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1 INTRODUCTION

The interaction between tumor cells and the surrounding microenvironment is recognized as
a key player in the development and progression of cancer. The tumor microenvironment
includes blood vessels, lymphatic vasculature, stroma, and resident immune cells or recruited

from the periphery, and each of them has an essential role in tumor regulation.
1.1 THE CANCER IMMUNITY CYCLE

Although cancerous and infectious diseases are entirely distinct, significant aspects such as
the immune response and features of terminal events during disease progression are highly
analogous following the (cancer) immunity cycle steps demonstrated in Fig. 1.1 (Rolston
2017).

Trafficking of
T cells to tumors

@ (CTLs)

Priming and activation

(APCs & T cells) @

Infiltration of T cells
into tumors
(CTLs, endothelial cells)

vessel

lymph node

Cancer antigen
presentation @
(dendritic cells/ APCs)

@ Recognition of

cancer cells by T cells
(CTLs, cancer cells)

Release of @ @

cancer cell antigens Killing of cancer cells
(cancer cell death) (Immune and cancer cells)

Figure 1.1 Stimulatory and inhibitory factors in the cancer-immunity cycle. The cycle starts with the release
of antigens from the cancer cells and ends with the killing of cancer cells described in the following sections. Figure
from Chen and Mellman 2013.



1.1.1 Release of neoantigens and uptake (1 & 2)

For the anti-tumor immune response to be effective in killing cancer cells, a series of stepwise

events must be initiated and allowed to progress and expand successively.

Like pathogen-associated molecular pattern (PAMPs) on infectious agents such as bacteria,
also cancerous tissue provides contact points for the immune system, i.e., via genetic and

cellular alterations upon transformation.

Accordingly, the cancer immunity cycle (Fig. 1.1) is initiated by the release of tumor antigens
as a result of immunogenic tumor cell death. Tumor-specific antigens comprise cancer-testis
antigens or tumor neoantigens derived from mutations (Lim et al. 2018). Released tumor
antigens are then captured, processed, and presented by antigen-presenting cells (APCs)
belonging to the innate immunity, such as dendritic cells (DCs) or macrophages which reside
in the tumor microenvironment (Step 2). Subsequently, the phagocytes traffic to the draining

lymph node where additionally soluble tumor antigens arrive.
1.1.2 T cell priming, activation and differentiation (3)

Effective priming and activation of T cells (Step 3) with specificity against the initially released

tumor antigen requires three major signals (Eggermont et al. 2014) as shown in Fig. 1.2.

Cytokines

TCR LAmige\M

cpzs’ Lp7 \

Dendritic cell

Naive T cell

Figure 1.2 Antigen-specific T cell activation. The first signal is antigen-specific and mediated by T cell receptor
(TCR) recognition of peptides presented by major histocompatibility complex (MHC) molecules. Signal 1 together
with signal 2 delivered by co-stimulatory and/or co-inhibitory receptors as well cytokine receptor-derived signals
(signal 3) converge into the decision of T cell activation associated with the induction of T cell proliferation,
differentiation, and effector functions. Figure adapted from Lee et al. 2020.



1.1.2.1 T cell priming/activation — signal 1

In the lymph nodes, T cell priming is initiated by presentation of the processed tumor antigens
via major histocompatibility complex | and Il (MHC | and MHC 1l) on APCs with the matching
T cell receptor (TCR) on the T cells, which confers specificity to the adaptive response (Chen
and Mellman 2013). Upon non-covalent binding of the TCRaf3 heterodimer to CD3 complex
components (including CD3y, CD3d, CD3¢ and, CD3¢) and initiation of a kinase-mediated
signaling cascade, the activating signal is transmitted from the cell membrane to the nucleus

triggering downstream events (Dong et al. 2019).

Depending on the original source of the antigen, two classical antigen-presentation pathways
can be distinguished. Cytosolic proteins are primarily presented by MHC-I molecules to CD8"
T cells, whereas MHC-II molecules are destined to present exogenous antigens to CD4" T
cells, which have been internalized by professional APC (Blum et al. 2013; Roche and Furuta
2015). Exceptionally, exogenous antigens can also be presented by MHC-I molecules — a
process called cross-presentation (Kurts et al. 2010) — as well as cytosolic antigens via

autophagy-related mechanisms presented by MHC-II molecules (Crotzer and Blum 2010).

1.1.2.2 T cell co-stimulation/co-inhibition — signal 2

The second signal, summed up in Fig. 1.3, is highly regulated by co-ligation of co-stimulatory
receptors and co-inhibitory immune checkpoint molecules on T cells and APCs (Chen and
Mellman 2013).

The interaction of CD28 homodimer with its ligands B7-1 (CD80) or B7-2 (CD86) on APCs is
one of the most studied co-stimulatory signaling events (Boomer and Green 2010), resulting
in an increased T cell survival and proliferation capacity, which is mediated mostly due to
increased IL-2 expression. Other molecules belonging to the tumor necrosis factor receptor
(TNFR) family, such as OX40 (CD134) or 4-1BB (CD137), also provide co-stimulation upon
engagement with their ligands OX40L and 4-1BBL, respectively. However, unlike CD28, which
is constitutively expressed by most resting T cells, OX40 and 4-1BB are up-regulated after
initial T cell activation (Chen and Flies 2013; Ward-Kavanagh et al. 2016).

Besides co-stimulatory molecules also multiple inhibitory molecules have been described,
which play an essential role in dampening an immune response and preventing autoimmune
disorders. However, during cancer progression, T cell-inhibitory receptors, hereafter referred
to as “checkpoints”, represent a major hurdle for an effective immune response against
malignant cells. The most prominent inhibitory molecules are CTLA-4/CD154 (cytotoxic T

lymphocyte-associated protein 4) and PD-1 (programmed cell death protein-1). CTLA-4 is

3



generally up-regulated upon T cell activation as well as constantly expressed by so-called
CD4" T regulatory cells and competes with higher affinity with the co-stimulatory receptor CD28
for binding to the same ligands B7-1 (CD80) and B7-2 (CD86). PD-1 in contrast is considered
to be induced in T cells upon chronic antigen stimulation and reduced CD4* T cell-mediated
help. PD-1 binds to its ligand PD-L1 (PD-ligand 1/B7-H1/CD274) as well as PD-L2 (B7-
H2/CD273), which are expressed by activated T cells and are up-regulated in peripheral

tissues upon exposure to inflammatory cytokines such as IFN-y.

1
B7
,T-
Ig Figure 1.3 Co-regulation of immune synapse.
. zaia Inhibitory (red) and stimulatory (green) interactions
between APC and T cell during immune synapse
formation. Adapted from Finetti and Baldari 2018.
(,-1- |
|
>
TNFR
L——T—L:t-) superfamily
—
'
APC

1.1.2.3 Inflammatory cytokines — signal 3

The third signal is provided by pro- or anti-inflammatory cytokines that drive T cell

differentiation and contribute to T cell survival and proliferation (Curtsinger and Mescher 2010).

Particularly for naive CD8" T cells it has been described that the presence of IL-12 and type |
interferons is required to initiate full CD8" T cell differentiation into polyfunctional cytotoxic
CD8" T cells (CTL). Both IL-12 and type | interferons are provided by mature DC or by CD40-
dependent interaction with CD4" T helper cells (Curtsinger and Mescher 2010). Moreover, the
cytokine environment at the time of antigen-encounter plays a pivotal role in determining the

effector function of naive CD4" T cell populations.



1.1.2.4 T cell differentiation

CD4" T cells

CD4" T cells play a versatile and essential role in shaping adaptive and local innate immune
responses through their secretion of defined sets of cytokines as well as by cell-cell contacts
providing stimulatory or inhibitory signals for the interacting partner cell. Upon priming and
activation, naive CD4" T cells differentiate into specific effector subtypes depending on the
cytokines present in the microenvironment as well as specific transcription factors (Zhu et al.
2010) as described in Fig. 1.4.

Every CD4" T cells subtype plays a particular role in the clearance of pathogens, maintaining
tolerance against “self” and eradication of malignant cells. Briefly, IFN-y secreted by Th1 cells
triggers immune responses against intracellular pathogens as well as tumor cells; Th2 cells
are strong mediators of immune responses against extracellular parasites, including helminths,
and are involved in allergy/asthma/IgE responses against through IL-4, IL-5 and IL-13; Th17
cell-produced IL-17A, IL-17F and IL-22 recruit and activate neutrophils during immune
responses against extracellular bacteria and fungi; iTrg are responsible for maintaining self-
tolerance as well as regulating/suppressing immune responses by IL-10 and TGF-j production
(Jiang and Dong 2013). In addition also direct cytolytic activity of CD4" T helper cells has been
observed in certain tumor contexts that might contribute to tumor control (Borst et al. 2018;
Kreiter et al. 2015; Quezada et al. 2010).

Immunity against intracellular
pathogens such as virus, microbes
autoimmunity/inflammation

1FN-y

Immunity against
extracellular pathogens
(parasites such as helmiths)
allergy/asthma/IgE

Immunosuppresion
tolerance Figure 1.4 CD4* T cell subsets. Naive CD4*T
IL-10

STATG TL-35 cells differentiate into Th1, Th2, Th9, Th17,

14 TATS TGF-B

o h - Th22, follicular T-helper (Tfh) cells, and CD4*

regulatory T cells (Treg) after antigen-specific
el W @ 121 stimulation by (DCs) under environmental
Th2 IL-6,IL-21
cytokines. These CD4* T cell subsets produce
/Tcms

distinct sets of cytokines that contribute to

IL-6, TNF-ct Tfh
\ adaptive immunity, including the clearance of
TGF-B ; ; ;
i pathogens, control of autoimmunity, immune
Infection homeostasis, and immune responses again
Allergy L
autoimmunity The

I-12,
FN-y

/

&

Naive CD4'
J cells

tissue regeneration
wound healing

Th22 tumors. Figure from Jiang and Dong 2013.

IL-17A
IL-17F
IL-22

STAT3

Immunity against extracellular pathogens
Th17 autoimmunity/inflammation




CD8" T cells

The successful priming of naive CD8" T cells within secondary lymphoid organs is
accompanied by profound changes in their migration capacity, overall gene expression profile
and metabolism, which leads to the acquisition of effector functions (Farber et al. 2014; Halle
et al. 2017; Zhang and Bevan 2011). Unlike CD4" T cells, antigen-experienced CD8" T cells
are typically not subdivided into subsets that fulfill completely distinct functions and are usually

considered as cytotoxic T cells (CTL).

A key effector function of CTL is the antigen-dependent and cell-to-cell contact-mediated
cytolysis of most notably virus-infected and malignant cells that display the cognate peptide
antigen on MHC-I. CTLs that encounter their target cell may start the production and secretion

of soluble cytokines including IFN-y, TNF-a and IL-2 (Zhang and Bevan 2011).

1.1.2.5 Phenotype of activated T cells

Upon T cell activation, numerous cell surface markers are induced or up-regulated, each at a
different stage during the activation process. These molecules include receptor proteins, co-
stimulatory molecules, adhesion molecules, chemokine receptors, and MHC class || molecules
(Fig. 1.5).

Examples of up-regulated receptor proteins observed on proliferating lymphocytes include
CD25 (interleukin-2 receptor) and CD69. The earliest activation marker is CD69, an inducible
cell surface glycoprotein expressed upon activation via the TCR or the IL-2 receptor (CD25),
and plays a role in the proliferation and survival of activated T lymphocytes (Cambiaggi et al.
1992; Lépez-Cabrera et al. 1993). Its expression increases in a time-dependent way between

3-12 hours, remaining elevated until 24 hours and diminishing thereafter (Reddy et al. 2004).

CD25 is the alpha chain of the trimeric IL-2 receptor and the most prominent cellular activation
marker. Regulatory and resting memory T cells constitutively express CD25. After 24 hours of
the TCR/CD3 complex stimulation, IL-2 receptor is up-regulated and remains elevated for a
few days (Jackson et al. 1990; Reddy et al. 2004). It plays a key role in lymphocyte activation

and further IL-2 production which is vital for T cell survival, expansion, and function.

Co-stimulatory molecules can either belong to the immunoglobulin G (IgG) superfamily, the
tumor necrosis factor—tumor necrosis factor receptor (TNF-=TNFR) family, or the TIM (type 1
transmembrane glycoprotein) family (Fig. 1.3). CD28 belongs to the IgG superfamily and is
constitutively expressed on naive and activated T cells. Other molecules such as OX40
(CD134) or 4-1BB (CD137) belong to the tumor necrosis factor receptor (TNFR) family and



are up-regulated only after initial T cell activation (Chen and Flies 2013; Ward-Kavanagh et al.
2016).

During T cell exhaustion a variety of inhibitory receptors are up-regulated, like CTLA-4, PD-1,
lymphocyte activation gene 3 protein (LAG-3), T cell immunoreceptor with immunoglobulin and
ITIM domains (TIGIT), T cell immunoglobulin and mucin domain-containing protein 3 (TIM3)

suppressing T cell effector function (Manieri et al. 2017; Wherry 2011).

Adhesion molecules like selectins ligands and integrins are also up-regulated in activated T
cells mediating the extraversion of alloreactive T cells from the lymph nodes into the inflamed
tissue (see section 1.1.3). The selectin ligand P-selectin glycoprotein ligand-1 (PSGL-1) is a
glycoprotein that binds to P-selectin (platelets) or to E-selectin (endothelial cells) (Kappelmayer
and Nagy 2017). The integrin family include lymphocyte function-associated antigen 1 (LFA-
1, aLB2, CD11a/CD18) that binds to the intercellular adhesion molecule family (ICAM1,-2,-3,-
4,-5), and the very late antigen 4 (VLA-4, 0431, CD49d/CD29) a ligand for endothelial vascular
cell adhesion molecule 1 (VCAM1) (Harjunpaa et al. 2019).

The chemokine superfamily constitutes a group of structurally related cytokines that play
pivotal roles in inflammatory and immunological responses by recruiting selective types of
leukocytes. Chemokine receptors, such as CXCR3 and CCR5, are strongly up-regulated in
activated T cells (Groom and Luster 2011; Liu et al. 2005; Tan and Zhou 2005). MHC class I
molecules expressed on activated T cells include all isotypes (HLA-DR, HLA-DQ, and HLA-
DP) and are up-regulated only after 3—5 days (Holling et al. 2004).
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1.1.3 T cell trafficking and transendothelial migration (4 & 5)

Once tumor-reactive T cells of the adaptive immunity are efficiently primed and activated, they
traffic towards the tumor site (Step 4) as a result of recruitment via inflammatory chemokines
(Slaney et al. 2014).

Activated T cells infiltrate the tumor bed by passing its vascular endothelium via
transendothelial migration (Step 5). Migration of leukocytes like effector T cells from the blood
circulation into the periphery represents one of the most important critical steps of anti-tumor
immunity which requires sequential interactions between homing receptors on the immune cell
that are up-regulated during effector differentiation in the lymph node, and matching ligands

on vascular endothelial cells (Fig. 1.6.).
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Figure 1.6 Transendothelial Migration a multistep cascade. Tissue-specific homing involves a multistep
adhesion cascade between vascular endothelium and effector leukocytes on the luminal surface of the endothelial
cells. (A, B) Upon correct initial loose interactions/‘tethering’, involving PSGL-1, L-selectin and a4 integrins on the
lymphocytes with E- and P-selectin, PNAd, MAACAM1 and VCAM1 on the endothelial cells, the lymphocyte is
slowed down, and rolls along the endothelium. (C) The chemokine receptors of the rolling lymphocyte bind
chemokines on the endothelium and intracellular signal cascades trigger conformational change in the 32 and/or
a4 integrins on lymphocytes (D) which induces strong binding of respective endothelial receptors (ICAM1, ICAM2,
VCAM1 and MAdCAM1). Consequently, firm adhesion and arrest of the lymphocyte occurs. (E) The lymphocyte
undergoes diapedesis and (F) the migrating cell uses integrins to adhere to various extracellular matrix molecules
(i.e. collagen fibers, laminin and fibronectin) as well as is guided by chemoattractants for further tissue localization.
Figure from Marsal and Agace 2012.



Initial transient adhesion includes engagement and slow rolling of leukocytes on the apical
surface of the vascular endothelium (A & B), followed by chemokine-mediated activation and
high affinity conformation of integrins (C) on the endothelium which in turn leads to firm
adhesion (D), diapedesis through the blood vessel wall (E) and migration into the underlying
tissue (F) (Marsal and Agace 2012).

Up-regulation of individual homing receptors on effector CD8" T cells depends on the
properties of the priming DC, as well as the location and stromal composition of the respective
lymph node. Both in turn are subject to their local environment from which three major effector
CD8 T cell populations can be generated expressing tissue-specific markers involved in the
initiation of slow rolling, as shown on Table 1.1 (Masopust and Schenkel 2013). For example,
T cells activated by gut-associated DC or within gut-associated lymph nodes, express a437
integrin and the chemokine receptor CCR9, whereas T cells primed within skin-associated
lymph nodes up-regulate E-selectin ligand (ESL), P-selectin ligand (PSL) and CCR10. Further,
T cells activated in mediastinal lymph nodes or spleen express o431 without ESL or a437 co-
expression and another subpopulation of CD8 T cells up-regulates homing receptors
independently from the site of priming (Ferguson and Engelhard 2010; Peske et al. 2015b). By
contrast, broad expression of chemokine receptors permits sensing and characterization of

different inflammation-induced chemokines for further immobilization and tissue infiltration.

Expression of matching vascular ligands is similarly variable and depends on localization and
inflammatory status of the underlying tissue thereby allowing tissue-selective T cell trafficking.
For instance, expression of E- and P-selectin on skin vasculature facilitates slow rolling via
ESL" and PSL" effector leukocytes and respective protein expression is enhanced by various
inflammatory stimuli such as proinflammatory cytokines (IL-18, TNF-o,, [FN-y)

lipopolysaccharide (LPS), thrombin or irradiation (Brinkman et al. 2013; Zarbock et al. 2011).

Furthermore, chemokines secreted by endothelial cells induce selective T cell adhesion and
are up-regulated upon inflammation in multiple different tissues. CXCL9, 10 and 11, ligands
for CXCR3, are induced by IFN-y, whereas ligands for CCR5 (CCL3, 4 and 5) are produced
upon virus and bacterial endotoxin response (Tsai et al. 2013) MAACAM-1, the major ligand
for a4p7 on the endothelium, is constitutively expressed at low levels on gut-associated tissue
also enhanced by proinflammatory cytokines. Initial low affinity a4p7-MAdCAM-1 interaction
induces slow rolling of leukocytes, while subsequent CCR9-CCL25 engagement triggers high
affinity a4p7 or LFA-1 conformation for firm adhesion (Chen et al. 2003).

Additional vascular ligands like VCAM1 are expressed in a more ubiquitous manner among

different tissues which promote T cell transmigration into various inflammatory sites. a431-



VCAM1 interaction facilitates T cell trafficking into brain and lung but also skin and gut.
Additionally, a4p1-VCAM1 binding does not only support slow-rolling but also firm adhesion

without need of chemokine-induced activation (Kenyon et al. 2009).

Table 1.1 Overview of molecules involved in TEM of different immune cell subtypes.
Adapted from Wettschureck et al. 2019.
CLA, cutaneous lymphocyte-associated antigen; ICAM1, intercellular adhesion molecule 1;
MAdCAM 1, mucosal addressin cell adhesion molecule 1; PECAM-1, platelet endothelial cell adhesion molecule;
PLN, peripheral lymph node; PNAd, peripheral node addressin; PP/MLN, Peyer’s patches/mesenteric lymph
nodes; PSGL-1, P- selectin glycoprotein ligand-1; VCAM1, vascular cell adhesion molecule 1.

Homeostatic trafficking

PLN L-Selectin PNAd CCR7 CCL21, CCL19 | alLp2 (LFA-1) ICAM-1
PP/MLN | L-Selectin MAdJCAM-1 CCR7 CCL21, CCL19 | alLp2 (LFA-1) ICAM-1
adB7 MAdJCAM-1 adp7 MAdCAM-1

Inflammatory trafficking

All PSGL1 P-Selectin alB2 (LFA-1)  ICAM-1
Gut 04p7 MAdCAM-1 = CCR9 ccL25 adp7 MAJCAM-1
Skin CLA,CD43  E-selectin CCR4, CCR10 | CCL17,CCL27 | o4p1 (VLA-4) | VCAM-1
All 041 (VLA-4) = VCAM1 CCR2 CCL2,CCL7 | aMB2 (Mac-1) | ICAM-1/-2
041 (VLA-4) | VCAM-1
All ESL-1,CD44 | E-selectin CXCR2 CXCL1, CXCL2 | aMB2 (Mac-1) | ICAM-1/-2

1.1.4 Cancer recognition and elimination (6 & 7)

At the tumor site, tumor cell death is elicited by cytotoxic tumor-reactive CD8 T cells (CTLs)
upon formation of an immunological synapse between tumor and tumor-reactive T cell (Step
6 +7) (Dustin and Long 2010). CTL cytotoxicity is driven by secretion of death-inducing effector
molecules such as granzyme B, perforin and Fas ligand (FasL) as well as the release of pro-
inflammatory cytokines like interferon-y (IFN-y) or tumor necrosis factor- o (TNF-a.). In addition,
tumor-reactive CD4 T cells secrete stimulatory cytokines via tumor antigen recognition on
APCs (Halle et al. 2017). Final cancer cell killing releases additional tumor-associated antigens
which enhance breadth and depth of the specific anti-tumor response (Chen and Mellman
2013).

Nevertheless, in a substantial proportion of cancer patients the cancer immunity cycle does
not function optimally and on the way from immune-mediated recognition and elimination,
cancer cells are able to interfere with the ongoing anti-tumor immunity. Manipulation and
inhibition of important key processes allow immune evasion thereby favoring cancer

progression. Besides tumor-mediated immune suppression, tumor infiltration of potent
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activated T cells may be hindered by the tumor microenvironment thereby impeding final

effector function in the tumor bed (Motz and Coukos 2013).

Consequently, targeting of immune effector cells to the tumor endothelium represents an
important subdiscipline in the field of tumor immunology that the underlying study will focus

on.

1.2 PROGNOSTIC SIGNIFICANCE OF IMMUNE CELL INFILTRATION IN TUMORS

Previous studies have demonstrated a correlation between the presence of tumor-infiltrating
lymphocytes (TILs) in most solid tumor types and progression-free survival as well as overall
patient survival (Jass, 1986; Zhang et al. 2003; Galon et al. 2006; Anraku et al. 2008; Fridman
et al. 2012; Hwang et al. 2012; Peske, Woods and Engelhard 2015; Sepesi et al. 2017; Chen
et al. 2018; Idos et al. 2020).

These findings suggest a central role of T cells in tumor immunity further supported by the
robust responses of some patients to high-dose interleukin-2 (IL-2) as well as to the adoptive
transfer of autologous ex vivo expanded TILs (TIL therapy) (Restifo et al. 2012; Rosenberg et
al. 2011).

Furthermore, checkpoint blockade therapy with monoclonal antibodies (mAbs) targeting
cytotoxic T lymphocyte-associated protein 4 (CLTA-4), programmed cell death protein 1 (PD-
1) and its ligand (PD-L1), has enabled T cell-mediated tumor regression for a range of
malignancies (Hodi et al. 2010; Powles et al. 2014; Ansell et al. 2015; Brahmer et al. 2015; Le
et al. 2015; Motzer et al. 2015) and its responses are greatly correlated to the presence of
CD8" TILs (Tumeh et al. 2014).

In so-called hot tumors, besides CD8" T cells (CTLs), other tumor-infiltrating cells like natural
killer (NK) cells and Th1 phenotypic interferon y (IFN-y) producing CD4" T cells are also linked
to positive prognosis (Fridman et al. 2012). However, tumor-infiltrating cells such as those of
myeloid origin like neutrophils, macrophages and myeloid-derived suppressor cells (MDSCs)
and regulatory T cells (Twg) are mostly associated with negative prognosis (Fridman et al.
2012) as well as tumors that are completely devoid of immune infiltrate, often referred to as
cold tumors (Chen and Mellman 2013; Kim and Chen 2016).

Since multiple immune cell subsets are present in the tumor microenvironment at the same
time, their relative representation is important to balance positive and negative influences on
anti-tumor immunity. For instance, the ratio between CD8" T cells and regulatory T cells or

total CD4" T cells has been shown to be prognostically relevant in various cancers (Anraku et
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al. 2008; Gao et al. 2020; Wang et al. 2020). Yet, cytotoxic T cells are only associated with
positive clinical outcomes if they can execute their effector function, i.e., being in an actively
proliferating or IFNy and granzyme producing state (Galon et al. 2013). Interestingly, also the
exact intratumoral localization and density of CD8" lymphocytes alter their prognostic meaning.
The presence in both the tumor center and the invasive front is associated with better outcome

than localization at either site only (Erdag et al. 2012).

Even patients with similar tumor histology show great heterogeneity in overall T cell
representation and distribution which indicates that fundamental processes controlling effector
cell infiltration into and migration within cancerous tissue varies between patients and evidence

shows that the individuality of the tumor microenvironment itself has remarkable impact.

1.3 TUMOR MICROENVIRONMENT - DETERMINANTS OF TUMOR T CELL INFILTRATION

For an effective host immune response, tumor cells need to be recognized as foreign and the
immune effector cells must be able to infiltrate the tumor to destroy it. Tumor genomes contain
many mutations that leads to altered proteins products which can be detected by the host
immune system during surveillance leading to a systemic tumor-specific immune response.
However, as part of its strong adaptive profile, tumors develop mechanisms to overcome this

immune response in order to grow and eventually metastasize.

The overall representation of effector T cells in tumors is determined by various factors and
central processes. At the site of the tumor-draining lymph node, cold, poorly immunogenic
tumors (Peske et al. 2015; Yu et al. 2005) may diminish effector T cell infiltration due to a

paucity of tumor antigens.

Similarly, poor T cell infiltration into tumors can result from impaired DC maturation and
trafficking (Fig. 1.7. upper panel). One possible reason is impaired type | IFN signaling which
normally is induced by tumor DNA and is required for DC-mediated antigen-specific anti-tumor
CD8" T cell response via the STING cytosolic DNA sensing pathway. Defects in respective
pathways restrict DC activation and subsequent T cell priming (Deng et al. 2014; Woo et al.
2014). Similar findings have been reported for murine tumor responses to anti-CTLA-4
(cytotoxic T lymphocyte-associated protein 4) or anti-PD-1/PD-L1 (programmed cell death
(ligand) 1), which are associated with pre-existing CD8 T cell infiltration but also related to
mutational burden, thereby linking T cell representation and tumor antigenicity (Snyder et al.
2014) (Fig. 1.7. lower right panel).
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In addition, there is ample evidence that the tumor vasculature limits infiltration of CD8" T cells
into cancerous tissue, a phenomenon called endothelial cell anergy. Tumors with poor T cell
representation show active down-regulation of cognate ligands of leukocyte homing receptors
on the tumor vasculature (Fig. 1.7. lower left panel), thus limiting extravasation of potent
effector cells. Furthermore, tumor endothelial cells can express surface ligands that do not
match immune cell receptors for transendothelial migration (Kupper and Fuhlbrigge 2004). In
general, hypoxia in solid tumors hinders proper immune cell infiltration as it dysregulates
angiogenesis in the tumor microenvironment which leads to tortuous and leaky blood vessels
promoting irregular blood flow and increased interstitial pressure in cancer tissues (Chung et
al. 2010). Within this context, the high-level production of vascular endothelial cell growth
factors (VEGF) and basic fibroblast growth factors (FGF) by tumor and stromal cells like TAMs

(tumor-associated macrophages) plays a major role (Peske et al. 2015).

Even if some T cells can successfully home and extravasate through tumor endothelium,
further challenges can be faced to both their function and survival in the tumor bed. Tumor
cells can up-regulate inhibitory receptors like PD-L1 and secrete molecules including IL-10 and
TGF-B, that can directly block T cell function and/or recruit and activate immunosuppressive

immune cells, including Tregs, MDSCs, TAMs, and tumor-associated neutrophils (TANSs).

In sum, all mechanisms alone or in combination allow cancer to escape host immune
surveillance and to render endothelial cells unresponsive to inflammatory activation which may
also explain the resistance of some solid tumors to anti-tumor immune checkpoint blockade
(Bellone and Elia 2017). Therefore, crossing the abnormal endothelial barrier in solid tumors
remains a major hurdle for endogenous or adoptively transferred tumor-specific CTLs which
must be overcome in order to promote direct contact with their targets, hence effective anti-

tumor immunity.
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Figure 1.7 Factors controlling CD8 T cell presence in tumors. Initial T cell priming to tumor neoantigens may
be hindered by reduced tumor antigenicity as well as poor DC trafficking and maturation. Furthermore, the tumor
vasculature can decrease expression of ligands needed for T cell homing or express ligands for homing receptors
not recognized by the T cells. Additionally, dysregulated angiogenesis poorly supports CD8 T cell infiltration. Figure
adapted from Peske et al. 2015.
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1.3.1 Tumor endothelium activation profile

In non-inflamed tissue, endothelial cells (EC) are in a quiescent state. EC are connected
through tight junctions, allowing a stable blood flow. In response to extracellular stimuli, for
example pro-inflammatory cytokine TNF-o, IL-13, and toll-like receptor ligand
lipopolysaccharide (LPS), EC are activated and mediate vascular permeability and leukocyte

recruitment cascades. Two types of endothelial activation have been described.

Type | activation is a rapid response without transduction of new gene expression and is
mediated by GPCR (G protein-coupled receptor) signaling. Upon activation, P-selectin is
released to the cell surface via exocytosis of Weibel-Palade bodies (WPBs) (Rondaij et al.
2006). P-selectin is capable of capturing leukocytes and activating signaling to integrins that

mediate leukocyte diapedesis.

Type Il activation is a delayed but sustained response with de novo gene expression in
endothelial cells (Pober and Sessa 2007). After cytokines such as TNF-a and IL-1 bind to their
receptor TNFR1 and IL1-R1 respectively, the inhibitor of kB kinase (IKK) complex is activated
and phosphorylates inhibitor of kB (IkB), which is subsequently tagged for ubiquitination and
degradation by the proteasome. IkB degradation releases the NF-kB subunits p50 and p65
(also known as RelA) allowing them to translocate to the nucleus and to induce the
transcription of a set of genes including chemokines and adhesion molecules such as
E-selectin, intercellular adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1
(VCAM1). Both chemokines and adhesion molecules are important mediators of the leukocyte
recruitment process. This pathway is called the canonical NF-kB pathway. However, other
cytokines and pro-inflammatory stimuli (i.e., CD40L and lymphotoxin  receptor (LTBR)) also
stimulate a similar pathway through activating the homologous subunits of NF-kB, namely p52,
RelB and c-Rel (the p52 and RelB complex are also named the NF-kB2 complex) via the non-

canonical NF-kB pathway.

In tumors, pro-angiogenic signaling can result in endothelial cell anergy, poor response to pro-
inflammatory signaling, decreased regulation of adhesion molecules and chemokines
essential for arrest and migration of leukocytes (Klein 2018; Wu et al. 2015). More specifically,
tumor endothelial cell anergy occurs mainly through insufficient expression or functionality of
adhesion molecules as E-selectin, ICAM1, ICAM2 and VCAM1. Down-regulation or ineffective
clustering of adhesion molecules modulates tumor T cell infiltration (Afanasiev et al. 2013;
Bouzin et al. 2007; Buckanovich et al. 2008; Clark et al. 2008; Enarsson et al. 2006; Griffioen
et al. 1996; Madhavan et al. 2002; Piali et al. 1995; Weishaupt et al. 2007; Yoong et al. 1998)

is related with the presence of high angiogenic factors levels such as basic fibroblast growth
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factor (bFGF) and vascular endothelial growth factor (VEGF) in the tumor microenvironment
(Dirkx et al. 2003; Griffioen et al. 1996). Even though pro-inflammatory cytokines like TNF-a
are abundant in many cancers, pro-angiogenic factors can reverse endothelial activation
(Mauge et al. 2014). Other suggested mechanisms for reduced adhesion molecule/integrin
interactions in tumors include the presence of nitric oxide (NO) (Gehad et al. 2012).
Interestingly, another aspect of tumor endothelial regulation of tumor immunity is the
preferential recruitment of specific immunosuppressive leukocyte subsets, as Trwg, through
up-regulation of selective adhesion molecules such as vascular endothelial receptor-1
(CLEVER-1) (Mauge et al. 2014).

