
ctg aga agc gct gct ggc gct gca gct ctg gca ctg aca gtg gat ctg cct
> e e e e e 4-1BBL (@aa 71-254) . ittt ittt >
1 r S a a g a a a 1 a 1 t v d 1 o)
cct gcc agc tcc gag gcc aga aac agc gca ttc ggg ttt caa ggc agg ctg
> e e e e e e e 4-1BBL (aa 71-254) ...ttt >
jS) a S S e a r n S a il g il q g r 1
ctg cac ctg tct gcc ggc cag agg ctg gga gtg cat ctg cac aca gag gcc
> e e e e e e e 4-1BBL (aa 71-254) ... .ttt >
1 h 1 S a g q r 1 g v h 1 h t e a
agg gct aga cac gcc tgg cag ctg aca cag ggc gct aca gtg ctg ggc ctg
> e e e e e 4-1BBL (@a 71-254) ¢ ittt it ittt >
r a r h a w q 1 t q g a t v 1 g 1
ttc aga gtg acc ccc gag att cca gcc ggec ctg cct tcect cca aga agc gaa
> e e e e e 4-1BBL (@aa 71-254) ¢t ittt iiii it >>
f r v t P e i P a g 1 P S P r S e
BamHT
_+ _____
ggc ggc gga gga agc gga ggc gga gga tcc ggc gga ggg gga tct ggg gga
> e linker. .. ittt i i i e e >
g g g g S g g g g S g g g g S g g
ggc gga tca aga gaa ggc cca gag ctg tcc cct gac gat cca gcc ggg ctg
>.linker.>>
g g S
> e e 4-1BBL (aa 71-254) ......cciiiiiinn.. >
r e g jo) e 1 s jo) d d jo) a g 1
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ctg gat ctg aga cag gga atg ttc gcc cag ctg gtg gct cag aat gtg ctg
> e e e i i e e 4-1BBL (aa 71-254) ... ..t iiiiiiinnnnnnnn. >
1 d 1 r q g m f a q 1 v a q n v 1
ctg att gac gga cct ctg tcc tgg tac tcc gac cca ggg ctg gca ggg gtg
> e e e e e e e 4-1BBL (aa 71-254) ...ttt iiiiie. >
1 i d g P 1 S w y S d P g 1 a g v
tcc ctg act ggg gga ctg tcc tac aaa gaa gat aca aaa gaa ctg gtg gtg
> e e i e e 4-1BBL (aa 71-254) ... ittt >
s 1 t g g 1 s y k e d t k e 1 v v
gct aaa gct ggg gtg tac tat gtg ttt ttt cag ctg gaa ctg agg cgg gtg
> e e e e e e 4-1BBL (aa 71-254) ...ttt >
a k a g v y y v f f q 1 e 1 r r v
gtg gct ggg gag ggc tca gga tct gtg tcc ctg gct ctg cat ctg cag cca
> e e e e e e 4-1BBL (aa 71-254) ... ..t iiiiiinnnnnnnn. >
v a g e g S g S v S 1 a 1 h 1 q o)
ctg cgc tct gct gct ggce gca gct gca ctg gct ctg act gtg gac ctg cca
> e e e i e e e 4-1BBL (aa 71-254) ... .00t iiiiiiiiinnnnnnn. >
1 r s a a g a a a 1 a 1 t A4 d 1 o)
cca gcc tct agc gag gct cgg aac tcc gca ttt ggg ttc caa gga cgc ctg
> e e e e e 4-1BBL (@aa 71-254) ¢ ittt ittt >
i) a S S e a r n S a f g f q g r 1
ctg cat ctg agc gcc gga cag cgc ctg gga gtg cat ctg cat act gaa gcc
> e e e e e 4-1BBL (@aa 71-254) ¢ ittt >
1 h 1 S a g q r 1 g v h 1 h t e a
aga gcc cgg cat gct tgg cag ctg acc cag ggg gca act gtg ctg gga ctg
> e e e e e 4-1BBL (@aa 71-254) ¢ ittt ittt >
r a r h a w q 1 t q g a t v 1 g 1
ttt cgc gtg aca cct gag atc cct gcc gga ctg cca agc cct aga tca gaa
> e e e i e e e 4-1BBL (aa 71-254) ... ..ttt >>
f r v t P e i P a g 1 P S P r S e
999 999 gga ggc tct ggc gga ggc ggc tcc gga ggg ggc gga tct ggc ggg
D linker. .. il e e >
g g g g S g g g g S g g g g S g g
gga ggc agt aga gaa gga cct gaa ctg tct ccc gat gac ccc gca gga ctg
>.linker.>>
g g S
> e e e e e 4-1BBL (aa 71-254)......c0iiiiiinn.. >
r e g jo) e 1 s jo) d d jo) a g 1
ctg gac ctg aga cag ggc atg ttc gca cag ctg gtg gcc cag aat gtg ctg
> e e i e e e 4-1BBL (aa 71-254) ...ttt >
1 d 1 r q g m f a q 1 v a q n v 1
ctg atc gac ggg cca ctg agt tgg tat tcc gat ccc ggc ctg gcc ggc gtg
D 4-1BBL (aa 71-254) .... .0t iiiiiiiinnnnnnn. >
1 i d g P 1 S w y S d P g 1 a g v
tcc ctg acc ggc gga ctg agt tac aaa gag gat aca aaa gaa ctg gtg gtg
D 4-1BBL (aa 71-254) .... .0t iiiiiiinnnnnnnn. >
s 1 t g g 1 s y k e d t k e 1 A4 A4
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1429

