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1 Introduction

1 INTRODUCTION

1.1 Glioblastoma

Glioblastomas (GBMs) are the most invasive and aggressive tumors of the central
nervous system (CNS). The International Agency for Research on Cancer’s (IARC)
global cancer statistics GLOBOCAN 2020 estimated 18,577 cases of newly diagnosed
malignant primary brain tumors in adults for both sexes in Western Europe (10,312
men and 8,265 women). For Germany alone, the statistics determined an incidence
number of 7,697 new cases (Sung et al., 2021). Up to 50% of all these malignant
tumors are GBMs (Miller et al., 2021; Visser et al., 2015). Consequently, the European
incidence rate of GBM is defined as 3.0 cases per 100,000 people per year, making
GBM the most commonly diagnosed primary brain tumor in the Western European
countries (Crocetti et al., 2012; Rock et al., 2012; Thakkar et al., 2014).

The 2016 WHO Classification of Tumors classified diffuse astrocytic tumors as
diffuse astrocytoma, anaplastic astrocytoma, or glioblastoma based on histologic
parameters; furthermore, GBMs were further divided into three groups depending on
their isocitrate dehydrogenase (IDH) mutations: IDH wild-type, IDH-mutant and not
otherwise specified (NOS) (Louis et al., 2016). Approximately 90% of primary GBMs
correspond to the IDH wild-type, with only the remaining 10% of cases are IDH
mutant and occurring preferentially in younger patients (Tamimi and Juweid, 2017).
The latest edition of the WHO Classification of Tumors of the Central Nervous
System (WHO CNS5), published in 2021, adopts three genetic parameters to replace
the previous exclusively histological classification. It groups all IDH-mutated diffuse
astrocytic tumors as a single type (astrocytoma, IDH-mutated), which can be
differentiated into tumor of grades 2, 3 or 4, and characterizes GBM IDH wild-type as
grade 4 tumors in all cases, even when histologically presenting as lower grade
(Louis et al., 2021).

Primary GBM affects more frequently men than women but can occur at any age.
Furthermore, the incidence increases with age, resulting in median age at diagnosis
of approximately 64 years with a diagnostic peak between 75 and 84 years (Miller et
al., 2021; Tamimi and Juweid, 2017; Thakkar et al., 2014).

The typical symptoms of GBM are not only extremely variable but also appear late in
the etiopathology. The symptoms depend on the specific location and geometry of
the tumor and are developed due to the mass effect of the tumor or tumor-induced
edema on the brain tissue. The increased pressure in the brain leads to rapid and
unexpectedly developed common symptoms, present in about 50% of all patients.
These include persistent headaches with a nonspecific pain pattern, seizures,
dizziness, vomiting, ataxia, half-sided-weakness (hemiparesis), visual field
disturbances and recurrent syncope. Because of these unspecific symptoms, GBM is
also often misdiagnosed as various infections, immunological disorders or
cardiovascular diseases (Urbanska et al., 2014). Other signs of disease are likely
mistaken for degenerative brain diseases like progressive changes in mood and
personality as well as cognitive dysfunctions such as the loss of memory or speech
(Omuro and DeAngelis, 2013).
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In order to define specific risk factors for GBM, various environmental factors and
genetic markers have been investigated. Only a few environmental risk factors such as
therapeutic ionizing radiation during prior radiotherapy (RT) trigger the development of
GBMs. No association with diagnostic irradiations, like computed tomography (CT)
scanning or dental X-rays, has been confirmed (Johnson et al.,, 2015). Other risk
factors include immune factors and immune genes. Less than 5% of GBMs develop
due to genetic predispositions such as various single nucleotide polymorphisms. On
the other hand, no substantial evidence of an association between GBM and lifestyle
could be detected (Lapointe et al., 2018; Thakkar et al., 2014).

GBMs are routinely classified by histologic features. The tumors are characteristically
rapidly growing and highly malignant, accompanied by necrotic areas and abnormal
growth of blood vessels around the tumor (Louis et al., 2007). They are typically
located supratentorially in the four lobes of the brain with varying frequency: frontal
(25%), temporal (20%), parietal (13%) and occipital (3%) (Davis, 2016).

GBMs are highly heterogeneous tumors that typically appear as single, irregular
shaped lesions with heterogenic areas exhibiting multifocal hemorrhage, necrosis
(approximately 80% of the total tumor mass) and cystic or gelatinous parts in the
white matter (Agnihotri et al., 2013; lacob and Dinca, 2009; Phillips et al., 2006).
Histopathologically, GBMs are pleomorphic tumors characterized by pseudopalisading
nuclei, nuclear atypia, cellular and nuclear polymorphism, vascular thrombosis
microvascular proliferation, prevalent high mitotic activity and necrosis (lacob and
Dinca, 2009). The tumors consist of cells in different sizes, shapes, differentiation
stages as well as molecular and biological characteristics that are decisive for the
therapy response or resistance (Bonavia et al., 2011; Hanif et al., 2017). In the core of
the tumor, necrotic cells are found primarily (Omuro and DeAngelis, 2013).

GBMs arise from three different cell types with neural stem cell-like properties that
form the brain supportive tissue. Neural stem cells, neural stem cell-derived
astrocytes and oligodendrocyte precursor cells at various stages of differentiation
grow malignantly with molecular alterations in different signaling pathways (Dauvis,
2016). The cellular origin of the GBM tumors has a significant contribution to tumor
development leading to different growing behaviors, treatment resistance and tumor
recurrence after resection (Bonavia et al., 2011; Yao et al., 2018).

GBM spread only along with pre-existing brain structures intrafascicular or within and
along perivascular spaces resulting in satellite tumors in other brain areas that are
difficult to treat. The tumors are able to proliferate rapidly by forming new blood
vessels that support their aggressive growth. At the time of diagnosis, the GBM cells
are already widely distributed in the surrounding parenchyma (lacob and Dinca,
2009; Wang and Jiang, 2013).

Untreated GBM is lethal within a median survival time (MST) of three months, under
the current standard of care (SOC) the median overall survival (OS) can be only
extended to 16-21 months post-diagnosis (Ladomersky et al., 2019). For the first
year after diagnosis, this adds up to 35%, with a significant survival advantage for
men (Thakkar et al., 2014). Just around 43% of patients survive for 2 years and less
than 5% of patients are still alive 5 years following diagnosis (Ladomersky et al.,
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2019; Tamimi and Juweid, 2017). The survival rates for GBM patients have not
improved notably over the last three decades (Tamimi and Juweid, 2017).