Integrins and integrin ligands therefore play important roles in several immune system
functions, especially in immune cell migration and activation. In fact, cell adhesion molecules

have been shown to play both positive and negative roles in anti-tumor immunity.

For example, in order for T to exert their suppressive function, it is crucial that they migrate
to the site of inflammation. T.g express high levels of cell adhesion molecules including ICAM1,
L-selectin, P-selectin, and VLA-4 (Kohm et al. 2002). Furthermore, some adhesion molecules,
particularly B2-integrins, also play a key role in regulatory T cells development and function
(Haasken et al. 2011; Marski et al. 2005; Wang et al. 2008; Wohler et al. 2009).

The expression of integrin on tumor cells has been connected with tumor progression and
metastasis due to increased proliferation, survival, migration and invasion of the malignant
cells (Desgrosellier and Cheresh 2010). Moreover, on tumor-associated vasculature, aberrant
VCAM1 expression has also been observed on many types of tumor cells such as breast,
renal, colorectal cancer and gastric carcinoma cells (Dai et al. 2020; Schlesinger and Bendas
2015; Wu 2007). High levels of VCAM1an ICAM1 on malignant cells has been associated with
metastases, recruitment of tumor-associated monocytes and macrophages and poor
prognosis in several cancers like melanoma, breast, lung and oral cancers (Johnson et al.
1989; Lin et al. 2006; Schroder et al. 2011; Usami et al. 2013). Besides some human myeloma
cells have been shown to express various adhesion molecules including LFA-1, VLA-4, CD44,
and ICAM1 (Ahsmann et al. 1992; Tatsumi et al. 1996; Vacca et al. 1995) and adhesion
molecules like LFA-1 and VLA-4 have also been associated with drug resistance in multiple
myeloma patients (Di Marzo et al. 2016). E-selectin increased expression on tumor
endothelium and the presence of soluble E-selectin is also known to mediate cancer

extravasation (Kang et al. 2016; Zhong et al. 2014).
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In conclusion, adhesion molecules play an important role in the function of the immune system
both in health and disease. During cancer progression, adhesion molecules mediate essential
functions in almost every step of the anti-tumor response cascade, including tumor antigen
uptake, activation of tumor-specific T cells, leukocyte trafficking into the tumor site and tumor
cell killing. Nevertheless, malignant cells can also use cell adhesion molecule pathways to
support tumor growth. Expression of various integrins on tumor cells promotes tumor cell
proliferation, survival and metastases. However, increased secretion of angiogenic molecules
causes down-regulation of adhesion molecules on tumor-associated blood vessels and
consequently avoids immune effector cell infiltration into the tumor. Tumor cells also recruit
regulatory cells such as Treg and MDSC which express high levels of integrins allowing them
to reach the tumor site. The main cell adhesion molecule-mediated events promoting tumor

growth are listed in Table 1.2.

Besides affecting leukocyte recruitment, tumor endothelial cells can also influence immune cell
functions. Tumor endothelial cells can present increased expression of T cell activation
inhibitory molecules such as programmed death-ligand (PD-L) 1, FasL, TNF-related apoptosis-
inducing ligand (TRAIL), T-cell immunoglobulin domain and mucin domain (TIM3), B7-H3, B7-
H4, IL-6, Prostaglandin E (PGE) 2, IL-10 and TGF-B (Maishi et al. 2019; Nagl et al. 2020;
Zonneville et al. 2018). Receptors involved in angiogenesis, like TIE2 (Mazzieri et al. 2011;
Willam et al. 2000) and VEGFR2 (Lian et al. 2019; Smith et al. 2010) are also up-regulated in

tumor endothelium.
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Hematological

Table 1.2 Adhesion molecule-mediated events promoting tumor growth.

Adapted from Harjunpaa et al. 2019

Adhesion molecule-mediated
mechanisms operating in the tumor
microenvironment

Increased secretion of angiogenic
factors by the tumor cells reduces the
expression of various adhesion
molecules including ICAM1/2, VCAM1
and E-selectin in tumor-associated

endothelial cells

Consequence for
tumor progression

Leukocytes in blood are unable to
extravasate to the tumor site

(endothelial anergy)

Ref.

(Dirkx et al. 2003;
Griffioen et al. 1996;
Klein 2018; Tromp et al.
2000; Wu et al. 2015)

Dying tumor cells become opsonized
with iC3b

DCs interact with dying tumor cells
via B2-integrins Mac-1 and
CD11c/CD18 leading to suppression

of DC activation and tolerance

(Skoberne et al. 2006;
Verbovetski et al. 2002)

High expression of adhesion molecules
including ICAM1, VLA-4 and L-selectin

on Tregs

Affects Treg trafficking possibly
enabling them to reach the tumor
site where they suppress effector T
cells leading to tumor evasion of the

immune system

(Kohm et al. 2002)

High expression of VLA-4 and CD11b on

myeloid cells

Myeloid cells are able to reach the
tumor site and promote

angiogenesis and tumor growth

(Arnaout 1990; Jin et al.
2006; Palmen et al.
1995; Zhang et al.
2015)

Expression of various integrins including
aVp3, ICAM1 and VCAM1 on tumor

cells

Increase in tumor cell proliferation,
survival and invasion, recruitment of
tumor-associated macrophages
(TAMs) which allows evasion of the

immune system

(Brooks et al. 1995;
Desgrosellier et al.
2009; Huveneers et al.
2007; Johnson et al.
1989; Lin et al. 2006;
McCabe et al. 2007,
Schlesinger and
Bendas 2015; Schroder
et al. 2011; Takayama
et al. 2005; Uhm et al.
1999; Usami et al. 2013;
Wu 2007)

Expression of MUC-1 on tumor cells,
which is able to bind to ICAM1 in

endothelial cells

Tumor cells are able to cross the
endothelial barrier, which promotes

metastasis

(Nath and Mukherjee
2014; Roland et al.
2007)

Up-regulation of LFA-1/VLA-4
expression on tumor cells which are able
to bind to ICAM1/VCAM1 in endothelial

cells

Tumor cells are able to cross the
endothelial barrier and migrate to
lymphoid tissues to receive more
proliferation and survival signals

promoting tumor progression
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1.4 TUMOR VASCULATURE

1.4.1 Blood vessel formation

Blood vessels, orderly arranged in arteries, veins, and capillaries, together with the blood and
heart formed the cardiovascular system, the first functional organ during vertebrate
development (Swift and Weinstein 2009). Tissue oxygenation, nutrient supply, bioactive
molecule distribution and immune cell mobility to distal sites in the body are the main blood

vessels functions (Potente et al. 2011).

Vasculogenesis is the process of de novo vessel formation and occurs during embryogenesis
by mesoderm-derived endothelial precursors, called angioblasts (Swift and Weinstein 2009).
The growth of new blood vessels from pre-existing ones occurs through angiogenesis (Risau
1997). Angiogenesis typically starts from the capillaries and plays an important role in tumor

growth, maintenance and metastasis.

Subsequently, the newly formed vessels, either through vasculogenesis or angiogenesis, need
to mature to ensure the integrity of the new vessel channel (Potente et al. 2011). The vessel
maturation reflects higher states of organization of the vessel wall as well as the vascular
network. The vessel wall is composed of endothelial cells (EC, the foundation of blood

vessels), recruited mural cells (pericytes or vascular smooth muscle cells) and ECM.

During adulthood, the endothelial cells are quiescent and under physiologic conditions new
blood vessel formation rarely takes place, for example, in wound healing, female menstrual
cycle, and placenta generation (Schmidt and Carmeliet 2011). However, EC retain the capacity
to respond in pro-angiogenic signals when required, for example in pathologic conditions like

tumor formation (Potente et al. 2011).

1.4.2 Tumor blood vessel formation

In fact, tumors rely on a blood supply for maintained tumor cell survival and induction of
dysregulated angiogenesis is one of the hallmarks of cancer, stimulated by multiple factors like
inflammation and hypoxia (low oxygen tension) present in the tumor microenvironment
(Hanahan and Weinberg 2011). Blood vessel formation in tumors can be triggered by several
cellular processes (Fig. 1.8) like: Sprouting angiogenesis (SA); intussusceptive angiogenesis
(IA, vessel splitting or non-SA); vasculogenesis and recruitment of endothelial progenitor cells;

vascular mimicry and trans-differentiation of cancer stem cells.
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Figure 1.8 Mechanisms of blood vessel formation. Neo-vascularization in normal tissues and tumors can occur
through one or more of the following mechanisms: Sprouting angiogenesis: consists in formation and outgrowth of
tip cells that can fuse with an existing vessel or newly formed. b Intussusceptive angiogenesis: de novo vasculature
formation from a pre-existing vessel. ¢ Vasculogenesis: embryo neo-vascularization from endothelial progenitor
cells that proliferate and form new vessels. d Recruitment of circulating endothelial progenitor cells. e Vascular
mimicry: a matrix-embedded fluid-conducting meshwork formed by tumor cells. f Trans-differentiation of cancer
stem cells (CSC): neo-vascularization through differentiation of CSCs to endothelial cells. Figure from Lugano,
Ramachandran and Dimberg, 2020.

SA which accounts for a considerable amount of vessel formation refers to the process of
vessel sprouting from pre-existing blood vessels triggered by pro-angiogenic factor gradients
(like VEGF) inducing EC activation and morphology changes with an invasive character,
forming filopodia and start exploring the adjacent microenvironment in search of guidance. The
cells of the leading edge are called tip cells and differ from the following cells, namely stalk
cells. Stalk cells are more proliferative, they form fewer filopodia and generate tubes with the
lumen. However, the tip/stalk cell fate is not permanent since it is a highly dynamic and
transient state mainly regulated by Notch signaling (Hellstrdm et al. 2007). The tip cells are
responsible for vessel dividing through anastomosis with other tip cells creating vessel loops.
Finally, blood flow and vessel maturation need to occur to ensure the integrity of the new vessel
channel (Potente et al. 2011).

The process known as “intussusception” (1A) is a less studied neo-angiogenesis mechanism
where new vessels arise from splitting of pre-existing ones without the need of sprouting.
During this process endothelial walls of the opposite side of a vessel extend towards each
other creating an intraluminal pillar, which is perforated and thus forms two lumens. Then
pericytes and myofibroblasts support the pillar by generating ECM. Several pillars fuse

together and create two capillaries from the initial one. Intussusceptive angiogenesis is quicker
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than sprouting angiogenesis (De Spiegelaere et al. 2012). The molecular mechanisms
involved in IA are not completely understood but is known to be influenced by growth factors
like VEGF, PDGF and erythropoietin (Crivellato et al. 2004; Hellstrom et al. 1999; Wilting et al.
1996). IA have been observed in various tumor types including melanoma, colorectal cancer,
glioma and mammary tumors contributing to tumor growth by increasing the complexity and
number of microvascular structures within the tumor (Djonov et al. 2001; Nico et al. 2010;
Patan et al. 1996; Ribatti et al. 2005).

De novo blood vessel formation in the embryo starting through endothelial progenitor cells
(EPCs) differentiation and association is known as vasculogenesis (Risau et al. 1988; Risau
and Lemmon 1988). EPCs can be derived from hematopoietic stem cells, myeloid cells,
circulating mature endothelial cells or other circulating progenitor cells (Chopra et al. 2018;
Urbich and Dimmeler 2004). EPCs are recruited from the bone marrow to places of injury due
to the presence of growth factors, cytokines and hypoxia-related signaling pathways. There,
they differentiate into mature endothelial cells and incorporate themselves into sites of active
neovascularization (Asahara et al. 1997; Reale et al. 2016). However, vasculogenesis was
also observed in adults during capillary formation post-ischemia (Asahara et al. 1997) or in
tumors as an alternative mechanism for neovascularization (Bussolati et al. 2011). In tumors,
specifically, this process is initiated by crosstalk between tumor cells and EPCs or bone
marrow-derived hematopoietic cells, initiating the formation of new vessels boosting tumor
growth (Ahn et al. 2010; Greenfield et al. 2010) due to the presence of VEGF, chemokines
CCL2, CCL5, CXCL12 (also known as SDF-1) (Chang et al. 2007) and adiponectin (Chang et
al. 2007; Nakamura et al. 2009; Spring et al. 2005) in the tumor microenvironment. In
preclinical glioma models, the revascularization that occurs during glioma recurrence after

irradiation is mediated by vasculogenesis and not angiogenesis (Kioi et al. 2010).

Aggressively growing tumor cells can also form vessel-like structures without contribution of
endothelial cells through vascular mimicry. Vascular mimicry has been reported in some tumor
types including melanoma (Maniotis et al. 1999), glioma (Ricci-Vitiani et al. 2010), head and
neck cancer (Upile et al. 2011), lung cancer (Williamson et al. 2016), colorectal cancer (Baeten
et al. 2009) and prostate cancer (Sharma et al. 2002) and has been related with poor prognosis
(Baeten et al. 2009; Li et al. 2010). In gliomas, for example, increased vascular mimicry has
been reported following anti-angiogenic therapy (Angara et al. 2017), maybe as an alternative
neovascularization process. However, due to a lack of techniques that can be used to
distinguish vascular mimicry from normal endothelial cell lining clearly, investigation of this

process is still difficult.
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Trans-differentiation of cancer stem cells to endothelial cells and vascular smooth muscle-like
cells resulting in neovascularization has been reported in several tumor types (Alvero et al.
2009; Bussolati et al. 2009; Mei et al. 2017; Ricci-Vitiani et al. 2010; Wang et al. 2010),
although with somewhat controversial results. Some studies reported the fact that tumor
endothelial cells can harbor similar somatic mutations as the malignant cells, indicating a
neoplastic origin (Ricci-Vitiani et al. 2010; Wang et al. 2010) but not in others (Kulla et al. 2003;
Rodriguez et al. 2012). A later study using lineage-specific fluorescent reporters even
demonstrated that glioma cancer stem cells can differentiate into pericytes and that specific

depletion of pericytes disrupted tumor vessels and tumor growth (Cheng et al. 2013).

A common feature of all these processes is the quick and dysregulated tumor blood vessel
formation due to the persistence of pro-angiogenic factors in the tumor microenvironment
leading to morphological and functional deficiency on networks maturation and division.
Malformed vessels poorly organized are characterized by the heterogeneous vessel caliber
size, disrupted EC junctions, pericytes partially detached from EC and an uneven basement
membrane (Baluk et al. 2003; Baluk et al. 2005; McDonald and Baluk 2005; Morikawa et al.
2002). As a consequence of abnormal tumor vascular network, the blood flow within the tumor
parenchyma is uneven, vessel permeability is enhanced, and interstitial fluid pressure is
increased leading to hypoxia and increased vessel fragility (Abramsson et al. 2002; Bennewith
and Durand 2004; Hashizume et al. 2000) (Fig. 1.9). The efficacy of cancer therapies is also
negatively affected since compression of tumor vessels and poor vascular perfusion hamper

drug delivery (Padera et al. 2004).

Importantly, tumor-infiltrating inflammatory cells such as TAMs and myeloid-derived
suppressor cells (MDSCs) may also induce the angiogenic switch by secreting multiple pro-
angiogenic factors (Gao et al. 2008; Murdoch et al. 2008). In pathophysiological conditions,
wounds attract immune cells that need to reach the injured site through blood vessel
extravasation. As inflammation continues, vessels become more permeable and secrete
chemoattractants for the immune cells. Leukocyte recruitment is a multistep process

orchestrated by activated endothelial cells, as discussed in section 1.1.3.
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1.4.3 Molecular regulation of tumor angiogenesis

Hypoxia is one of the predominant stimuli inducing tumor angiogenesis. When oxygen supply
in the tissue is too low to satisfy a high proliferation of tumor cells, ICA;1 (HIF-1) is up-
regulated. HIF-1, a heterodimeric protein, consists of the oxygen level-regulated HIF-1a
subunit and the stably expressed HIF-1B. HIF-1a is regulated by oxygen-sensing prolyl
hydroxylase domain proteins 1-3 (PHD1-3). In normoxia, PHDs use oxygen to hydroxylate
HIF-1q, thereby targeting it for proteasomal degradation. Oxygen sensors become inactive in
hypoxic conditions, allowing HIF-1a to escape degradation and regulate the expression of
angiogenesis, proliferation and glycolytic metabolism-related molecules such as VEGF and
GLUT-1 (Fong 2009; Forsythe et al. 1996; Greer et al. 2012; Span and Bussink 2015).

Many pro-angiogenic factors have been identified, including acidic fibroblast growth factor
(FGF), hepatocyte growth factor (HGF), TGF-a, TGF-B, epidermal growth factor (EGF), tumor
necrosis factor a (TNF-a), angiogenin, interleukin 8 (IL-8) and angiopoietins (Ferrara et al.
2003; Yadav et al. 2015). These factors are often expressed simultaneously, effectively co-

operating at different stages of tumor angiogenesis.

During tumor angiogenesis, as shown in Fig. 1.10, VEGF is produced and secreted by tumor
cells and surrounding stroma in response to hypoxia via the PHD2/HIF pathway or due up-

regulation by oncogenic activation (like PI3K), inflammatory cytokines. VEGF-A may also be
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derived from tumor-infiltrating myeloid cells, pericytes, or released from the extracellular matrix
and acts primarily via VEGFR2 on ECs (Goel et al. 2011). VEGF-mediated cell invasion is
promoted by the expression of MMP (matrix metalloproteinase) which degrade the basal
membrane and extracellular matrix allowing migration of endothelial cells and the formation of
capillary sprouts (Jiang and Liu 2009; Van Hinsbergh and Koolwijk 2008).
VEGF-A is associated with tumor progression, increased vessel density, invasiveness,
metastasis and tumor recurrence and is up-regulated during hypoxia (Apte et al. 2019; Ferrara
2004). Except for the cognate VEGFRs, co-receptors of VEGF as NRPs (NRP1 and NRP2)
and integrins have been identified. Based on expression patterns, NRP1 has been associated
as a co-receptor of VEGFR1/2, whereas NRP2 is a co-receptor of VEGFR3. Integrins such as
avp3 orchestrate cell-matrix adhesion by specific ECM bindings, are mediators of VEGFR2
activity (Koch and Claesson-Welsh 2012).
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Figure 1.10 Molecular regulation of tumor angiogenesis. This schematic diagram depicts a tumor cell,
endothelial cell, surrounding pericytes, and the extracellular matrix. Molecules that lead to characteristic vessel
abnormalities are in red, and those that promote the normalization phenotype are in blue. The principal angiogenic
molecule responsible for vascular abnormalities is VEGF-A. Other mediators of the abnormal vessel phenotype
shown include Ang-2 (acting on the TIE2 receptor), Rgs5 (which inhibits PDGFR-mediated pericyte recruitment),
and tumor cell integrins (in the case of GBM). Factors that may restore tumor vessels toward a more normal
phenotype include Ang-1 (derived primarily from perivascular cells and acting on TIE2), SEMA3A and PDGF-B.
Figure adapted from Goel et al. 2011.

24



1.4.3.1 Vascular endothelial growth factors (VEGF) and respective receptors (VEGFR)

VEGFs are considered as central molecules for blood and lymphatic vessel biology during
development as well as adulthood. VEGF(A) was the first identified member of the VEGF
family, originally identified as vascular permeability factor (VPF), one of the most potent
inducers of angiogenesis (Koch and Claesson-Welsh 2012). VEGF-A belongs to the VEGF
family of growth factors composed of five members, VEGF(A-D) and the placenta growth factor
PIGF (Ferrara et al. 2003). VEGF-A has been acknowledged as the key regulator of the main
blood vessel functions throughout development. VEGF-B and PIGF also stimulate
angiogenesis in normal tissues, but their activities are limited compared to VEGF-A (De Falco

2012; Scotney et al. 2002). VEGF-C and VEGF-D mainly regulate lymphatic angiogenesis.

VEGFs are the ligands of a family of receptor tyrosine kinases (RTKs), namely vascular growth
factor receptor 1, 2 and 3 (VEGFR1, VEGFR2 and VEGFR3), that like other RTKs, consist of
an extracellular ligand-binding region, a transmembrane part and an intracellular tyrosine
kinase domain (Shibuya and Claesson-Welsh 2006) (Fig. 1.11). Traditionally upon ligand-
binding, VEGFRs homodimerize but studies have shown that heterodimerization is also
possible (Domigan et al. 2015). Receptor dimerization enables activation and
autophosphorylation of certain tyrosine residues leading to differential intracellular signaling
cascades and multifunctional role of the receptor throughout vessel development and
pathophysiology. VEGFR1 (or FIt1, in mice), up-regulated by hypoxia through HIF-1 activation,
binds VEGF-A, VEGF-B and PIGF. VEGFR1 and its soluble version are considered negative
regulators of VEGFR2 by binding VEGF-A with higher affinity. Under specific conditions, it has
been implicated to mediate mitogenic signals and it also has a role in hematopoiesis (Ferrara
et al. 2003). VEGFR2 (or KDR in humans and Flk-1 in mice) is the major receptor of VEGF-A
but it can also bind VEGF-C and VEGF-D (with implication for lymphatics). VEGFR2 can also
be found as soluble molecule. VEGFR2 is an endothelial cell signaling transducer with multiple
effects in angiogenesis, differentiation, migration and tube formation (Shaik et al. 2020).
VEGFR3 binds VEGF-C and VEGF-D and these interactions are critical for lymphatic
endothelial cells but are also essential for angiogenesis (Dumont et al. 1998; Koch and
Claesson-Welsh 2012).
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Figure 1.11 Schematic representation of
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1.4.3.2 Angiopoietin-1/-2/ and TIE2 interactions

The angiopoietin-TIE2 pathway plays a key role in regulating both physiological and
pathological angiogenesis (Huang et al. 2010; Suri et al. 1996). TIE2 is a tyrosine kinase
receptor originally found in the membrane of EC and hematopoietic precursor (Dumont et al.
1992), that has later been described to be expressed in other cells, such as tumor cells,
pericyte precursors, and specific monocytic populations (Gabrusiewicz et al. 2014; Lee et al.
2006; Martin et al. 2008). TIEZ2 signaling is initiated after binding to angiopoietins, leading to a
dynamic role in vessel formation, maintenance, and permeability (Fig. 1.10). Thus, Ang-1
stimulation of TIE2 tightens endothelial junctions resulting in blood vessel stabilization while
Ang-2 has been shown to induce vessel destabilization, pericytes detachment, vessel
sprouting and angiogenesis (Reiss et al. 2009). Increased ANG2 expression has been
observed in activated endothelial cells during inflammation and in tumor-associated vessels of
several human cancers in response to hypoxia and VEGF (Shim et al. 2007). Moreover, up-
regulation of Ang-2 in glioblastoma has been associated with reduced efficacy of anti-VEGF

treatment and increased therapy resistance (Chae et al. 2010). TIE2-Ang signaling pathway

Regarding dual inhibition of Ang-2/VEGFR2, preclinical studies have demonstrated beneficial
effects impairing tumor growth, prolonging vessel normalization and blocking macrophage
recruitment and thereby improving survival of glioma-bearing mice (Kloepper et al. 2016;
Peterson et al. 2016). Co-targeting of Ang-2/VEGFR2 is also effective in other murine tumor
models (Koh et al. 2010; Tetreault et al. 2017; Wu et al. 2016).
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1.5 CANCER THERAPIES

1.5.1 Anti-angiogenic therapies

The idea of targeting angiogenesis was raised by Judah Folkman in the 1970s, with the aim to

limit tumor growth by inhibiting tumor angiogenesis and thereby prolonging patient survival

(Sherwood et al. 1971). After this initial suggestion, many anti-angiogenic targets have been

identified and multiple anti-angiogenic strategies have been developed, including monoclonal
antibodies (Reinacher-Schick et al. 2008), tyrosine kinase inhibitors (TKIs) (Gotink and Verheul

2010), fusion proteins binding to pro-angiogenic factors (Van Cutsem et al. 2012), aptamers

(Bates et al. 2009), vaccines (Wagner et al. 2015), oncolytic viruses (Tysome et al. 2013) or

endogenous anti-angiogenic inhibitors (e.g., endostatin) (Abdollahi et al. 2005). FDA-approved

drugs with anti-angiogenic effects are summed up in Table 1.3.

Drug

Table 1.3 FDA-approved drugs with anti-angiogenic effect
Adapted from Al-Abd et al. 2017.

Target molecule(s)

Tumor type

References

Monoclonal antibodies

Bevacizumab
(Avastin)

Ramucirumab
(Cyramza)

Cetuximab

Panitumumab

Necitumumab

Trastuzumab

Pertuzumab

VEGF-A

VEGFR2

EGFR

EGFR

EGFR

HER2

HER2

Colorectal cancer, non-small cell lung cancer,
cervical cancer, ovarian cancer, renal cell
carcinoma, glioblastoma

gastric or gastro-esophageal junction cancers,
colorectal cancer, hepatocellular carcinoma,
non-small-cell lung carcinoma

Squamous cell carcinoma of the head and
neck, colorectal cancer

Colorectal cancer

Squamous non-small-cell lung cancer
HER2-positive breast cancer, HER2-positive
advanced gastric or gastro-esophageal
junction cancer

HER2-positive breast cancer

(Ferrara et al. 2006;
Kazazi-Hyseni et al.
2010)

(Al-Halafi 2014; Arrieta
et al. 2017)

(Bonner et al. 2006;
Heinemann et al.
2014)

(Price et al. 2014)

(Thatcher et al. 2015)

(Bang et al. 2010;
Gianni et al. 2014)

(Hurvitz et al. 2018)

Tyrosine kinase receptors (TKRs)

Sunitinib
(Sutent)

Sorafenib
(Nexavar)

Cabozantinib
(Cabometyx)

Pazopanib
(GW78603)

Ponatinib
(AP24534)

VEGFR1, VEGFR2, VEGFRS,
PDGFR@, FLT3

VEGFR2, PDGFR, c-kit, Raf-1,
B-Raf

VEGFR2, MET, RET

VEGFR1, VEGFR2, VEGFRS,
PDGFR-a, PDGFR-$ and c-kit

VEGFR2, FGFR-1, FGFR-2,
FGFR-3, PDGFR-a

Metastatic renal cell carcinoma (mMRCC) and
gastrointestinal stromal tumor (GIST)

Advanced renal cell carcinoma, advanced
hepatocellular carcinoma

Advanced renal cell carcinoma

Renal cell carcinoma

Chronic myeloid leukemia
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(Roskoski 2007;
Wilhelm et al. 2004)

(Berretta et al. 2016;
Escudier et al. 2016)

(Griilich 2014;
Sonpavde and Hutson
2007)

(Jain et al. 2015)

(Rey et al. 2015)



VEGFR1, VEGFR2, VEGFRS,
FGFR-1, FGFR-2, PDGFR-q,
PDGFR-B, KIT, TIE2, TrkA

VEGFR1, VEGFR2, VEGFRS,

Regorafenib
(BAY 73-4506)

Axitinib PDGFRB, c-Kit
Lorvatinib VEGFR1, VEGFR2, VEGFRS3,
vt PDGFR-0, FGFR-1, FGFR-2,
( ) FGFR-3, FGFR-4, KIT and RET
Vandetanib  VEGFR2, VEGFR3, EGFR, RET
(ZD6474) FGFR-1, FGFR2, FGFR3,
Nintedanib VEGFR1, VEGFR2, VEGFRS3,
(BIBF 1120)  PDGFR-a, PDGFR-B and FLT3
Imatinib PDGFR, c-Kit, Abl
Gefitinib EGFR
Erlotinib EGFR
Neratinib EGFR, HER2
Lapatinib EGFR, HER2
Afatinib EGFR, HER2

Metastatic colorectal cancer (nCRC),
gastrointestinal stromal tumors (GIST) and
hepatocellular carcinoma

Renal cell carcinoma

Radioactive iodine (RAl)-refractory thyroid
cancer

Locally advanced and metastatic medullary
thyroid cancer

Idiopathic pulmonary fibrosis (IPF)

Gastrointestinal stroma tumor, myeloid
leukemia, philadelphia chromosome-positive
acute lymphoblastic leukemia

Non-small cell lung cancer

Non-small cell lung cancer, pancreatic
adenocarcinoma

HER2 positive breast cancer

HER2 positive breast cancer

Non-small cell lung cancer

(Hu-Lowe et al. 2008;
Omata et al. 2017)

(Hewett et al. 2018)

(Kawalec et al. 2016;
Ton et al. 2013)

(Fala 2015)

(Roskoski 2007)

(DeMatteo et al. 2009;
Druker et al. 2006;
Fielding et al. 2014)

(Kim et al. 2008)

(Lee et al. 2012; Moore
et al. 2007)

(Martin et al. 2017)

(Baselga et al. 2012)

(Sequist et al. 2013)

Receptor fusion proteins

Ziv-aflibercept

(VEGF trap) VEGF-A, VEGF-B, PIGF

Colorectal cancer

(Tabernero et al. 2014)

Immunomodulatory agents
Thalidomide TNF-a, ILs, IFNs, VEGF, bFGF

Lenalidomide TNF-q, ILs, IFNs, VEGF, bFGF

Multiple myeloma

Multiple myeloma

(Rajkumar et al. 2002)

(Rajkumar et al. 2010)

mTOR inhibitor

Everolimus mTOR

Renal cell carcinoma, breast cancer,
pancreatic cancer, gastrointestinal cancer,
lung neuroendocrine tumor, subependymal
giant cell astrocytoma

(Motzer et al. 2008)

The first FDA (The Food and Drug Administration) approved anti-angiogenic therapy for cancer

was Bevacizumab (Avastin®), a humanized monoclonal antibody neutralizing VEGF-A mainly

used for metastatic colorectal cancer in combination with chemotherapy (Vasudev and

Reynolds 2014). Today bevacizumab is used as first- and second-line treatment for metastatic

colorectal cancer, advanced non-small cell lung cancer, breast cancer, renal cell carcinoma

and glioblastoma, and significantly increases progression-free survival when combined with

chemotherapy (Van Meter and Kim 2010).
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Ramucirumab is a fully-humanized 1IgG1 monoclonal antibody, FDA approved in 2014, that
binds to the extracellular domain of VEGFR2 and has an antagonist effect. In several cancers
like non-small cell lung cancer (NSCLC), gastric cancer (GC), colorectal cancer, and bladder
cancer has been described as a potent anti-angiogenic agent (Fuchs et al. 2014; Garon et al.
2014; Jayson et al. 2016; Petrylak et al. 2017; Wilke et al. 2014). (Tada et al. 2018) showed
that CD8" T cell infiltration and PD-L1 expression were induced by Ramucirumab-containing
therapies and also reported a decrease in TIL, effector Teq cells and PD-1 expression by

CD8"* T cells after the treatment.

1.5.1.1 Tyrosine kinase inhibitors (TKIs)

The tyrosine kinase inhibitors represent another important class of anti-angiogenic drugs.
Unlike bevacizumab and other monoclonal antibodies, TKIs are small hydrophobic molecules
that can enter the cell cytoplasm and interfere with the intracellular signaling domain of the
targeted kinase or other molecules (Gotink and Verheul 2010). Most TKIs act by competing
with ATP for binding to the kinase domain and have the ability to target multiple different
kinases hence blocking several signaling pathways simultaneously (Gotink and Verheul 2010).
It is likely that this multi-targeted character of TKls is the reason why they have stronger
efficacy as single agents than monoclonal antibodies. For example, TKIs that simultaneously
target VEGFRs and platelet-derived growth factor receptors (PDGFRs) affect endothelial cells
as well as pericytes (Erber et al. 2004). Increased toxicity in combination therapies with

chemotherapy is an important parameter (Moserle et al. 2014).

1.5.1.2 Resistance to anti-angiogenic therapy and future directions

Although therapeutic intervention blocking the VEGF/VEGFR2 pathway has proven to be
successful in limiting disease progression in a number of different clinical settings, there is an
obvious need for an improved response due to therapy resistance which can explain the
variable responses in different types of cancer. Resistance can be classified into intrinsic
resistance, observed from the beginning of the therapy, and acquired resistance, observed
after an initial positive response to therapy (Bergers and Hanahan 2008). Numerous
mechanisms have been proposed for anti-angiogenic therapy resistance such as: up-
-regulation of alternative pro-angiogenic factors, direct effect of hypoxia stimulating tumor
invasion and metastasis, vascular mimicry and the contribution of stromal cells , EPC and pro-
angiogenic myeloid cells (Bergers and Hanahan 2008; Zarrin et al. 2017). VEGF-VEGFR2
activation can promote the accumulation of immature dendritic cells, myeloid-derived
suppressor cells, and regulatory T cells (Treg) and can inhibit the migration of T lymphocytes
but these effects can be reversed by anti-angiogenic reagents (Terme et al. 2013; Voron et al.
2014; Voron et al. 2015; Wallin et al. 2016; Yuan et al. 2014).
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Adverse effects to anti-angiogenic therapies are explained by the fact that VEGF and the other
targeted signaling pathways are not tumor-specific, thus they could exert systemic effects. The
spectrum of side effects are hypertension, impaired wound healing, gastrointestinal
perforation, thrombosis, proteinuria and occasional bleedings (Vasudev and Reynolds 2014).
However, the most important side effect due to anti-angiogenic therapies is the promotion of
tumor aggressiveness leading to increased invasion and metastases (Ebos et al. 2009; Paez-
Ribes et al. 2009). Even though there is no consistency in the literature, mainly due to different
study settings, anti-angiogenic therapies (both monoclonal antibodies and TKIs) have been
associated with increased tumor dissemination in preclinical and several clinical studies
(Vasudev and Reynolds 2014).