1480

1531

1582

1633

1684

1735

1786

7.4 scOX40L

52

103

154

205

gca aag gca ggg gtg tac tat gtg ttc ttt cag ctg gaa ctg aga agg gtg
> e e e i i e e 4-1BBL (aa 71-254) ... ..t iiiiiiinnnnnnnn. >
a k a g v y y v f f q 1 e 1 r r v
gtg gcc ggc gag gga agc gga tca gtg tca ctg gca ctg cat ctg cag ccc
> e e e e e e e 4-1BBL (aa 71-254) ...ttt iiiiie. >
v a g e g S g S v S 1 a 1 h 1 q j9)
ctg aga tca gct gca ggg gcc gct gcc ctg gcc ctg acc gtg gat ctg ccc
> e e i e e 4-1BBL (aa 71-254) ... ittt >
1 r s a a g a a a 1 a 1 t v d 1 o)
cca gct tct tct gag gcc cgg aat agt gca ttc ggg ttt caa gga cgc ctg
> e e e e e e 4-1BBL (aa 71-254) ...ttt iiiiii. >
o) a s s e a r n s a f g f q g r 1
ctg cac ctg tcc gct gga cag aga ctg gga gtg cat ctg cat acc gag gct
> e e e e e e 4-1BBL (aa 71-254) ... ..t iiiiiinnnnnnnn. >
1 h 1 S a g q r 1 g v h 1 h t e a
Cgc gcc aga cat gca tgg cag ctg aca cag ggc gca acc gtg ctg gga ctg
> e e e i e e e 4-1BBL (aa 71-254) ... .00t iiiiiiiiinnnnnnn. >
r a r h a w q 1 t q g a t v 1 g 1
ttt aga gtg act cca gaa atc ccc gct ggec ctg cct agce cct cgg agce gaa
> e e e e e 4-1BBL (@aa 71-254) ¢ ittt ittt it >>
£ r A4 t o) e i o) a g 1 o) s o) r s e
EcoRI
_+ _____
tga gaa ttc
Xbal
_+ _____
BamHI
_+ _____
gga tcc tct aga cag gtg tcc cac aga tac ccc aga atc cag agc atc aag
D OX40L (aa 51-183) ... >
q v S h r vy P r i q S i k
gtg cag ttc acc gag tac aag aaa gag aag ggc ttc atc ctg acc agc cag
> e e e e i e e e OX40L (@aa 51-183) ¢ i vttt ittt ittt eeeaaes >
A4 q f t e vy k k e k g f i 1 t S q
aaa gag gac gag atc atg aag gtg cag aac aac agc gtg atc atc aac tgc
> e e e e e e e OX40L (@aa 51-183) ¢ ittt iiiii it iieeeennnn >
k e d e i m k A4 q n n S v i i n c
gac ggc ttc tac ctg atc agc ctg aag ggc tac ttc agc cag gaa gtg aac
> e e e e e e e OX40L (aa 51-183) ¢ i v i ittt iiiiiiiiiieeenns >
d g f y 1 i S 1 k g y f S q e v n
atc agc ctg cac tac cag aag gac gag gaa ccc ctg ttc cag ctg aag aaa
> e e e e e e e OX40L (aa 51-183) ¢ i ittt ittt ettt eeeeeeee >
i S 1 h y q k d e e j9) 1 f q 1 k k
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gtg cgg agc gtg aac agc ctg atg gtg gcc agc ctg
> e e e e e e 0X40L (aa 51-183)

v r s v n s 1 m v a s 1
gtg tac ctg aac gtg acc acc gac aac acc agc ctg
> e e e i e e e 0OX40L (aa 51-183)

v y 1 n v t t d n t S 1
aac ggc ggc gag ctg atc ctg att cac cag aac ccc
> e e e e e e OX40L (aa 51-183)

n g g e 1 i 1 i h q n o)