1.1.1 The current standard of treatment

For more than a decade, since 2005, the standard of GBM therapy still follows the so-
called ‘Stupp protocol’ consisting of maximal cytoreductive surgical resection followed
by combined external-beam RT (EBRT) and chemotherapy with the alkylating agent
temozolomide (TMZ). This therapy concept leads to an increased median OS from
12.1 to 14.6 months compared with that of patients receiving radiation alone (Stupp et
al., 2005). Mainly patients with a Karnofsky performance status (KPS) over 60 benefit
from this therapy standard. Elderly or frail patients receive short-course RT of 40 Gy in
15 daily fractions with concomitant and adjuvant TMZ. Alternatively, patients with
functional impairment, geriatric syndromes and methylated O°-methylguanine
methyltransferase (MGMT) promoter are usually treated with TMZ alone. On the other
hand, an unmethylated promoter tumor status leads to a single treatment with
hypofractionated RT meaning 25-40 Gy in 5-15 daily fractions (Minniti et al., 2019).
The key factor for prolonged survival of the GBM patients is the maximal safe extent
of resection (EOR) of the tumor without compromising neurological function which
can be very difficult depending on size, shape, localization and infiltration of the
tumors. Reducing the radiation- and chemotherapy-resistant cells in the tumor center
of a larger EOR correlates with improved therapeutic efficacy and an increased
median survival rate (Lacroix et al., 2001; Stummer et al., 2011). The one-year
survival is significantly increased in patients with an EOR greater than 90%
compared with a lower EOR (Orringer et al., 2012).

To maximize EOR during surgery, neurosurgeons perform fluorescence-guided
resection (FGR) using the fluorescent precursor 5-aminolevulinic acid (5-ALA). 5-ALA
specifically labels the tumor tissue and helps to differentiate between normal brain
cells and residual tumor cell tissue, in addition to computer-assisted imaging and
intraoperative mapping techniques (Leroy et al., 2015). The use of 5-ALA improved
the cases of complete resection from 36% using conventional methods to 65%
(Stummer et al., 2006).

However, most GBMs are surgically incurable by their diffuse invasiveness, not
clearly defined borders and permeation into the healthy surrounding parenchyma
(Holland, 2000; Wang and Jiang, 2013).

GBM tumor cells not only infiltrate the surrounding brain tissue but also upregulate
DNA repair enzymes and produce their own immunosuppressive cytokines to escape
therapeutic interventions (Sousa et al., 2019; Weil et al., 2017; Yamada et al., 1995).
Thus, complete resections of GBMs are nearly impossible; a large proportion of the
tumor cells remain and invade later healthy brain tissue leading to an 85% local
recurrence rate at the site of surgery (Petrecca et al., 2013; Ryken et al., 2008).

After surgery, the elimination of the residual tumor cells that have infiltrated the cavity
surrounding normal brain tissue by an additional RT is recommended (Olson et al.,
2009). The current SOC for postoperative RT consists of 30 sessions of focal,
fractionated EBRT with a treatment dose of 60 Gy delivered in fractions of 2-2.67 Gy
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daily to the surgical resection cavity and a 2 cm margin of surrounding brain tissue
over 6 weeks. The RT is started after surgical wound healing around four weeks after
resection (Batash et al., 2017; Wilson et al., 2014). The usually performed RT uses
the three-dimensional conformal beam, intensity-modulated RT (IMRT) or volumetric-
modulated arc therapy (VMAT). It delivers a high dose of radiation to the target
volume while sparing surrounding critical structures and reducing radiation-related
toxicity to normal tissue as well as the planned target volume margin, but requires
accurate targeting (Gzell et al., 2017). This adjuvant RT increases the median
survival by 3 to 12 months compared with surgery alone (Stupp et al., 2005).

Among other effects, irradiation can induces severe DNA damage to both the malignant
cells as well as the healthy antitumor immune cells, during each treatment session,
forcing a substantial cells to undergo apoptosis due to double-strand breaks (DSBs)
(Baskar et al., 2014). The GBM cells vary in responsiveness to RT. Often, the therapy
induces a remission phase of GBM. This response period is typically short and stopped
by the recurrence of the tumor within one year after resection (Park et al., 2010).

The chemotherapy agent TMZ induces the formation of methylated DNA bases like
O°-methylguanine (O°-MG), which interacts with thymine instead of cytosine during
DNA replication. During the mismatch repair, the cell initiates apoptosis in response
to numerous DSBs caused by the not complementary O°-MG (Stupp et al., 2001). In
this way, the addition of TMZ chemotherapy to the EBRT helps to force more tumor
cells into apoptosis, leading to increased median patient survival. Also, the number of
long-term survivors increases after RT plus TMZ from 11% to 27% at 2 years and
from 2% to 10% at 5 years (Stupp et al., 2009). However, the median progression-
free survival time is only 7 months. TMZ is administered in a daily dose of 75 mg per
square meter of the body-surface area during RT, followed by a rest period of about
one month after completion of RT. After radiation, six cycles of chemotherapy
followed. Each cycle lasts 28 days and a daily dose of 150-200 mg per square meter
is administered for 5 days in every cycle (Stupp et al., 2005).

The methylation of O®-MG can be removed by MGMT, whose expression is regulated
by the methylation of the promoter regions of the MGMT gene. Therefore, the tumor
cells from patients with an unmethylated MGMT gene are less responsive to TMZ as
a chemotherapeutic agent, making the gene methylation a prognostic factor (Blanc et
al., 2004; Reifenberger et al., 2012; Weller et al.,, 2015). Patients with promoter
methylation benefit from TMZ chemotherapy in terms of a prolonged median OS of
21.7 months and a two-year survival rate of 46% (Hegi et al., 2005).

GBM treatment is very challenging due to the complexity of the tumors and their
microenvironments. The different cell types forming the GBM tumors respond in various
ways to certain therapies which lead to tumor recurrence after some time. Still today, no
SOC is established for the treatment of recurring GBM leading to a progression-free
survival after recurrence of 10 weeks and OS of 30 weeks (Wong et al., 1999). In most,
corresponding to 75% of cases, the patients could be not treated with a second surgery
(Gallego, 2015). Re-irradiation with a dose of 30-60 Gy is recommended after local
relapse, when feasible (KPS > 60, lesion size > 40 mm) (Torok et al., 2011).

However, all standard care modalities have characteristic side effects. The surgical
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resection may cause focal neurological deficits. Depending on the tumor location,
radiation volume, fraction size as well as total RT dose, the RT can complicate the
clinical outcome by causing long-term adverse effects such as sleep disturbances,
fatigue, depression, vascular injury, local radionecrosis and neurocognitive impairment.
RT can potentiate the neurotoxic effects of TMZ following radiation-induced leakage of
the blood-brain barrier (BBB). Other side effects of TMZ include unspecific effects like
nausea, vomiting, headache and fatigue, but also anemia, lymphopenia or abnormally
low levels of white blood cells (Klein, 2012; Lawrie et al., 2019).