The vessel normalization hypothesis was introduced by Rakesh Jain in 2001 and suggested
an alternative mechanism through which anti-angiogenic therapy has anti-cancer potential. He
claimed that anti-angiogenic therapies, instead of destroying, could normalize the tumor
vasculature and further restore its architecture and functionality. The ‘vessel normalization
window’ could offer the possibility of enhanced chemotherapy delivery to deeper tumor sites
and increased tissue oxygenation (Huang et al. 2013; Jain 2005). This theory has been used
to explain why the combination of bevacizumab or ramucirumab with chemotherapy has
proven more effective in the clinical setting (Jayson et al. 2012). However contradictory
evidence have been reported (Moserle et al. 2014). The treatment scheduling in order to gain
the full potential of vessel normalization has been suggested as a crucial factor. In parallel,
other studies have shown that anti-angiogenic therapy works at least partly through enhanced
immune cell infiltration, by altering the anergic tumor endothelial phenotype leading to
improved endothelial-immune cell interactions (Dings et al. 2011; Dirkx et al. 2006; Griffioen
et al. 1999).

Evidence supporting that vessel normalization can improve cancer therapy has been reported
in mouse models. These studies show that by improving tumor vessel perfusion and
oxygenation, the efficacy of conventional therapies such as radiotherapy, chemotherapy and
immunotherapy can be improved and metastatic dissemination can be lower (Carmeliet and
Jain 2011; Jayson et al. 2012; Mazzone et al. 2009). Evidence that supports the idea that
vessel normalization occurs in response to anti-angiogenic therapy has also been obtained

from clinical studies.
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1.5.2 Cancer Immunotherapy

In cancer immunotherapy the activation of the host’'s immune system is focused on generating
an immunological response in the TME and eliminating tumor cells. An antibody targeting the
cytotoxic T lymphocyte antigen 4 (CTLA-4) was the first immune checkpoint inhibitor (ICI) by
the Food and Drug Administration in 2011 (Hodi et al. 2010; Xi Liu et al. 2020). So far, six more
ICIs have been approved by the FDA, exclusively targeting the T cell co-inhibitory programmed
cell death protein 1 (PD-1)/programmed cell death ligand 1 (PD-L1) signaling pathway (Beaver
et al. 2017; Davis and Patel 2019), with clinical indications across 19 different cancer types
(Twomey and Zhang 2021). While there is great potential in ICls, only a small patient
population achieve a durable response to monotherapy. However, new targets for checkpoint
blockade are arising, including lymphocyte activation gene 3 (LAG-3), T cell immunoglobulin
3 (TIM3), V-domain immunoglobulin suppressor of T cell activation (VISTA), B7-H3 and T cell
immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif
domains (TIGIT), as adjuvant cancer drugs (Burugu et al. 2018; Donini et al. 2018; Marin-
Acevedo et al. 2018).

Table 1.4 ICI - FDA approved.
Information from Twomey and Zhang 2021.

ICI - FDA approved
anti-CTLA-4 ipilimumab

anti-PD-1 pembrolizumab
nivolumab

cemiplimab

anti-PD-L1 atezolizumab
durvalumab

avelumab

Further therapy approaches next to ICB are tumor-antigen vaccination-based (Sahin and
Tareci 2018) and adoptive T cell transfer-based therapies. In case of cell-based therapies
tumor-infiltrating lymphocytes are isolated, expanded and re-infused to boost anti-tumor
response. Alternatively, chimeric antigen receptor (CAR) technology is used to modify T cell

specificity for specific surface expressed tumor antigens (Kershaw et al. 2013; Rosenberg and
Restifo 2015). These cell-based therapy approaches utilize the cytotoxic function of cbs* T

cells to eliminate tumor cells. CD8* T cell activation can be achieved as well by non-cell based

approaches, using bispecific antibodies to crosslink tumor cells and T cells.
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1.5.2.1 Bispecific Antibodies

In contrast to a monoclonal antibody with one antigen specificity, a bispecific antibody (BsAb)
has two antigen specificities by combining the features of two conventional monoclonal
antibodies within one molecule. The binding of two antigens or epitopes simultaneously can
be used for crosslinking. In tumor therapy this feature facilitates BsAb the specific recruitment
of T cells to the tumor cells. That means the BsAb binds on the one side of the T cell, e.g., by
targeting CD3¢ chain and on the other side a tumor-associated antigen (TAA). The crosslinking
of T cell and tumor cells can lead to T cell activation and improved tumor killing (Brinkmann
and Kontermann 2017; Choi et al. 2011; Dhimolea and Reichert 2012; Kontermann 2012). So
far, BsAb can be synthesized by three different methods. In case of chemical conjugation, two
antibodies are synthesized with chemical crosslinkers which subsequently fuse in a chemical
reaction to form one BsAb. In the quadroma technology two hybridoma cell lines must undergo
somatic fusion to receive BsAbs. In the third method, called genetic engineering of BsAb, BsAb

are generated by recombinant DNA technology (Chames and Baty 2009).

BsAb which are generated by genetic engineering are subdivided into 1gG-like BsAb or non-
IgG-like BsAb. A normal monovalent IgG like antibody consists of a light chain being
subdivided into two Ig-like domains and a heavy chain that comprises four Ig-like domains.
The heavy and the light chain bind to each other to form a pair that dimerize with a second pair
to form an antibody (see Fig. 1.12A) (Suurs et al. 2019). The antibody is divided into Fc region
(tail), the hinge region (connection site of both chain pairs) and Fab regions (binding site). The
Fc region triggers effector function of the immune system, such as target cell killing (Scott et
al. 2012; Suurs et al. 2019). Formats for IgG-like BsAb can be crossMab, ortho-Fab 1gG, DVD-
Ig, “knob into hole” IgG, two in one 1gG, IgG-single chain variable fragment (scFv) and scFv2-
Fv (Kontermann and Brinkmann 2015). A common feature of these formats is a relatively large
size, a high similarity to conventional antibodies and a long serum half-live which is enabled
by, e.g., FcRn (neonatal Fc receptor)-mediated recycling. In comparison, non-IgG like BsAbs
are smaller. Therefore, these constructs have advantages for therapeutic usage due to
improved tissue penetrating, tumor-infiltrating properties, however, have a short serum half-
life (Fan et al. 2015; Kontermann and Brinkmann 2015; Mitragotri et al. 2014). Non-IgG like
BsAb are received by cloning of two variable parental monoclonal antibody domains connected
by a linker. Possible formats for non-IgG like antibody cloning are tandem scFvs, dual affinity
retargeting molecules (DARTS), diabody format, dock-and-lock (DNL), single-chain diabodies,
tandem diabodies, bispecific T cell engagers (BiTE) and nanobodies (Fan et al. 2015). A
summary of already approved or in clinical trials tested BsAb, IgG-like or non-IgG like is shown
in Fig. 1.12B.
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The tandem single-chain variable fragments (scFvs) format is composed of two scFvs which
are connected by a 3-11 amino acid long linker, such as a glycine serine repeat motif (Chames
and Baty 2009; Schumacher et al. 2014). One single scFvs is made up by the variable regions
(VH and VL) which are connected to each other by a flexible peptide linker. The structure of a
tandem scFv can be described as: VLa-linker1-VHa-linker2-VHb-linker3-VLb (a and b indicate
the origin from different parenteral monoclonal antibodies) (Loffler et al. 2000). The length of
linkers 1 and 3 defines the folding of each scFv. In comparison the flexibility of the connected
scFvs is characterized by linker 2. In case of a too-long linker 2 antigen binding is permitted
because of high rotation flexibility. A very short linker 2 prevents intra-chain but not inter-chain
interactions of the corresponding scFvs. To achieve flexible and strong target interacting

tandem scFvs, linker lengths and types must be optimized (May and Glode 2016).
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Figure 1.12 IgG Antibody structure and BsAb formats. A) Structure of IgG antibody and scFv Fragment. B) Already
approved or in clinical trials tested BsAb formats for cancer immunotherapy. Adapted from Suurs et al. 2019.

1.5.3 Combination therapy

The rationale of combining anti-angiogenic therapy with immunotherapy lies in the
interconnected biology of tumor blood vessels and tumor-infiltrating leukocytes. Vessel
normalization, up-regulation of adhesion molecules and enhanced blood flow are some of the
benefits that anti-angiogenic therapies can offer and facilitate a more permissive
microenvironment leading to improved leukocyte tumor extravasation. In parallel, therapies

targeting pro-angiogenic factors can create a less immunosuppressive TME.

Interestingly, anti-angiogenic therapies have been associated with direct immunomodulatory
effects (Finke et al. 2008; Ko et al. 2009; Roland et al. 2009). Additionally, tumor
immunotherapy is dependent on effective leukocyte migration and activation to the tumor sites.

So far, this combination has shown positive results in various therapeutic settings (Hodi et al.
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2014; Ramjiawan et al. 2017; Wallin et al. 2016). For instance, combination of anti-VEGF and
adoptive T cell transfer in murine melanoma increased T cell tumor infiltration and led to
increased survival (Shrimali et al. 2010). Anti-VEGF has also been combined with anti-CD40
in vivo leading to survival and reduced angiogenesis (Selvaraj et al. 2014). An antibody
targeting both VEGF-A and Angiopoietin-2, which is another important pro-angiogenic factor
in the TME, showed improved responses in vivo in many preclinical models and it was also
combined with PD-1 inhibition (Schmittnaegel et al. 2017). Sunitinib treatment combined with
vaccine-based immunotherapy enhanced CD8" T cell responses, and reduced the recruitment
of MDSC and T.g cells in the tumor microenvironment and reduced tumor growth (Bose et al.
2011). Notably, sunitinib is capable of decreasing MDSC and T,y aside from its role in

modulating the tumor vasculature (Finke et al. 2008; Ko et al. 2009).

A combination of CTLA-4 blockade (ipilimumab) and VEGF inhibition (bevacizumab) can be
safely administered and reveals that VEGF-A blockade influences inflammation, lymphocyte
trafficking, and immune regulation. This provides a basis for further investigating the double
role of angiogenic factors in blood vessel formation and immune regulation as well as future

combinations of anti-angiogenesis agents and immune checkpoint blockade (Hodi et al. 2014).

Although the combination of anti-angiogenesis and anti-tumor immune activation shows
promise for treating solid tumors, the use of bispecific antibodies has pharmaco-economic
advantages and also provides the advantage of blocking both pathways simultaneously from

the beginning of therapy, and may thus avoid tumor escape mechanisms.

Some studies have demonstrated the efficacy of bispecific antibodies strategy. A heterodimeric
Fc-based bispecific antibody simultaneously targeting VEGFR2 and c-MET, efficiently
inhibited the downstream signaling and tube formation stimulated by the two receptors in
human endothelial cells, and exhibited more potent anti-tumor (Choi et al. 2013). Tetravalent
bispecific antibody (Ang-2-VEGF-TAvi6) binding VEGF-A with two arms based on
bevacizumab (Avastin®) abrogated angiogenesis completely in the cornea micro pocket assay
(Scheuer et al. 2016). Bispecific antibody anti-VEGFR2-MICA (JZCO01), targeted vascular
endothelial growth factor receptor 2 (VEGFR2) and inhibited tumorigenesis by blocking the
VEGFR2 signaling pathway. Additionally, it increased the infiltration and activation of NK and
CD8" T cells in the tumor microenvironment, promoting the release of IFN-y and engaging
activated lymphocytes to lysis of VEGFR2-expressing tumor cells and effectively reducing the

tumor vascular density.

Given the success in preclinical models, anti-angiogenic therapy in combination with adoptive

cell therapy may offer another promising therapy for the treatment of cancer.
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1.6 AIMS OF THE STUDY

As targeting of reactive cytotoxic cells to the tumor microenvironment appears to be essential
for successful immune-mediated tumor eradication, it seems desirable to develop new
strategies leading to tumor vessel activation that consequently can increase the

transendothelial migration of effector T cells into the tumor.

We hypothesized that tumor endothelial cell activation could be facilitated indirectly by T cell
activation in situ. As a first approach, VEGFR2-binding bifunctional protein constructs were
used to deliver cytokines to vascular endothelial cells. In a second approach, we studied
tetravalent bispecific monoclonal antibodies (BiMAbs) in the (scFv-Fc-scFv), format that bind
to VEGFR2 or TIE2 endothelial cell (EC) growth factor receptors on one side, and the
stimulatory/co-stimulatory T cell molecules CD3¢ or CD28 on the other. VEGFR2 and TIE2
serve as examples for receptors that are selectively expressed by the growing tumor
neovasculature. Local CD3e-mediated T cell activation would lead to the release of cytokines
like TNF-a and IFN-y that in turn activate endothelial cells to express adhesion molecules for
improved transmigration. Antibody-mediated blocking of VEGF binding to VEGFR2 could
concomitantly exert anti-angiogenic effects and lead to tumor vasculature normalization. As a
consequence of HUVEC activation, due to treatment with self-made stimulatory and co-
stimulatory bispecific antibodies, adhesion molecules like E-selectin and VCAM1 can be up-
regulated and were also used as a targeting point for BiMAbs that will bind CD8" T cells to

prioritize the migration of these cytotoxic T cells into the tumor bed.

Enforced targeting of immune effector cells (cytotoxic T cells, NK cells) to tumor-associated
endothelial cells tissues using bispecific constructs would facilitate an improved cytolytic
response against tumors. We reason that the improvement of T-cell binding to growing
endothelial cells and subsequent infiltration towards the tumor is critical for the development
of novel combinatorial strategies conferring improved patient response rates to

immunotherapy.
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2 MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Cell lines and primary cells

Name

Origin

Supplier

FreeStyle™ CHO-S
HBMEC-60
HUVEC

MCF-7

PBMC

Chinese hamster ovarian cells (CHO)
Human bone marrow endothelial cell line
Human umbilical vein endothelial cells

Human breast adenocarcinoma cell line

Human buffy coats obtained from blood

donations of healthy volunteers

2.1.2 Cell culture media, supplements and reagents

Thermo Scientific
Sanquin, Amsterdam
Promocell, Heidelberg

DKFZ, Heidelberg
Blutbank, Heidelberg/Mannheim

Deutsches Rotes Kreuz

Product Supplier
Antibiotic antifungal (100X) (Anti-Anti) Gibco
Biocoll separating solution )

e 1.077 g¢/mL, isotonic solution Biochrom
Cell dissociation solution PBS based - enzyme-free Millipore
Dulbecco’s phosphate buffered saline (1x) (DPBS) ) ]

e  Without calcium chloride and magnesium chloride, pH 7.2 Sigma Aldrich
Endothelial cell growth medium 2 (ECGM2)

o Fetal calf serum: 0.02 ml/ml

o Epidermal growth factor (recombinant human): 5 ng/ml

e Basic fibroblast growth factor (recombinant human): 10 ng/ml

o [nsulin-like growth factor (R3 IGF-1): 20 ng/ml Promocell

o Vascular endothelial growth factor 165 (recombinant human): 0.5 ng/ml

e Ascorbic acid: 1 ug/ml

e Heparin: 22.5 ug/ml

e Hydrocortisone: 0.2 ug/ml
Fetal bovine serum (FBS) )

e heat-inactivated at 56 °C for 30 minutes Blochrom
GlutaMAX™ -] (100X), 200 mM Gibco
HT media supplement (50%) Hybri-Max™

e Hypoxanthine 6.8 mg Sigma Aldrich

e Thymidine 1.94 mg
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PBS (Phosphate buffered saline)

Penicillin/Streptomycin-Solution (P/S)

10,000 U Penicillin, 10,000 ug/ml Straptomycin

PowerCHO-2 CD medium (chemically defined)

HEPES, 1x Pluronic® F-68 without L-glutamine, HT, phenol red
8 mM GlutaMAXTM (L-alanyl-L-glutamine dipeptide)

1x HT Media Supplement Hybridmax™ (2 vials / 1L)

13.6 mg/L hypoxanthine, 3.9 mg/L thymidine

0.5x Antibiotic Antimycotic solution (Anti-Anti)

50 units/mL penicillin; 0.06 mg/mL streptomycin; 0.1 ug/mL amphotericin B

ProCHO-4 transfection medium

HEPES, 1x Pluronic® F-68 without L-glutamine, HT, phenol red
4 mM GlutaMAX™ (L-alanyl-L-glutamine dipeptide)

1x HT Media Supplement Hybridmax™ (2 vials / 1L)

13.6 mg/L hypoxanthine, 3.9 mg/L thymidine

0.5x Antibiotic Antimycotic solution (Anti-Anti)

50 units/mL penicillin; 0.06 mg/mL streptomycin; 0.1 ug/mL amphotericin B

RPMI medium 1640 (1x) (Roswell park memorial institute)

Without L-glutamine, phenol red

10% (v/v) Heat-inactivated fetal bovine serum (FBS)

2 mM GlutaMAXTM (L-alanyl-L-glutamine dipeptide)

100 Units/mL penicillin and 0.1 mg/mL streptomycin (Pen-Strep)

Trypsin-EDTA (1x) 0.05%

Trypan blue solution 0.5% (w/v)
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2.1.3 Magnetic cell sorting (MACS)

Product

Supplier

MACS multi stand

LS columns

Pan T cell isolation kit, human
Quadro MACS magnet

|
Miltenyi Biotech
|

2.1.4 Commercial recombinant human cytokines and stimulation antibodies

Cytokines Final Concentration Supplier Appl.

Anti-CD3 (OKT3) 5 ng/mi Homemade T cell stimulation
Anti-CD28 (9.3) 100 ng/ml Homemade T cell stimulation
Human IL-2 20 U/ml Miltenyi Biotech Culture maintenance
Human IL-12 2 ng/ml Biolegend PBMC stimulation
Human IL-18 20 ng/ml Biolegend EC stimulation
Human TNF-a 10 ng/ml Biolegend EC stimulation
Human TNF-a 1:50 Biolegend ELISA

Human NF-y 1:100 Biolegend ELISA

2.1.5 Reagents for bacteria transformation, plasmid purification, protein expression

purification and quantification

Product Supplier
Chemically competent Escherichia coli Agilent
e strain XL-1 Blue
Ethidium bromide Carl Roth
InstantBlue™ Coomassie protein staining solution Expedeon
LB medium, pH 7.0
e 1000 mL ddH20
e 10 g peptone from casein, tryptic digest Sigma Aldrich
e 5 g yeast extract ultrapure Gerbu
e 5gNaCl Carl Roth
LB AMP medium Sigma Aldrich
e LB medium
o 0.1 mg/mL ampicillin
LB AMP agar plates
e 1000 ml LB medium, pH 7.0
o 15 g Agar-Agar Roth
o 1. mL ampicillin (100 mg/mL stock) Sigma Aldrich

Nuclease-free water
QIAGEN gel extraction kit
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QIAGEN plasmid Maxi kit
QIAGEN miniprep kit
RunBlue™ prestained dual color marker
RunBlue™ TEO-Tricine SDS-Precast Gels
= 10%, 10x10 cm, 12 well
= 10%, 10x10 cm, 17 well
Strep-Tactin® Superflow ® high capacity resin

e 50% suspension

QIAGEN
QIAGEN
Expedeon

Expedeon

IBA Lifesciences

Valproic acid sodium salt (VPA) Sigma-Aldrich
e 500 mM VPA in ddH20 stock solution was always prepared
freshly and 0.22 um sterile filtrated prior usage.
25 kDa-Linear polyethyleneimine (PEI) Polysciences
e Briefly, 100 mg PEI in 100 mL ddH20 [1 mg/mL] was stirred
at pH 2.0 for 3 hours until PEI was completely dissolved,
followed by pH 7.0 neutralization and 0.22 um sterile filtration.
5 mL PEI aliquots were stored at -80°C and thaw directly
before its usage for transfection.
2.1.6 Antibodies for flow cytometry
2.1.6.1 Immune cell markers
Final
Marker Clone Isotype Conjugate Conc. Supplier Appl.
(ng/ml)
CcD3 UCHT1 migG1 APC/Cy7 1 BioLegend FACS
CcD3 HIT3a mlgG2a AF488 1 BioLegend FACS
CD3 HIT3a mlgG2a PerCp/Cy5.5 1 BioLegend FACS
CD4 OKT4 mlgG2b  BV510 1 BioLegend FACS
CD4 RPA-T4 migG1 AF488 1 BioLegend FACS
CD4 RPA-T4 migG1 PE 1 BioLegend FACS
CcD8 RPA-T8 migG1 V450 1 BD Biosciences FACS
CDs8 SK1 migG1 Pacific blue 1 BioLegend FACS
CcD8 SK1 migG1 APC 1 BioLegend FACS
CD19 HIB19 migG1 PerCp/Cy5.5 1 BioLegend FACS
CD19 HIB19 migG1 AF647 1 BioLegend FACS
CD19 HIB19 migG1 BV510 0.5 BioLegend FACS
CD14 HCD14 migG1 PerCp/Cy5.5 1 BioLegend FACS
CD14 HCD14 migG1 BV510 0.5 BioLegend FACS
CD56 HCD56 mlgG1 BV510 0.5 BioLegend FACS
CD335 (NKp46) 9E2 migG1 PE/Cy7 1 BioLegend FACS
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CD25 BC96 migG1 AF488 1 BioLegend FACS
CD25 BC96 migG1 PerCp/Cy5.5 1 BioLegend FACS
CD25 M-A251 migG1 AF488 1 BioLegend FACS
CD25 B696 migG1 APC/Cy7 1 BioLegend FACS
CD28 CD28.2 migG1 PE/Cy7 1.5 BioLegend FACS
CD69 FN50 migG1 PE 1 BioLegend FACS
CD69 FN50 migG1 PE/Cy7 1 BioLegend FACS
4-1BB 4B4-1 migG1 PE 1 BioLegend FACS
4-1BB 4B4-1 migG1 PE/Cy7 1 BioLegend FACS
4-1BB 4B4-1 migG1 PerCpCy5.5 1 BioLegend FACS
CD49d (ITGa4) 9F10 migG1 PE 1 BioLegend FACS
CD44 (ITGp1) TS2/16 migG1 PE 1 BioLegend FACS
CD18 (ITGB2) TS1/18 migG1 PE 1 BioLegend FACS
CD162 (PSGL-1) | KPL-1 migG1 PE 1 BioLegend FACS
CD183 (CXCR3) | G025H7 migG1 APC 1 BioLegend FACS
CD184 (CXCR4) | 12G5 mlgG2a APC 1 BioLegend FACS
CD279 (PD-1) EH12.2H7  mlgG1 APC 1 BioLegend FACS
CD366 (TIM3) F38-2E2 migG1 APC 1 BioLegend FACS
TIGIT (VSTM3) A15153G mlgG2a PE 1 BioLegend FACS
2.1.6.2 Endothelial cell markers
Final Conc.
Marker Clone Isotype Conjugate Supplier Appl.
(ng/ul)
CD105 43A3 migG1 PE/Cy7 0.5 BioLegend FACS
CD105 43A3 migG1 PerCpCy5.5 0.5 BioLegend FACS
CDG62E (E-selectin) | HAE-1f migG1 PE 1 BioLegend FACS
CD106 (VCAM1) STA migG1 APC 1 BioLegend FACS
CD54 (ICAM1) HA58 migG1 APC 0.2 BioLegend  FACS
CD309 (VEGFR2) | 7D4-6 migG1 APC 1 BioLegend  FACS
CD202B (TIE2) 33.1(Ab33) migG1 PE 1 BioLegend  FACS
CD274 (PD-L1) 29E.2A3 mlgG2b PE 1 BioLegend FACS
CD273 (PD-L2) 24F.10C12 mlgG2a PE 1 BioLegend  FACS

4



2.1.6.3 Isotype Controls

Isotype Controls Conjugate Supplier Appl.
migG1 APC BioLegend FACS
mlgG1 PE BioLegend FACS
mlgG2a PE BioLegend FACS
mlgG2b PE BioLegend FACS

2.1.6.4 Secondary Antibodies

Antibody Clone Isotype Conjugate Dilution  Supplier Appl.
Anti-human IgG1 ‘ AD2 migG2a PE 1:200 BioLegend FACS
Anti-mouse-lgG2a ‘ 10G7 goat IgG PE 1:200 BioLegend FACS
2.1.7 Dyes and reagents for flow cytometry
Product Dilution Supplier Appl.
Precision counting beads 1:10 BioLegend Cell counting
Propidium iodide (Pl) 1:2500 BioLegend Live/dead
Sandoglobulin 1:15 CSL Behring Fc blocking
TruStain (human) 1:50 BioLegend Fc blocking
Zombie Aqua fixable viability kit 1:300 BioLegend Live/dead
2.1.8 ELISA antibodies and reagents
Product Conjugate Con. Supplier
(ng/ul)
Capture antibody - 2.5 BioLegend
Human-IFN-y Detection antibody Biotin 0.5 BioLegend
Recombinant human cytokine - 1:100 BioLegend
Capture antibody - 5 BioLegend
Human-TNF-a Detection antibody Biotin 1 BioLegend
Recombinant human cytokine - 1:100 BioLegend
Streptavidin - HRP | Peroxidase, SAv-HRP 1:2500 BioLegend
TMB Substrate Set | 3, 3', 5, 5' tetramethyl benzidine - - BioLegend
2.1.9 Cytotoxicity Assay
Product Supplier
CyQUANT™ LDH Cytotoxicity Assay kit Invitrogen
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2.1.10 Buffer and solutions

Buffer Ingredients Supplier App.
Coating Buffer,
0.05 M carbonate-bicarbonate buffer Sigma Aldrich
pH 9.6
DPBS (1x) w/o MgCl, CaCl, Sigma Aldrich
Blocking Solution,
0.05% (v/v) Tween-20 Sigma Aldrich
pH7.4
2.5% (w/v) BSA (Bovine serum albumin, fraction V) PAA
DPBS (1x) w/o MgCl, CaCl, Sigma Aldrich ELISA
Sample Buffer,
0.05% (v/v) Tween-20 Sigma Aldrich
pH7.4
0.5% (w/v) BSA (Bovine serum albumin, fraction V) PAA
Stop Solution 1 M H2S0, Carl Roth
Washing buffer DPBS (1x), pH7.2, no MgCl, CaCl, Sigma Aldrich
pH7.2 0.5% (w/v) BSA (Bovine serum albumin, fraction V) PAA
DPBS w/o MgCl, CaCl, Sigma Aldrich
1% BSA (Bovine serum albumin, fraction V) PAA
FACS Buffer FACS
2 mM EDTA (Ethylenediamine tetraacetic acid) Sigma Aldrich
0.05% NaN3 (Sodium Azide) Sigma Aldrich
DPBS w/o MgCl, CaCl, Sigma Aldrich
T cell
MACS Buffer 0.5% BSA (Bovine serum albumin, fraction V) PAA ) )
isolation
2 mM EDTA (Ethylenediamine tetraacetic acid) Sigma Aldrich
Strep-Tactin e 1x PBS, pH 7.4 (self-prepared) IBA Protein
elution buffer ¢ 5 mM Desthioiotin Lifesciences purification
e RunBlue™ LDS Sample Buffer — TEO-Tricine 4x Expedeon SDS-
Sample Buffer . .
¢ 40 mM dithiothreitol (DTT) for reducing conditions Sigma-Aldrich PAGE
2.1.11 Reagents for Transmigration assay
Product Supplier
Fibronectin 1% (human) ‘ Sigma Aldrich
FITC-Dextran (3-5 kDa) Sigma Aldrich
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2.1.12 Plastic and consumables

Product Supplier

Cell Culture Flasks (25, 75 and 150 cm?) TPP
e Vented closure, cell culture-treated

Cell culture plates (6, 24 and 96-well) TPP
e Flat-bottom

Corning® erlenmeyer cell culture flask (125, 250 and 500 mL) | Sigma-Aldrich
e Erlenmeyer flask with vent cap, polycarbonate

Eppendorf Tubes (1.5 and 2 mL) Eppendorf

FACS tubes

Falcon™ conical 15 and 50 mL tubes
e Polypropylene
Microplate 96 Well, Black, Non-Binding

Nunc™ 96-well Microwell™ Maxisorp™ flat-bottom plate
Nunc™ 96-well polypropylene V-bottom plate

Pipette tips

Serological pipettes

Slide-A-lyzer™ dialysis cassettes, 20 kda mwco, 3 ml

Transwell Inserts

o 24-well hanging inserts, 5 um pore size, PET)

2.1.13 Equipment

Devices

BD Biosciences

BD Biosciences

Greiner Bio-One
Thermo Scientific
Thermo Scientific
Starlab

Falcon

Thermo Scientific

Millipore

Manufector

Axiovert 40 C inverted phase contrast microscope
Azure Imager c400-600 (In-gel fluorescence)
Brand® counting chamber (improved Neubauer chamber)
Cassettes with occlusion lever (Pressure lever)
o Material: POM-C
Electrophoresis chamber (SDS-PAGE) — mini cell

Eppendorf™ Innova™ 44 Incubator Shaker
Flow cytometer, BD FACS Canto™ I

Floor standing centrifuge - ROTANTA 460 RC
Fluorescence Reader, Fluoroskan ascent FL
Gammacell 40 Exactor

Heating shaker
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Zeiss
Azure biosystems
Sigma-Aldrich

Ismatec

Thermo Scientififc
Eppendorf

BD Biosciences
Hettich

Thermo Scientific

Theratonics




Heracell™240i COz incubator with stainless steel chamber

INFORS HT Minitron, CO2 incubator
e Integrated orbital shaker with 50 mm shaking diameter

e plate heat exchanger, 1.5 KW

Inverted laboratory microscope leica DM IL LED
Laminar flow hood - HERAsafe® HS/HSP

Low-pressure liquid chromatography columns
e luer Lock inlet and outlet fittings, non-jacketed, polyethylene bed
supports.
MaxQ™ 2000 benchtop orbital shaker CO2 resistant
¢ 19 mm shaking diameter
Megafuge 2.0R

Microcentrifuge Fresco 17

Multilable plate reader, Multiskan EX
Nano Drop
PTC-200 thermal cycler

Peristaltic Pump - REGLO digital MS-4/6-100
e 4 channels, 6 rolls, 0.002 — 43 mL/min
pH-Meter 766
Pipetboy
Pipettes
Saint-Gobain TygonTM LMT-55 Tubing
e 3.17 mm inner diameter, wall: 0.86 mm, length 38.1 mm

e Material: Tygon R3607

e Three stop configuration, black and white

2.1.14 Software

Thermo Scientific

INFORS HT

Wutke
LEICA

Heraeus

Sigma-Aldrich

Thermo Scientific

Heraeus

Heraeus

Thermo Scientific

MJ Research

Ismatec

Knick
INTEGRA
Thermo Scientific

Fisher Scientific

Software Manufector
Biorender (trial version) Biorender
FACSDIVA v.6.1.2 BD

FlowJo v.10.1 Treestar

Graph Pad Prism 7
Mendeley Elsevier B.V.

Microsoft Office 2018
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2.2 METHODS

2.2.1 Isolation of peripheral blood mononuclear cells (PBMC)

Human peripheral blood mononuclear cells (PBMC) were freshly isolated in every experiment
from blood of healthy donors by density gradient centrifugation. Therefore, 15 ml of Biocoll
separating solution was added to 50 ml Falcon tubes under sterile conditions. Blood was
diluted in DPBS and gently pipetted on the prepared Biocoll. The PBMC were then separated

from the rest of the blood cells by centrifugation at 1800 rpm for 25 minutes (without break).