BamHI
_+ _____
ctg ggc gga gga tcc ggc gga gga cag gtg tca cat
>>> 0X40L (aa 51-183)
1
S>>0 ... linker......... >>
g g g S g g g
>> ... ... 0X40L
q v s h
cag tct att aag gtg cag ttt aca gag tat aag aaa
> e e e e e e OX40L (aa 51-183)

q S i k v q f t e \% k k
ctg act tcc cag aaa gaa gat gag att atg aag gtg
> e e e e e i e e e 0X40L (aa 51-183)

1 t S q k e d e i m k v
att atc aat tgt gat ggg ttt tat ctg atc tcc ctg
> e e e e e i e e e 0X40L (aa 51-183)

i i n c d g f vy 1 i S 1
cag gaa gtg aat att tct ctg cac tat cag aaa gat
> e e e e e e e OX40L (aa 51-183)

q e A4 n i S 1 h vy q k d
cag ctg aaa aaa gtg cgc tcc gtg aac tct ctg atg
> e e e e e e e OX40L (aa 51-183)

q 1 k k v r S v n S 1 m
tac aaa gac aaa gtg tat ctg aat gtg aca aca gat
> e e e e e e e OX40L (aa 51-183)

y k d k v \% 1 n v t t d
gat ttc cat gtg aat ggg ggg gaa ctg att ctg atc
> e e e e i e e e 0X40L (aa 51-183)

d il h v n g g e 1 i 1 i
gaa ttt tgt gtg ctg gga ggc ggc tcc gga ggc ggc
> e e e e e e >> 0X40L (aa 51-183)

e f c v 1

S>>, linker......... >>

g g g S g g g

0X40L (aa 51-183)

tat ccc cgc att cag tcc atc aaa gtg cag ttt act
D 0X40L (aa 51-183)

y jS) r i q S i k v q f t

acc tac aag gac aag
........................ >
t vy k d k

gac gac ttc cac gtg
........................ >
d d f h A4

ggc gag ttc tgc gtg
........................ >
g e f c v

Ccgg tat cct aga atc

(aa 51-183)........ >

r % P r i

gaa aaa ggc ttt att
........................ >
e k g f i

cag aac aat tcc gtg
........................ >
q n n s A4

aaa gga tac ttt agt
........................ >
k g y f S

gaa gaa cct ctg ttc
........................ >
e e P 1 f

gtg gct tcc ctg aca
........................ >
v a S 1 t

aat acc tcc ctg gat
........................ >
n t S 1 d

cat cag aat cct ggg
........................ >
h g9 n p g
cag gtg tcc cat agg

D >
q v s h r

gag tac aaa aaa gag
........................ >
e \% k k e
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1225
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103
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205