1.1.2 Glioblastoma tumor environment

The GBM mass, in addition to the heterogeneous tumor cells, also consists of an
accumulation of various resident and infiltrating host cells, secreted factors, and
extracellular matrix, collectively referred to as the tumor microenvironment (TME)
(Anderson and Simon, 2020; Laplagne et al., 2019) .

GBMs are poorly immunogenic tumors with few characterized cancer antigens
localized in the immunologically distinct CNS (Patel and Pardoll, 2015). The tumors are
so-called ‘cold’ tumors that are marginally interspersed with tumor-infiltrating
lymphocytes (TILs) mostly expressing exhaustion makers. The TME in GBM is highly
immunosuppressive characterized by cells such as regulatory T cells (Tregs), myeloid-
derived suppressor cells (MDSCs) and restrictive cytokines secreted by tumor cells as
well as glioma-associated microglia/macrophages (GAMs) (Brown et al., 2018).

The brain was a long time considered as an immune-privileged organ that is
protected from immune cell invasion by the BBB. The BBB shows selective
permeability that limits the diffusion of circulating antibodies (Abs) from the blood into
the brain parenchyma (Wilson et al., 2010). In high-grade GBM, the BBB is
perturbed, allowing various immune cells and immune metabolites to enter the brain
(Wolburg et al., 2012). Also, the absence of a conventional lymphatic drainage in the
brain restricts the trafficking of antigens from the inflammatory focus in the brain to
the antigen-presenting cells (APCs) in the lymph nodes. However, antigen-specific
primed T cells from cervical lymph nodes could enter the brain via the glial lymphatic
system (Louveau et al., 2015). In addition, dendritic cells (DCs) constitute a less-
prevalent subgroup of APCs that migrate from the brain to lymph nodes and elicit an
antitumor immune response (D'Agostino et al., 2012).

Patrolling activated antigen-specific T cells are found in the brain itself, however,
specialized APCs are underrepresented and the antigen presentation is further
suppressed by the downregulation of the major histocompatibility complex (MHC)
expression in GBM (Hickey et al., 1991; Smolders et al., 2018; Zagzag et al., 2005).
The several kinds of TILs within the CD3" T cell subset are inferior to the number of
tumor-associated macrophages and microglia found in GBM tumors, with mainly CD8"
cytotoxic T cell (CTL), conventional CD4" T helper cells and Tregs (CD4"CD25"FoxP3")
comprising this tumor-infiltrating cell subset (Mohme and Neidert, 2020).

The amount of GBM-infiltrating CD8" CTLs, depending on whether detected by flow
cytometry or histologically in pathological cross-sections, ranges from 0.002-12% of
all cells, and the amount of CD8" T cells correlated with prolonged patient survival
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(Hussain et al., 2006; Orrego et al., 2018). The cells accumulation is associated with
increased expression of the chemoattractants CXC-motive chemokine ligand 9
(CXCL9), CXCLA10, intercellular adhesion molecule 1 (ICAM 1, the cells themselves
produce interferon y (IFN-y) in addition to a substantial amount of functionally
exhaustion makers like CD39 or programmed cell death protein 1 (PD-1), also called
CD279 (Weenink et al., 2019; Woroniecka et al.,, 2018). The PD-1 on the T cells
interacts with programmed death ligand 1 (PD-L1), also known as CD274 or B7
homolog 1 (B7-H1), which is expressed on GBM cells, leading to the inhibition of T
cell activation (Butte et al., 2007).

The ratio of Tregs (CD3'CD4'CD25'FoxP3*) in the CD4" subset in the GBM
microenvironment varies widely. The infiltrating amount of immunosuppressive Tregs
increases in GBM due to their chemoattraction by CCL22 or CCL2 produced by
tumor cells (Chang et al., 2016; Crane et al., 2012; Jordan et al., 2008). This
increase of Tregs in the TME could be detected already early in the tumor
progression in preclinical GBM models (Kennedy et al., 2009).

The T cell function in the GBM microenvironment is downregulated by the
immunosuppressive cytokines transforming growth factor 3 (TGF-) and interleukin (IL)
10, which are released by tumor cells and are also characteristic for Tregs (Nduom et
al.,, 2015; Perng and Lim, 2015). The effector T cells in the GBM microenvironment
characteristically express checkpoint molecules like PD-1, CTLA-4, TIM-3 and CD39
and are in a state of functional impairment called exhaustion (Woroniecka et al., 2018).
The two cytokines TGF- and IL-10 reduce the production of IL-2 and IFN-y and the
tumor-specific function of CD8" CTLs (Grabowski et al., 2021).

In GBM, up to approximately 30-40% of the total viable tumor mass is composed of
GAMs, a collective of bone marrow-derived tumor-associated macrophages (TAMs)
and brain-resident microglia (Badie and Schartner, 2000; Gutmann et al., 2013;
Morantz et al., 1979; Simmons et al., 2011). Microglia are the unique CNS resident
macrophages that act as the first line of defense in the brain. Residing microglia
defined as CD45°“CD11b* function as the predominant APCs in the CNS, but are a
small minority of around 15% compared with TAMs in the GBM microenvironment
(Chen et al., 2017; De Vleeschouwer and Bergers, 2017; Glass and Synowitz, 2014).
TAMs defined as CD45""CD11b* are with up to 85% of all GAMs the dominant
infiltrating immune cells in the GBM microenvironment (Chen et al., 2017). The
recruitment of these myeloid-derived macrophages in tumor-bearing brains is controlled
by glioblastoma-derived chemoattractants, especially by the stromal cell-derived factor 1
(SDF-1, CXCL12) and the monocyte chemotactic protein 1 (MCP-1, CCL2) (Brown et
al., 2018; Domingues et al., 2016; Platten et al., 2003; Wang et al., 2012).

In GL261 xenograft tumors, which are used as the gold standard in experimental
GBM research due to their characteristic similarities to human GBM, 16% of all cells
are microglia and 6.5% are macrophages/monocytes (Maes and Van Gool, 2011; Oh
et al., 2014; Szulzewsky et al., 2015).

GAMs can be found in immune permissive or activated (M1) as well as in
cytoprotective or immunosuppressive (M2) phenotypes. The M1 macrophages are
induced by granulocyte macrophage-colony stimulating factor (GM-CSF) and produce
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pro-inflammatory cytokines like tumor necrosis factor a (TNF-a), IL-1 or IL-6 at a low
level. GBM polarizes macrophages into the immunosuppressive M2 phenotype via
metabolites. Activated M2 macrophages are characterized by the high-level production
of potent inhibitors of macrophage function TGF-$3 and IL-10 (Gieryng et al., 2017).
GBM-associated macrophages are poor inducers of T cell responses due to their lack
of key molecules involved in T cell co-stimulation (CD86, CD80, CD40) (Hussain et al.,
2006). GAMs can also shape the CD8" T cell activity in the GBM microenvironment by
their production of arginase and nitric oxide synthase (NOS), which inhibits T cell
proliferation (Weenink et al., 2020). GBM cells secret cytokines that promote the
upregulation of PD-L1 on GAMSs, leading to T cell apoptosis (Won et al., 2019).