After centrifugation, blood components were separated and four phases are distinguishable:
erythrocytes (present as pellet), followed by Ficoll, a white layer of PBMC at the interface and
right the majority of the platelets and the plasma layer at the top. PBMC were collected and
washed three times with DPBS. The washing steps were performed at 800 rpm for 15 min, 10
min and 5 min to completely remove residual Ficoll medium. For cell counting, cells were
diluted in trypan blue (1:100) for live-dead discrimination and placed in a Neubauer counting

chamber.
2.2.2 Purification of CD3+ T cells with Magnetic cell sorting (MACS)

Partially purified PBL (peripheral blood lymphocytes) were obtained by routine overnight
culture of PBMC, once most of the monocytes have settled down and remained adherent to
the flask. T cells were freshly isolated in every experiment from PBL using MACS isolation.
CD3" T cells were purified by negative selection using the pan-T cell isolation kit to obtain
“‘untouched” cells, according to manufacturer’s instructions. Briefly, PBL were resuspended in
cold MACS buffer (see table.) and incubated with biotin-antibody cocktail for 5 min at 4 °C.

After antibody-labelling, cells were incubated with MicroBead cocktail for 10 min at 4 °C and
applied onto the column. After collecting the flow-through, that contained the unlabeled cells
representing the enriched T cells, the column was washed with MACS buffer and the effluent
was also collected. The sort was performed on a MACS MultiStand with Quadro MACS magnet

using MS columns.

CD3" T cells were usually used directly after isolation, otherwise, were cultured in RPMI-1640
medium supplemented with 10% heat-inactivated fetal bovine serum (iFBS), 1%
penicillin/streptomycin and 2 mM GlutaMAX™ solution in the presence of 20 U/mL of IL-2, at
37 °C and 5% COa.
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2.2.3 Cell Culture

PBMC were cultured with a final concentration of 2x10° cells/ml in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum (iFBS), 1% penicillin/streptomycin
and 2 mM GlutaMAX™ solution. 20 U/ml of IL-2 was added to maintain T cell survival and
PBMC culture was kept at 37 °C and 5% CO..

Primary human umbilical vein endothelial cells (HUVEC) and human immortalized bone
marrow endothelial cells (HBMEC-60) were cultured in endothelial cell growth medium 2
(ECGM2), supplemented with 10% heat-inactivated fetal bovine serum (iFBS) and 1%
penicillin/streptomycin at 37 °C in a 5% COzatmosphere. The cells were split when confluency
was 80-90% and used until passage 5 (HUVEC) or passage 20 (HBMEC-60). Adherent cells
were detached using cell dissociation buffer (PBS based).

MCF-7 were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (iFBS), 1% penicillin/streptomycin and 2 mM GlutaMAX™ solution, at 37 °C and
5% COs..

FreestyleTM CHO-S cells (CHO-S) were cultured routinely in 500 mL round-bottom glass
bottles filled with 100 mL PowerCHO-2CD medium supplemented with 8 mM GlutaMAXTM,
0.5x Anti-Anti and 1x HT at 37 °C, 130 rpm with a 19 mm shaking diameter in a humidified 8%
CO2 atmosphere. CHO-S were cultured until a density of 4x10° cells/mL was reached and
were subsequently either 1:10 diluted for subculture or directly processed for transfection as

described in section 2.2.4.

2.2.4 Cloning, expression and purification of VEGFR2 antibody-cytokine fusion
proteins and BiMAbs

All constructs used in this study were designed and kindly provided by PD Dr. Frank Momburg
(DKF2Z). Cloning strategies were developed by PD Dr. Frank Momburg and carried out by
Nadja Bulbuc (DKFZ). Individual protein sequences are shown in the Appendix section. Fully
assembled expression vectors were confirmed by DNA sequencing prior subsequent protein
production. The expression and purification methods used in this study were optimized by
Marten Mayer (DKFZ) and carried out by Susanne Knabe (DKFZ).
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2.2.4.1 Cloning of anti-VEGFR2 scFv-Fc fusion protein

To construct the anti-VEGFR2 scFv-Fc fusion protein, a synthetic cDNA fragment comprising
anti-VEGFR2 scFv (variable VH and VL regions of KDR-1121, ramucirumab) was ordered from

BioCat GmbH (for sequences see appendix).

The synthetic cDNA was first cloned at the 3' end of an IL-2 —
1 migG2a )
ER leader sequence in pBluescript KSII+ cut using restriction -—l‘?a%::z‘:;"sH o |

uuuuuuuuu

sites at the 5" and 3’ ends and subsequently cloned into an

appropriately cut pcDNA3.1(-) expression vector already TNFa

StrepTag | ‘IL-1g

containing a mouse IgG2a hinge-CH2-CH3 fragment. A (G4S)3
linker separated the scFv sequence from the hinge region and s
the Fc portion. The 2 intermolecular disulfide bridges of the

disulfide bond A~ GlySer - linker

hinge region lead to homodimerization of the construct. To

scFv 1 (anti EC receptor)
aVEGFR2

avoid aberrant disulfide bridge formation in the absence of Ig
light chain, the mutation C224S was introduced. To reduce Fc receptor binding the glycan
mutation N297Q was introduced. At the C-terminal end of the CH3 domain a was cloned that

was used for Strep-Tactin affinity purification.

VEGFR2 antibody-cytokine fusion were generated by cloning a DNA fragment comprising a
recombinant human cytokines, IL-1p or TNF-o were cloned without their original ER leader

sequences after the Strep tag-ll sequence.

2.2.4.2 Cloning of monoclonal single-chain bispesific antibodies

In tetravalent bispecific antibodies a second T-cell activating —

scFv (anti-CD3¢ antibody OKT3), a T-cell co-stimulatory scFv -_ ecang T e
(anti-CD28 antibody 9.3), or a CD8-binding scFv (OKT8)

were added after a short Gly, linker.
!ﬂ ﬂl =
GlySer - linker -aCD8

StrepTag

cDNAs encoding scFv antibodies with EC specificities (anti-
TIE2, anti-VCAM1, anti-E-selectin) or with specificity for PD-

L1 were cloned at the N-terminal end of bispecific antibodies

disulfide bond A GlySer - linker

similar to the anti-VEGFR2 scFv described above, however,

preceded by an IgGk ER leader sequence. sefe 1 (entIEC receptor)

*aVEGFR2
*aPD-L1
aTIE2
+aE-selectin
*aVCAM1

After ligations, minipreps were analyzed by restriction

enzyme analysis. Positive clone sequences were confirmed by Sanger DNA sequencing.
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2.2.4.3 Plasmid amplification and purification procedure

For plasmid amplification chemocompetent bacteria were transformed by standard heat-shock
procedure. Briefly, 1 ug plasmid DNA was added to thaw bacterial stocks (10 yL bacteria + 40
ML H20) and subsequently incubated for 20 min on ice. Next, a 90 sec heat-shock at 42 °C
was performed followed by a 5 min incubation step on ice. Transformed bacteria were plated
onto LB AMP agar plates and incubated at 37 °C overnight. Next, 100 mL LB AMP medium-
based liquid bacterial cultures were prepared using scraped bacteria from the agar plate.
Liquid cultures were incubated overnight at 180 rpm at 37 °C. Finally, plasmids were purified
using the QIAGEN Plasmid Maxi preparation kit according to the manufacturer’s protocol.
Plasmid concentration was measured at 260nm (A260) and 280nm (A280) absorbance. Only
plasmid preparations with A260/A280 ratios between 1.87 and 1.92 were used for subsequent

mammalian cell-based protein productions.

2.2.4.4 PEl-based transfection procedure for large-scale 100 mL CHO-S TGE batches

Transient gene expression (TGE) for protein production on the basis of the CHO-
S/ProCHOA4/PEI system was performed and optimized as described previously by (Rajendra
etal. 2011; Rajendra et al. 2012; Wulhfard et al. 2008; Wulhfard et al. 2010). FreeStyle™ CHO-
S were routinely cultivated in complete PowerCHO-2 CD medium as described in Section
2.1.2. One day prior to transfection (day -1), when CHO-S cells reached a density of 4x10°
cells/mL, CHO-S were splitted to a final density of 2x10° cells/mL using fresh complete
PowerCHO-2 CD (8 mM GlutaMAX). On the transfection day (day 0), cells were centrifuged
and resuspended in complete ProCHO-4 (4 mM GlutaMAX) (Rajendra et al. 2012) at a cell
density of 3x10° cells/mL. For a default large-scale protein production always 100 mL cell
suspension were seeded in 500 mL autoclaved round-bottom glass bottles. Transfections were
performed by sequential addition of 25 kDa-linear PEI [2.5 ug/1x10° cells] and plasmid DNA
[maximal 0.625 ug/1x10° cells] directly to the cell suspension (Rajendra et al. 2011). The
transfected cultures were maintained for 6 h at 37 °C, 130 rpm with a 19 mm shaking diameter
in a humidified 8% COzatmosphere. 6 h after transfection, dissolved valproic acid (VPA) was
added to the transfected culture to a final concentration of 1 mM (Wulhfard et al. 2010).
Subsequently, the culture was maintained for 6 days under hypothermic conditions at 32°C
(Wulhfard et al. 2008), 5% CO2 and 100 rpm (50 mm shaking diameter) prior harvest.
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2.2.4.5 Mouse/human IgG-titter quantification ELISA

6 days after CHO-S transfection, the cell supernatant was collected and cleared from cells by
two successive centrifugation steps: (1) 10 min at 1500 rpm, 4 °C and (2) at 4000 rpm for 30
min, 4 °C. To validate successful secretion and production of a vector of interest prior affinity-
chromatography, anti-mouse-lgG-Fc or anti-human-lgG-Fc sandwich ELISA (described in

2.2.6) were performed depending on the Fc-fusion protein’s design.

Unconjugated anti-human IgG-Fc or anti-mouse IgG-Fc capture antibodies (polyclonal goat
serum) was diluted to a final concentration of 5 pg/mL in coating buffer (pH 9.6). 100 uL/well
diluted capture antibody was transferred to a 96-well MaxiSorb ELISA plate. The plate was
sealed and incubated at 37 °C for 45 min. After the incubation, the plate was washed three
times using 200 pL/well PBS-T washing buffer. Unspecific protein interactions were blocked
by adding 100 uL/well of PBS-T + 2.5% BSA blocking solution followed by an incubation at

37 °C for 45 min and one timing washing.

Affinity-chromatography purified disulfide-trapped single-chain trimer-based pMHC-I-mlgG2a-
Fc or pMHC-I-hlgG1-Fc constructs with known concentrations were used for standard-curve-
based IgG-Fc quantification of fresh TGE-derived supernatants. Samples (cleared TGE
supernatants, diluted 1:100-1:900) and standard (in the range of 900 ng/mL — 1 ng/mL) were
diluted in PBST + 0.5% BSA sample buffer and 100 uL/well were transferred in duplicates to
the coated and blocked MaxiSorb ELISA plate. Samples and standard were incubated for 45
min at RT. The plate was washed three times as described before, followed by the addition of
100 uL/well of anti-human IgG-Fc-peroxidase or anti-mouse IgG-Fc-peroxidase detection
antibodies diluted in sample buffer and incubation at RT for 45 min. After washing, TMB
peroxidase substrate was added (100 pL/well) and incubated for 5 min — 15 min until the
standard became clearly visible. Finally, the reaction was stopped by addition of TMB stop
solution (1 M H2SO4) and absorbance was measured at 450 nm and 540 nm using a microplate

reader.

2.2.4.6 Strep-tag Il / Strep-Tactin resin column-based purification

Cleared TGE cell culture supernatants of Strep-tag proteins were purified using the Strep-
Tactin-based purification system according to the manufacture’s protocol and previously
described by (270) with minor modifications. Briefly, a LPLC column with an inner diameter
(1.D.) of 0.7 cm or 1.5 cm was filled with a column-bed volume (CV) of 0.5 mL or 1.5 mL Strep-
Tactin Superflow high-capacity resin, respectively, depending on the anticipated protein yield
and TGE culture volume. If the expected protein yield determined by ELISA exceeded 2 mg or

the overall TGE culture volume exceeded 250 mL, a CV of 2 mL Strep-Tactin resin and a 1.5
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cm I.D. LPLC column was selected. Cleared supernatants were supplemented with 0.1 volume
of 10x PBS pH 7.4 prior purification. Strep-Tactin resin filled columns were equilibrated two
times with 5 CV 1x PBS pH 7.4 followed by loading of cleared and biotin-masked TGE
supernatants at a flowrate of 1.5-2.5 mL/min at RT using a peristaltic pump. Next, the column
was washed by gravity flow using two times 5 CV 1x PBS pH 7.4. Elution of purified proteins

was performed at a flowrate of 1.5 mL/min using 5 CV

PBS pH 7.4 supplemented with 5 mM desthiobiotin. 0.25-0.5 mL elution fractions were
separately collected, and protein concentration was measured at 280 nm absorbance. The
highest protein fractions were pooled and dialyzed in PBS 7.4 to remove the excess of
desthiobiotin. Finally, all purified and dialyzed proteins were analyzed by SDS-PAGE
according to Section 2.5.4. Strep-Tactin resin-filled columns were recycled afterwards
according to the manufacture’s protocol using buffer R and buffer W and were only reused for

productions of the same protein.

Before functionality testing, protein concentration was determined by NanoDrop and the

correct protein size was confirmed by reducing and non-reducing 10% SDS-PAGE.

2.2.4.7 SDS-PAGE analysis procedure

All SDS-PAGE analysis was performed using the RunBlueTM Teo-Tricine precast gel system
(Expedeon) according to the manufacture’s protocol. For reducing conditions protein samples
were combined with LDS sample buffer and a final concentration of 10 mM DTT and were
heated at 70 °C for 10 min prior to loading onto the SDS-PAGE. Electrophoresis was
performed at RT at 140 V for 90 minutes. SDS-PAGE gels were stained at RT using the
InstantBlueTM Coomassie staining solution for 3-4 h at constant orbital shaking. After the
incubation, the staining solution was removed and replaced by ddH-O followed by an overnight

incubation for destaining. Usually, 2.5 ug of dialyzed protein sample was loaded per lane.

2.2.5 Flow cytometry

Flow cytometric acquisition was performed on a BD FACS Canto Il with BD FACSDiva
software. After voltage adjustments with single stained untreated cells, automatic

compensation was obtained. Data was further analyzed with the FlowdJo v.10 software.
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2.2.5.1 Characterization of activated T cells

For cell surface staining of human lymphocytes from healthy donors, PBMC treated with 5
ng/ml of the T-cell stimulatory aCD3e mAb OKT3, either alone or in combination with 100
ng/ml aCD28 antibody for co-stimulation, or with 2 ng/ml recombinant human IL-12 for 3 days.

As a control, PBMC were also kept in culture for 3 days only in the presence of IL-2 (20 U/ml).

After the treatment, PBMC were washed DPBS, and transferred into a 96 well V-bottom plate
(around 1x10° cells/well) and blocked with Sandoglobulin (1:15 dilution in DPBS) for 15
minutes at 4 °C. Sandoglobulin® contains human immunoglobulins, thus used to block Fc
receptors on immune cells. After centrifugation (1500 rpm, 3 minutes at 4 °C), immune cells
were stained for lineage markers (NKp46, CD19, CD3, CD4 and CD8) and the T cell activation
marker (CD25). Simultaneously, PBMC were also stained for T cell surface markers important
for transendothelial migration (PSGL-1; ITGA4; ITGB1; ITGB2; CXCR3; CXCR4), T cell
inhibitory receptors (TIGIT; TIM3; PD-1) as well as with the respective isotype controls for 30
minutes at 4 °C in the dark. The dilution for fluorochrome conjugated primary antibodies is
shown in 2.1.6.1. Subsequently, cells were washed twice using FACS buffer and the pellets
were resuspended FACS buffer with Pl (1:2500 dilution) for live and dead discrimination and
transferred to FACS tubes.

For flow cytometry analysis, 50,000 events were acquired from target population selection in
FSC-A vs. SSC-A. After doublet exclusion, live CD3*CD4* and CD3"CD8" populations were

evaluated.

2.2.5.2 Activation profile of endothelial cell surface markers

Endothelial cell (HUVEC and HBMEC) activation was either done by cytokine stimulation to
induce surface marker expression simulating intratumorally inflammation, or by gamma
irradiation to mimic radiation therapy. Before both stimulations, EC cells were seeded overnight
in a T75 flask. For cytokine stimulation, human recombinant IL-1 (20 ng/mL) and/or TNF-a
(10 ng/mL) were added to the cells and left overnight. Gamma irradiation (output 0.911 Gy/min)
was performed at room temperature (RT) with different doses, 5 Gy and 10 Gy, applied once.
After treatment, cells were kept at 37 °C in a 5% CO,atmosphere and further investigated after
overnight incubation. Sham-irradiated (0 Gy) and unstimulated samples were kept under

standard culture conditions (see above).

Surface marker expression of activated ECs was studied by flow cytometry. To this end, cells
were harvested and washed with DPBS. EC were transferred into a 96 well V-bottom plate
(around 1x10° cells/well) and incubated with ZombieAqua (1:300 dilution in DPBS) for 10 min
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at RT in the dark, for live and dead discrimination. To stop the reaction, FACS buffer (se 2.1.10)
was added to the samples and after centrifugation (1500 rpm, 3 minutes at 4°C) EC were
stained with fluorochrome-labeled primary antibodies as well as with the respective isotype
controls for 30 minutes at 4 °C kept from light (see 2.1.6.2). Subsequently, cells were washed
twice with FACS buffer and the pellets were resuspended in FACS buffer and transferred to

FACS tubes. For flow cytometry analysis, 10000 events were acquired from live cells.

Table 2.1 Purified constructs.

* Protein sequences of purified constructs are shown at annex section.

Constructs Concentration for Concentration for
Functional Assays binding confirmation
aVEGFR2 x mlgG2aFc X 1 pg/ml
aVEGFR2 x mlgG2aFc x hiL-13 20 ng/ml, 3.3-fold and 10-fold 1 or 10 pg/ml
aVEGFR2 x migG2aFc x TNF-o. 10 ng/ml, 3.3-fold and 10-fold 1 or 10 pg/ml
oVEGFR2 x higG1Fc 0.5nM 5 pg/mi
oVEGFR2 x higG1 x a.CD3¢ 0.5nM 5 pg/ml
oVEGFR2 x hlgG1Fc x a.CD28 1.0 nM 5 pg/mi
oTIE2 x higG1Fc x aCD28 1.0 nM 5 pg/mi
oPD-L1 x higG1Fc x a.CD28 1.0 nM 5 pg/mi
aE-selectin x higG1Fc 1.0 nM 5 pg/ml
aE-selectin x hlIgG1Fc x aCD8 1.0 nM 5 pg/ml
aVCAM1 x higG1Fc 1.0 nM 5 pg/ml
aVCAM1 x hlgG1Fc x aCD8 1.0 nM 5 pg/ml
oTIE2 x hlgG1Fc 1.0 nM 5 pg/ml
oTIE2 x hlgG1Fc x aCD8 1.0 nM 5 pg/mi

2.2.5.3 Binding of purified bispecific constructs to target cells

To assess binding efficiency of purified bispecific constructs, either cytokine-activated HUVEC
(as described above on 2.2.5.2) or isolated PBMC, were transferred into a 96 well V-bottom
plate (around 1x108 cells/well) and incubated with ZombieAqua (as described in 2.2.5.2). After
centrifugation (1500 rpm, 3 minutes at 4 °C), cells were incubated with constructs shown on
table 1, for 20 minutes at 4°C. After two washing steps with FACS buffer, EC were stained
with a secondary antibody, goat-anti-mouse-lgG2a or mouse-anti-human-IgG1 (1:200 dilution
in FACS buffer) fluorochrome-labeled with PE, for 20 minutes at 4 °C kept from light. After two
washing steps with FACS buffer cells were transferred to FACS tubes. For flow cytometry

analysis, 10000 events were acquired from live cells.
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2.2.5.4 Activation capacity of purified o VEGFR2-cytokine fusion proteins for HUVEC

In order to study if aVEGFR2-cytokine fusion proteins could activate EC and be as effective
as commercial cytokines in up-regulating adhesion molecules expression, HUVEC were
stimulated overnight with aVEGFR2 scFv-Fc-hlL-1p and/or aVEGFR2 scFv-Fc-hTNF-a and
respective commercial recombinant human cytokines rhiL-1p (20 ng/ml) and rhTNF-a (10
ng/ml). Produced constructs were used at the same molarity as commercial cytokines (1x) and
further titrated up (3.3-fold and 10-fold higher concentrated). After incubation, cells were
collected, washed with DPBS and transferred to 96-well plate. ZombieAqua staining was
performed as described in 2.2.5.2 for live and dead discrimination. After centrifugation (1500
rom, 3 minutes at 4 °C), HUVEC were stained for adhesion molecules, E-selectin, ICAM1 and
VCAM1, as well as with the respective isotype controls for 30 minutes at 4 °C kept from light
(concentrations shown in 2.1.6.2). After washing, cells were collected into FACS tubed, and
HUVEC activation was assessed by flow cytometry. 10,000 events were acquired from live

cells.

2.2.5.5 T-cell binding to HUVEC in the presence of purified oaVEGFR2-cytokine fusion
proteins

To test if purified aVEGFR2-cytokine fusion proteins purified constructs have an impact on T-
cell binding to HUVEC, purified CD3" T cells (described in 2.2.2) were co-cultured with
endothelial cells. HUVEC were seeded at a density of 5x10* cells per well into a 24 well cell
culture plate and cultured in supplemented medium (EC complete medium) at 37 °C and 5%

CO2. After 24 hours and the formation of a confluent monolayer, HUVEC were treated with

the respective aVEGFR2-cytokine fusion proteins (see 2.2.5.3 - Table 1) and 1x10° isolated
CD3" T cells were added on top. After 24 h co-culture, non-adherent cells were aspirated, and

the wells were carefully washed 2x with DPBS.

After washing away unbound T cells, bound T cells and ECs were detached with cell
dissociation buffer and washed with DPBS. Cells were further transferred to 96-well plate and
incubated with Zombie Aqua (1:300 dilution in DPBS) for life/dead discrimination for 10 minutes
at room temperature (RT) in the dark, and further blocked with TruStain FcX Fc receptor
blocking solution (1:50 dilution in FACS buffer) for 10 minutes at RT.

After blocking, cells were washed twice with FACS buffer (2.1.10) and CD3"* T cells were
stained with linage marker antibodies (CD3, CD4, CD8) for 30 minutes at 4 °C in the dark.
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After washing (2x), cells were collected into FACS tubed and counting beads were added to

assess T cell binding by flow cytometry. 10000 events were acquired from live CD3" cells.

2.2.5.6 In vitro biological activities of bispecific antibodies

To test the biological activity of purified constructs, human purified CD3" T cells (described in
2.2.2) were co-cultured with endothelial cells. HUVEC were seeded at a density of 5x10* cells
per well into a 24 well cell culture plate and cultured in supplemented medium (EC complete
medium) at 37 °C and 5% CO.. After 24 hours and the formation of a confluent monolayer,
HUVEC were treated with the respective bispecific antibodies (2.2.5.3 - Table 1) and 1x10°
isolated CD3" T cells were added on top. After 24 h co-culture, non-adherent cells were

aspirated, and the wells were carefully washed 2x with DPBS.

After washing away unbound T cells, bound T cells and ECs were detached with cell
dissociation buffer and washed with DPBS. Cells were further transferred to 96-well plate and
incubated with Zombie Aqua (1:300 dilution in DPBS) for life/dead discrimination for 10 minutes
at room temperature (RT) in the dark, and further blocked with TruStain Fc receptor blocking
solution (1:50 dilution in FACS buffer) for 10 minutes at RT.

After blocking, cells were washed twice with FACS buffer (see 2.1.10) and CD3" T cells were
stained with linage marker antibodies (CD3, CD4, CD8), CD28, as well as activation marker
antibodies (4-1BB, CD69 and CD25) and HUVEC with anti-CD105, activation marker
antibodies (E-selectin, ICAM1, VCAM1) and antibodies recognizing EC receptors (VEGFR2
and TIE2), for 30 minutes at 4 °C in the dark.

After washing (2x), cells were collected into FACS tubed, and cell activation status was
assessed by flow cytometry. Counting beads were used to evaluate T cell binding to HUVEC.

10000 events were acquired from live cells.

Bound cells count

( Cell count X Precision Count Beads volume

— X PredsunzCountBeadsConanwrauon) X Sample volume
Precision Count Beads X Cell volume

Percentage of bound cells

Bound cells count

100
Input Cells count
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2.2.6 Enzyme-linked Immunosorbent Assay (ELISA)

The cytokine levels (TNF-a and INF-y) in supernatants of T cells and HUVEC co-cultures
(2.2.5.5) were determined by sandwich ELISA using kit from BioLegend (2.1.8). The capture
antibody was resuspended in coating buffer (2.1.10) and added to the 96-well ELISA plate
overnight (ON) at 4 °C. After washing (2.1.10) the wells were blocked with blocking buffer
(2.1.10) for 45 minutes at 37 °C. After three washing steps, samples were diluted with sample
buffer (2.1.10) and transferred, in duplicate, to each well. Depending on the type of cytokine
measured, the sample dilution was adjusted (TNF-a 1:5 dilution, IFN-y 1:10 dilution). Human
cytokine standards were diluted 1:2 (8 dilutions in duplicate) in sample buffer to make the
standard curve. After 90 minutes incubation at RT and 3 washing steps, detection antibody
diluted in sample buffer was added to each well (2.1.8) for 60 minutes at RT. After washing 3
times, streptavidin-HRP (2.1.8) was added and incubated at RT for 20 minutes. After 3x
washing, substrate solution (2.1.8) was added for 10 minutes at RT and the reaction was
stopped by the addition of stop solution (2.1.8). Absorbance was assessed using a
spectrophotometer (450/540 nm) and the final concentrations were determined using the

standards.
2.2.7 Transwell migration assay

Targeting of T cells to and through ECs via produced bifunctional proteins constructs was
investigated by a migration assay under sterile conditions. One day before transmigration
analysis, transwell inserts (0.5 ym pore size, 6.5 mm diameter, polyester membrane) were
coated with 15 pg/cm2 human fibronectin in 1x PBS for 1 h followed by 10 min drying at RT.
After washing the insert in 1x PBS, 2.5x10* ECs/well were seeded in the upper well using 200
ML EC complete medium II, while the lower well was supplied with fresh EC complete medium.
Attachment and growth to 100 % confluence took place after 48 h at standard culture
conditions. After confirming the quality of the monolayer using the dextran permeability assay
(described below), bifunctional constructs were diluted in EC medium (supplemented with 1%
FBS) and added to the upper well followed by 1x10%well CD3" isolated T cells. Transmigration
took place for 24 h at 37 °C and 5 % CO: under static conditions. The number of viable
transmigrated T cells in the down well was determined by flow cytometry using counting beads
according to the respective manufacturer’s instructions. T cell activation status was studied by
FACS using activation markers (4-1BB, CD69 and CD25 (2.1.6.1). Immune staining was

performed as described on 2.2.5.6.
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Migrated cells count

( Cell count X Precision Count Beads volume

— X Precision Count Beads C oncentration) X Sample volume
Precision Count Beads X Cell volume

Percentage of migration

Binding cell count

X 100
Input Cell count

2.2.8 Dextran permeability assay

Prior the transmigration assay, permeability of endothelial cell layers was tested by applying
100 pg/mL FITC-dextran solution (diluted with EC growth medium II) to the upper well. After
1h at 37 °C, medium from the lower well was collected and dextran concentration was
determined in duplicates measuring excitation at 485 nm and emission at 538 nm using the
Fluoroskan Ascent FL (ThermoFisher Scientific). Dextran diffusion was quantified using

standard curve.

2.2.9 Killing assay

Migrated CD3"* T cells cytotoxic capacity was evaluated by lactate dehydrogenase (LDH)
quantification of supernatants from the co-culture with tumor MCF-7. 1x10* MCF-7 were
seeded in a 96-well plate, 24 h prior to the co-culture. Migrated T cells (from the transwell
migration assay) were collected from the bottom well and transferred onto pre-cultured MCF-
7 for 24 h, alone, or in the presence of an additional bispecific antibody
(a«HER2xhlgG1xa.CD3¢,1 nM). This BiMAb can crosslink with migrated T cells via a.CD3¢ and
with MCF-7 via HERZ2, leading to an additional stimulation of T cells and tumor cell targeting
(Warwas et al. 2021). Binding confirmation of aHER2xhlgG1xaCD3e to T cells and

concentration optimization for LDH assay were performed by Karsten Warwas (DKFZ) .

Migrated T cell cytotoxicity capacity was studied using the CyQUANT LDH Cytotoxicity Assay
kit, according to the manufacturer’s instructions. Briefly, the supernatants from T-cel/MCF-7
co-cultures were transferred to a 96-well plate and substrate mix solution (from the kit) was
added on top for 30 minutes in the dark at RT. To stop the reaction, stop solution was added
and the plate fluorescence was measured with an ELISA plate reader (Multiskan EX) at 492
nm and 620 nm. The respective controls were also included. Percent cytotoxicity was

quantified using the formula:
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% Cytotoxicity = Compound-treated LDH activity — Spontaneous LDH activity| x 100
Maximum LDH activity — Spontaneous LDH activity

2.2.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism 7. All the data are expressed as
mean + SEM. Significant differences (P < 0.05) between means of data sets were assessed
by one-way ANOVA with Tukey’s test. Significant differences compared to the controls are
marked by asterisks (*, P < 0.05; **, P < 0.01; **, P < 0.001) and significant differences
between treatments are marked by hashtags (*, P < 0.05; # P < 0.01; ** P <0.001).
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3 RESULTS

3.1 CHARACTERIZATION OF T CELL SURFACE MARKERS UPON ACTIVATION

As a consequence of T cell activation, there is a change in the expression of surface adhesion
molecules, and only lymphocytes expressing the appropriate set of homing molecules can
make contact with activated vasculature, undergo the full adhesion cascade, and exit from the

bloodstream to the target tissue.

Priming and activation of T cells start in the lymph nodes when T cells encounter APCs that
secret IL-12 and can present via MHC pathogen or cancer-derived peptides recognized by the
specific T-cell receptor (TCR). However, in immunologically "cold" tumors, the infiltration of T
cells is poor, and because of the commonly suppressive tumor microenvironment, T cell

activation is not effective.

In order to overcome this problem, we aimed at using bispecific constructs to specifically target
T cells to the tumor vasculature and activate them in situ after antibody-mediated crosslinking

with tumor endothelial cells.

To mimic T cell activation and find the best conditions for optimal expression of adhesion
molecules, PBMC were stimulated with IL-12 and/or aCD3¢ (OKT3 - a monoclonal antibody
that binds to CD3¢, a molecule associated with the TCR complex) and/or aCD28 antibodies to
mimic co-stimulation. 20 U/ml of IL-2 was added to maintain T cell survival. After three days of
culture, the cells were harvested. After staining with fluorochrome-labeled antibodies, the
activation profile of CD4" (Fig. 3.1) and CD8" (Fig. 3.2) T cell subpopulations, gated from live
CD3" cells (Fig. 3.1A) was analyzed using flow cytometry. Surface markers contributing to
lymphocyte tethering/rolling (PSGL-1), chemotaxis (CXCR3), adhesion, and migration
(integrins a4, B1, and B2) (Fig. 3.1B and Fig. 3.2A) as well as checkpoint receptors (TIGIT,
TIM3, and PD-1) (Fig. 3.1C and Fig. 3.2B) were investigated on both subpopulations.
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Figure 3.1 CD4+ T cell activation profile. PBMC were isolated from the blood of healthy donors and treated with
rhiL-12 (2 ng/ml) and/or aCD3¢ (5 ng/ml) and/or aCD28 (100 ng/ml). 20 U/ml of rhIL-2 was added to the culture for
T cell survival. After 3 days, the cells were harvested, and surface markers expression was analyzed by flow

cytometry. (A) Gating scheme of evaluated T cell subpopulations. Graphs represent the expression levels (MFI or
gMFI) of (B) adhesion molecules (PSGL-1, ITGA4, ITGB1, and ITGB2) and chemokine receptor 3 (CXCR3), and

(C) inhibitory receptors (TIGIT, TIM3, and PD-1). Data is presented as mean

+

SEM of 4-5 independent

experiments. Significant differences compared to the control (NT, treated with rhiL-2 only) are marked by asterisks

(*, P <0.05; **, P < 0.01; ***, P < 0.001). Histograms illustrate one representative staining.
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Figure 3.2 CD8+ T cell activation profile. PBMC were isolated from the blood of healthy donors and treated with
rhiL-12 (2 ng/ml) and/or aCD3¢ (5 ng/ml) and/or aCD28 (100 ng/ml). 20 U/ml of rhIL-2 was added to the culture for
basic T cell survival. After 3 days, the cells were harvested, and surface marker expression was analyzed by flow
cytometry. Graphs represent the expression levels (MFI and gMFI) of (A) adhesion molecules (PSGL-1, ITGA4,
ITGB1, and ITGB2) and chemokine receptor 3 (CXCR3), and (B) inhibitory receptors (TIGIT, TIM3, and PD-1). Data
is presented as mean + SEM of 4-5 independent experiments. Significant differences compared to the control (NT)
are marked by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Histograms illustrate one representative staining.