256

aaa gga ttc att ctg acc tct cag aaa gag gac gaa att atg aag gtg cag
e OX40L (aa 51-183) v i vttt ittt iiiieeenns >
k g f i 1 t S q k e d e i m k v q
aac aac tct gtg atc att aac tgt gat gga ttc tat ctg att agt ctg aaa
> e e e i e e e OX40L (@aa 51-183) i i ittt ettt e e e eeeees >
n n S v i i n c d g f y 1 i S 1 k
gga tat ttc agc cag gaa gtg aac att tcc ctg cat tac cag aag gat gaa
> e e e e e e OX40L (@aa 51-183) it ittt ettt e e eeeeees >
g y f S q e v n i s 1 h y q k d e
gaa cca ctg ttc cag ctg aag aaa gtg cgc tct gtg aat agt ctg atg gtg
> e e e e e e e OX40L (@aa 51-183) c i ittt ettt eeee >
e o) 1 f q 1 k k v r s v n s 1 m v
gcc tct ctg act tat aag gat aag gtg tac ctg aat gtg aca act gac aat
> e e e i e e e e OX40L (aa 51-183) ¢ i vttt ittt iieeeenns >
a S 1 t y k d k v y 1 n v t t d n
act tct ctg gac gac ttt cat gtg aac ggg gga gag ctg att ctg atc cac
> e e e i e e e e OX40L (aa 51-183) ¢ i vttt ittt ittt eeeeeees >
t S 1 d d f h v n g g e 1 i 1 i h
EcoRI
_+ _____
cag aat cca ggc gag ttc tgt gtg ctg tga gaa ttc g
>, OX40L (aa 51-183)....... >>
q n o) g e f c v 1
Xbal
_+ _____
BamHI
_+ _____
gga tcc tct aga cag ctg gaa acc gcc aaa gaa ccc tgc atg gcc aag ttce
> e e i e hGITRL (aa 72-199) ... iin.. >
q 1 e t a k e o) e} m a k f
ggc ccc ctg cct agec aag tgg cag atg gcc tct agec gag ccc ccc tge gtg
> e e e e e e e e et e e hGITRL (aa 72-=199) . i ittt ittt it et it e eeeenn >
g P 1 P s k w q m a s s e P P C v
aac aag gtg tcc gac tgg aag ctg gaa atc ctg cag aac ggc ctg tac ctg
> e e e e e hGITRL (aa 72-199) ¢ttt ittt ittt iiiiieeannn >
n k A4 S d w k 1 e i 1 q n g 1 vy 1
atc tac ggc cag gtg gcc ccc aac gcc aac tac aac gat gtg gcc ccc ttce
> e e e e e hGITRL (aa 72-199) ¢ ittt ittt it iiiei e eannn >
1 y g q v a j9) n a n y n d v a j9) f
gaa gtg cgg ctg tac aag aac aag gac atg atc cag acc ctg acc aac aag
> e e e e e e e et hGITRL (aa 72-=199) .t ittt ittt it et et eeeeenn >
e v r 1 y k n k d m i q t 1 t n k
agc aag atc cag aac gtg ggc ggc acc tac gag ctg cac gtg ggc gat acc
> e e e e e e et hGITRL (aa 72-=199) .t ittt ittt it et et eeeeenn >
S k i q n A4 g g t y e 1 h v g d t
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atc gac ctg atc ttc aac agc gag cac cag gtg ctg aag aac aac acc tac
e hGITRL (aa 72-199) ...t >
i d 1 i f n S e h q v 1 k n n t y
BamHI
_+ _____
tgg ggc atc atc ctg ctg gcc aac ccc cag ttc atc agec gga gga tcc ggc
> e hGITRL (aa 72-199) ..., >>
w g i i 1 1 a n o) q f i S
>>..linker....>
g g S g
gga ggc gga tct ggc ggc cag ctg gaa aca gct aaa gaa cct tgt atg gct
> ... linker....... >>
g g g S g g
D hGITRL (aa 72-199) ............ >
q 1 e t a k e i) c m a
aaa ttt ggg cct ctg ccc tcc aaa tgg cag atg gca agc agc gag cct cct
> e e e e e hGITRL (aa 72-199) ittt ittt iiiii e eaen >
k f g o) 1 o) S k w q m a S S e o) o)
tgt gtg aac aaa gtg tct gat tgg aaa ctg gaa atc ctg cag aat ggg ctg
> e e e e e hGITRL (aa 72-199) ittt ittt iiiei e eann >
c v n k v S d % k 1 e i 1 q n g 1
tat ctg atc tat gga cag gtg gca cct aat gct aat tac aat gac gtg gca
e e e hGITRL (aa 72-199) ..ttt >
\% 1 i \% g q v a P n a n % n d v a
cct ttt gaa gtg cgc ctg tat aag aac aaa gat atg att cag aca ctg aca
e e hGITRL (aa 72-199) ..ttt iieeeee >
P f e v r 1 vy k n k d m i aq t 1 t
aac aaa tcc aag att cag aat gtg ggg ggg aca tat gaa ctg cat gtg gga
> e e e e e hGITRL (aa 72-199) ¢ttt ittt it tiiei e eann >
n k S k i q n A4 g g t vy e 1 h A4 g
gac aca atc gat ctg att ttc aat tcc gaa cat cag gtg ctg aaa aac aat
> e e e e e hGITRL (aa 72-199) ¢ ittt ittt it iiiei e eannn >
d t i d 1 i f n s e h o} v 1 k n n
act tat tgg ggg att att ctg ctg gct aat cct cag ttt atc tcc ggc ggce
> e e e et hGITRL (aa 72-199) ..., >>
t \% w g i i 1 1 a n P g il i S
linker >>....>
g g
tct ggg ggc gga ggc tcc gga ggg cag ctg gaa act gca aaa gaa cct tgce
> e linker........... >>
S g g g g S g g
S>>0 hGITRL (aa 72-199)........ >
q 1 e t a k e P c
atg gca aag ttt gga cca ctg cct tct aag tgg cag atg gct tcc tcc gag
> e e e i e e hGITRL (aa 72-199) ...ttt >
m a k f g P 1 P S k w q m a S S e
cca cca tgc gtg aac aaa gtg tca gat tgg aag ctg gaa atc ctg cag aat
> e e e e e hGITRL (aa 72-199) ..ttt >
P P C v n k A4 s d w k 1 e i 1 q n
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gga ctg tac ctg atc tat ggc cag gtg gca cca aat gcc aac tat aac gac