MDSCs from an extremely heterogeneous cell population of myeloid cells that fail to
differentiate into macrophages, granulocytes or dendritic cells. They play a critical
role in the development of the immunosuppressive GBM microenvironment by
inhibiting T cell mediated antitumor reactivity through various mechanisms (Bronte et
al., 2016; Veglia et al., 2018).

Human MDSCs could be identified and separated into two major subsets based on
their phenotypic and morphological features. The polymorphonuclear MDSCs (PMN-
MDSCs) are defined as CD11b*CD14 CD15"HLADR™ or CD11b*CD14°CD66b" and
the monocytic MDSCs (M-MDSCs) are characterized by CD11b*CD14"CD15HLA"
DR"Y" (Gieryng et al., 2017). The density of MDSCs in GBM correlates with disease
progression. In GBM, with 82% the majority of MDSCs are PNM-MDSCs and just
only 3% of monocytic nature (Raychaudhuri et al., 2015).

In mice, these MDSCs subsets can be separated by their expression of GR1, Ly6G
and Ly6C surface molecules: CD11b*Ly6G*Ly6C"*"" PMN-MDSCs and CD11b*Ly6G
Ly6C" M-MDSCs (Bronte et al., 2016).

The murine PMN-MDSCs downregulate the antigen-specific CD8" T cell activity
mainly through the production of reactive oxygen species (ROS). Mouse M-MDSCs
express high levels of nitric oxide (NO) and inducible nitric oxide synthase 2 (NOS2)
as well as arginase (ARG1) which impair the antitumor response and directly lead to
the damage of antitumor effector cells or the nitration of chemokines and T cell
receptors (Ohl and Tenbrock, 2018; Youn et al., 2008).

Intra-tumoral MDSCs are able to inhibit the antitumor activity of effector T cells due to
their strong expression of PD-L1. The interaction between PD-1 expressed on
effector T cells and PD-L1 on the MDSCs surface downregulates the antitumor T
cell-mediated reactivity (Ballbach et al., 2017; Lu et al., 2016; Noman et al., 2014).
MDSCs are involved in adenosine-related immune regulation as a consequence of their
expression of the two ectoenzymes CD39 and CD73. Adenosine-5"-triphosphate (ATP)
is degraded to adenosine monophosphate (AMP) by hydrolysis which is mediated by
CD39, the rate-limiting enzyme in the extracellular adenosine production (Zhao et al.,
2017). The final hydrolysis step of AMP to immunosuppressive adenosine is catalyzed
by CD73 (Li et al., 2017). The generation of other immunosuppressive cells, particularly
Tregs, is supported by the secretion of TGF- by MDSCs (Pan et al., 2010).

MDSCs are recruited from the bone marrow to the tumor site after the secretion of
diverse chemokines by malignant cells, especially CCL2 and CCL3. The affinity of CCL2
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and the chemokine receptor CCR2 is very high. The blocking of CCR2 significantly
reduces the accumulation of MDSCs, especially of M-MDSC, in tumor (Chang et al.,
2016; Li et al., 2020). MDSCs are also recruited via the CCRS5 receptor and the ligands
CCL3, CCL4 and CCL5. In this regard, these CCR5" MDSCs have a stronger
immunosuppressive pattern compared with other MDSCs (Blattner et al., 2018).

As preclinical studies pointed out, the depletion of MDSCs in GBM improves the
survival of the animals proving that MDSCs have a significant part in the
immunosuppression, promotion of tumor progression and recurrence in GBM (Fujita
et al., 2011; Raychaudhuri et al., 2015).

1.2 Radiation-induced immune effects

RT plays a crucial role in the standard treatment of GBM, resulting not only in
tumoricidal but also in multiple immune-modulatory and micro-environmental changes.

1.2.1 Immune activation by irradiation

High-dose RT (10-25 Gy) can act as an immunologic adjuvant and stimulate the
antitumor immune response. Hypofractionated or single-dose RT works effectively via
immunogenic cell death (Demaria et al., 2005; Demaria et al., 2016; Lee et al., 2009;
Yoshimoto et al., 2014). Preclinical studies have shown that RT may influence the anti-
cancer response by enhancing the cross-presentation of tumor antigens and altering
the TME in terms of T cell recruitment and activation (Burnette et al., 2011; Gupta et
al., 2012; Lee et al., 2009; Lugade et al., 2005). The enhanced immune response is
usually provoked as an indirect response to different cellular stress signals by direct
irradiation of the tumor (Lugade et al., 2005).

The reaction is initiated by release of damage-associated molecular patterns (DAMPs)
such as high-motility group protein B1 (HMGB1) (Rovere-Querini et al., 2004; Scaffidi
et al., 2002). HMGB1 as a toll-like receptor 4 (TLR4) agonist activates DCs, promotes
their maturation, the release of ATP and, in this way, activates antitumor-specific T
cells (Apetoh et al.,, 2007; Messmer et al., 2004). Activated macrophages and
monocytes induced by ionizing radiation secrete a higher amount of HMGB1 into the
TME, which activates the nuclear factor kB (NFkB) signaling pathway. NFkB regulates
the transcription of various cytokines, including pro-inflammatory cytokines such as IL-
1B, IL-6, IL-8 and TNF-a, early after RT (Messmer et al., 2004; Monjazeb et al., 2020).
Moreover, the HMGB1 release, the subsequent activation of TLR4 as well as the
production of IFNy in the post-irradiated TME lead to enhanced antigen uptake and T
cell-dependent tumor regression through the cross-priming capacity of tumor-infiltrating
DCs (Apetoh et al., 2007; Lugade et al., 2008). Cross-priming is the result of a process
in which APCs take up, process and present extracellular antigens via MHC class |
molecules and stimulate naive cytotoxic CD8" T cells (Embgenbroich and Burgdorf,
2018; Sanchez-Paulete et al., 2017).

The cross-priming of the DCs is also enhanced via the stimulator of interferon genes
(STING) pathway release of type | IFNs. Both attract DCs to the tumor tissue, leading
to IL-1B secretion and priming of INFy-producing CD8" T cells, resulting in the
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shrinkage of the tumor volume after RT (Burnette et al., 2011; Deng et al., 2014b;
Ghiringhelli et al., 2009; Zanoni et al., 2022).