The homing receptors PSGL-1, Integrin 1, Integrin 2, and the chemokine receptor CXCR3
showed significant up-regulation on both T cell populations (CD4" and CD8") with aCD3¢
stimulation. Integrin o4 did not show a significant increase even though there was a tendency
to be also up-regulated in the presence of the aCD3¢ antibody. The same treatment increased
the levels of the inhibitory checkpoint receptor PD-1 as well. In general, aCD28 co-stimulation
did not improve the expression of these receptors, and IL-12 could even attenuate the aCD3¢
effect. TIM3 levels significantly increased in the presence of aCD3¢ and IL-12 stimulation only
on the CD8" T cell population, while TIGIT levels did not change substantially, although a
tendency for TIGIT up-regulation was observed. Taken together, the data suggests that T cell
activation via aCD3¢ is sufficient to get the required expression pattern of molecules crucial

for vascular adhesion and transmigration, although it led to a concomitant PD-1 up-regulation.

The expression of the activation marker CD25 was also evaluated for both CD4* and CD8" T
cell populations upon each stimulation (Fig. 3.3A). Co-expression of CD25 allowed the
evaluation of the expression of the relevant receptors in both activated (CD25%) and non-
activated (CD25) cells inside the CD4" (Fig. 3.3B) and CD8" (Fig. 3.3C) T cell populations.
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Figure 3.3 Expression of homing receptors and PD-1 in gated CD25* and CD25" T cell populations. PBMC
were isolated from the blood of healthy donors and treated with rhiL-12 (2 ng/ml) and/or aCD3¢ (5 ng/ml) and/or
oCD28 (100 ng/ml). After 3 days the cells were harvested, and surface marker expression was analyzed by flow
cytometry. (A) Dot-plot on the left side illustrating a representative experiment showing CD25 expression among
different treatments (NT; aCD3¢ + IL-12; aCD3e + aCD28) and on the right side the respective quantification of %
CD25* expressing cells on CD4* and CD8* T cells. Graphs showing the expression levels (MFI and gMFI) of
adhesion molecules, CXCR3 and PD-1 on non-activated (CD25") vs activated (CD25*) on (B) CD4* and on (C)
CD8* T cells. Data is presented as mean + SEM, n=4-5 independent experiments. Significant differences compared
to the control (NT) of the same subpopulation are marked by hashtags (*, P < 0.05; ## P < 0.01; ### P < 0.001).
Significant changes in the CD25* population compared to the CD25" in the same treatment are marked by asterisks

(*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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After stimulation with aCD3¢ antibody, CD4" T cells significantly increased the frequency of
CD25" cells up to 80% and CD8" T cells up to 60%. The addition of co-stimulation with «CD28
further increases activated CD4" T cells up to 90% and CD8" T cells up to 80% (Fig. 3.3A).

For CD4* T cells (Fig. 3.3B), PSGL-1 expression as well as ITGB1 expression was significantly
higher on activated cells (CD25") compared with non-activated cells (CD25°) both untreated
and upon stimulation. The treatment with a«CD3¢ alone or combined with IL-12 increased the
amount of PSGL-1, but not ITGB1. ITGB2 levels were significantly increased only on activated
CD4" T cells upon combined ao.CD3¢ and a.CD28 stimulation, compared to non-activated CD4"
T cells. However, in the CD25"CD4" T cell subpopulation, ITGB2 expression was augmented
upon all treatments compared to the control (NT), as well as in the CD25CD4" T cell
subpopulation, with exception of plus aCD28 stimulation. The chemokine receptor CXCR3
tended to be up-regulated on both subpopulations, non-activated, and activated CD4" T cells
after all treatments, mainly with a«CD3¢ plus aCD28. PD-1 levels were not significantly different
between CD25 and CD25'CD4" T cells among conditions, although a tendency was observed
for higher PD-1 expression in CD25" cells. However, in both subpopulations, PD-1 levels
increased after aCD3¢ treatment compared to non-treated cells, and in CD25" CD4" T cells

also after aCD3¢ and IL-12 stimulation.

The expression levels of PSGL-1 on activated CD8" T cells (Fig. 3.3C) were significantly higher
than on non-activated cells (CD25) in both untreated and treated conditions. PSGL-1
expression increased on both CD8" T cell subpopulations after stimulation when compared
with cells that were not stimulated. ITGB1 levels are significantly higher on untreated activated
CD8" T cells than on CD8"CD25" T cells but this difference is attenuated upon treatment, with
the exception of the aCD3¢ plus IL-12 condition. Regarding ITGB2 expression on CD8" T cell
subpopulations, there were no significant differences between CD25  and activated cells,
although after aCD3e treatment, alone or together with CD28 co-stimulation, both
subpopulations showed high levels of ITGB2 compared to non-treated cells. CXCR3 showed
similar behavior with an evident up-regulation of CXCR3 upon activation of CD8" T cells.
PD-1 expression did not show differences between CD25 and CD25" after stimulation, only

on non-treated CD8" cells CD25" cells expressed significantly higher levels of PD-1.

Overall, aCD3e antibody showed promising results on both activating T cells and enhancing
receptor expression involved in their recruitment and migration. Although the combination with
aCD28 co-stimulation did not significantly enhance homing receptors expression, it increased
overall activation of both CD4* and CD8" T cells. As such, both stimuli will be used as part of

the bispecific antibodies to recruit and activate T cells.
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3.2 ACTIVATION PROFILE OF ENDOTHELIAL CELL SURFACE MARKERS

3.2.1 Effect of y-radiation on endothelial cell surface regulation

Radiation therapy is a standard treatment in cancer patients, which does not only affect
malignant tumor cells but also surrounding cells of the tumor stroma including tumor-
associated fibroblasts, endothelial cells of the tumor neovasculature and tumor-infiltrating
lymphocytes and macrophages. Previously studies showed that ionizing radiation can
compromise endothelial cell integrity, and thereby increase permeability, tumor metastasis and

angiogenesis.

To assess the effect of y-radiation on endothelial cell surface markers, HUVEC were exposed
to y-radiation at different doses (5 Gy and 10 Gy, applied once) (Fig. 3.4). Adhesion molecules
(Fig. 3.4A), angiogenic receptors (Fig. 3.4B), and PD-1 ligands (Fig. 3.4C) were analyzed on
HUVEC 24h after y-radiation treatment
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Figure 3.4 Effect of y-radiation on HUVEC. (A) Expression of adhesion molecules involved in lymphocyte
adhesion and transmigration (E-selectin, ICAM1, VCAM1), (B) endothelial cell growth (VEGFR2, TIE2), as well as
(C) T cell inhibition (PD-L1, PD-L2), were analyzed on HUVEC exposed to one-time y-radiation with different doses
(5 Gy and 10 Gy). Data is presented as mean + SEM, n=4-5 independent experiments. Histograms show one

representative staining.
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Results suggest that HUVEC were not affected by y-radiation, at least after 24 h none of the

studied markers showed significant changes.

The effect of irradiation was also analyzed on HBMEC-60 (Fig. 3.5). Consistently with HUVEC
results, adhesion molecules were not induced (data not shown) on irradiated-HBMEC after 24
h, however, VEGFR2 (Fig. 3.5A) and PD-L1 (Fig. 3.5B) expression were up-regulated on
HBMEC-60 exposed to 10 Gy of y-radiation, compared to the control cells.
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Figure 3.5 Effect of y-radiation on HBMEC-60. (A) Expression of molecules involved in endothelial cell growth
(VEGFR2) and (B) T cell inhibition (PD-L1, PD-L2), were analyzed on HBMEC-60 exposed to one-time y-radiation
with different doses (5 Gy and 10 Gy). Data is presented as mean + SEM, n=3-5 independent experiments.
Significant differences compared to the control (NT) are marked by asterisks (*, P < 0.05; **, P < 0.01). Histograms

show one representative staining.
3.2.2 Cytokine-regulated expression of endothelial surface markers

Endothelial cells play a central role in the inflammatory reaction. In the resting stage,
endothelial cells do not recruit lymphocytes (Ley and Reutershan 2006) because gene
transcription and de novo synthesis of proteins such as adhesion molecules (E-selectin,
VCAM1 and ICAM1), cytokines and chemokines are mainly suppressed. The secretion of pro-
inflammatory cytokines (TNF-o and IL-18) by inflamed tissues activates the endothelium
leading to morphological and functional changes. The expression of adhesion molecules is
induced in the activated endothelium, resulting in T cell recruitment. Furthermore, PD-L1 and
PD-L2 expression on EC cells are also known to be influenced by pro-inflammatory cytokines
(Boghozian et al. 2013) and consequently lead to the inhibition of adhering T cells via PD-1
interaction. Besides endothelium-T cell interaction, angiogenesis is another event that is

related to EC activation.
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To study endothelial cell surface markers' regulation, as part of their functional response during

inflammation, and find a relevant EC target to be used in T cell-targeting bispecific constructs,

environmental conditions were simulated by the pro-inflammatory cytokines IL-1p and/or

TNF-a in order to induce EC activation. Adhesion molecule expression (Fig. 3.6A), angiogenic

receptors (Fig. 3.6B), and inhibitory ligands for checkpoint receptors (Fig. 3.6C) were analyzed

on HUVEC after overnight stimulation using flow cytometry.
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Figure 3.6 Endothelial cell profile upon cytokine activation. HUVEC activation was investigated after overnight

stimulation with pro-inflammatory cytokines, IL-1p (20 ng/ml) or/and TNF-a. (10 ng/ml). Graphs represent the

expression levels (MFI or % of positive expressing cells) of (A) EC adhesion molecules involved in lymphocyte
adhesion and transmigration (E-selectin, ICAM1, VCAM1), (B) endothelial cell growth (VEGFR2, TIE2), as well as
(C) T cell immune checkpoint blockade (PD-L1, PD-L2). Data is presented as mean + SEM, n=4-5 independent

experiments. Significant differences compared to the control (NT) are marked by asterisks (*, P < 0.05; **, P < 0.01;
*** P < 0.001) and significant differences between treatments are marked by hashtags (¥, P < 0.05; ## P < 0.01).

Histograms show one representative staining.
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Expression of E-selectin, VCAM1 and ICAM1 was barely detectable above background levels
in the basal unstimulated state (Fig. 3.6A). When HUVEC were treated with IL-1p or
TNF-a alone, E-selectin expression was only slightly induced, but both cytokines added
together had a synergistic effect and E-selectin expressing cells reached a frequency of 50%.
VCAM1 was also only slightly induced on IL-1 -stimulated HUVEC but, in contrast to
E-selectin, VCAM1 expression was mostly TNF-a-dependent that increased the percentage of
VCAM1* cells up to 50%. The combination treatment also increased the number of HUVEC
expressing VCAM1 (30%), but less effectively when compared with TNF-o. alone. ICAM1
induction was sensitive to all cytokine treatments and after overnight stimulation between
90-100% of HUVEC expressed ICAM1.

Regarding angiogenic receptor expression (Fig. 3.6B), VEGFR2 and TIE2 both had a basal
expression but with different intensities. VEGFR2 expression was lower on non-treated
HUVEC than TIE2, however, VEGFR2 was significantly up-regulated by double stimulation
(IL-1p and TNF-a) while TIE2 did not show significant changes yet with a clear tendency to
become up-regulated by TNF-a or the combination of IL-13 and TNF-a.

Surface markers involved in checkpoint signaling like PD-L1 and PD-L2 (Fig. 3.6C), were
constitutively expressed by HUVEC with similar intensities. PD-L1 expression was not
significantly affected by pro-inflammatory cytokine stimulation whereas PD-L2 was up-

regulated by TNF-a and further boosted by the presence of IL-1[3.

All of the previous EC surface markers, except TIE2, were also studied on the immortalized
HBMEC-60 cell line (Fig. 3.7). Only the regulation of E-selectin and ICAM1 was cytokine-
dependent although in a different manner compared to HUVEC (Fig. 3.7A). E-selectin was up-
regulated by all treatments, especially by IL-13, while ICAM1, that showed a high constitutive
expression, was significantly up-regulated only after stimulation with both cytokines. VCAM1
expression was not at all inducible on HBMEC-60, which can limit transmigration studies.
VEGFR2 (Fig. 3.7B), PD-L1 and PD-L2 (Fig. 3.7C) are constitutively expressed by HBMEC-
60 at higher levels than on HUVEC, however, were not significantly affect by cytokine-

stimulation.
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Figure 3.7 Regulation of surface markers on HBMEC-60 upon cytokine-activation. HBMEC cell line was
overnight stimulated with pro-inflammatory cytokines, IL-18 (20 ng/ml) or/and TNF-a (10 ng/ml). Graphs represent
the expression levels (MFI or % of expressing cells) of EC surface markers (A) involved in lymphocyte adhesion
and transmigration (E-selectin, ICAM1, VCAM1), (B) endothelial cell growth (VEGFR2), as well as (C) T cellimmune
checkpoint blockade (PD-L1, PD-L2). Data is presented as mean + SEM, n=1-5 independent experiments.
Significant differences compared to the control (NT) are marked by asterisks (*, P < 0.05; **, P < 0.01).

In general, pro-inflammatory cytokine stimulation proved to be effective for adhesion molecules
induction in two endothelial cell lines in vitro, which is important for T cell transmigration.
However, on tumor endothelium in vivo, the microenvironment is rather immunosuppressive,
inhibiting adhesion molecules expression and hampering T cell infiltration. Thus, the use of
bispecific fusion proteins carrying pro-inflammatory cytokines (IL-13 and TNF-oa) might

represent a promising strategy to stimulate tumor EC directly in situ.
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We conclude that specific antibodies bearing cytokine fusion proteins and targeting
VEGFR2/TIE2 might represent a promising therapeutic approach since these receptors are

highly expressed by the tumor endothelium.

3.3 TUMOR VASCULATURE NORMALIZATION AND IN SITU ACTIVATION USING oVEGFR2
ANTIBODY-CYTOKINE FUSION PROTEINS IMPROVE T CELL BINDING.

Dysregulation of angiogenesis is a hallmark of malignant tumors (Hanahan and Weinberg
2011). The tumor microenvironment is characterized by an excess of proangiogenic factors,
like VEGF, secreted by tumor cells and tumor-associated stromal cells. VEGF binds to
VEGFR2, expressed tumor endothelial cells, creating an imbalance of pro- and anti-angiogenic
signaling. Consequently, new blood vessel formation is uncontrolled and disorganized
resulting in hyperpermeable vessels with high fluid pressure, irregular blood flow and low
oxygenation. The abnormal vasculature together with a suppressive microenvironment feed
tumor progression and reduce the efficacy of cancer therapy such as chemotherapy,

radiotherapy and immunotherapy.

Therefore, targeting the angiogenesis process can have a positive impact on tumor regression
and can also improve the delivery and efficacy of exogenously administered therapeutics,

radiotherapy and infiltration of effector immune cells.

3.3.1 Endothelial cell activation using VEGFR2 antibody-cytokine fusion proteins

It has been shown that anti-angiogenic therapy targeting the VEGF receptor induce "vascular
normalization" improving tumor perfusion (Tong et al. 2004; Winkler et al. 2004). One of the
anti-angiogenic biologic agents in clinical use is ramucirumab, a fully human IgG1 monoclonal
antibody that selectively inhibits VEGFR2 and blocks the signaling pathways in ECs that
mediate angiogenesis. A ramucirumab sequence-based single-chain (scFv) antibody was
used as part of the VEGFR2 antibody-cytokine fusion protein, as described in Material and

Methods, to target tumor endothelium and deliver pro-inflammatory cytokines in situ.

To confirm the binding of the specific antibodies, activated HUVEC were incubated with
aVEGFR2 scFv-Fc antibody and aVEGFR2 scFv-Fc-cytokine fusion proteins and stained with
a secondary antibody (goat-anti-mouse-lgG2a-PE) (Fig. 3.8).
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Figure 3.8 Efficiency of the produced aVEGFR2 constructs to bind to HUVEC. HUVEC were pre-stimulated
overnight with IL-18 (20 ng/ml) and TNF-a. (10 ng/ml) for enhanced expression of VEGFR2. HUVEC were then
collected, washed and incubated with two different concentrations (1 pg/ml and 10 pg/ml) of each construct for 15
min on ice. (A) aVEGFR2 scFv-Fc antibody, (B) aVEGFR2 scFv-Fc-hIL-1p and (C) aVEGFR2 scFv-Fc-hTNF-
o binding was detected by goat-anti-mouse-lgG2a-PE secondary antibody (also used alone as control — grey
line/bar). (D) VEGFR2 antibody-cytokine fusion protein structure.

The produced constructs were able to bind to VEGFR2 expressed by HUVEC, confirming the

functional structure of the a VEGFR?2 single-chain antibody.

The activation capacity of the antibody-cytokine fusion proteins was also studied (Fig. 3.9). As
shown in previous results, cytokine-mediated activation of endothelium can induce adhesion
molecules expression. In order to test whether aVEGFR2-cytokine fusion proteins could
induce endothelial cell activation, HUVEC were stimulated with different concentration of
purified aVEGFR2 scFv-Fc-hlL-13 and/or aVEGFR2 scFv-Fc-hTNF-o. proteins and, for
comparison, with a respective commercial recombinant human cytokines. aVEGFR2 scFv-Fc

was used as a negative control.
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Figure 3.9 Titration of antibody-cytokine fusion proteins. HUVEC were stimulated overnight with aVEGFR2
scFv-Fc-hlL-1p and/or aVEGFR2 scFv-Fc-hTNF-a or respective commercial recombinant human cytokines rhiL-13
(20 ng/ml) and rhTNF-a (10 ng/ml). Produced constructs were used at the same molarity as commercial cytokines
(1x) and further titrated up (3.3-fold and 10-fold higher concentrated). Histograms representing expression levels
(frequency of positive cells or MFI) of adhesion molecules (E-selectin, ICAM1 and VCAM1). aVEGFR2 scFv-Fc

was used as a negative control (grey line/bar).

EC activation profile after stimulation with aVEGFR2 scFv-Fc-hIL-1p and/or aVEGFR2 scFv-
Fc-hTNF-a is consistent with previous results obtained with commercial cytokines (Fig. 3.6).
The adhesion marker induction was dose dependent. E-selectin induction was effective when
HUVEC were incubated with both antibody-cytokine fusion proteins, aVEGFR2 scFv-Fc-hlL-
1B and aVEGFR2 scFv-Fc-hTNF-a. ICAM1 up-regulation was also slightly more prominent
with both fusion proteins, but aVEGFR2 scFv-Fc-hTNF-a was playing a major role. The
induction of VCAM1 on HUVEC was clearly observed when HUVEC were stimulated with the
oaVEGFR2 scFv-Fc-hTNF-a construct, while the aVEGFR2 scFv-Fc-hIL-1p fusion protein had
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an inhibitory effect in combination with the former. Taken together, both antibody-cytokine

fusion proteins were able to efficiently promote an activated status of HUVEC.

T cell binding increases after EC stimulation with aVEGFR2 antibody-cytokine
fusion proteins
Activated endothelial cells undergo morphological and functional changes to recruit T cells to
inflamed tissues. E-selectin expressed by activated EC is an adhesion molecule involved in
the early steps of the transmigration cascade making loose interactions with T cells. After T
cell activation, intracellular activating signal induces a conformational change in integrins on
the lymphocyte surface and after ICAM1 and VCAM1 engagement, firm adhesion and

transmigration occurs.

Since VEGFR2 antibody-cytokine fusion proteins induced EC activation and up-regulation of
adhesion molecules it can be expected that T cell binding is influenced. To study that, activated
and non-activated T cells were co-cultured overnight with HUVEC, in the presence of the
antibody-cytokine fusion proteins produced. After washing, adherent cells were collected, and

T cell binding was assessed by flow cytometry (Fig. 3.10).
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Figure 3.10 T cell binding is influenced by a VEGFR2 antibody-cytokine fusion proteins. T cells were treated
with aCD3¢ (5 ng/ml) for 3 days or left untreated before co-culture with HUVEC. aVEGFR2 scFv-Fc, aVEGFR2
scFv-Fc-hIL-1B and/or aVEGFR2 scFv-Fc-hTNF-a constructs were added to the co-culture and left overnight. After
washing, adherent cells were collected, and T cell binding was assessed by flow cytometry. (A) Percentage of
CD3* bound T cells are shown in part. (B) CD4*/CD8" ratio of CD3* bound T cells. Data is presented as mean of 3
independent experiments + SEM. Significant differences compared to the control (NT/aVEGFR2-Fc; first grey bar)
are marked by asterisks (*, P < 0.05; **, P < 0.01).

T cell or HUVEC activation alone was not able to increase T cell binding in a statistically
significant manner. Just after the co-activation of both cells, T cells were able to bind more
efficiently to HUVEC (Fig. 3.10A). Activated CD3" T cells showed a significantly increased
binding to HUVEC in the presence of aVEGFR2 scFv-Fc-hIL-1p (40%) and aVEGFR2 scFv-

Fc-hTNF-a (40%), especially when combined (60%), compared to non-treated T cells
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co-cultured with non-treated HUVEC. However, the ratio between CD4" and CD8" of the bound
CD3" cells did not change after T cell activation, staying around one CD8" to three CD4" T
cells (Fig. 3.10B).

Although oVEGFR2 antibody-cytokine fusion proteins performed well in activating EC and
consequently increasing T cell binding in vitro, IL-13 and TNF-a could bind in vivo to their
receptors on other cells leading to adverse effects. Also, T cell binding to endothelium occurs
as a consequence of EC activation which can limit T cell infiltration in vivo. On the other hand,
oVEGFR2 antibody-cytokine fusion proteins might be advantageous if one considers a two-
step scenario with a first activation of VEGFR2" tumor neovasculature and enhanced T cell

binding and extravasation as the second step.

3.4 DIRECT TARGETING OF T CELLS TO TUMOR ENDOTHELIUM USING BISPECIFIC ANTIBODIES
INDUCES T CELL ACTIVATION AND SUBSEQUENT EC ACTIVATION

3.4.1 Binding confirmation and titration of the produced bispecific antibodies

To overcome a potential problem of T cell binding as a secondary event acquired after EC
activation, bispecific antibodies were engineered to target and activate T cells directly at the

tumor endothelium.

A oVEGFR2-hlgG1-Fcagycan-OKT3 bispecific antibody was built to bind T cells via CD3e,
inducing activation, and at the same time bind tumor endothelium via VEGFR2 and blocking
VEGF binding to this angiogenic receptor. To boost T cell activation and increase T cell binding
to EC, a aTIE2-hIgG1-Fcagycan-9.3 (aCD28) and oPD-L1-hlgG1-Fcagycan-9.3 (aCD28)
bispecific antibodies were included in further studies as well. With the same principle as the
construct described before, aCD28 single chain antibody will bind to T cells, giving a co-
stimulatory signaling via aCD28 molecule, and aTIE2 or aPD-L1 single chain antibodies will
bind to TIE2 and PD-L1 receptor on EC. The TIE2 pathway is very important for angiogenesis
regulation, especially on tumors vessels. Angiopoietin-2 (Ang-2) is known to be highly up-
regulated in tumors and is one of the TIE2 ligands, playing a role in vessel destabilization. For
this reason, using a blocking aTIE2 antibody could prevent Ang-2 binding to TIE2, helping
tumor vessel normalization. PD-L1 is expressed on the surface of tumor cells and it can bind
to PD-1 on the surface of activated T cells and B cells. The binding of PD-L1 to PD-1 leads to
an immunosuppressive effect and allows the tumor to evade immune destruction (Swaika et
al. 2015). Endothelial cells also expressed PD-L1 which can also limit T cell activation as well
as compromise the blocking of PD-L1 on tumor cells by check point inhibition immunotherapy.

For these reasons PD-L1 seems to be a very good target on EC too.
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To confirm the binding of produced constructs, isolated CD3" T cells were incubated with
purified aVEGFR2-Fc-aCD3¢, aTIE2-Fc-aCD28, aVEGFR2-Fc-aCD28 and oPD-L1-Fc-
aCD28 bispecific monoclonal antibodies (BiMAbs) and stained with a secondary antibody

(goat-anti-human-lgG1-PE) (Fig. 3.11). The binding of the bispecific antibodies to activated
HUVEC was also evaluated by flow cytometry. (Fig. 3.12).
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Figure 3.11 Binding of produced BiMAbs to CD3* T cells. Freshly isolated T cells were incubated with 5 ug/ml
of produced constructs («VEGFR2-Fc-aCD3¢, aTIE2-Fc-aCD28, aPD-L1-Fc-aCD28) for 20 min on ice. Binding
was detected by goat-anti-human-lgG1-PE secondary antibody (also used alone as negative control). «CD28 and
oCD3 commercial antibodies were used as a positive control (1 pg/ml).
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Figure 3.12 Binding of produced BiMAbs to endothelial cells. HUVEC were pre-stimulated overnight with
IL-1B (20 ng/ml) and TNF-a (10 ng/ml) for enhanced expression of VEGFR2, TIE2 and PD-L1. HUVEC were then
collected, washed and incubated with 5 pug/ml of each construct for 20 min on ice («VEGFR2-Fc-a.CD3g;
aVEGFR2 scFv-Fc-aCD28; aTIE2 scFv-Fc-aCD28; aPD-L1 scFv-Fc-aCD28, and respective Fc controls). Binding
was detected by goat-anti-human-lgG1-PE secondary antibody (also used alone as negative control). aVEGFR2,

aTIE2 and aPD-L1 commercial antibodies were used as a positive control (1 png/ml).

After binding confirmation, BiMAbs were titrated in order to determine the best concentration
for an optimal T cell activation profile. T cells were culture or co-cultured with HUVEC in the
presence of aVEGFR2-Fc-aCD3¢, and/or aTIE2-Fc-a.CD28, and/or aPD-L1-Fc-a.CD28 for 24
hours. CD25 and 4-1BB expression was evaluated on both T cell CD4" (Fig. 3.13A) and CD8"

subpopulations (Fig. 3.13B) as an early and late activation marker respectively.
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Figure 3.13 Titration of produced bispecific antibodies to achieve optimal T cell activation. Freshly isolated
T cells alone or co-cultured with HUVEC in the presence of purified bispecific antibodies, aVEGFR2-Fc-aCD3¢,
and/or aTIE2-Fc-aCD28, and/or aPD-L1-Fc-aCD28 for 24 hours. Cells were collected and evaluated by flow
cytometry. (A) CD4* and (B) CD8* T cell activation was characterized by the expression levels of 4-1BB and CD25.
Data is presented as mean + SEM, n=1-3 independent experiments.
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The aTIE2-Fc-aCD28 and aPD-L1-Fc-a.CD28 bispecific antibodies alone did not influence T
cell activation, as expected since CD28 works as a co-stimulatory molecule depending on a
simultaneous activation by TCR complex/CD3 triggering. Interestingly, aVEGFR2-Fc-a.CD3¢
bispecific antibody after CD3¢ crosslinking was able to induce activation on both T cell
subpopulations CD4* and CD8" (Fig. 3.13), only in the presence of HUVEC after VEGFR2
engagement. This is a very important finding regarding safety since the aVEGFR2-Fc-aCD3¢

construct needs crosslinking on both targets to trigger T cell activation.

In the presence of aVEGFR2-Fc-aCD3g, it is possible to observe 4-1BB and CD25 up-
-regulation on CD4" and CD8" T cells in a dose-dependent fashion. T cell activation was further
boosted when T cells were simultaneously co-stimulated with oTIE2-Fc-aCD28 or with
oPD-L1-Fc-aCD28.

The best activation profile on both T cell subpopulations was achieved in the presence of 0.5
nM oCD3e (stimulatory) BiMAb in combination with 1 nM aCD28 of the (co-stimulatory)
BiMAbs. Of note, T cell co-stimulation could also be achieved by targeting VEGFR2 or TIE2
with 2 BiMAbs harboring aCD3¢ scFv and aCD28 scFv, respectively but showed less T cell

activation capacity (data not shown).

3.4.2 oVEGFR2-Fc-aCD3¢ alone or in combination with and aTIE2-Fc-aCD28 or
oPD-L1-Fc-aCD28 bispecific antibodies induce T cell activation after
crosslinking with HUVEC

To confirm the previous findings and to quantify the activation status of T cells, isolated CD3*
cells were kept in culture or were co-culture with HUVEC, in the presence of aVEGFR2-Fc-
aCD3¢ (0.5 nM) alone or together with o TIE2-Fc-aCD28 (1 nM) or with aPD-L1-Fc-aCD28 for
24 h. Cells were collected, stained, and analyzed by flow cytometry. Cell surface activation
markers such as 4-1BB, CD69 and CD25 were evaluated on CD4" (Fig. 3.14A), and CD8"
(Fig. 3.14B) T cell subpopulations. CD3 levels on live cells and CD28 levels on CD3" cells
from the co-culture were analyzed in order to confim oVEGFR2-Fc-aCD3¢ and
aTIE2-Fc-aCD28 engagement (Fig. 3.14C). Cytokine secretion was assessed by sandwich
ELISA to quantify the levels of IFN-y and TNF-a.,, as described in Material and Methods (2.2.6).
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Figure 3.14 T cell activation induced by oVEGFR2-Fc-CD3e alone or in combination with and
aTIE2-Fc-0.CD28 or aPD-L1-Fc-0.CD28 antibodies. T cells were co-cultured with HUVEC or left alone overnight
with or without bispecific antibodies (aVEGFR2-Fc-aCD3¢ (0.5 nM) alone or in combination with aTIE2-Fc-aCD28
or aPD-L1-Fc-aCD28 (1 nM)). After washing, cells were collected, and T cell activation was analyzed by flow
cytometry. The induction of early (4-1BB and CD69) and late (CD25) activation surface markers was studied on
both T cell subpopulations, CD4* T cells (A) and CD8* T cells (B). CD3 and CD28 regulation was evaluated on live
cells oron CD3* T cells, respectively (C) from the co-culture, to confirm the engagement of the bispecific constructs.
Data is presented as mean + SEM from 9-12 independent experiments. Significant differences compared to the
control (aWVEGFR2-Fc) are marked by asterisks (*, P < 0.05; **, P <0.01; ***, P < 0.001) and significant differences

between treatments are marked by hashtags (*#, P < 0.01; ### P <0.001).
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Interestingly, a VEGFR2-Fc-aCD3¢, aTIE2-Fc-aCD28, and aPD-L1-Fc-a.CD28 did not induce
4-1BB, CD69 expression, or up-regulating CD25 on T cells that had no contact with HUVEC,
indicating the specificity and safety of those BiMADbs (data not shown). Even though aVEGFR2-
Fc-OKT3 crosslinks the CD3e receptor on T cells, there was no binding of aVEGFR2 antibody,

and no T cell activation was observed.

On the other hand, the aVEGFR2-Fc-aCD3¢ bispecific antibody successfully stimulated T cells
co-cultured with HUVEC, leading to a significant increase of CD69 (~70%) and CD25 (~30%)
levels on CD4" and CD8" T cell subpopulations. Co-stimulation with o TIE2-Fc-aCD28 or with
oPD-L1-Fc-aCD28 resulted in a strong synergistic effect regarding T cell activation,
significantly increasing the levels of expression of all activation markers on both T cell
populations compared to the single treatment with aVEGFR2-Fc-aCD3¢ (Fig. 3.14A/B).

Live T cells from the co-culture showed a decrease in CD3 expression (MFI ~50% reduced)
after stimulation with aVEGFR2-Fc-aCD3e, which indicates a successful binding of the aCD3¢
single-chain antibody leading to blocking or modulation of the epitope of the commercial
aCD3¢ antibody used for staining. However, in the presence of aPD-L1-Fc-aCD28 CD3
expression seems to be restored. CD3" T cells from the co-culture treated with aTIE2-Fc-
aCD28 also showed downmodulation of the CD28 antigen, which decreased aCD28 staining

(Fig. 3.14C).