e hGITRL (aa 72-199) ...ttt >
g 1 y 1 i y g q v a i) n a n y n d
gtg gcc cct ttt gaa gtg cgg ctg tac aaa aac aag gat atg att cag act
> e e e e e e e hGITRL (aa 72-199) ..t e >
v a o) f e v r 1 y k n k d m i aq t
ctg act aac aag tca aaa atc cag aat gtg gga gga act tat gag ctg cac
> e e i e e hGITRL (aa 72-199) ..t e >
1 t n k S k i q n v g g t y e 1 h
gtg ggg gac act att gat ctg atc ttt aac tct gag cat cag gtg ctg aaa
> e e e e e e hGITRL (aa 72-199) ..t e >
v g d t i d 1 i f n S e h q v 1 k
aac aac aca tac tgg ggg atc att ctg ctg gca aac cca cag ttt att agc
e e hGITRL (aa 72-199) ..ttt >>
n n t \% % g i i 1 1 a n P q f i S
EcoRI
_+ _____
tga gaa ttc
Xbal
_+ _____
BamHTI
_+ _____
gga tcc tct aga agg acc gag cca cgg ccc gcc ctc acc atc acc acc agce
> e e m4-1BBL (aa 104-309)............... >
r t e P r P a 1 t i t t s
cct aac ctg ggc acc aga gag aac aac gcc gac caa gtg acc ccc gtg tcc
D m4-1BBL (aa 104-309) ...ttt iinnnnnnn. >
P n 1 g t r e n n a d q v t ) v S
cac atc ggc tgc cct aac aca aca cag cag ggc agc ccc gtg ttc gcc aag
D m4-1BBL (aa 104-309) ...ttt iiinnnnnn. >
h i g c P n t t g g g S P v f a k
ctg ctg gct aag aac cag gcc agc ctg tgc aac acc acc ctg aac tgg cac
> e e e e e e e e e md-1BBL (aa 104-309) . v ittt ittt iiiennnn >
1 1 a k n q a s 1 C n t t 1 n w h
agc cag gac ggc gct ggc agc agc tat ctg agc cag ggc ctg aga tac gag
> e e e e e e e e e md-1BBL (aa 104-309) i i it ittt iiieennnn >
S q d g a g s s y 1 s q g 1 r y e
gaa gat aag aaa gaa ctg gtg gtg gac agc cct ggc ctg tac tac gtg ttc
> e e e e e e e et e md4-1BBL (aa 104-309) ¢ v ittt ittt iiieennnn >
e d k k e 1 A4 v d S P g 1 y y v f
ctg gaa ctg aag ctg agc ccc acc ttc acc aac acc ggc cac aag gtg cag
> e e e e e e m4-1BBL (aa 104-309) ..., >
1 e 1 k 1 S P t f t n t g h k v q
ggc tgg gtg tca ctg gtg ctg cag gct aag cct cag gtg gac gac ttc gac
> e e e e e e e e m4-1BBL (aa 104-309) ..., >
g % v s 1 v 1 o} a k P o} v d d f d
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aac ctg gcc ctg aca gtg gaa ctg ttc ccc tgc agc atg gaa aac aag ctg
e m4-1BBL (aa 104-309) ..., >
n 1 a 1 t v e 1 f j9) C S m e n k 1
gtg gat aga agc tgg tcc cag ctc ctg ctg ctg aag gct ggc cac aga ctg
> e e e e e e m4-1BBL (aa 104-309) ¢ .ttt >
v d r S w S q 1 1 1 1 k a g h r 1
agc gtg ggc ctg agg gct tat ctg cac ggc gcc cag gac gcc tac aga gac
> e e e e e e m4-1BBL (aa 104-309) ¢ .ttt >
s v g 1 r a y 1 h g a q d a y r d
tgg gag ctg agc tac ccc aac aca acc agc ttc ggc ctg ttc ctc gtg aaa
> e e e i e e m4-1BBL (aa 104-309) ¢ .ttt >
w e 1 s y o) n t t s f g 1 f 1 v k
cct gat aat ccc tgg gag ggc ggc gga gga agc gga ggc gga ggg tcc ggc
> e e e e et >> m4-1BBL (aa 104-309)
o) d n o) w e
D linker. ... >
g g g g S g g g g S g
gga ggg gga tct ggg gga ggc gga tca aga aca gaa cct aga cct gct ctg
> e e e e e linker............. >>
g g g S g g g g S
>>...m4-1BBL (aa 104-309)..... >
r t e i r i a 1
acc atc acc acc agc cct aac ctg ggc acc aga gag aac aac gcc gac caa
> e e e e e e m4-1BBL (aa 104-309) ...ttt iiiinnnnnn. >
t i t t S P n 1 g t r e n n a d q
gtg acc ccc gtg tcc cac atc ggc tgc cct aac aca aca cag cag ggc agc
> e e e e e e m4-1BBL (aa 104-309) ...ttt nnn. >
v t P v S h i g c P n t t q q g S
ccc gtg ttc gcc aag ctg ctg gct aag aac cag gcc agc ctg tgc aac acc
> e e e e e e e e e md-1BBL (aa 104-309) . v ittt ittt iiieennnn >
P v £ a k 1 1 a k n g a S 1 c n t
acc ctg aac tgg cac agc cag gac ggc gct ggc agc agc tat ctg agce cag
> e e e e e e e e e md-1BBL (aa 104-309) i i it ittt iiieennnn >
t 1 n w h s q d g a g s s y 1 s q
ggc ctg aga tac gag gaa gat aag aaa gaa ctg gtg gtg gac agc cct ggc
D m4-1BBL (aa 104-309) ...ttt iinnnnnn. >
g 1 r vy e e d k k e 1 A4 A4 d S P g
ctg tac tac gtg ttc ctg gaa ctg aag ctg agc ccc acc ttc acc aac acc
D m4-1BBL (aa 104-309) ...ttt iinnnnnn. >
1 % \% v f 1 e 1 k 1 s P t f t n t
ggc cac aag gtg cag ggc tgg gtg tca ctg gtg ctg cag gct aag cct cag
> e e e e e e m4-1BBL (aa 104-309) ..., >
g h k v q g w v S 1 v 1 q a k P q
gtg gac gac ttc gac aac ctg gcc ctg aca gtg gaa ctg ttc ccc tgc agce
> e e e e e e e et e md4-1BBL (aa 104-309) ¢ v ittt ittt iiieennnn >
v d d f d n 1 a 1 t v e 1 f o) c s
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1633
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atg gaa aac aag ctg gtg gat aga agc tgg tcc
e m4-1BBL (aa 104-309)