The enhanced induction of chemokines by the irradiated microenvironment increases
immune cell trafficking, resulting in a significant tumor infiltration by activated T cells,
which is additionally evoked by the irradiation-induced up-regulation of vascular cell
adhesion molecule 1 (VCAM-1) expression on tumor vessels (Lugade et al., 2005).
Nevertheless, one of the most essential promoter of antitumor immune response is the
increased release of tumor antigens after the radiation-induced tumor cell death. This
leads to an enhanced cross-presentation to T cells by APCs, clonal expansion and
infiltration of tumor-primed active lymphocytes (Kaur and Asea, 2012).

1.2.2 Immune suppression by irradiation

Neither RT alone nor in combination with chemotherapy is able to prevent recurrence
of GBM within the irradiated tumor volume. The survival of GBM-initiating cells in the
radiation field, even after high-dose RT, indicates that RT not only has immune-
boosting effects but also directly alters the tumor cells and results in a TME immune
response that mediates radiation resistance (Seo et al., 2019).

RT could also have immunosuppressive effects. Immune cells are very sensitive to
irradiation. Mature natural killer (NK) cells, B and T lymphocytes as well as precursors
of monocytes initiate apoptosis already after exposure to radiation of around 2 Gy and
are rapidly cleared from the radiation field (Falcke et al., 2018). Therefore, irradiation
reduces the tumor antigen-specific T cell populations in the radiation field and induces
local immunosuppression.

Irradiation doses of 5-15 Gy result in a significant loss of tumor-supplying blood
vessels in the radiation field as a consequence of endothelial cell death. The outcome
is a hypoxic TME that leads to advanced apoptosis of tumor cells but also triggers
contradictive effects like reduced effector T-cell recruitment (Portella and Scala, 2019).
As a second response to the hypoxic environment, hypoxia-surviving cells start to
overexpress the heterodimeric transcription factor hypoxia-induced factor 1 alpha (HIF-
1a). This overexpression of HIF-1a activates genes like vascular endothelial growth
factor (VEGF) and angiopoietin 2 (ANGPT2). In the cascade, the activation of these
genes leads to an increase in the expression of CXC-motive chemokine ligand 12
(CXCL12), also known as SDF-1, in the radiation field, which in turn promotes
angiogenesis (Giordano et al., 2019; Jani et al., 2016).

CXCL12 is the only corresponding ligand for the heptahelical G protein-coupled
chemokine receptor CXCR4 (CD184), which is highly expressed on myeloid-derived
cells and so essential for their recruitment in the irradiated tumor tissue (Yang et al.,
2018). In addition, CXCL12 binds to the chemokine receptor CXCR7, renamed as
atypical chemokine receptor 3 (ACKR3), which is expressed on myeloid-derived or
endothelial cells (Nagasawa, 2014; Walters et al., 2014). CXCR7 has a high affinity for
CXCL12 and is often co-expressed with CXCR4 on the same cells (Wang et al., 2018).
CXCL12 exhibits a high homology level between humans and mice at the genomic and
proteomic levels (90%) (Janssens et al., 2018). Preclinical studies have shown that
mesenchymal-derived endothelial cells influx into the irradiated tumor tissue due to the
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CXCL12-CXCR4 signaling. The accumulation of endothelial cells restores the radiation-
induced vascular damage by vasculogenesis (Du et al., 2008; Kioi et al., 2010). In this
way, the CXCL12-CXCR4 signaling pathway ensures vascular supply for the surviving
tumor cells, allowing them to regrow and support their invasiveness and migration, which
results in recurrence of the GBM (Kioi et al., 2010). Moreover, the CXCL12-CXCR4
interaction attracts tumor cells from the tumor point of origin into the subventricular zone
(SVZ) which is reported as a radioresistant niche (Goffart et al., 2017).

Monocytes recruited via CXCL12-CXCR4 interaction differentiate into TAMs in the
TME, which also promote immune suppression and vascular damage repair (Brown et
al., 2017; Wang et al.,, 2013). Besides, these cells selectively recruit the immune-
suppressive Tregs via the release of chemokines like CCL22 (Curiel et al., 2004).
Additionally, different tumor models had shown that the release of CXCL12 in the
irradiated tumor bed as a driving molecule leads to the accumulation of CXCR4"
immune-suppressive cells such as Tregs and MDSCs at the tumor site. In this way, the
immune-suppressive cell populations in the TME expand and switch back to tumor-
supporting status (Eckert et al., 2018; Obermajer et al., 2011).

The immunosuppressive characteristics of MDSCs are further supported by the
radiation-induced release of ATP from the tumor cells as well as by the release of
immunosuppressive cytokines (TGF-$ and IL-10) (Aymeric et al., 2010).

Furthermore, radiation-induced upregulation of the PD-L1 expression on tumor cells
and tumor-infiltrating macrophages depending on IFN type | and Il secretion has been
described (Garcia-Diaz et al., 2017; Sato et al., 2020; Wang et al., 2017). The MDSCs
in the irradiated field also characteristically express high levels of PD-L1 after RT. As a
result of this up-regulation, TAMs and MDSCs secrete the immunosuppressive
cytokines TGF-B and IL-10, which promote the development of Tregs, in addition to
their direct cytotoxicity against effector TILs via the interaction of PD-1 and its ligand
PD-L1 (Deng et al., 2014a; Vatner and Formenti, 2015).

The PD-L1 molecule binds to its receptor PD-1 on antitumor-activated TILs. Binding
activates the inhibitory characteristics of PD-L1 and initiates the T cell apoptosis
cascade via IL-10 secretion as well as stimulates Treg proliferation and T cell
exhaustion (Dong et al., 2002; Xue et al., 2017). Accordingly, the PD-1/PD-L1 pathway
plays a major role in the suppression of tumor-specific T cell activation after RT,
making the PD-1 expression of tumor-infiltrating T cells the most important marker of T
cell exhaustion (Wherry, 2011).

C-C motif chemokine ligand 2 (CCL2), also called MCP1, and its receptor CCR2 are
discussed as another possible recruitment axis leading to an increased influx of
myeloid cells into the irradiated tumor bed after RT. After chemotherapy, CCR2"
monocytes were identified as precursors to M2-polarized TAMs (Brown et al., 2020;
DeNardo et al., 2011; Nakasone et al., 2012). Before treatment, CCL2 as a
proinflammatory chemotactic factor induces Treg migration in GBM in vitro and in
vivo via the CCR4 receptor. In the same tumor model, MDSCs were also recruited to
the GBM microenvironment via the CCL2-CCR4/CCR2 axis (Chang et al., 2016).
However, whether this recruiting path plays a relevant role after RT remains to be
proven.