To further confirm T cell activation, cytokine secretion (TNF-a. and IFN-y) was assessed by
sandwich ELISA (Fig. 3.15), as described in Material and Methods.
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Figure 3.15 T cell cytokine secretion after stimulation with a«VEGFR2-Fc-0CD3e and oTIE2-Fc-aCD28
bispecific antibodies. T cells were co-cultured with HUVEC or left alone overnight with or without
oVEGFR2-Fc-aCD3e (0.5 nM) and aTIE2-Fc-aCD28 (1 nM). Supernatants were collected and analyzed by
sandwich ELISA. Graphs are representing the quantification of TNF-a and IFN-y (pg/ml). Data is presented as mean
+ SEM from 5-8 independent experiments. Significant differences compared to the control (a VEGFR2-Fc) are
marked by asterisks (*, P < 0.05; ***, P < 0.001) and significant differences between treatments are marked by
hashtags (¥, P < 0.05; ## P < 0.01; ### P < 0.001).
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T cells co-cultured with HUVEC in the presence of a VEGFR2-Fc-aCD3¢ produced measurable
amounts of TNF-a slightly above background. When o TIE2-Fc-aCD28 is additionally present
in the co-culture, a marked increase in TNF-o secretion is observed (~500 pg/ml), either
compared to control or with a single treatment. IFN-y secretion was more abundantly secreted
and significantly higher in the presence of aVEGFR2-Fc-aCD3¢ (~2150 pg/ml) compared to
the control. IFN-y secretion detected in the supernatant from T cells co-stimulated with o TIE2-
Fc-aCD28 was two times higher (~5000 pg/ml) compared to the single treatment with
aVEGFR2-Fc-0CD3e.

Together, these observations confirmed the capacity of the produced bispecific antibodies
aVEGFR2-Fc-aCD3¢ and aTIE2-Fc-aCD28 to induce a successful T cell activation upon
crosslinking both targets on each cell. This activation resulted in TNF-o and IFN-y secretion,

which can have an impact on HUVEC activation.

Further experiments will be performed with aPD-L1-Fc-a.CD28 to compare both co-stimulation

BiMAbs regarding cytokine secretion.
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3.4.3 EC activation as a consequence of local T cell activation promoted by

bispecific constructs

In parallel to T cell analysis, HUVEC were also collected after co-culture and evaluated by flow
cytometry. CD105, also known as endoglin, was used to gate EC on the FACS analysis. The
expression of EC activation markers, such as E-selectin, VCAM1, and ICAM1 was evaluated
(Fig. 3.16)
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Figure 3.16 HUVEC activation profile after T cell in situ activation. T cells were co-cultured with HUVEC
overnight with or without bispecific antibodies (aVEGFR2-Fc-a.CD3¢ (0.5 nM), aTIE2-Fc-aCD28 and aPD-L1-Fc-
oCD28 (1 nM)). After washing, cells were collected and HUVEC activation status was analyzed by flow cytometry.
The induction of adhesion molecules on HUVEC surfaces was evaluated. Data is presented as mean + SEM from
9-12 independent experiments. Significant differences compared to the control (no BiMAbs) are marked by asterisks
(*, P <0.05; **, P <0.01; *** P < 0.001) and significant differences between treatments are marked by hashtags (¥,
P < 0.05; ## P < 0.01; ### P < 0.001).

HUVEC activation was effectively achieved in the presence of aVEGFR2-Fc-aCD3¢ with
aTIE2-Fc-aCD28 or with aPD-L1-Fc-aCD28. The activation profile was consistent with T cell
activation and cytokine secretion. In the presence of aVEGFR2-Fc-aCD3¢g, ICAM1 was
inducible, whereas VCAM1 and E-selectin expression was dependent of co-stimulation with
aTIE2-Fc-aCD28 or aPD-L1-Fc-aCD28 bispecific antibody. ICAM1 up-regulation was also

more effective in the presence of co-stimulatory antibodies, specially aPD-L1-Fc-aCD28.
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Previous results showed that supernatants from the co-culture with both bispecific antibodies

had higher amounts of TNF-a which can directly influence HUVEC activation (Fig. 3.15).

To study whether HUVEC activation could be achieved indirectly through the presence of
secreted factors by activated T cells, supernatants from all conditions of T-cel/HUVEC co-
culture (24 h) were collected and transferred to pre-seeded HUVEC (Fig. 3.17). Supernatants

from co-culture (48 h) with OKT3 antibody were also used for comparison.

+

A B

no BiMAbs
1 oVEGFR2xOKT3 + aTIE2xaCD28 (24 h)
1 OKT3 (48 h)

supernatant from non-stimulated co-culture
1 supernatant from BiMAbs-stimulated co-culture (24h)
[ supernatant from OKT3-stimulated co-culture (48 h)

Hokk
dkk kkk 100- .

-
=)
-]
1
*
*
*

804

®
o
1

60+

) 2

3 8

g 2

7} 7]

3 60 ook e 2

S S

x x

o 401 o 404 i .

2 2

G 20 ‘ \ ‘ \ B 204 | | | |

o o

Q Q

°\= T D\e v T T T

E-selectin* VCAM1* ICAM1* E-selectin* VCAM1* ICAM1*
HUVEC from co-culture HUVEC

Figure 3.17 Activation of HUVEC promoted by soluble factors secreted by activated T cells. T cells were co-
cultured with HUVEC with or without bispecific antibodies (aVEGFR2-Fc-aCD3¢ (0.5 nM) and aTIE2-Fc-aCD28 (1
nM)) for 24 h, or with commercial OKT3 antibody (5 ng/ml) for 48 h. After washing, cells were collected, and (A)
HUVEC activation status was analyzed by flow cytometry. (B) Supernatants from T-cel/HUVEC co-cultured were
collected and transfer into unstimulated HUVEC for 24 h. The induction of adhesion molecules on HUVEC surface
was evaluated by flow cytometry. Data is presented as mean + SEM from 1-3 independent experiments. Significant
differences compared to the respective control (grey bars - no BiMAbs) are marked by asterisks (***, P < 0.001).

HUVEC activation is inducible by soluble factors (Fig. 3.17B) as an effect of local T cell

activation promoted by the bispecific antibodies.

This is an important finding that can be crucial to improve T cell transendothelial migration
towards tumors with low levels of T cell infiltrates. Furthermore, once HUVEC activation is
reached, induced EC markers like E-selectin, VCAM1, or ICAM1 could also be used as targets

to augment the migration of cytotoxic T cells towards tumor endothelium.

However, neutralizing assays need to be performed to find the exact cytokine panel

responsible for HUVEC activation.
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3.5 T CELL TRANSENDOTHELIAL MIGRATION INCREASED BY THE PRESENCE OF BISPECIFIC
ANTIBODIES

So far, self-produced BiMAbs have proven to induce activation of both T cells and EC.
However, the T cell transmigration cascade is a complex process that depends not only on the
expression of suitable homing receptors but also on the success of the dynamic interaction

between both cells.
3.5.1 Transwell experiment optimizations

The influence of aVEGFR2-Fc-aCD3¢ and aTIE2-Fc-aCD28 bispecific antibodies on T cell
transendothelial migration was analyzed using a transwell assay as described in Materials and
Methods. For this purpose, HUVEC were seeded in transwell inserts, pre-coated with 1% of
human fibronectin at 15 ug/cm? and grown until confluency. To optimize HUVEC monolayer
growth in 48 h, different seeding numbers were tested (Fig. 3.18). HUVEC monolayer
permeability was evaluated by FITC-dextran (3-5 kDa) permeability test. FITC-dextran is
added to the upper chamber, and after one h, molecules that pass through the endothelial cell
monolayer will be detected in the lower chamber using a fluorescence reader. The FITC-
dextran migration rate is proportional to the monolayer's permeability. Results suggest that
2.5x10* HUVEC were the optimal seeding number to reach the tightest monolayer after 48 h

since the percentage of FITC-Dextran found in the lower chamber was close to zero.
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Figure 3.18 Optimization of HUVEC monolayer for transwell assay. Transwell inserts were coated with 1% of
human fibronectin at 15 pg/cm?. HUVEC were seeded on coated inserts at different densities (1x10%, 2.5x10* and
5x10*) and left for 48 h until a confluent monolayer was achieved. HUVEC monolayer permeability was evaluated
by the presence of FITC-dextran (3-5 kDa) in the supernatant from the down-chamber using a fluorescence reader.
Data is presented as mean + SEM of technical triplicates.

After confirmation of the tightness of the HUVEC monolayer, isolated CD3" T cells were added
to the upper chamber in a ratio of 1 EC to 10 T cells, together with bispecific antibodies.
Different concentrations of a VEGFR2-Fc-aCD3¢ and o TIE2-Fc-aCD28 were tested to find the
best conditions for CD3* T cell optimal migration (Fig. 3.19).

84



3.04 ns

ns I
|
2.5 *
S *
2
S 20
£EB T
3 1T
E5 15 T
=3
L
F 1.0
(2]
]
o
0.5
o.c T T T T T
(\\@\ A & 5 & 5 A\ Q@ rLo“\ & N &
o o o AL AN P oV
< o o X
o nga Q
aVEGFR2xa.CD3e aVEGFR2xaCD3¢
+ aTIE2xaCD28

Figure 3.19 Titration of bispecific antibody concentrations for optimal T cell migration. Transwell inserts were
coated with 1% of human fibronectin at 15 pg/cm? and 2.5x10* HUVEC were seeded and left for 48 h until reaching
a confluent monolayer. Isolated CD3* T cells were added to the upper chamber, in a ratio of 1 EC to 10 T cells,
together with (aVEGFR2-Fc-aCD3¢ (0.1-0.5 nM) and aTIE2-Fc-aCD28 (0.2-1 nM). After 24 h, migrated T cells
were collected from the lower chamber and quantified by flow cytometry using counting beads. Graph representing
fold change of CD3* T cell migration through endothelial cell monolayer. Data is presented as mean + SEM of 3
independent experiments. Significant differences compared to the respective Fc control are marked by asterisks (*,
P < 0.05). NS, non-significant changes between stimulation and stimulation plus co-stimulation BiMAbs.

Even though there was a tendency for the aVEGFR2-Fc-aCD3¢ BiMADb to increase CD3" T
cell migration at a higher concentration (0.5 nM) through the HUVEC monolayer, the
combination with aTIE2-Fc-aCD28 seemed to be slightly more efficient, also at higher
concentrations (0.25/0.5 nM and 0.5/1 nM), improving CD3* T cell migration for the double

compared to the respective monospecific scFv-Fc control.

3.5.2 The efficiency of T cell transendothelial migration is increased in the presence
of aVEGFR2-Fc-aCD3¢

To further evaluate the impact of purified BiMAbs on T cell transendothelial migration, transwell

experiments were repeated using either 0.5 nM of aVEGFR2-Fc-aCD3¢ or a combination with

1 nM of aTIE2-Fc-aCD28 or 1 nM of aPD-L1-Fc-aCD28. Migrated CD3" cells were collected

from the down-well and quantified by flow cytometry using counting beads (Fig. 3.20).

85



c
o
® -
5 40l *% .
£ %
3 i. E.
o
b 204 — oe
o n" °
X

101

0 T T

T T T T
aVEGFR2xFc aTIE2xFcxaCD28 aPD-L1xaCD28 aVEGFR2xaCD3e oVEGFR2xaCD3e oVEGFR2xaCD3e
+ aTIE2xaCD28 + aPD-L1xaCD28

Figure 3.20 T cell migration is increased by aVEGFR2-Fc-a.CD3¢ treatment alone or together with o TIE2-Fc-
aCD28 or aPD-L1-Fc-aCD28 co-stimulation. Transwell inserts were coated with 1% of human fibronectin at 15
pg/cm? and 2.5x10* HUVEC were seeded and left for 48 h until reaching a confluent monolayer. Isolated CD3* T
cells were added to the upper chamber, in a ratio of 1 EC to 10 T cells, together with « VEGFR2-Fc-aCD3¢ (0,5
nM), a TIE2-Fc-aCD28 (1 nM), aPD-L1-Fc-aCD28 (1 nM) or respective controls. After 24 h, migrated CD3* T cells
were collected from the lower chamber and quantified by flow cytometry using counting beads. The figure indicates
the percentage of transmigrated CD3* T cells from CD3* T cells added to the upper well (1x10°). Data is presented
as mean + SEM from 3-9 independent experiments. Significant differences compared to the respective Fc control
are marked by asterisks (*, P < 0.05; **, P < 0.01). ns, non-significant changes between stimulation and stimulation

plus co-stimulation BiMAbs.

Before starting the transwell assay, HUVEC monolayer permeability was always assessed by
the FITC-dextran permeability test. Although dextran diffusion was always close to zero (data
not shown), indicating a tight HUVEC monolayer, the results show that 10% of T cells were
able to migrate through HUVEC in the presence of Fc control antibodies. This finding can be
explained by the fact that there is no flow applied in this model, and T cells, due to gravity, will

make contact with HUVEC which can lead to unspecific T cell migration.

Nevertheless, in the presence of aVEGFR2-Fc-aCD3g, T cell migration doubled compared to

the respective control, however is no further increased by co-stimulation.

To confirm an activated phenotype of transmigrated CD4* and CD8" T cells after the co-culture
with stimulatory or stimulatory and co-stimulatory BiMAbs, activation markers CD69, CD25
and 4-1BB were evaluated (Fig. 3.21).
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Figure 3.21 Migration capacity is related to the T cell activation status. Transwell inserts were coated with 1%
of human fibronectin at 15 pug/cm? and 2.5x10* HUVEC were seeded and left for 48 h until reaching a confluent
monolayer. Isolated CD3* T cells were added to the upper chamber, in a ratio of 1 EC to 10 T cells, together with
oVEGFR2-Fc-aCD3¢ (0.5 nM), aTIE2-Fc-a.CD28 and aPD-L1-Fc-a.CD28 (1 nM) or respective Fc controls. After 24
h, migrated CD3* T cells were collected from the lower chamber and the activation profile was characterized by
flow cytometry. The induction of early (CD69) and late (4-1BB and CD25) activation surface markers was studied
on both T cell subpopulations, CD4* T cells (A) and CD8* T cells (B) that had migrated. Data is presented as mean
+ SEM from 5 independent experiments. Significant differences compared to the respective monospecific scFv-Fc
control are marked by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001) and significant differences between
treatments are marked by hashtags (¥, P < 0.05).

The activation of migrated T cells was observed when aVEGFR2-Fc-aCD3¢ and aTIE2-Fc-
aCD28 or aPD-L1-Fc-aCD28 bispecific antibodies were present. 4-1BB up-regulation was

mainly dependent on the co-stimulatory bispecific antibodies in both T cell subpopulations.
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CD69 was the most sensitive marker to the stimulation with aVEGFR2-Fc-aCD3e showing a
similar pattern of expression on CD4"and CD8" T cells and co-stimulatory bispecific antibodies

did not showed a synergistic effect for this activation marker.

CD25 expression on CD4" T cells was dependent of co-stimulation. CD4* T cells have a
baseline expression of ~15% CD25" cells that could be increased (up to 25%) in the presence
of both BiMAbs. On CD8" T cells, CD25 was slightly inducible by a VEGFR2-Fc-aCD3¢ alone
(~10%) or in combination with aTIE2-Fc-aCD28 (~15%).

In general, the T cell activation status of migrated T cells was lower than in T cells derived from
co-culture experiments (Fig. 3.14) although still enough to improve T cell migration trough

HUVEC monolayer as suggested by Fig. 3.20.

HUVEC from the transmigraton assay were also collected in order to assess their activation

profile by flow cytometry (Fig. 3.22).
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Figure 3.22 HUVEC activation profile after T cell activation and transmigration. After transmigration for 24 h
in the presence of aVEGFR2-Fc-aCD3¢ (0.5 nM) and/or together with oTIE2-Fc-aCD28 (1 nM) and/or with
oPD-L1-Fc-aCD28 (1 nM), HUVEC from the transwell insert were collected and the activation status was assessed
by flow cytometry. The induction of E-selectin and VCAM1 on HUVEC (CD105* cells) is represented in the graphs.
Data is presented as mean + SEM from 3 independent experiments. Significant differences compared to the controls
(grey dots) are marked by asterisks (¥, P < 0.05).

The expression of E-selection on HUVEC after transmigration assay was poorly affected,
although in the presence of both bispecific antibodies, stimulatory and co-stimulatory, showed
a little increase. VCAM1 expression showed the same regulation as E-selectin but in the
presence of aVEGFR2-Fc-aCD3¢ with aPD-L1-Fc-aCD28, up-regulation of VCAM1 levels

were significant higher compare to the controls.

However EC activation was not successfully achieved compared to the same treatments on

previous co-culture experiments (Fig. 3.16).
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3.5.3 Using aCD8 bispecific antibodies to prioritize cytotoxic T cell migration

The presence of produced bispecific antibodies was effectively improving CD3* T cell migration
through HUVEC monolayer. However, regarding tumor killing, cytotoxic T cells (CD8") play a
major role, as suggested by several studies have reported a positive correlation between CD8*
T cell tumor infiltration and better response and prognosis in several types of cancers (Gooden
et al. 2011; Kim and Ahmed 2010; Kmiecik et al. 2013; Tumeh et al. 2014).

In order to preferentially induce the migration of cytotoxic T cells, bispecific antibodies targeting
CD8 receptor were produced. Taking advantage of the fact that aVEGFR2-Fc-OKT3 and
aTIE2-Fc-aCD28 bispecific antibodies were inducing HUVEC activation and consequently up-
regulating homing receptors, E-selectin and VCAM1 were used as a target on HUVEC as well
as TIE2 (control) that is constitutively expressed. Therefore, bispecific antibodies incorporating
the scFv of the anti-CD8 antibody OKT8 with oE-selectin, aVCAM1, and aoTIE2 were

generated.

To confirm the binding of produced constructs, isolated CD3" T cells were incubated with
purified aE-selectin-Fc-aCD8, aVCAM1-Fc-aCD8, and aTIE2-Fc-a.CD8 bispecific monoclonal
antibodies (BiMAbs) and stained with a secondary antibody (goat-anti-human-lgG1-PE) (Fig.
3.23). The binding of the aCD8 bispecific antibodies to activated HUVEC was also evaluated
by flow cytometry (Fig. 3.24).
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Figure 3.23 Binding of self-produced BiMAbs to endothelial cells. HUVEC were pre-stimulated overnight with
IL-1B (20 ng/ml) and TNF-a. (10 ng/ml) for enhanced expression of E-selectin, VCAM1 and TIE2. HUVEC were then
collected, washed and incubated with 5 ug/ml of each construct for 20 min on ice (aE-selectin-Fc-aCD8,
aVCAM1-Fc-aCD8, a TIE2-Fc-a.CD8 and respective Fc controls). Binding was detected by goat-anti-human-1gG1-
PE secondary antibody (also used alone as negative control). oE-selectin, «VCAM1 and oTIE2 commercial

antibodies were used as a positive control (1 pg/ml).
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Figure 3.24 Confirmation of binding of aCD8 bispecific antibodies to CD8" T cells. Freshly isolated T cells
were incubated with 5 pg/ml of produced constructs (aE-selectin-Fc-aCD8, aVCAM1-Fc-aCD8, aTIE2-Fc-a.CD8)
for 20 min on ice. Binding was detected by goat-anti-human-IgG1-PE secondary antibody (also used alone as

negative control). «CD8 (OKT8) commercial antibody was used as a positive control (1 pg/ml).

After successful binding of self-made BiMAbs, to confirm the enhanced binding of CD8" T cells
to pre-activated EC in the presence of aCD8-BiMADbs, an experiment under static conditions

has been conducted.

Isolated CD3" cells were co-culture with HUVEC, in the presence of aVEGFR2-Fc-aCD3 (0.5
nM) alone or together with aTIE2-Fc-aCD28 (1 nM) or with aPD-L1-Fc-aCD28 (1 nM) for 24
h.

Simultaneously, aE-selectin-Fc-aCD28, aVCAM1-Fc-aCD28, and aTIE2-Fc-aCD28 (1nM)
bispecific antibodies were also included. After washing, adherent cells were collected, and

CD3*CD8" binding was assessed by flow cytometry using counting beads (Fig. 3.25).
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Figure 3.25 Static binding assay of CD3* and CD3*CD8* T cells in the presence self-made BiMAbs. T-cells
were co-cultured with HUVEC overnight with stimulatory and co-stimulatory bispecific antibodies (aVEGFR2-Fc-
aCD3¢ (0.5 nM) alone or together with a TIE2-Fc-oCD28 (1 nM) or with aPD-L1-Fc-oCD28 (1 nM)). aVEGFR2-Fc
(0.5 nM) antibody was used as a control. Simultaneously, aE-selectin-Fc-aCD8, «VCAM1-Fc-oCD8 and a. TIE2-Fc-

oCD8 (1 nM) bispecific antibodies were also included. After washing, adherent cells were collected and binding

cells were evaluated by flow cytometry. (A) Binding efficiency among stimulatory conditions (1.CD3* T cells;
2.CD3+CD8"* T cells). (B) Binding efficiency among stimulatory conditions in the presence of aCD8 BiMAbs (1.CD3*
T cells; 2.CD3*CD8* T cells). Data is presented as mean + SEM from 3 independent experiments. Significant
differences compared to the control (grey bar) are marked by asterisks (*, P < 0.05; **, P < 0.01; ***, P <0.001) and
significant differences between treatments are marked by hashtags (¥, P < 0.05; ## P < 0.01; ### P < 0.001).

T cell binding is influenced by its activation status. The treatment with aVEGFR2-Fc-
aCD3¢ together with aTIE2-Fc-aCD28 or with aPD-L1-Fc-aCD28 improved the binding of
CD3" and CD8" T cells to HUVEC, matching the activation results shown on Fig. 3.14.
However, aCD8 constructs did not show significant benefits in prioritizing cytotoxic T cell

binding.
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A migration assay was also performed with the same stimulatory conditions to study if CD8* T
cell migration could be enhanced by the presence of aCD28 constructs in a more dynamic
system. CD8" T cell migration was quantified by flow cytometry using counting beads (Fig.
3.26).
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Figure 3.26 Migration of cytotoxic T cells through HUVEC in the presence of aCD8 antibodies. Transwell
inserts were coated with 1% of human fibronectin at 15 ug/cm? and 2.5x10* HUVEC were seeded and left for 48 h
until reaching a confluent monolayer. Isolated CD3* T cells were added to the upper chamber, in a ratio of 1 EC to
10 T cells, together with a VEGFR2-Fc-aCD3¢ (0.5 nM) and aTIE2-Fc-oCD28 (1 nM) combined either with aE-
selectin-Fc-aCD8 (1 nM) or aVCAM1-Fc-aCD8 (1 nM). aE-selectin-Fc-oCD8 (1 nM) or aVCAM1-Fc-oCD8 (1 nM)
were also used alone as a control. After 24 h, migrated CD3* T cells were collected from the lower chamber and
quantified by flow cytometry using counting beads. The figure indicates percentage of transmigrated CD3*CD8* T
cells from CD3*CD8* T cells added to upper well. Data is presented as mean + SEM for 3 independent experiments.

The percentage of CD3*CD8" T cells slightly increased in the presence of aVEGFR2-Fc-
aCD3¢ and o TIE2-Fc-aCD28 but the addition of aE-selectin-Fc-aCD8 and aVCAM1-Fc-aCD8

did not further enhanced CD8" frequency on transmigrated T cells.
3.5.4 Cytotoxic capacity of migrated BiMAb-treated T cells towards tumor cells

T cells migration was effectively increased by self-produced stimulatory and co-stimulatory
bispecific antibodies even though aCD8 constructs were not sufficient to prioritize CD8 T cell

migration.

Nevertheless, the influence of aVEGFR2-Fc-aCD3¢ and oTIE2-Fc-aCD28 on T cell killing

capacity towards tumor cells was not expected since these constructs do not target tumor cells.

For BiMAb-treated migrated cells to be able to kill tumor cells, 1 nM of aHER2xhlgG1xaCD3¢
was additionally added to the co-culture of migrated cells (collected from down wells of

transmigration assay) and MCF-7 for 24 h. aHER2xhIgG1xaCD3¢ can crosslink with migrated
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T cells via CD3¢ and with MCF-7 via HERZ, leading to an additional stimulation of T cells and

tumor cell targeting.

To study the impact of bispecififc antibodies, used to improve T cell transmigration, on the
killing capacity of migrated CD3" T cells in the presence of aHER2xhlgG1xaCD3g,
supernatants from the co-culture with tumor MCF-7 were collected and cytotoxic capacity was

quantified by lactate dehydrogenase (LDH) released.
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Figure 3.27 The cytotoxic capacity of BiMAb-treated migrated CD3+ T cells in the presence of
aHER2xhlgG1xaCD3e. MCF-7 were seeded in a 96-well plate, 24 h prior to the co-culture. Migrated T cells (from
the transwell migration assay) were collected from the bottom well and transferred onto pre-cultured MCF-7 for 24
h, only pre-treated with a VEGFR2-Fc-aCD3¢ + a.TIE2-Fc-aCD28 or + aPD-L1-Fc-aCD28, or in the presence of an
additional bispecific antibody aHER2xhlgG1xa.CD3e (1 nM). Migrated CD3* T cells cytotoxic capacity was evaluated
by lactate dehydrogenase (LDH) quantification of supernatants from the co-culture with tumor MCF-7. Data is
presented as mean + SEM from 3 independent experiments. Significant differences compared to the control (grey
bar) are marked by asterisks (***, P < 0.001) and significant differences between treatments are marked by

hashtags (¥, P < 0.05).

As expected, CD3" T cells treated with o VEGFR2-Fc-a.CD3¢ + aTIE2-Fc-o.CD28 or + aPD-L1-
Fc-aCD28 during the transmigration assay do not show the ability to kill MCF-7. Yet
aHER2xhlgG1xaCD3e effect was not compromised by VEGFR2-Fc-aCD3¢ treatment. Indeed,
aHER2xhlgG1xaCD3¢ effect was further improved on migrated cells pre-treated with

VEGFR2-Fc-aCD3¢ and aPD-L1-Fc-aCD28.
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4 DISCUSSION

4.1 T CELL STIMULATION INDUCES KEY MOLECULES FOR TRANSENDOTHELIAL MIGRATION

Cellular adhesion plays an essential role in immune cell functions since T cell subsets circulate
between tissues, draining lymph nodes and peripheral blood (Brown et al. 2010; Collins et al.
2016; Gebhardt et al. 2011). Alterations in adhesion molecule patterns regulate each cell
population's functional behavior and dynamics, a process modulated by different activation
signals. Regarding T cells, cellular adhesion is preferentially driven by several groups of
molecules, including integrins (e.g., ITGA4, ITGB1, and ITGB2), ligands for selectins such as
PSGL-1 (Harjunpaa et al. 2019), cadherins, and chemokine receptors (e.g., CCR9, CXCR3).

To have a better understanding of how T cell activation can influence the modulation of surface
molecules involved in transmigration and checkpoint inhibition, PBMC were isolated from
healthy donors and stimulated for three days using rhlL-12 alone or using aCD3¢ alone or in
combination with rhlL-12 or and/or aCD28 in the presence of rhlL-2. Analysis of surface
molecules on activated peripheral blood T cells revealed a similar signature of adhesion
molecules on both CD4* and CD8" T cell subsets. Figs. 3.1-3.2 shows a substantial PSGL-1
up-regulation after aCD3¢ stimulation, but the combination treatment of aCD3¢ with rhiL-12
and aCD28 kept PSGL-1 expression levels without a synergistic effect. PSGL-1 is expressed
by most lymphocytes, however, only after T cell activation, in a functionally glycosylated form
(Carlow et al. 2005; Tinoco et al. 2017). CXCRS3 expression was mainly up-regulated by aCD3e

treatment with no further improvement by the addition of «CD28 co-stimulation.

Integrins are not constitutively active and able to bind ligands. Instead, their activity is regulated
through a process called inside-out signaling, originated by other cell surface receptors
(Gahmberg et al. 2009). For instance, TCR engagement or chemokine exposure initiates
signaling cascades that induce a conformational change in both integrin subunits of LFA-1
(ITGAL/ITGB2) or VLA-4 (ITGA4/ITGB1), yielding an active form that substantially increases
ligand affinity (Harjunpaa et al. 2019).

As shown in Figs. 3.1-3.2, the basal expression level of B2 integrin (part of LFA-1) on T cells
was 10x higher than a4 and B1 integrins (VLA-4) levels, but both § integrins were further up-
regulated upon T cell activation, as previously described by others (Hynes 1992; Park et al.
1998). Besides its role in T cell transmigration, the LFA-1/ICAM1 interaction is also responsible
for sustained T cell-APC adhesion (Morgan et al. 2001). VLA-4 is reportedly up-regulated on
activated T cells localized at the site of inflammation (Laffon et al. 1991; Rose et al. 2002),
which was simulated by aCD3-mediated protein kinase C (PKC) activation (Vassilopoulos et
al. 1995; Zhu et al. 2015). Combination treatment with aCD28 did not increase integrin

expression levels compared with aCD3¢ treatment alone.

95



Checkpoint inhibitor molecules (TIGIT, TIM3, and PD-1) that are potentially affected by T cell
activation were also studied. PD-1 expression was induced on both CD4" and CD8" T cells
upon a.CD3e¢ stimulation, which was in accordance with the literature (Keir et al. 2008). A clear
tendency of CD4" and CD8" T cells to up-regulate the checkpoint inhibitors TIGIT and TIM3

was also observed but without statistical significance.

Moreover, CD25, an important cellular activation marker, was evaluated upon T cell activation.
CD25 was up-regulated within 24 hours of stimulation of the TCR/CD3 complex, remaining
elevated for a few days, as previously described (Jackson et al. 1990; Reddy et al. 2004).
CD4" T cells have a baseline expression of CD25, unlike CD8 T cells. Still, CD25 expression
was up-regulated after aCD3¢ stimulation on both T cell subpopulations, with the highest levels
achieved using aCD3¢ in combination with oCD28 (Fig. 3.3.A).

The expression levels of PSGL-1, ITGB1, ITGB2, CXCR3 and PD-1 were also separately
analyzed on CD4*CD25" and CD8*"CD25" subpopulations. In particular, PSGL-1 and ITGB1
were elevated in CD4"CD25" and CD8"CD25" subpopulations compared with CD25~ T cell
subpopulations, while the other markers showed up-regulation independent of CD25

expression (Fig. 3.3.B/C).

Although aCD28 treatment did not augment the effect of aCD3¢ stimulation in up-regulating
integrins, PSGL-1, CXCR3, and inhibitory molecules on T cells (Figs. 3.1, 3.2), the activation
status of T cells were slightly higher with the combination treatment. CD28-mediated signals
have been reported to enhance the signal intensity of T cell activation through the T cell
receptor (TCR), leading to the increased production of cytokines such as interleukin-2 (IL-2)
and expression of the IL-2 receptor (CD25) (Boomer and Green 2010; Chen and Mellman
2013; Yamada-Ohnishi et al. 2004).

IL-12 was also expected to give an activation boost as the third signal for T cell activation
(Curtsinger and Mescher 2010). Contrarily, IL-12 mainly attenuated the effect of aCD3¢
treatment on adhesion molecules expression and did not have an additive effect on T cell
activation after aCD3e¢ stimulation regarding CD25 expression. Only TIM3 expression on CD8"

T cells increased when rhlL-12 was combined with aCD3k.

Taken these observations into account is possible to conclude that expression levels of T cell
surface adhesion molecules were mainly positively modulated by aCD3e treatment. Regarding
the activation status of T cells, it was predominantly influenced by aCD3e, leading to very high
CD25 expression levels. Probably due to the strong T cell activation by the aCD3¢ antibody
OKT3 alone, aCD28-mediated co-stimulatory effects were not visible under the assay

conditions used herein.
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4.2 EC ACTIVATION WAS MAINLY DEPENDENT ON PRO-INFLAMMATORY CYTOKINES, IL-1

AND TNF-a

For effective T cell transendothelial migration, not only the T cell activation status matters, with
endothelial cells being major participants and regulators of an inflammatory process (de Visser
and Coussens 2006). Abnormalities of endothelial cells on tumor vessels, such as reduced
expression of homing receptors and deregulated angiogenesis, can result in the dysfunctional
extravasation of leukocytes into tumors. Moreover, the EC phenotype needs to match T cell
surface receptors for successful binding and migration (Kupper and Fuhlbrigge 2004; Lugano
et al. 2020; Peske et al. 2015b; Yu et al. 2005).