m e n k 1 v d r s w s
gct ggc cac aga ctg agc gtg ggc ctg agg gct
> e e e e e e m4-1BBL (aa 104-309)

a g h r 1 S v g 1 r a
gac gcc tac aga gac tgg gag ctg agc tac ccc
> e e e e e e m4-1BBL (aa 104-309)

ctc gtg aaa cct
> e m4-1BBL

1 £ 1 v k p

(aa 104-309)

e 1 s y o)
gat aat ccc tgg gag

d n o) w e

ggc gga tct ggc ggg
linker.............

g g S g g

atc acc acc agc cct
m4-1BBL (aa 104-3009)
i t t s P

acc ccc gtg tcc cac
m4-1BBL (aa 104-3009)
t o) v S h

gtg ttc gcc aag ctg
m4-1BBL (aa 104-309)
v f a k 1

ctg aac tgg cac agc
m4-1BBL (aa 104-309)
1 n w h s

ctg aga tac gag gaa
m4-1BBL (aa 104-309)
1 r N e e

tac tac gtg ttc ctg
m4-1BBL (aa 104-309)
y y v f 1

cac aag gtg cag ggc
m4-1BBL (aa 104-3009)
h k v q g

gac gac ttc gac aac
m4-1BBL (aa 104-309)
d d f d n

gaa aac aag ctg gtg
m4-1BBL (aa 104-309)
e n k 1 v

gga aca

g g S

gat aga agc tgg tcc cag
....................... >
d r s w s q
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ctc ctg ctg ctg aag gct ggc cac aga ctg agc gtg ggc ctg agg gct
e m4-1BBL(aa 104-309) .....c0iiiiiiinnn...
1 1 1 1 k a g h r 1 S v g 1 r a

ctg cac ggc gcc cag gac gcc tac aga gac tgg gag ctg agc tac ccc
> e e e e e e e m4-1BBL(aa 104-309) ... i,
1 h g a q d a y r d w e 1 s y P

aca acc agc ttc ggc ctg ttc ctc gtc aag ccc gac aac cct tgg gag
> e e e i e e e m4-1BBL(aa 104-309) ... i, >>
t t s f g 1 f 1 v k o) d n o) w e