18



1 Introduction

1.3 Novel treatment strategies for GBM

With the standard therapy of GBM, a median patient survival of only approximately 15
months is achieved, because surviving GBM cells can mediate an immune suppressive
and tumor-friendly microenvironment supported by the previous treatment. For this
reason, the search for newer therapeutic approaches focuses on the selective extinction
of GBM cells using the patient’s immune system. Thereby, the combination of local RT
and the targeted systemic manipulation of the body's immune system appears to be the
most promising therapeutic approach. Various treatment strategies focusing on the
combination of vaccines (NCT02649582; NCT03395587; NCT04013672), checkpoint
inhibitors (NCT03743662; NCT03961971; NCT04047706; NCT04817254), adoptive
therapies (NCT03347097) or cytokine therapy (NCT04573192; NCT05131711) with
radiation are currently under active clinical investigation.

Preclinical studies of different tumor models described RT as an enhancer of the
antitumor responses combined with an immune checkpoint inhibitor, either a PD-1 or
PD-L1 inhibitor (Gong et al., 2018). In GBM, the combination treatment of PD-1
blockade with high dose RT improves the survival of the animals significantly
compared with either single treatment, resulting in a doubled median survival and
enhanced long-term survival in 15-40% tumor-bearing mice. The amount of tumor-
infiltrating cytotoxic T cells was increased in addition to decreased Treg activity (Kim et
al., 2017; Zeng et al., 2013). The effect of the combination therapy may be correlated
early after RT with the activation of infiltrating cytotoxic CD8" T cells and later with
interactions of TAMs (Stessin et al., 2020).

The immune checkpoint inhibitors targeting PD1 or PD-L1 are tested as single
treatments or in combination with other therapies in newly diagnosed or recurrent
GBMs in phase Il and lll trials. However, no trial has demonstrated a meaningful
benefit yet (Khasraw et al., 2020).

As a reason for these failures, the complex and multi-factorial systemic and intra-
tumoral immunosuppression initiated by the GBM microenvironment or by the standard
treatment used is discussed (Medikonda et al., 2020). Hyperfractionated RT reduces
the CD4™ T cells and supports in this way the immunosuppression in GBM (Grossman
et al., 2011). The standard chemotherapy with TMZ abrogates the effect of anti-PD-1
therapy and represses the function of the effective T cells (Mathios et al., 2016).

As another immune-suppressive component of the post-treated GBM
microenvironment, the dependence of the post-irradiation tumor revascularization on
the CXCL12/CXCR4-mediated recruitment of myeloid cells like MDSCs is discussed.
To overcome this immune suppression is the key to an effective antitumor immune
response in the treatment of GBM. Therefore, the influence of tumor-infiltrating MDSCs
and the resulting lack of TILs in the GBM microenvironment became a target of a novel
immune-based treatment strategy in GBM, which is termed by Brown et al. (2020) as
macrophage exclusion after radiation therapy (MERT) (Brown et al., 2020)(Fig. 1). The
main goal of this strategy is to prevent macrophage accumulation in irradiated tissues
by disrupting the SDF-1/CXCR4-CXCR7 pathway, thereby improving local control and
survival after RT (Thomas et al., 2019).
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Fig. 1: Representation of the macrophage exclusion after radiation therapy (MERT) strategy.
(Giordano et al., 2019)

The radiation-induced killing of endothelial cells of the tumor vasculature resulted in reduced tumor blood flow and
increased hypoxia in the GBM microenvironment. As a consequent effect, HIF-1a is released which leads to an
upregulation of CXCL12 which attracts CXCR4" myeloid cells. The action of CXCL12 could be specifically
inhibited by the Spiegelmer NOX-A12 (TME Pharma). Similarly, Plerixafor (AMD3100) could block the receptor
CXCR4 and prevent its accumulation with its ligand. Both inhibition actions enhanced the tumor response to
irradiation in previous studies.

Several preclinical studies of agents that block the influx of macrophages into the post-
irradiated tumor environment or prevent the polarization of GAMs to the M2 phenotype
result in an improved antitumor response after irradiation, regardless of the tumor
model (Brown et al., 2020). Therefore, new therapeutic strategies focus on the
combination of checkpoint inhibitors with immune modulators targeting the
CXCR4/CXCL12 chemokine signaling axis with or without RT to block the influx of
MDSCs (Brown et al., 2020; Wu et al., 2019).

Kioi et al. (2010) showed in an intracranial GBM xenograft model using the cell lines
U251 and U87 that the irradiation-induced recruitment of MDSCs could be blocked by
Plerixafor (AMD3100), a small molecule antagonist of the cell-surface receptor
CXCR4, in addition to RT (Kioi et al., 2010). Under physiological conditions, Plerixafor
specifically interacts with the carboxylate groups of the CXCR4 receptor, thereby
inhibiting the binding of CXCL12 (National Center for Biotechnology Information,
2020). In the model used by Kioi et al. (2010), the inhibition of the CXCR4 function by
Plerixafor influenced the tumor progression up to the complete tumor regression and
prevented the recurrence of the irradiated tumors after RT (Kioi et al., 2010). A phase
I/ll study added the CXCR4 antagonist Plerixafor to GBM standard therapy. This
inhibition was shown to improve the local control of tumor recurrence and to prolong
the median OS to 21.3 months with a progression-free survival of 14.5 months.
Magnetic resonance imaging (MRI) and histopathology proved that the inhibition of
post-irradiation tumor revascularization was responsible for this (Thomas et al., 2019).
In the orthotropic preclinical GL261-C57BL/6 model, the effects of an anti-CXCR4 Ab
in combination with an anti-PD-1 Ab were compared with the effects of the
monotherapies alone. The combination therapy significantly reduced the CXCR4"
microglia population compared with the controls, and the long-term OS was
significantly improved to 60%. Moreover, in the same model, the CD4"/CD8" T cell
ratio and the ratio of Tregs to CD8" T cells were significantly decreased as a result of
the combination therapy (Wu et al., 2019).
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Another treatment approach does not target the CXCR4 receptor, but rather inhibits its
ligand CXCL12. This direct neutralization of CXCL12 was first tested in an immune-
competent rat model of autochthonous brain tumors by Liu et al. (2014). The whole
brain of the animals was irradiated with a single dose of 20 Gy and also treated with
the CXCL12-inhibitor NOX-A12 (Olaptesed pegol, TME Pharma, Berlin, Germany). 28
days after treatment start, the tumors treated with RT and NOX-A12 were no longer
detectable. The same effect was not observed in animals treated with the control
therapies (Liu et al., 2014).