To mimic adhesion molecule up-regulation on endothelial cells (HUVEC and HBMEC-60) as
part of their functionality during viral infection and sterile inflammation, the prototypic pro-
inflammatory cytokines IL-18 and TNF-a were added in a targeted approach using anti-
VEGFR2-cytokine fusion proteins in order to evoke EC activation in vitro (Figs. 3.6-3.7). The
impact of ionizing radiation (y-radiation) on EC activation was also assessed in this work to
mimic the effect of radiation cancer treatments on tumor EC (Figs. 3.4-3.5). Radiation can
activate and damage rapidly dividing cells, such as microvascular endothelial cells, which have
the capability of self-renewal, proliferation, and differentiation (Baskar et al. 2014; Himburg et
al. 2016; Kim et al. 2019). Although ionizing radiation induces cell death, during DNA repairing
mechanisms, a multi-protein complex so-called inflammasome is formed and can either
directly lead to activation of the caspase-1, a protease required for IL-13 and IL-18 maturation
and secretion, or indirectly recruits the inflammasome caspase recruitment domain, resulting
in processing of inactive pro-inflammatory cytokines to their bio-active forms interleukins (IL-
1B, IL-18) (Rodriguez et al. 2018; Stoecklein et al. 2015; West and Barnett 2011). Prolonged
activation of the inflammasome signaling also mediates the release of other inflammatory

intermediaries such TNF-a (Schroder and Tschopp 2010).

In this line, up-regulation of adhesion molecules was expected either after cytokine treatment
or y-radiation. Hallahan et al. and Gaugler et al. irradiated HUVECs and observed up-regulation
of E-selectin and ICAM1 but not VCAM1 after various doses of IR (1-10 Gy) (Gaugler et al.
1997; Hallahan et al. 1996). Others exposed epidermal keratinocytes and dermal
microvascular ECs to 6 Gy and found that IR triggered surface expression of ICAM1 on these
cells within 24 h, independent of de novo protein synthesis (Behrends et al. 1994). Although
cytokine-related activation was observed on HUVEC and HBMEC-60, leading to increased
levels of adhesion molecules, y-radiation was not that successful achieved since E-selectin,
VCAM1, and ICAM1 were not inducible (Fig. 3.4-3.5) at least after 24 h.

Besides adhesion molecules regulation, it has also been postulated that ionizing radiation

increases the activity of VEGFR2 in the endothelium, resulting in protection from cell death
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(Brieger et al. 2005). On irradiated HBMEC-60 (10 Gy), surface expression of VEGFR2 was
up-regulated but not on HUVEC (Figs. 3.4-3.5). Kermani et al. demonstrated that even after
exposure to a high dose of 10 Gy, the proangiogenic effect of ionizing radiation on human
coronary artery endothelial cells was correlated with up-regulation of VEGFR2 and suggests
that VEGFR2 up-regulation seems to be important in the survival of radiation-damaged
endothelium and regulation of reendothelization in blood vessels in vivo, playing a
radioprotective role (Kermani et al. 2001). Furthermore, radiation may promote
immunosuppressive reactions in several ways, such as up-regulation of co-regulatory
molecules PD-L1 and PD-L2 (Morisada et al. 2017; Song et al. 2018), which was confirmed,
for PD-L1 and, by tendency, also for PD-L2 expression by HBMEC-6, but not HUVEC cells,
after 10 Gy of y-irradiation (Figs. 3.4-3.5). Primary HUVEC cells appear to be much more

radiation-insensitive than the immortalized HBMEC-60 cell line.

Regarding cytokine treatment, the results were much more promising (Figs. 3.6-3.7). EC
activation via pro-inflammatory cytokines is known as type Il activation, which is a delayed but
sustained response with de novo gene expression in endothelial cells (Pober and Sessa 2007).
HUVEC showed increased expression of adhesion molecules, VEGFR2 and PD-L2. E-selectin
expression was significantly induced by combination treatment of both pro-inflammatory
cytokines, IL-13 and TNF-o.. VCAM1 induction was mainly TNF-o dependent, and PD-L2 was
also up-regulated by TNF-a. ICAM1 was strongly up-regulated by IL-13 and/or TNF-a.
VEGFR2 was up-regulated by a combination of IL-1 and TNF-a, and the same tendency was
noted for TIE2.

On HBMEC-60 cells, E-selectin expression was strongly up-regulated by both pro-
inflammatory cytokines (IL-1B and TNF-a), alone or in combination, but predominantly by IL-
1B, and ICAM1 only by combination treatment (or by tendency with IL-1p alone). VCAM1 was
not influenced by cytokine-stimulation as well as VEGFR2, PD-L1, and PD-L2. For that reason,
HBMEC-60 cells were considered a suboptimal model for transwell assays, so only HUVECs
were used in future experiments. Rood et al. described that E-selectin and VCAM1 were not
expressed on unstimulated HBMEC and stimulation with IL-1p up-regulated ICAM1 and
VCAM1 (Rood et al. 2000). These previous results could not be confirmed for VCAMA1.

4.3 VEGFR2 ANTIBODY-CYTOKINE FUSION PROTEINS IMPROVE BINDING OF ACTIVATED
TCELLSTOEC

Tumor endothelium in vivo can be surrounded by an immunosuppressive microenvironment,
inhibiting expression of adhesion molecules and hampering T cell infiltration (Peske et al.
2015b). Thus, the use of bispecific fusion proteins carrying pro-inflammatory cytokines (IL-1p3

and TNF-a) might represent a promising strategy to stimulate tumor EC directly in situ.
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Moreover, the tumor microenvironment is also characterized by an excess of proangiogenic
factors, like VEGF, creating an imbalance of pro- and anti-angiogenic signaling feeding tumor
progression and reducing the efficacy of cancer therapies such as chemotherapy,
radiotherapy, and immunotherapy (Datta et al. 2019; Goel et al. 2011; Yu and Cui 2018).
Therefore, targeting the angiogenesis process can positively impact tumor regression, improve

the efficacy of cancer treatments, and potentiate infiltration of effector immune cells.

Therefore, antibodies bearing cytokine fusion proteins (IL-1 and TNF-a) and targeting
VEGFR2/TIE2 might represent a promising therapeutic approach since the tumor endothelium
highly express these receptors due to deregulated angiogenesis (Lian et al. 2019; Mazzieri et
al. 2011; Smith et al. 2010; Willam et al. 2000).

Self-produced a VEGFR2 scFv-Fc-cytokine fusion proteins bound efficiently to HUVEC and up-
regulated activation markers in a dose-dependent way. The activation profile of HUVEC with
oVEGFR2 scFv-Fc-cytokine fusion proteins was comparable with commercial cytokines (Fig.
3.6 and Fig. 3.9). E-selectin expression increased in the presence of both produced
constructs, while VCAM1 was mainly modulated by aVEGFR2 scFv-Fc-TNF-a (Fig. 3.9).
ICAM1 expression was up-regulated by aVEGFR2 scFv-Fc-TNF-a alone or in combination
with o VEGFR2 scFv-Fc-IL-1B.

Since aVEGFR2 scFv-Fc-cytokine fusion proteins induced EC activation and up-regulation of
adhesion molecules, it could be expected that binding of activated T cell increases, which was
confirmed, as shown in Fig. 3.10.A, reaching around 60% of CD3" bound cells to aVEGFR2

scFv-Fc-cytokine fusion proteins-stimulated HUVEC.

Blocking these angiogenic receptors (VEGFR2 or TIE2) can have a substantial impact on
tumor growth. Although HUVEC activation results with aVEGFR2 scFv-Fc-cytokine fusion
proteins successfully activated endothelial cells, systemically administered IL-1p and TNF-a
fusion proteins can also bind to their receptor on many other cell types, which is likely to cause
adverse side effects. In principle, intratumoral injection of anti-VEGFR2 cytokine fusions could
circumvent these problems, or incorporation of these cytokines in liposomes which are coated
with VEGFR2 antibodies.

4.4 DIRECT TARGETING OF T CELLS TO TUMOR ENDOTHELIUM USING BISPECIFIC
ANTIBODIES INDUCES T CELL ACTIVATION AND SUBSEQUENT EC ACTIVATION

In this work, bispecific antibodies were investigated that could improve T cell targeting to tumor
endothelium, mediate T cell activation in situ, and simultaneously deliver an anti-angiogenic

effect. In a previous report o VEGFR2-MICA fusion proteins that activate NK and CD8" T cells
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in the tumor microenvironment were studied (Xu et al. 2019), as well as bispecific T-cell
engager (BiTE) antibody that targets human endoglin and CD3 (hEND-CD3/BIiTE) (Zhong et
al. 2021). Kopacek et al. first published bispecific aCD3—aVEGFR2 antibodies in di-scFv as
well as diabody format but did not study functional properties of the antibodies (Kopacek et al.
2013). This is the first study to utilize aVEGFR2-aCD3¢ bispecific antibodies to redirect T cells
towards endothelial cells, to combine them with co-stimulatory EC-targeting antibodies and
study activation and transmigration of T cells. Alternative vascular targeting approaches
involve the use of VEGFR2-reactive CAR T cells (Hajari Taheri et al. 2019; Lanitis et al. 2021)
or aCD16—aVEGFR2 bispecific single-domain antibodies (Xianglei Liu et al. 2020) that aim to

attract CD16" NK cells and myeloid cells towards tumor endothelium.

For this research work, bispecific antibodies were produced in the tetravalent format
(scFv1-FcKO-scFv2),, and mutations were introduced to silence the Fc domain to avoid Fc
receptor engagement and bystander T cell activation, as previously developed by our lab
(Warwas et al. 2021; Quitt et al. 2021). Therefore, the activity of produced bispecific agents is
independent of FcyR binding, which is relevant for this study since endothelial cells can
express Fcy receptors (Tuijnman et al. 1993). T cell activation by oVEGFR2-Fc-
aCD3¢ exclusively relied on the presence of VEGFR" EC mediating cross-linking between
targeted cells (Fig. 3.13). Importantly, aTIE2-Fc-aCD28 and oPD-L1-Fc-aCD28 had no
activity as single agents in the absence of TCR complex triggering but drastically enhanced
the magnitude of T cell activation and further boosted T cell activation in combination with the
anti-CD3¢ bispecific construct (Fig. 3.13). aVEGFR2-Fc-aCD28 was also tested as co-
stimulatory treatment (data not shown), but T cell activation was not as high as with the other
co-stimulatory tested BiMAbs. Since VEGFR2 is not expressed in high levels on resting
HUVEC (Fig. 3.6), the competition between both aVEGFR2 constructs may limit aVEGFR2-
Fc-aCD28 efficacy. Because of this fact, further experiments were performed with o TIE2-Fc-
oCD28 and aPD-L1-Fc-aCD28.

These findings show an essential safety aspect diminishing T cell activation in the absence of
EC. According to a titration experiment (Fig. 3.13), the best activation profile on both T cell
subpopulations was achieved in the presence of 0.5 nM stimulatory aCD3e BiMAb in
combination with 1 nM co-stimulatory aCD28 of the BiMAb. As noted above, T cell co-
stimulation could also be achieved by targeting TIE2 with two BiMAbs harboring aCD3¢ scFv
and aCD28 scFv, respectively, but showed less T cell activation capacity (data not shown).
This finding might be explained by antigenic competition between the stimulatory and the co-

stimulatory BiMAD in the presence of limiting quantities of EC-associated antigens.

To quantify the activation status of T cells, isolated CD3" cells were kept in culture alone or co-
culture with HUVEC, in the presence of aVEGFR2-Fc-aCD3¢ alone or together with o TIE2-
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Fc-aCD28 or with aPD-L1-Fc-a.CD28 for 24 h (Fig. 3.14). o VEGFR2-Fc-aCD3¢ induced T cell
activation which was boosted to a significant extent by co-stimulatory BiMAbs. Augmented T
cell activation was confirmed by the increased surface expression of activation markers like 4-
1BB, CD69, and CD25 on CD4* and CD8" T cells. aVEGFR2-Fc-aCD3¢ in combination with
oPD-L1-Fc-aCD28 restored CD3 expression levels (Fig. 3.14C). The expression of adhesion
molecules on activated T cells is also an important point that should be studied in future
experiments. TNF-a secretion was only induced in co-cultures in the presence of stimulatory
and co-stimulatory BiMAbs simultaneously (Fig. 3.15). IFN-y levels in the co-culture
supernatant were up-regulated by aVEGFR2-Fc-aCD3¢ and increased by co-stimulation with
the aTIE2-Fc-aCD28 construct (Fig. 3.15). Together, these observations proved the capacity
of self-produced bispecific antibodies aVEGFR2-Fc-aCD3¢, aTIE2-Fc-aCD28, and aPD-L1-
Fc-aCD28 to elicit a successful T cell activation upon EC cross-linking and to induce TNF-
o and IFN-y secretion. Further experiments need to be performed with aPD-L1-Fc-aCD28 to
compare both co-stimulatory BiMAbs regarding cytokine secretion. All T cell-EC co-cultures
in the presence of self-produced BiMAbs were carefully monitored under the microscope after

24 h, and no significant killing was observed (data not shown).

Additionally, HUVECs from the co-culture were analyzed (Fig. 3.16). The percentage of E-
selectin® and VCAM1* expressing cells was significantly higher when stimulation was
combined with co-stimulation, in particular with aTIE2-Fc-a.CD28. This fact could be explained
by the increased secretion TNF-o. by CD3* T cells in the presence co-stimulation. ICAM1
expression was more sensitive, showing significant up-regulation after aCD3 treatment, that

was further increased by co-stimulation, particularly with the aPD-L1 BiMAD.

To better understand if HUVEC activation was induced by cell-cell contact or through secreted
factors from activated T cells, supernatants from T-cel/HUVEC co-cultures with o CD3 BiMAbs
(24 h) were collected and transferred to pre-seeded HUVEC (Fig. 3.17B). Supernatants from
co-cultures (48 h) with the activating anti-CD3¢ OKT3 antibodies were used for comparison.
Analysis of HUVEC activation by FACS showed a similar up-regulation of E-selectin, VCAM1,
and ICAM1 in the presence of aVEGFR2-Fc-aCD3¢ plus oTIE2-Fc-aCD28 or OKT3
stimulation (Fig. 3.17A). Indeed, as shown in Fig.3.17B, the expression of VCAM1 and ICAM1
was increased by the supernatants from the co-cultures that underwent both stimulatory
treatments (BiMAbs or OKT3) contrasting with E-selectin that was only inducible by
supernatants OKT3-treated T cells. Since E-selectin induction on HUVEC cells depended on
IL-18 (Fig. 3.6.A), secretion of sufficient quantities of IL-13, whose primary source will be

improperly depleted blood monocytes, B cells, and NK cells triggered by TNF-o (Dinarello
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2009), may have required the comparatively more potent activation stimulus of OKT3 antibody

inducing cross-talk between T cells and non-T cells.

The fact that HUVEC activation was inducible by soluble factors is an important finding that
can be crucial to improve T cell transendothelial migration towards tumors with low levels of T
cell infiltrates. Furthermore, once HUVEC activation is achieved, induced EC markers like E-
selectin, VCAM1, or ICAM1 could also be used as targets to augment the migration of cytotoxic
T cells towards tumor endothelium. In future studies the supernatants from T cell-EC co-
cultures should be analyzed to better define soluble factors directly influencing HUVEC

activation, and cytokine-neutralizing antibodies should be included.

4.5 T CELL TRANSENDOTHELIAL MIGRATION IS INCREASED BY THE PRESENCE OF
STIMULATORY BISPECIFIC ANTIBODIES

As discussed above, self-produced bispecific antibodies effectively induced T cell activation
and, consequently, EC activation. The aVEGFR2-Fc-aCD3¢ BiMADb alone was capable of up-
regulating CD69 and CD25 on the surface of CD4" and CD8" T cells and pro-inflammatory
cytokine secretion (Figs. 3.14, 3.15), however, when combined with co-stimulatory bispecific
constructs, aTIE2-Fc-aCD28 and aPD-L1-Fc-aCD28, the effect was even more pronounced,
and significant increases in 4-1BB expression were detected. This co-stimulatory effect was

reflected by enhanced HUVEC activation.

Further studies were focused on the dynamic interaction between T cells and EC and how self-
produced bispecific antibodies could influence T cell transendothelial migration. For this
purpose, a transwell assay was used, allowing T cell migration quantification. 2.5x10* HUVEC
were seeded that reached a tight monolayer after 48 h, as confirmed by the FITC-dextran
permeabilization assay. The optimal cell number for HUVEC seeding was determined by
comparing different seeding cell numbers (Fig. 3.18). Seeding 1x10* cells or 5x10* HUVEC
was either too less or too much to form a healthy and tight monolayer. Isolated CD3" T cells
were added to the upper chamber in a ratio of 1 EC to 10 T cells, together with 0.5 nM
oVEGFR2-Fc-aCD3g £ 1 nM «aTIE2-Fc-aCD28 or + 1 nM oPD-L1-Fc-aCD28 with the
respective controls. Migrated CD3" cells were collected from the lower well and quantified by

flow cytometry using counting beads (Fig. 3.20).

Results from the transwell assay (Fig. 3.20) show that 10% of T cells could migrate through
HUVEC in the presence of Fc control antibodies, maybe due to gravity and lack of flow, which
can result in prolonged T cell-HUVEC contact independent of the presence of bispecific

constructs. Unexpectedly, aVEGFR2-Fc-a.CD3¢ was as effective alone as combined with co-
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stimulatory bispecific constructs leading to ~2x more transmigrated T cells than the respective
monospecific scFv-Fc control. Indeed, the addition of a co-stimulatory CD28 commercial
antibody to the OKT3 treatment did not increase T cell adhesion molecules' expression, as
shown in Fig. 3.1-3.2, although in EC binding assays (Fig- 3.14) the T cell activation status
was positively influenced by co-stimulatory self-produced BiMAbs and the same was the case
for EC activation. Future experiments need to be performed to understand whether adhesion
molecules benefitted or not from co-stimulation in binding and transwell assays. The lack of
augmented transmigration in the presence of co-stimulation could also have been a
consequence of more stickiness between T cells and EC due to more cross-linking events in
the presence of a second co-stimulatory construct, or the diffusion of solutes between the
upper and lower chambers during the 24 h incubation time, “hiding” co-stimulatory effects

related to more cytokine secretion (Fig. 3.15).

The activation of migrated T cells was evaluated by the expression of activation markers (Fig.
3.21). aVEGFR2-Fc-aCD3¢ significantly induced CD69 on CD8" and CD4" T cell
subpopulations after 24h and did not require co-stimulation. CD69 was the quickest marker to
be up-regulated after activation compared to CD25 and 4-1BB, the significant up-regulation of
which required co-stimulation. On CD8" T cells, CD25 modulation was only slightly induced in
the presence of aVEGFR2-Fc-aCD3¢ alone or together with aTIE2-Fc-aCD28, though maybe
more incubation time is necessary to achieve significant expression values of this late

activation marker.

HUVECs were also collected from the transwell membrane, and a preliminary cytofluorimetric
analysis of surface markers was performed (Fig. 3.22). The expression of E-selectin on
HUVEC after transmigration assay was poorly affected, although in the presence of both
bispecific antibodies, stimulatory and co-stimulatory, showed a slight increase. VCAM1
expression showed the same regulation as E-selectin, but in the presence of aVEGFR2-Fc-
aCD3¢ with aPD-L1-Fc-aCD28, VCAM1 expression levels were significantly higher compared
to the controls. Analysis of EC activation upon T cell transmigration needs to be repeated to

confirm the preliminary data.

The activation of T cells and HUVECs were not as efficient in the transwell system as
compared to the static co-culture system (Fig. 3.14 and Fig.3.16), especially in the presence
of co-stimulatory BiMAbs. However, a VEGFR2-Fc-aCD3¢ was still sufficient to improve T cell

migration through HUVEC monolayer, as suggested by Fig. 3.20.
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4.6 UsING a.CD8 BISPECIFIC ANTIBODIES TO PRIORITIZE CYTOTOXIC T CELL MIGRATION

The recruitment of T cells to endothelial cells via the CD3¢ chain has advantages and
disadvantages at the same time. The main advantage is recruiting a considerable number of
T cells regardless of antigen specificity or T cell subtypes. Therefore, many T cells would be
available at the tumor site to trigger an anti-tumor response. However, in addition to effector T

cells, irrelevant T cells and regulatory T cells could also be recruited to the tumor site.

In an attempt to overcome this problem and take advantage of the fact that bispecific antibodies
in the transmigration assay were inducing VCAM1 expression on HUVEC surface, other
bispecific antibodies incorporating the scFv of the anti-CD8 antibody OKT8 together with aE-

selectin, aVCAM1, and aTIE2 scFv antibodies were produced.

The binding efficiency of aCD8-BiMAbs to cytotoxic CD8" T cells was confirmed by flow
cytometry as well as their binding to EC expressing E-selectin, VCAM1 and TIE2, respectively
(Fig. 3.23 and 3.24). aCD8-BiMAbs were incorporated in EC-T cell co-cultures under static
conditions and in transwell assays together with self-made stimulatory and co-stimulatory
antibodies (aVEGFR2-Fc-aCD3¢, oTIE2-Fc-aCD28, and oPD-L1-Fc-aCD28). aTIE2-Fc-
o CD8 BiMAb was used as a positive control for binding since TIE2 is constitutively expressed

by EC, whereas E-selectin and VCAM1 expression on EC were only induced after activation.

In the static co-culture system, aVEGFR2-Fc-aCD3¢ and aTIE2-Fc-aCD28 enhanced the
binding of CD3" T cells and, consequently, the binding of CD8" T cells (Fig. 3.25A.2). However,
CD8-binding BiMAbs (a.E-selectin, o VCAM1, and o TIE2) were unable to enhance this result.
Unfortunately, targeting CD8" T cells through the CD8 molecule was also not successful with

respect to the migration of this T cell subpopulation (Fig. 3.26).

The expression levels of E-selectin and /or VCAM1 due to poor EC activation in the transwell
assay could have obscured a beneficial effect of aE-selectin-Fc-aCD8 and aVCAM1-Fc-aCD8
BiMAbs. However, aTIE2-Fc-aCD8, which targets TIE2, a constitutively expressed molecule,
also did not have any effect on improving CD8" T cell migration. Another contradictory fact is
that EC activation after co-culture with T cell and BiMAbs was achieved, resulting in increased
E-selectin and VCAM1 expression levels, so aE-selectin-Fc-aCD8 and aVCAM1-Fc-aCD8
should have been able to increase CD8" T cell binding. Increasing the amount of CD8-binding
BiMADbs is one possible solution that will be tested in the future, and increasing the stimulatory
and co-stimulatory BiMADbs to increase EC activation in the transwell experiments. A pre-
activation of EC by aVEGFR2 or aTIE2 cytokine fusion proteins is another possibility to

generate an environment that supports enhanced CD8" T cell migration by aCD8 BiMAbs.
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Theoretically, this could also be done when T cells reach the tumor microenvironment, using
a bispecific antibody that cross-links CD8" T cells and tumor-associated antigens
simultaneously to promote directed tumor cell killing. However, CD3 engagement will be
required in the first place since T cells cannot properly be activated via CD8. Furthermore, this
treatment can also be combined with other therapies like CAR-T cells or checkpoint inhibition

improving tumor targeting and killing.

4.7 CYTOTOXIC CAPACITY OF MIGRATED BIMAB-TREATED T CELLS TOWARDS TUMOR
CELLS

One final important feature was to prove the functional capacity of BiMAb-activated migrated

T cells killing the tumor in the presence of BiMAb targeting solid tumor-associated antigens

(TAA). Pre-treated and migrated T cells were transferred onto an MCF-7 monolayer and

incubated with 1 nM aHERXxhIgG1xaCD3¢ for 24 h. The cytotoxic capacity was evaluated by

lactate dehydrogenase (LDH) quantification of supernatants from the co-culture.

As expected, migrated CD3* T cells after «VEGFR2-Fc-aCD3¢ + aTIE2-Fc-aCD28 or + aPD-
L1-Fc-aCD28 stimulation before transmigration does not show the ability to kill MCF-7 since
there is no TAA antibody to directly target MCF-7 cells. Still, the induction of cytotoxicity by
oHER2-Fc-aCD3¢ was not compromised by VEGFR2-Fc-aCD3¢ treatment. In fact, the
cytotoxic effect of an aHER-Fc-aCD3¢ BiMAD effect was further improved when transmigrated
cells were used that had already encountered VEGFR2-Fc-aCD3¢ and aPD-L1-Fc-aCD28
proving that it is possible to use this treatment in combination with TAA-binding BiMAb which

subsequently induce tumor cell killing.

In summary, aVEGFR2-Fc-aCD3¢ successfully increased T cell transendothelial migration
after 24 h that was, however, not improved by simultaneous co-stimulation with o TIE2-Fc-
aCD28 or aPD-L1-Fc-aCD28. The T cell early activation status did not benefit from co-
stimulation on the transwell assay, while T cell late activation was dependent on co-stimulation
as well as EC activation. Results from the transwell assay differed from the binding assays
with regard to T cell activation and especially EC activation. HUVEC activation seems to be a
secondary event mainly triggered by secreted cytokines from local activated T cells by the
presence of aVEGFR2-Fc-aCD3¢ and oTIE2-Fc-aCD28. Since the activation status of
migrated T cells was lower as compared to T cells from the co-culture and secreted soluble
factors were likely diluted in the transwell system, HUVEC activation was possibly

compromised.

Since HUVEC activation was not wholly achieved on transwell assay, E-selectin and VCAM1

were not up-regulated, which possibly hampered the prioritization of cytotoxic by aE-selectin-

105



Fc-aCD8 and oVCAM1-Fc-aCD8. Besides increasing BiMAbs concentration for the
transmigration assay, one could also combine stimulatory and co-stimulatory BiMAbs that
target tumor endothelium and T cells with different adoptive T cell transfer therapies (CAR-T
cells) or with other bispecific constructs that target tumor antigens, directly improving tumor
cell killing (e.g., aEpCAM1-Fc-aCD8).

Future experiments will mainly focus on the regulation of adhesion molecules on activated T
cells after EC-T cell co-cultures and transwell assays to understand their role in the migration
of BiMAb-activated T cells. Additionally, complementary studies with aPD-L1-Fc-oCD28 need

to be performed to support some of the findings.

Some limitations of this research work also need to be taken into account that mainly linked to
the restrictions of the model. A central issue is that endothelial cell phenotype and function are
modulated in vivo by shear stress resulting from blood pressure and flow (Zhou et al. 2014).
Mechanical stimuli activate mechanosensors, signaling pathways, and gene/protein
expressions on EC as a feedback control mechanism to maintain vascular homeostasis (Chien
2007). Biomolecules like integrins (Jalali et al. 2001; Schwartz 2001), tyrosine kinase receptors
(like VEGFR2)(Wang et al. 2002), among others (Kuchan et al. 1994; Tzima et al. 2005), are
the initial responders to the changes in the mechanical environment. For these reasons, a
pump system from ibidi GmbH will be used to study T cell adhesion to EC in the presence of
produced BiMAbs. In the pump system is possible to apply a controlled flow, which is an
advantage. Unfortunately, the pump system still does not provide inserts that allow to study
transmigration. In vivo models could also be a possible alternative, although all BiMAbs need

to be reformulated to target mouse endothelium.

Nevertheless, it can be concluded that the project's main aim was achieved as T cell
transmigration was increased by self-produced aVEGFR2-Fc-aCD3g, a novel bispecific

antibody.

106



5 SuUMMARY

The migration of effector lymphocytes from the blood stream into the tumor microenvironment
is believed to be a crucial step for the anti-tumor defense of the immune system. A high density
of infiltrating CD8" T cells in the tumor bed has been correlated with a better prognosis in a
variety of malignancies. Poorly infiltrated tumors often show an abnormal and dysfunctional
vasculature with reduced expression of adhesion molecules such as E-selectin, ICAM1/2 and

VCAM1 that are involved in the extravasation of immune cells.

Therefore, it seems desirable to develop new strategies leading to tumor vessel activation that
consequently can increase the transendothelial migration of effector T cells into the tumor. We
hypothesized that tumor endothelial cell activation could be facilitated either by direct activation

through soluble factors or indirectly by T cell activation in contact with endothelial cells.

In the direct activation approach, recombinant bifunctional VEGFR2-binding fusion proteins
were used to deliver activating cytokines to vascular endothelial cells. This targeted delivery
of cytokines, that could be useful for future in vivo approaches, successfully achieved up-
regulation of adhesion molecules, E-selectin, ICAM1 and VCAM1, and consequently increased

CD3" T cell binding to activated human umbilical vein endothelial cells (HUVEC).

In the T cell activation approach, as an indirect means to activate vascular endothelium,
tetravalent bispecific monoclonal antibodies (BiMADb) in the (scFv-Fc-scFv), format were used.
These BiMAb bind VEGFR2 or TIE2 endothelial cell (EC) growth factor receptors with the N-
terminal single-chain variable fragment (scFv) antibodies, and the stimulatory/co-stimulatory T
cell molecules CD3e or CD28 with the C-terminal scFv antibodies. Local CD3¢-mediated T cell
activation is expected to result in the release of cytokines (e.g., TNF-a and IFN-y) that in turn
induce the expression of adhesion molecules in endothelial cells. Antibody-mediated blocking
of VEGF binding to VEGFR2 could concomitantly exert anti-angiogenic effects. Also this

approach could allow the in situ activation of endothelial cells within tumor tissues.

To assess the activation capacity of self-produced bispecific antibodies, CD3"* T cells were co-
cultured with HUVEC in the presence of BiMADbs for 24 h. The treatment with aVEGFR2—-aCD3
BiMAD resulted in a strong T cell activation as well as up-regulation of adhesion molecules on
endothelial cells, as detected by cell surface staining and cytokine ELISA. This effect was
slightly enhanced by the addition of an aTIE2—aCD28 BiMADb.

A transwell assay was established to assess the migration capacity of T cells through an EC
monolayer in the presence or absence of BiMAbs. Compared to a monospecific aVEGFR2
scFv-Fc control antibody that elicited no EC or T cell activation, the migration of T cells was
significantly increased in the presence of aVEGFR2-aCD3 BiMAb. Although additional
treatment with the co-stimulatory aTIE2—aCD28 BiMAb augmented T cell activation, the
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migration rate of T cells was not increased. In order to prioritize CD8" T cell transmigration
aEC antigen—aCD8 BiMAbs were tested in combination with stimulatory and/or co-stimulatory
BiMAbs mentioned above, however, without significant changes in the migration rate of

cytotoxic T cells.

To study the killing capacity of transmigrated T cells against tumor cells, transmigrated T cells
were transferred onto a monolayer of MCF-7 breast cancer cells in the presence or absence
of BiMAbs mediating tumor cell targeting. Tumor cell killing was quantified using an LDH
release assay. We observed that T cells that had been pre-activated with aVEGFR2-aCD3
and subsequently traversed an EC monolayer, still required the subsequent addition of tumor-
reactive aHER2-aCD3 BiMADb in order to become cytotoxic. Killing was more prominent if
migrated cells were pre-treated with a combination of stimulatory and co-stimulatory BiMADbs,
aVEGFR2-aCD3 and aPD-L1-aCD28.

In conclusion, T cells activated by aVEGFR2—-aCD3 BiMADb can indirectly activate EC in situ
resulting in a better T cell migration. This treatment can be combined with other BiMAbs that

target T cells towards tumor cells and induce tumor cell killing.
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6 ZUSAMMENFASSUNG

Die Migration von Effektorlymphozyten aus dem zirkulierendem Blut in das Mikromilieu von
Tumoren wird als ein wesentlicher Schritt der Tumorabwehr durch das Immunsystem
betrachtet. Eine hohe Dichte infiltrierender CD8" T-Zellen im Tumorbett ist bei zahlreichen
Tumorentitdten mit einer besseren Prognose korreliert. Schwach infiltrierte Tumoren zeigen
haufig eine abnormale und dysfunktionale Vaskularisierung mit reduzierter Expression von
Adhasionsmolekilen wie E-Selectin, ICAM1/2 und VCAM1, die an der Extravasation von

Immunzellen beteiligt sind.

Es erscheint daher wiinschenswert, neue Strategien zu entwickeln, die eine Aktivierung der
Tumor-Mikrovaskulatur bewirken, welche dann eine verstarkte transendotheliale Migration von
Effektor-T-Zellen in den Tumor erlauben wirde. Wir verfolgten die Arbeitshypothese, dass eine
Aktivierung von Tumorendothelzellen entweder direkt durch 16sliche Faktoren bewirkt werden

kann oder indirekt infolge einer T-Zell-Aktivierung in Kontakt mit Endothelzellen.