Xbal
_+ _____
BamHT
_+ _____
gga tcc tct aga atc gag agc tgc atg gtc aag ttc gag ctg agc agc
> e e MGITRL (aa 49-173) ...
i e S c m v k f e 1 S S
>....>> linker
g S

aag tgg cac atg acc agc ccc aag ccc cac tgce gtg aac acc acc tcc
D e e e e e e e ettt MGITRL (@@ 49=173) v it ittt et eeeeeennn
k w h m t S o) k o) h c v n t t S

ggc aag ctg aag atc ctg cag agc ggc acc tac ctg atc tac ggc caa
e e e MGITRL (aa 49-173) .ttt
g k 1 k i 1 g S g t \% 1 i \% g g

atc ccc gtg gac aag aag tac atc aag gac aac gcc ccc ttce gtg gtg
> e e e e e e e e et e e MGITRL (@@ 49=173) vttt ittt ettt teeenennn
i P A4 d k k vy i k d n a P f A4 A4

atc tac aag aaa aac gac gtg ctg cag acc ctg atg aac gac ttc cag
> e e e e e e e e et e MGITRL (@@ 49=173) ittt ittt i iiieennnn
i vy k k n d A4 1 q t 1 m n d f q

ctg ccc atc ggc ggc gtg tac gaa ctg cac gcc ggc gac aac atc tac
D e e e e e e ettt e MGITRL (@@ 49=173) v vt ittt et et teeeennnn
1 P i g g A4 vy e 1 h a g d n i vy

aag ttc aac agc aag gac cac atc cag aaa aca aac acc tac tgg ggc
D e e e e e e ettt e MGITRL (@@ 49=173) v vt ittt et et teeeennnn
k f n S k d h i q k t n t y w g

atc ctg atg ccc gac ctg ccc ttc atc agec ggc gga gga agt ggc gga
>, mGITRL (aa 49-173)......... >>
i 1 m P d 1 P f i S