NOX-A12 is a PEGylated mirror-image RNA oligonucleotide binding with a high
binding affinity to CXCL12 thereby preventing the binding to its receptor and inhibiting
the CXCL12-CXCR4/CXCRY7 pathway. The molecule size of the so-called Spiegelmer
lies between biological molecules and small chemical molecules allowing to cross the
BBB. Spiegelmers belong to the class of aptamers, which are synthesized from natural
nucleotide blocks in a D-nucleotide conformation (manufacturer information, TME
Pharma, Berlin, Germany). In preclinical studies, the half-life of NOX-A12 was
approximately 40 h. It leads to a mobilization of white blood cells, hematopoietic stem
cells and progenitor cells into the peripheral blood (Vater et al., 2013).

The recently completed clinical trial of NOX-A12 in advanced microsatellite-stable
metastatic colorectal and pancreatic cancer (NCT03168139) demonstrated that the
monotherapy with the anti-CXCL12 Spiegelmer NOX-A12 is safe and tolerable for
patients. The determined post-treatment CXCL12 levels in blood and tumor tissue
increased in correlation with the neutralization of the cytokine, an immunologically
hotter tumor and clinical outcome. The T cell activation was also improved by
NOX-A12, which was shown by increased levels of IFN-y, IL-2, IL-16, TNF-3, CXCL9
and/or CXCL10 (Halama et al., 2019).

As another novel therapeutic approach, the neutralization of the main chemoattractant
for the macrophages CCL2 could stop the recruitment of immunosuppressive GAMs
and tumor angiogenesis.

Another drug candidate from the same company, NOX-E36 (Emapticap pegol, TME
Pharma, Berlin, Germany), a 40-nucleotide oligonucleotide aptamer, binds to the CCL2
chemokine, and simultaneously neutralizes the highly related chemokines CCLS,
CCL11 and CCL13 (Oberthur et al.,, 2015). This reduces the potential bypass
pathways for the targeted bone marrow monocytes, which are relocated at the tumor
after differentiation into pro-tumoral TAMs (manufacturer information, TME Pharma,
Berlin, Germany).

Cho et al. (2019) used the rodent-specific Spiegelmer mNOX-E36 in a CCL2-
expressing U87 MG rat GBM model in combination with the anti-VEGF Ab
bevacizumab. The tumor volume of the treated animals and the CCL2 levels in the
tumor tissue were smaller after the administration of mMNOX-E36. The group also used
the immunogenic glioma mouse model C57BL/6J with GL261 cells to determine the
long time effects of the combination therapy with bevacizumab and mNOX-E36. In the
model, the expression of CCL2 was significantly decreased in the tumor tissue and the
survival extended for some days compared with the control groups (Cho et al., 2019).
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1.4 Purpose

The combination of hypofractionated RT, checkpoint inhibitors such as an anti-PD-1
Ab, and/or immune modulators like CXCL12 and CCL2 inhibitors could significantly
improve OS in GBM patients. However, clinical application of these new forms of
therapy first require a preclinical assessment of the expected effects based on the
OS time, tumor growth and the reactions of the tumor-associated immune cells in the
tumor and TME. Thus, one goal of our study was to provide the basis for a clinical
trial of the most effective combination therapy of immunomodulators and radiation.
The main objective of the study was to investigate the consequences associated with
the blockade of the CXCR4-CXCL12 axis within the brain of C57BL/6JRj mice using
NOX-A12, focusing on the overall survival of the animals, and to compare these
results with the results of other therapeutic approaches. Moreover, an integral aspect
of this study was the characterization of the immunological composition of the TME
after the concurrent co-administration of RT and anti-CXCL12 therapy.

Therefore, the following aims were pursued:

- development of a suitable study design and establishment of an orthotopic
immunocompetent murine glioma model to demonstrate the immune effects of
different treatment strategies like RT combined with MERT using a CXCL12 and/or
CCL2-inhibitor and RT with checkpoint inhibition involving an anti-PD-1 Ab;

- observation of the OS of different combination therapies in an immunocompetent
GL261 murine model over a period of 100 days compared to the respective stand-
alone therapies;

- investigation of the effect of the CXCL12-inhibitor NOX-A12 in combination with
RT on tumor-infiltrating immune cells like CD4" or CD8" T cells, Tregs and MDSCs
by analyzing in the tumor tissue, spleen and peripheral blood of tumor-bearing
mice 20 days after tumor inoculation using flow cytometry;

- investigation of the expression of activation and suppression markers on the
tumor-infiltrating lymphocytes after RT and administration of the immune
modulator NOX-A12;

- analysis of the receptor pattern of immune cells, especially CD8" effector cells,
Tregs and MDSCs after RT, measuring the expression of chemokine receptors
CCR2, CCR4, CCR5, CXCR2, CXCR4 and CXCR7 on these cells by flow
cytometry;

- investigation of the treatment-related changes by RT and/or CXCL12-inhibitor in
the production of over 30 chemokines in tumor tissue and plasma of tumor bearing
mice using a bead-based multiplex immune assay (Luminex® xMap technology).
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2 Material

2 MATERIAL

2.1 Animals and cells

reagent/ device

manufacturer

information

C57BL/6JRj mouse, female

Janvier Labs,
Saint-Berthevin, France

female, 6-8 week old, weight:
approx. 18 g

Mouse cage
EUROSTANDARD TYP IlI

Tecniplast, Hohenpeissen-
berg, Germany

820 cm? cage

SSNIFF grain-based regular
diet

SSNIFF Spezialdiaten,
Soest, Germany

suitable for long term experiments,
moderate energy density, very low
nitrosamine content

Brandt Markenzwieback

Hagen, Germany

additional diet after RT

GL261 cells

gift from AG Platten (UMM/ DKFZ)

Dulbecco's Modified Eagle's
Media/Nutrient Mixture F-12
(DMEM/F-12)

Gibco, Life Technologies
Europe, Bleiswijk,
Netherlands

1:1 mixture of DMEM and Ham's F-
12, 7.0-7.4 pH, with high glucose,
L-glutamine, phenol red

HyClone™ Research Grade
Fetal Bovine Serum (FBS)

GE Healthcare, Freiburg,
Germany

low in Abs, high in growth factors, 3x
100 nm filtered, South American
origin

Penicillin-streptomycin solution

Sigma-Aldrich Chemie
GmbH, Munich, Germany

stabilized, with 10,000  units
penicillin and 10 mg streptomycin/
mL, sterile-filtered

Dulbecco’s Phosphate Buffer

Saline (PBS)
no Calcium, no Magnesium

Gibco, Life Technologies,
Bleiswijk, Netherlands

osmolality: 270-300 mOsm/kg,
formulation:  potassium  chloride
(KCI) 200.0 mg/L, potassium
phosphate monobasic (KH,PO,)