Im Ansatz der direkten Endothelzellaktivierung wurden rekombinante bifunktionale VEGFR2-
bindende Fusionsproteine verwendet, um vaskulare Endothelzellen mit aktivierenden
Zytokinen zu beliefern. Diese zielgerichtete Bereitstellung von aktivierenden Zytokinen, die fur
spatere In-vivo-Ansatze nutzlich sein kdnnte, erzielte erfolgreich eine Hochregulation der
Endothelzell-Adhasionsmolekule E-Selectin, ICAM1 und VCAM1 und bewirkte eine verstarkte
Bindung von CD3" T-Zellen an aktivierte humane Nabelschnurvenen-Endothelzellen
(HUVEC).

Im T-Zell-Aktivierungsansatz, der einen indirekten Weg zur Aktivierung von Gefallendothel
darstellt, wurden tetravalente bispezifische monoklonale Antikdrper (BiMAK) im (scFv1-Fc-
scFv1),-Format verwendet. Diese BiMAk binden die Endothelzell-Wachstumsfaktorrezeptoren
VEGFR2 bzw. TIE2 mit den N-terminalen Vu—V_ Einzelketten-Antikbrpern (scFv) und die
stimulatorischen/kostimulatorischen T-Zell-Molekule CD3¢ bzw. CD28 mit den C-terminalen
scFv-Antikdrpern. Lokale CD3e-vermittelte T-Zellaktivierung sollte zu der Freisetzung von
Zytokinen fuhren (z.B. TNF-a oder IFN-y), die wiederum bei Endothelzellen die Expression
von Adhéasionsmolekulen induzieren. Eine antikdrpervermittelte Blockade der VEGF-Bindung
kann gleichzeitig antiangiogene Effekte haben. Dieser Ansatz kdnnte ebenfalls die In-situ-

Aktivierung von Endothelzellen im Tumorgewebe ermdglichen.

Um die Aktivierungsfahigkeit von eigenen bispezifischen Antikérpern zu ermitteln, wurden
CD3" T-Zellen mit HUVEC fiir 24 h in Gegenwart von bispezifischen Antikorpern kokultiviert.
Die Behandlung mit aVEGFR2-aCD3 BiMAK resultierte in einer starken T-Zell-Aktivierung
sowie einer Hochregulation von Adhasionsmolekilen auf Endothelzellen, die durch
Zelloberflachenfarbungen sowie Zytokin-ELISAs nachgewiesen wurde. Dieser Effekt wurde
leicht verstarkt durch die zusatzliche Anwendung eines aTIE2—aCD28 BiMAK.
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Ein Transwell-Testsystem wurde etabliert, um die Migrationsfahigkeit von T-Zellen durch einen
einschichtigen Endothelzellverband (Monolayer) in Gegenwart und Abwesenheit von BiMAk
zu messen. Verglichen mit einem monospezifischen aVEGFR2 scFv-Fc Kontrollantikrper, der
keine Endothelzell- oder T-Zellaktivierung vermittelte, war die Migration von T-Zellen in
Gegenwart des aVEGFR2—-aCD3 BiMAK signifikant verstarkt. Obwohl die T-Zellaktivierung
durch eine zusatzliche Behandlung mit dem kostimulatorischen aTIE2—aCD28 BiMAk
verstarkt wurde, wurde die Migrationsrate von T-Zellen nicht erhéht. Mit dem Ziel die Migration
von CD8" T-Zellen zu favorisieren, wurden verschiedene oEC-Antigen—aCD8 BiMAks
zusammen mit den erwahnten (ko)stimulatorischen BiMAKk getestet. Es wurden jedoch keine

signifikanten Veranderungen in der Migrationsrate von zytotoxischen T-Zellen beobachtet.

Um die zytotoxische Kapazitat von transmigrierten T-Zellen gegenuber Tumorzellen zu
analysieren, wurden transmigrierte T-Zellen in Gegenwart oder Abwesenheit von
tumorzellbindenden BiMAk auf einen Monolayer von MCF-7 Brustkrebszellen gesetzt. Die
Abtétung von Tumorzellen wurden durch einen LDH-Freisetzungstest gemessen. Wir
beobachteten, dass T-Zellen, die mit dem aVEGFR2-aCD3 BiMAKk aktiviert worden waren und
einen Endothelzell-Monolayer durchwandert hatten, fur eine zytotoxische Aktivitdt einen
zusatzlichen tumorreaktiven aHER2—aCD3 BiMAk bendétigten. Die Zytotoxizitat war verstarkt,
wenn die transmigrierten T-Zellen mit einer Kombination der (ko)stimulatorischen BiMAk
aVEGFR2-aCD3 und aPD-L1-aCD28 vorbehandelt worden waren.

Es kann die Schlussfolgerung gezogen werden, dass T-Zellen, die durch aVEGFR2-aCD3
BiMAK aktiviert wurden, Endothelzellen in situ indirekt aktivieren konnen, was zu einer
verbesserten T-Zell-Migration fuhrt. Diese Behandlung kann mit anderen BiMAk kombiniert
werden, die eine zielgerichtete T-Zell-Tumorzellbindung vermitteln und eine

Tumorzellabtétung induzieren.
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APPENDIX - PROTEIN SEQUENCES OF PRODUCED RECOMBINANT PROTEINS AND
BISPECIFIC ANTIBODIE

) Recombinant proteins
ConlsDtruct Anti-EC Anti-T cells Structure
9289.1 X oaVEGFR2 x migG2aFc
9617.1 VEGFR2 IL-1B oaVEGFR2 x migG2aFc x IL-13
9757.1 TNF-a oVEGFR2 x mlgG2aFc x TNF-a
Legend:

ER signal sequence
scFv anti-VEGFR2

mIgG2a-Fc[C2245,N297Q]
WSHPQFEK StrepTag II
IEGR Factor X cleavage site

IL-1B, TNF-a

9289.1 - Theoretical pl/Mw monomer: 8.23 / 54465.15 Da
pcDNA3.1-SSi.2"anti-VEGFR2 scFv (KDR-1121)AGSL*"mlgG2a-Fc[C2245,N297Q]"StrepTag

MYRMQLLSCIALSLALVTNSEVQLVQSGGGLVKPGGSLRLSCAASGFTFSSYSMNWVRQAPGKGLEWVSSISSSS
SYIYYADSVKGRFTISRDNAKNSLYLOMNSLRAEDTAVYYCARVTDAFDIWGQGTMVTIVSS
DIOMTQSPSSVSASIGDRVTITCRASQGIDNWLGWYQQOKPGKAPKLLIYDASNLDTGVPSRESGSGSGTYFTLT
ISSLOAEDFAVYFCOQOAKAFPPTFGGGTKVDIK EPRGPTIKPSPPCKCPAPNLLG
GPSVFIFPPKIKDVLMISLSPMVTCVVVDVSEDDPDVQISWEVNNVEVLTAQTQTHREDYQSTLRVVSALPIQHOQ
DWMSGKEFKCKVNNKALPAPTERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVTDEMPEDIYVEWTNNGK
TELNYKNTEPVLDSDGSYFMY SKLRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSRTPGKDPGWSHPQFEKSRG
PV *

9617.1 - Theoretical pl/Mw monomer: 7.92 / 72026.22 Da
pcDNA3.1-SSi2 anti-VEGFR2 scFv (KDR-1121)*mlgG2a-Fc[C224S,N297Q]*StrepTagF Xcs-hIL-1B

MYRMQLLSCIALSLALVTNSEVQLVQSGGGLVKPGGSLRLSCAASGFTFSSYSMNWVRQAPGKGLEWVSSISSSS
SYIYYADSVKGRFTISRDNAKNSLYLOMNSLRAEDTAVYYCARVTDAFDIWGQGTMVTIVSS
DIOMTQSPSSVSASIGDRVTITCRASQGIDNWLGWYQOKPGKAPKLLIYDASNLDTGVPSRESGSGSGTYEFTLT
ISSLOAEDFAVYFCOQOAKAFPPTFGGGTKVDIK EPRGPTIKPSPPCKCPAPNLLG
GPSVFIFPPKIKDVLMISLSPMVTCVVVDVSEDDPDVQISWEVNNVEVLTAQTQTHREDYQSTLRVVSALPIQHOQ
DWMSGKEFKCKVNNKALPAPTERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVTDEMPEDIYVEWTNNGK
TELNYKNTEPVLDSDGSYFMYSKLRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSRTPGKDPGWSHPQFEKSRT
EGRAPVRSLNCTLRDSQOKSLVMSGPYELKALHLQGODMEQQVVESMSEFVQOGEESNDKIPVALGLKEKNLYLSCV
LKDDKPTLQLESVDPKNYPKKKMEKREVENKIEINNKLEFESAQFPNWY ISTSQAENMPVELGGTKGGQDITDET
MQFVSS*
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9757.1 - Theoretical pl/Mw monomer: 8.15 / 72002.07 Da
pcDNA3.1-SSi 2 anti-VEGFR2 scFv (KDR-1121)AGSL*mIgG2a-Fc[C224S, N297Q]-StrepTag”F Xcs-

hTNF-a

MYRMQLLSCIALSLALVTNSEVQLVQSGGGLVKPGGSLRLSCAASGFTFSSYSMNWVRQAPGKGLEWVSSISSSS
SYIYYADSVKGRFTISRDNAKNSLYLOMNSLRAEDTAVYYCARVTDAFDIWGQGTMVTIVSS
DIOMTQSPSSVSASIGDRVTITCRASQGIDNWLGWYQQOKPGKAPKLLIYDASNLDTGVPSRESGSGSGTYEFTLT
ISSLOAEDFAVYFCQOQOAKAFPPTFGGGTKVDIK EPRGPTIKPSPPCKCPAPNLLG
GPSVFIFPPKIKDVLMISLSPMVTCVVVDVSEDDPDVQISWEVNNVEVLTAQTQTHREDYQSTLRVVSALPIQHOQ
DWMSGKEFKCKVNNKALPAPTERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVTDEMPEDIYVEWTNNGK
TELNYKNTEPVLDSDGSYFMYSKLRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSRTPGKDPGWSHPQFEKSRT
EGRVRSSSRTPSDKPVAHVVANPQAEGQLOWLNRRANALLANGVELRDNQLVVPSEGLYLIYSQVLFKGQGCPST
HVLLTHTISRIAVSYQTKVNLLSAIKSPCORETPEGAEAKPWYEPIYLGGVFQLEKGDRLSAEINRPDYLDFAES
GQVYFGIIAL*

1)) Bispecific antibodies (BiMAbs)

C°“I‘°’D"”°t Anti-EC | Anti-T cells Structure
11335.1 X aVEGFR2 x higG1Fc
10444.3 VEGFR2 CD3 aVEGFR2 x higG1Fc x aCD3¢
10709.2 CD28 aVEGFR2 x higG1Fc x aCD28
11286.3 X oTIE2 x higG1Fc
11151.1 TIE2 CD28 aTIE2 x higG1Fc x aCD28
11381.1 CD8 aTIE2 x higG1Fc x a.CD8
11282.2 ooLL 1 X aPD-L1 x higG1Fc
11020.1 CD28 aPD-L1 x higG1Fc x aCD28
9052.1 i X oE-selectin x hlgG1Fc
11367.1 E-selectin CD8 oE-selectin x higG1Fc x aCD8
11285.3 X aVCAM1 x higG1Fc
11368.1 VCAMT CD8 aVCAM1 x higG1Fc x aCD8
10403.1 HERo CD3 aHER2 x higG1Fc x aCD3¢
11009.1 CD28 aHER?2 x higG1Fc x aCD28
Legend:

ER signal sequence
scFv #1 (anti-EC)

hIgG2a-Fc[C220S,E233P,L234A,L235A,AG236,N297Q,K322A,A327G,P329A,A330S5,P331S]
hIgG2a-Fc[C220S,N2970Q]

N N-glycan attachment site

WSHPQFEK StrepTag II

scFv#2 (anti-CD3g, anti-CD28, anti-CDS8)
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11335.1 - Theoretical pl/Mw monomer: 8.22 / 53689.81 Da + 1 N-glycan (~3 kDa)
pcDNAS3.1- SSi.2"anti-VEGFR2 scFv (KDR-1121)AGSL*hlgG1-Fc[AADCC/ACDC] StrepTag

MYRMQLLSCIALSLALVTNSEVQLVQSGGGLVKPGGSLRLSCAASGFTFSSYSMNWVRQAPGKGLEWVSSISSSS
SYIYYADSVKGRFTISRDNAKNSLYLOMNSLRAEDTAVYYCARVTDAFDIWGQGTMVTIVSS
DIOMTQSPSSVSASIGDRVTITCRASQGIDNWLGWYQOKPGKAPKLLIYDASNLDTGVPSRESGSGSGTYFTLT
ISSLOAEDFAVYFCQOQOAKAFPPTFGGGTKVDIK EPKSSDKTHTCPPCPAPPAAGP
SVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDW
LNGKEYKCAVSNKGLASSIEKTISKAKGOPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIAVEWESNGQPE
NNYKTTPPVLDSDGSFFLYSKLTVDKSRWQOGNVESCSVMHEALHNHYTQKSLSLS PGKDPGWSHPQFEKSR*

10444.3 - Theoretical pl/Mw monomer: 8.51 / 80405.12 Da + 1 N-glycan (~3 kDa)
pcDNAS3.1- SSi.2*anti-VEGFR2 scFv (KDR-1121)*GSL*hlgG1-Fc[AADCC/ACDC]"StrepTag”anti-
CD3¢ (OKT3) scFv

MYRMQLLSCIALSLALVTNSEVQLVQSGGGLVKPGGSLRLSCAASGFTFSSYSMNWVRQAPGKGLEWVSSISSSS
SYIYYADSVKGRFTISRDNAKNSLYLOMNSLRAEDTAVYYCARVTDAFDIWGQGTMVTIVSS
DIOMTQSPSSVSASIGDRVTITCRASQGIDNWLGWYQOKPGKAPKLLIYDASNLDTGVPSRESGSGSGTYFTLT
ISSLOAEDFAVYFCOQOAKAFPPTFGGGTKVDIK EPKSSDKTHTCPPCPAPPAAGP
SVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDW
LNGKEYKCAVSNKGLASSIEKTISKAKGOPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIAVEWESNGQPE
NNYKTTPPVLDSDGSFFLYSKLTVDKSRWOQQGNVEFSCSVMHEALHNHYTQKSLSLSPGKDPGWSHPQFEK SR
QVOLOOSGAELARPGASVKMSCKASGYTEFTRYTMHWVKQRPGOGLEWIGY INPSRGYTNYNQKFKDKATLTTDK
SSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLDYWGQGTTLTVSS QIVLTQSPAT
MSASPGEKVTMTCSASSSVSYMNWYQOKSGTSPKRWIYDTSKLASGVPAHFRGSGSGTSYSLTISGMEAEDAATY
YCOQWSSNPFTFGSGTKLEINGNS*

10709.2 - Theoretical pl/Mw monomer: 8.08 / 80227.22 + 1 N-glycan (~3 kDa)

pcDNA3.1- SSi.-2*anti-VEGFR2 scFv (KDR-1121)AGSL*hlgG1-Fc[AADCC/ACDC]"StrepTag *anti-
CD28 (9.3) scFv

MYRMQLLSCIALSLALVTNSEVQLVQSGGGLVKPGGSLRLSCAASGFTFSSYSMNWVRQAPGKGLEWVSSISSSS
SYIYYADSVKGRFTISRDNAKNSLYLOMNSLRAEDTAVYYCARVTDAFDIWGQGTMVTIVSS
DIOMTQSPSSVSASIGDRVTITCRASQGIDNWLGWYQQOKPGKAPKLLIYDASNLDTGVPSRESGSGSGTYEFTLT
ISSLOAEDFAVYFCOQOAKAFPPTFGGGTKVDIK EPKSSDKTHTCPPCPAPPAAGP
SVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDW
LNGKEYKCAVSNKGLASSIEKTISKAKGOPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIAVEWESNGQPE
NNYKTTPPVLDSDGSFFLYSKLTVDKSRWOQGNVEFSCSVMHEALHNHYTOKSLSLSPGKDPGWSHPQFEKS S
QVOLOESGPGLVTPSQSLSITCTVSGEFSLSDYGVHWVRQSPGOGLEWLGVIWAGGGTNYNSALMSRKSISKDNS
KSQVFLKMNSLOADDTAVYYCARDKGYSYYYSMDYWGQGTTVTVSS DIELTQSPASLAVS
LGORATISCRASESVEYYVTSLMOWYQQOKPGOPPKLLIFAASNVESGVPARFSGSGSGTNEFSLNIHPVDEDDVAM
YFCOQOSRKVPYTEFGGGTKLEIKR
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11286.3 - Theoretical pl/Mw monomer: 7.10 / 54710.86 Da + 1 N-glycan (~3 kDa)

pcDNA3.1— SSmigvi*anti-TIE2 (12H8) scFv*GSL*hlgG1-Fc[AADCC/ACDC]"StrepTag

1eatMGWSYIILFLLATATCVHS TSEVQLVESGGGLVKPGGSLKLSCAASGFTFSDYGMHWVRQAPEKGLEWVAY
INSGSSTITYADTVKGRETISRDNAKNTLFLOMTSLRSEDTAIYYCARGYYGPYYEFDYWGQGTALTVSS

DIVMTQSHKEMSTSVGDRVSFTCKASONVGTAVAWYQOKPGOSPKLLIYWASSRHTGVPDRETGSG
SGTDFTLTITNVQSEDLADYFCQEYSSYPLTFGVGTKLELK EPKSSDKTHTCPPC
PAPPAAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSV
LTVLHODWLNGKEYKCAVSNKGLASSIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVE
WESNGOQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVESCSVMHEALHNHY TQKSLSLSPGKDPGWSHPQ
FEKSR*

11151.1 - Theoretical pl/Mw monomer: 7.13 / 81248.27 Da + 1 N-glycan (~3 kDa)
pcDNAS3.1— SSmigve*anti-TIE2 (12H8) scFvAGSL*hlgG1-Fc[AADCC/ACDC]*StrepTag”anti-
CD28(9.3) scFv

MGWSYITILFLLATATCVHS TSEVQLVESGGGLVKPGGSLKLSCAASGFTFSDYGMHWVRQAPEKGLEWVAYINSG
SSTITYADTVKGREFTISRDNAKNTLFLOMTSLRSEDTAIYYCARGYYGPYYEFDYWGQGTALTVSS

DIVMTQSHKEMSTSVGDRVSFTCKASONVGTAVAWYQQOKPGOSPKLLIYWASSRHTGVPDREFTGSGSGTD
FTLTITNVQSEDLADYFCQEYSSYPLTFGVGTKLELK EPKSSDKTHTCPPCPAPP
AAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVL
HODWLNGKEYKCAVSNKGLASSIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGEYPSDIAVEWESN
GQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQOGNVESCSVMHEALHNHYTQKSTLSLSPGKDPGWSHPQFEK.S
S QVOLOESGPGLVTPSQSLSITCTVSGEFSLSDYGVHWVRQOSPGOGLEWLGVIWAGGGTNYNSALMSRKSIS
KDNSKSQVEFLKMNSLOADDTAVYYCARDKGYSYYYSMDYWGQGTTVTIVSS DIELTQSPAS
LAVSLGORATISCRASESVEYYVTSLMOWYQOKPGOQPPKLLIFAASNVESGVPARFSGSGSGTNEFSLNIHPVDED
DVAMYFCQQSRKVPYTFGGGTKLEIKR*

11381.1 - Theoretical pl/Mw monomer: 6.60 / 83164.85 + 1 N-glycan (~3 kDa)
pcDNAS3.1— SSmigvi*anti-TIE2 (12H8) scFvAGSL*hlgG1-Fc[AADCC/ACDC]*StrepTag”anti-
CD8 (OKT8) scFv

MGWSYITILFLLATATCVHS TSEVQLVESGGGLVKPGGSLKLSCAASGFTFSDYGMHWVRQAPEKGLEWVAYINSG
SSTITYADTVKGREFTISRDNAKNTLFLOMTSLRSEDTAIYYCARGYYGPYYEFDYWGQGTALTVSS
DIVMTQSHKEFMSTSVGDRVSFTCKASONVGTAVAWYQOKPGOSPKLLIYWASSRHTGVPDREFTGSGSGTD
FTLTITNVQSEDLADYFCQEYSSYPLTFGVGTKLELK EPKSSDKTHTCPPCPAPP
AAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVL
HODWLNGKEYKCAVSNKGLASSIEKTISKAKGOQPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIAVEWESN
GQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQOGNVESCSVMHEALHNHYTQKSTLSLSPGKDPGWSHPQFEK.S
SGGGGSGGGGSGGGGGSSWSHPQFEKSSEVOLOQOSGAELVKPGASVKLSCTASGENIKDTY IHEVROQRPEQGLEW
IGRIDPANDNTLYASKFOGKATITADTSSNTAYMHLSSLTSGDTAVYYCGRGYGYYVEFDHWGQGTTLTVSS
DVQINQSPSFLAASPGETITINCRTSRSISQYLAWYQEKPGKTNKLLIYSGSTLOSGIPSR
FSGSGSGTDFTLTISGLEPEDFAMYYCQQOHNENPLTFGAGTKLELKGNSAS*
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11282.2 - Theoretical pl/Mw monomer: 8.18 / 54479.51 + 1 N-glycan (~3 kDa)
pcDNAS3.1— SSmigvi*anti-PD-L1 (Avelumab) scFv*GSL hlgG1-FC[AADCC/ACDC]-StrepTag

MGWSYITLFLLATATCVHS TSEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYIMMWVRQAPGKGLEWVSSIYPS
GGITFYADTVKGRETISRDNSKNTLYLOMNSLRAEDTAVYYCARIKLGTVTITVDYWGQGTLVTVSS

QSALTQPASVSGSPGOSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYDVSNRPSGVSNRESGSKS
GNTASLTISGLQAEDEADYYCSSYTSSSTRVEFGTGTKVTVGNSGGGGSGGGGSGGGGSASEPKSSDKTHTCPPCP
APPAAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVL
TVLHOQDWLNGKEYKCAVSNKGLASSIEKTISKAKGOPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEW
ESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVEFSCSVMHEALHNHY TQKSLSLSPGKDPGWSHPQF
EKSRGPV*

11020.1 - Theoretical pl/Mw monomer: 8.03 / 80763.63 Da + 1 N-glycan (~3 kDa)
pcDNAS3.1- SSmigvv*anti-PD-L1 (Avelumab) scFv*GSL*hIgG1-Fc[AADCC/ACDC]-StrepTag*anti-
CD28 (9.3) scFv

MGWSYITLFLLATATCVHS TSEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYIMMWVRQAPGKGLEWVSSIYPS
GGITFYADTVKGRETISRDNSKNTLYLOMNSLRAEDTAVYYCARIKLGTVTITVDYWGQGTLVTVSS

QSALTQPASVSGSPGOSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYDVSNRPSGVSNRESGSKS
GNTASLTISGLQAEDEADYYCSSYTSSSTRVEGTGTKVTIV EPKSSDKTHTCPPCP
APPAAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVL
TVLHOQDWLNGKEYKCAVSNKGLASSIEKTISKAKGOPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEW
ESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVEFSCSVMHEALHNHY TQKSLSLSPGKDPGWSHPQF
EKSS QVOLOESGPGLVTPSQSLSITCTVSGEFSLSDYGVHWVRQOSPGOGLEWLGVIWAGGGTNYNSALMSRK
SISKDNSKSQVFLKMNSLQADDTAVYYCARDKGYSYYYSMDYWGQGTTVTVSS DIELTQS
PASLAVSLGORATISCRASESVEYYVTSLMOWYQQKPGOPPKLLIFAASNVESGVPARFSGSGSGTNEFSLNIHPV
DEDDVAMYFCQQSRKVPYTFGGGTKLEIKR*

9052.1 - Theoretical pl/Mw monomer: 7.07 / 55462.65 Da
pcDNAS3.1-SSi.2"anti-E-selectin scFv (huENA-2)AGSL*hlgG1-Fc[C220S, N297Q]-StrepTag

MYRMQOLLSCIALSLALVTNSTSQVQLVQSGAEVKKPGSSVKVSCKASGYTFTDHEMHWVRQAPGQGLEWIGTIDP
ETGGTAYNQKFKGRATLTADKSTNTAYMELSSLRSEDTAVYYCTVLRMDYWGQGTLVTVSS

DIQMTQSPSTLSASVGDRVTITCKSSQSLLNSGNQONYLTWYQQKPGKAPKLLIYWASTRESGVPDRFTGSGSG
TDFTLTISSLOPDDFATYYCQNDYDYPLTFGQGTKVE IKR EPKSSDKTHTCPP
CPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHENAKTKPREEQY QSTYRVV
SVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIA
VEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWOQGNVFSCSVMHEALHNHY TQKSLSL.SPGKDPGWSH
PQFEKSR*
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11367.1 - Theoretical pl/Mw monomer: 6.57 / 83916.64 Da
pcDNA3.1-SSi 2 anti-E-selectin scFv (huENA-2)AGSLAhIgG1-Fc[C220S, N297Q]-StrepTag”-anti-CDS8
(OKTS) scFv

MYRMOLLSCIALSLALVTNSTSQVOLVQSGAEVKKPGSSVKVSCKASGYTFTDHEMHWVRQAPGQGLEWIGTIDP
ETGGTAYNQKFKGRATLTADKSTNTAYMELSSLRSEDTAVYYCTVLRMDYWGQGTLVTVSS
DIOMTQSPSTLSASVGDRVTITCKSSQSLLNSGNQONYLTWYQQOKPGKAPKLLIYWASTRESGVPDRETGSGSG
TDFTLTISSLOPDDFATYYCONDYDYPLTFGQGTKVEIKR EPKSSDKTHTCPP
CPAPELLGGPSVFLEFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYQSTYRVV
SVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKAKGOPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIA
VEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVEFSCSVMHEALHNHY TQKSLSLSPGKDPGWSH

PQFEK WSHPQFEKSSEVOLOQOSGAELVKPGASVKLSCTASGENIKDTYIHEFVRORP
EQGLEWIGRIDPANDNTLYASKFQGKATITADTSSNTAYMHLSSLTSGDTAVYYCGRGYGYYVEDHWGQGTTLTV
SS DVQINQSPSFLAASPGETITINCRTSRSISQYLAWYQEKPGKTNKLLIYSGSTLQ

SGIPSRFSGSGSGTDFTLTISGLEPEDFAMYYCQQHNENPLTFGAGTKLELKGNSAS*

11285.3 - Theoretical pl/Mw monomer: 8.51 / 54513.40 Da + 1 N-glycan (~3 kDa)
pcDNA3.1— SSmigvi*anti-VCAM1 scFv (H6)*"GSL hlgG1-Fc[AADCC/ACDC]-StrepTag

MGWSYIILFLLATATCVHS TSEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYDMSWVRQAPGKGLEWVSGISYS
GGSTYYADSVKGRFTISRDNSKNTLYLOMNSLRAEDTAVYYCAKGPFRMRFRSFDYWGQGTTVTVSS

QOSVLTQPPSASGTPGQRATISCTGSSSNIGSNSVSWYQQLPGTAPKLLIYANSNRPSGVPDRFSGSKS
GTSASLAISGLRSEDEADYYCGTWDASLSAYVFGGGTKLTVL EPKSSDKTHTCPP
CPAPPAAGPSVFLFPPKPKDTLMI SRTPEVTCVVVDVSHEDPEVKEFNWYVDGVEVHNAKTKPREEQYNSTYRVVS
VLTVLHQDWLNGKEYKCAVSNKGLASSIEKT I SKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAV
EWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHY TQKSL.SLS PGK DPGWSHP
QFEKSR*

11368.1 - Theoretical pl/Mw monomer: 7.80 / 83419.98 Da
pcDNA3.1— SSmigvitanti-VCAM1 scFv (HB)*GSLAhlgG1-Fc[AADCC/ACDC]-StrepTag*anti-CD8
(OKT8) scFv

MGWSYITILFLLATATCVHS TSEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYDMSWVRQAPGKGLEWVSGISYS
GGSTYYADSVKGREFTISRDNSKNTLYLOQMNSLRAEDTAVYYCAKGPFRMRFRSEFDYWGQGTTVTVSS
QSVLTQPPSASGTPGQRATISCTGSSSNIGSNSVSWYQQLPGTAPKLLIYANSNRPSGVPDRESGSKS
GTSASLAISGLRSEDEADYYCGTWDASLSAYVFGGGTKLTVLRNSGGGGSGGGGSGGGGSASSSEPKSSDKTHTC
PPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYQSTYR
VVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGEYPSD
TAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVEFSCSVMHEALHNHYTQKSLSLSPGKDPGW

SHPQFEK WSHPQFEKSSEVOLOOSGAELVKPGASVKLSCTASGENIKDTYIHEVRO
RPEQGLEWIGRIDPANDNTLYASKFQGKATITADTSSNTAYMHLSSLTSGDTAVYYCGRGYGYYVEDHWGQGTTL
TVSS DVQINQSPSFLAASPGETITINCRTSRSISQYLAWYQEKPGKTNKLLIYSGST

LOSGIPSREFSGSGSGTDFTLTISGLEPEDFAMYYCQQHNENPLTFGAGTKLELKGNSAS*
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10403.1 - Theoretical pl/Mw monomer: 8.50 / 81212.93 + 1 N-glycan (~3 kDa)
pcDNAS3.1- SSmigvi*anti-HER2/neu (Trastuzumab) scFv*GSL*hlgG1-Fc[AADCC/ACDC]-StrepTag
Aanti-CD3¢ (OKT3) scFv

MYRMQLLSCIALSLALVTNSEVQLVESGGGLVQPGGSLRLSCAASGEFNIKDTY IHWVRQAPGKGLEWVARIYPTN
GYTRYADSVKGREFTISADTSKNTAYLOMNSLRAEDTAVYYCSRWGGDGEFYAMDYWGQGTLVTVSS

DIOMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQOKPGKAPKLLIYSASFLYSGVPSRESGSRSGTD
FTLTISSLOPEDFATYYCQQHYTTPPTFGQGTKVEIK EPKSSDKTHTCPPCPAPP
AAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVL
HODWLNGKEYKCAVSNKGLASSIEKTISKAKGOQPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIAVEWESN
GQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQOGNVESCSVMHEALHNHYTQKSTLSLSPGKDPGWSHPQFEK.S
R QVOLOOSGAELARPGASVKMSCKASGYTEFTRYTMHWVKQRPGOGLEWIGYINPSRGYTNYNQKFKDKATL
TTDKSSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLDYWGQGTTLTVSS QIVLTQ
SPAIMSASPGEKVTMTCSASSSVSYMNWYQQOKSGTSPKRWIYDTSKLASGVPAHFRGSGSGTSYSLTISGMEAED
AATYYCQOWSSNPFTFGSGTKLEINGNS™*

11009.1 - Theoretical pl/Mw monomer: 8.07 / 81035.03 + 1 N-glycan (~3 kDa)
pcDNAS3.1- SSmigvi*anti-HER2/neu (Trastuzumab) scFv*GSL*hlgG1-Fc[AADCC/ACDC]-StrepTag
Aanti-CD28 (9.3) scFv

MYRMQLLSCIALSLALVTNSEVQLVESGGGLVQPGGSLRLSCAASGEFNIKDTYIHWVRQAPGKGLEWVARIYPTN
GYTRYADSVKGREFTISADTSKNTAYLOMNSLRAEDTAVYYCSRWGGDGEFYAMDYWGQGTLVTVSS

DIOMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQOKPGKAPKLLIYSASFLYSGVPSRESGSRSGTD
FTLTISSLOQPEDFATYYCQQHYTTPPTFGQGTKVEIK EPKSSDKTHTCPPCPAPP
AAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVL
HODWLNGKEYKCAVSNKGLASSIEKTISKAKGOQPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIAVEWESN
GQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQOGNVESCSVMHEALHNHYTQKSTLSLSPGKDPGWSHPQFEK.S
S QVOLOESGPGLVTPSQSLSITCTVSGEFSLSDYGVHWVRQOSPGOGLEWLGVIWAGGGTNYNSALMSRKSIS
KDNSKSQVEFLKMNSLOADDTAVYYCARDKGYSYYYSMDYWGQGTTVTIVSS DIELTQSPAS
LAVSLGORATISCRASESVEYYVTSLMOWYQOKPGOQPPKLLIFAASNVESGVPARFSGSGSGTNEFSLNIHPVDED
DVAMYFCQQSRKVPYTFGGGTKLEIKR*
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