g g g S g g
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103
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tcc ggg gga gga tct ggc ggc gga agc gga ggc gga tct atc gag tcc tgce
e linker...... ..ot >>
S g g g S g g g S g g g S
mGITRL (aa 49-173) >>.....c.v.... >
i e s c
atg gtc aaa ttc gaa ctg tcc agc tct aag tgg cat atg act tcc cca aag
e e MGITRL (aa 49-173) ¢« i ittt ittt >
m v k f e 1 s s s k w h m t s o) k
cct cat tgt gtg aat acc acc agt gat ggg aag ctg aaa att ctg cag tct
e e MGITRL (@aa 49-173) ¢« i i i ittt >
P h c v n t t S d g k 1 k i 1 q S
ggg aca tat ctg atc tat gga caa gtg att cct gtg gat aag aag tat att
> e e e e e ettt MGITRL (@@ 49=173) ittt ittt it tieeenenn >
g t y 1 1 y g q v i P v d k k y i
aag gat aac gct cct ttt gtg gtg caa atc tac aaa aag aat gat gtg ctg
D e e e e e e e e et MGITRL (@@ 49=173) v vt ittt ettt et >
k d n a P f v v q i \% k k n d v 1
cag aca ctg atg aat gat ttt cag att ctg cct att ggg ggg gtg tac gag
D e e e e e e e ettt MGITRL (@@ 49=173) vt ittt ittt et eeeeenenns >
q t 1 m n d f q i 1 P i g g v % e
ctg cat gct ggg gat aat atc tat ctg aaa ttc aat tcc aag gat cat att
e e e MGITRL (aa 49-173) .« ittt it iiiieenn. >
1 h a g d n i \% 1 k f n S k d h i
cag aaa act aat act tat tgg ggg att att ctg atg cct gat ctg cct ttt
e e MGITRL (aa 49-173) c ittt ittt iiiiiieenn. >
q k t n t vy w g i i 1 m P d 1 P £
EcoRI
_+ _____
atc tcc tga gaa ttc
>....>> mGITRL (aa 49-173)
i S
SCFVCEA
XhoI
__+ _____
aac cgc tcg agc gga ggc ggt tca cag gtg aaa ctg cag cag tct ggg gca
S>> i VHCER « ¢« o o v v e oo >
q A4 k 1 q q s g a
gaa ctt gtg agg tca ggg acc tca gtc aag ttg tcc tgc aca gct tct ggce
> e e e e e e e e e e VHCER e ¢ o o ottt ettt ittt eneenns >
e 1 v r s g t s v k 1 s c t a s g
ttc aac att aaa gac tcc tat atg cac tgg ttg agg cag ggg cct gaa cag
> e e e e it e e e e VHCER e ¢ o v ettt et ettt etneeneenns >
f n i k d s y m h w 1 r q g P e q
ggc ctg gag tgg att gga tgg att gat cct gag aat ggt gat act gaa tat
> e e e e e i e e e e e e VHCER ¢ o o ot vttt ettt et eneeneenees >
g 1 e w i g w i d jo) e n g d t e y
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gcc ccg aag ttc cag ggc aag gcc act ttt act aca gac aca tcc tcc aac
> e e e e i i e e e e VHCER e o o et e i et et ie i ii e e >
a P k £ q g k a t £ t t d t s s n
aca gcc tac ctg cag ctc agc agc ctg aca tct gag gac act gcc gtc tat
> e et e e e e e VHCER e « o o vt vttt ettt ettt eneennns >
t a y 1 q 1 s s 1 t s e d t a v y
tat tgt aat gag ggg act ccg act ggg ccg tac tac ttt gac tac tgg ggc
> e et e e e e e VHCER e « o o vt vttt ettt ettt eneennns >
y ¢ n e g t p t g p vy y £ d vy w g
caa ggg acc acg gtc acc gtc tcc tca ggt gga ggc ggt tca ggg gga ggt
> e e VHeEp e e ¢ oo v v v e v e >>
q g t t v t v s s
>S>L ... linker............ >
g g g g S g g g
gga tcc ggt gga ggc ggt tca gac atc gag ctc acc cag tct cca gca atc
> .. linker......... >>
g S g g g g S
>>. ... VIicgae e o oo v >
q s o) a i
atg tct gca tct cca ggg gag aaa gtc acc ata acc tgc agt gcc agce tca
> e et e e e e e e e e VI CER e o ¢ o oo oot oo et netneeoeeneeneenns >
m s a s P g e k v t i t c s a s s
agt gta agt tac atg cac tgg ttc cag cag aag cca ggc act tct ccc aaa
> e et e e e e e e e e VICER e o ¢ o oo oot oo et eetoetoeeneeneenns >
S v S y m h W f q q k P g t s P k
ctc tgg att tat agc aca tcc aac ctg gct tct gga gtc cct gct cgc ttc
> e et e e e e e e e e VICER e o ¢ o oo oot oo et netneeoeeneeneenns >
1 w 1 vy S t S n 1 a S g v P a r f
agt ggc agt gga tct ggg acc tct tac tct ctc aca atc agc cga atg gag
D VECER s e o o oo oo et neeneeneeneeneeneens >
S g S g S g t S y S 1 t i S r m e
gct gaa gat gct gcc act tat tac tgc cag caa agg agt agt tac cca ctc
> e e e e e e e i e e e e VICER s ¢ o o 0ot v et oo eneeneeneeneeneenes >
a e d a a t y y c q q r s s y o) 1
NotI
__+ _______
acg ttc ggt gct ggc acc aag ctg gag ctg aaa cgg gcg gcc gct
> e e e i e VEICER® e oo oot venneeneenees >>
t f g a g t k 1 e 1 k r
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1 aac cgc tcg agc gga ggc ggt tca gag gtg cag ctg gtc gag tct ggc ggc

52 gga ctg gtg cag cct ggc ggc tcc ctg aga ctg tct tgc gct gcc tcc ggce

103 ttc tcc ctg acc aac tac ggc gtg cac tgg gtc cgg cag gct ccc ggc aag

154 gga ctg gaa tgg ctg ggc gtg att tgg tcc ggc ggc aac acc gac tac aac

205 acc cct ttc acc tcc cgg ttc acc atc tcc cgg gac aac tcc aag aac acc

256 ctg tac ctg cag atg aac tcc ctg cgg gcc gag gac acc gcc gtg tac tac

307 tgc gcc agg gct ctg acc tac tac gac tac gag ttc gcc tac tgg ggc cag

358 ggc acc aca gtg acc gtg tct agt ggc ggt ggc ggc tct ggt ggc gga gga

g g g g S g g g g

409 agt ggc gga ggg ggc tcc gat att cag ctg acc cag tcc ccc tcc ttc ctg
> linker....... >>

460 tcc gcc tcc gtg ggc gac aga gtg acc atc acc tgc cgg gcc tcc cag tcc

511 atc ggc acc aac atc cac tgg tat cag cag aag cct ggc aag gcc cct aag

562 ctg ctg atc aag tac gcc tcc gag tct atc tcc ggc gtg cct tcec cgg ttce

613 tcc ggc tcc ggc tct gga acc gag ttc acc ctg acc atc tcc agc ctg cag
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664 cct gag gac ttc gcc acc tac tac tgc cag cag aac aac aac

715 acc ttc ggc gct ggc acc aag ctg gaa atc aag aga gcg gcc

tgg cct acc
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