200.0 mg/L, sodium chloride (NaCl)
8000.0 mg/L, sodium phosphate
dibasic (Na,HPO,-7H,0) 160.0 mg/L

Polybrene Infection/

Transfection reagent 8 ug/mL

Sigma-Aldrich Chemie
GmbH, Munich, Germany

cationic polymer, enhance the
efficiency of the retroviral or lentiviral
infection 100 to 1,000 fold

Lentiviral vector
HR’SIN-cPPT-SEW

provided by Linda Hartmann
(UMM, Strahlentherapie),

Date: 05.10.2012, Demaison et al.
(2002)

Carl Roth, Karlsruhe,

Methanol 32.04 g/mol
Germany
Acetic acid 100% Carl Roth, Karlsruhe, 60.05 g/mol
Germany
. . 5 ; ) . ;
Crystal violet solution, 1%, Sigma-Aldrich Chemie 407.98 g/mol

aqueous solution

GmbH, Munich, Germany

Centrifuge 5810 R

Eppendorf, Hamburg,
Germany

refrigerated, different rotors

2.2 Intracerebral Implantation of GL261-GFP

reagent/ device manufacturer information
Small animal isoflurane AbbVie, Wiesbaden,
vaporizer Germany

Polycarbonate narcosis box
with sliding lid

Orthopedics laboratory
UMM, Mannheim
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Injekt® Solo single-use B. Braun Melsungen AG,

syringes 2 ml Melsungen, Germany made of polypropylene, Luer slip

active ingredient: fentanyl 50 ug
(fentanyl citrate 78.5 pg), adjuvants:
methyl parahydroxybenzoate (E218)
1.6 mg, propyl parahydroxy-
benzoate (E216) 0.2 mg

Eurovet animal health,

Fentadon 50 pg/mL Bladel, Netherlands

active ingredient: midazolam
hydrochloride 16.68 mg (benzo-
Midazolam-Ratiopharm® Ratiopharm GmbH, diazepine), adjuvants: water for
15 mg/3 mL injection solution Ulm, Germany injections, sodium chloride, sodium
hydroxide, hydrochloric acid for pH
adjustment

active ingredient: medetomidine
hydrochloride injection, 1 mg/mL
CP-Pharma Burgdorf, (0.85 mg medetomidine),adjuvants:
Germany methyl parahydroxy-benzoate (E
218) 1.0 mg, propyl parahydroxy-
benzoate (E 216) 0.2 mg

Cepetor® 1 mg/mL

active ingredient: atipamezole
CP-Pharma Burgdorf, hydrochloride injection, 5 mg/mL,
Germany adjuvant: methyl 4-hydroxy-
benzoate (E218) 1 mg

Revertor® 5 mg/mL

active ingredient: flumazenil 0.5 mg;
adjuvants: sodium edetate, acetic

Flumazenil HEXAL® Hexal AG, Holzkirchen, acid 99%, sodium chloride, sodium
0.1 mg/mL injection solution Germany hydroxide, hydrochloric acid for pH
adjustment, water for injections
(excipient)
active ingredient: naloxone
hydrochloride dihydrate 0.44 mg
Naloxon-Ratiopharm® Ratiopharm GmbH, Ulm, (naloxone hydrochloride 0.4 mg),
0.4 mg/mL injection solution Germany adjuvants: sodium chloride,

hydrochloric acid for pH adjustment,
water for injections

B. Braun Melsungen AG, double precision grinding, stainless

Surgical disposable scalpels Melsungen, Germany steel

ingredients: rac-(3R)-3-hydroxy-4,4-
Bepanthen® eye and nose Bayer AG, Leverkusen, dimethyloxolan-2-one, wool wax,
ointment Germany viscose paraffin, white petroleum
jelly, water for injections

alcoholic skin disinfectant, acts

Softasept® N skin disinfection B. Braun Melsungen AG, against ba?.cte.ria. (incl. .MF\.’SA, TbB)
Melsungen, Germany and fungi; limited virucidal (incl.
HBV, HCV, HIV)
Aesculap Exacta GT416 Aesculap Suhl GmbH,
shearer Suhl, Germany
DMV Diedrichs Marken-

maximum contact time: 3 minutes

Pilca depilatory creme vertrieb GmbH & Co. KG, (human skin)

Bad Pyrmont, Germany

. TSE Systems, ensure accurate and reproducible
Stereotactic frame ) . :
Bad Homburg, Germany placement of implantation syringe
Marathon Escort 3 drill Marathon, Saeyang, China
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Rose-head burr

Gebr. Brasseler GmbH &
Co. KG, Lemgo, Germany

diameter: 1.6 mm

Stereo microscope

Leica Camera AG, Wetzlar,
Germany

Gastight® Neuros™ syringe
model 1702 RN
point style 3, volume 25 pL

Hamilton Company, Reno,
USA

delivering microvolume of cell
solution to exact location, very little
to no dead volume

Neuros™ replacement needle

Hamilton Company, Reno,
USA

fine needle creates smaller injection
sites, 33 gauge, small Hub RN
needle, 3.03 in, point style 3 (blunt)

Rimadyl®
Carprofen injectable 50 mg/mL

Zoetis, Berlin, Germany

active  ingredient:  carprofenum
50 mg, adjuvant: benzyl alcohol
10 mg

Bone wax

Ethicon/Johnson &
Johnson, Diegem, Belgium

mixture of beeswax, paraffin and
isopropyl palmitate, used to control
bleeding from bone surfaces, non-
absorbable

. . synthetic, braided, absorbable
Vicryl (Polyglactin 910) suture . . . ]
Ethicon/Johnson & suture, remaining tensile strength:
6-0, 3/8c, P-1 MP, 11 mm . .
45 em undved Johnson, Diegem, Belgium | 50% 21 days, 0% 35 days,
y absorption time: 56-70 days
active ingredient: metamizole

Novaminsulfon-Ratiopharm®
500 mg/mL drops

Ratiopharm GmbH, Ulm,
Germany

sodium 1 water 500 mg (metamizole
443.08 mg), adjuvant: cream aroma,
purified water, saccharin sodium,
sodium cyclamate, citric acid
monohydrate, sodium hydroxide

2.3 Magnetic resonance imaging

reagent/ device

manufacturer

information

Isotonic sodiumchlorid-solution
0,9%

DELTAMEDICA GmbH,
Reutlingen, Germany

liquid substitution, diluent

Gadovist® 1.0 mmol/mL
injection solution

Bayer AG, Leverkusen,
Germany

active ingredient: gadobutrol
39.31g, adjuvants: calcobutrol
sodium, trometamol, hydrochloric

acid for pH adjustment, water for
injections

Forene® 100% (V/V)

Abbvie, Wiesbaden,
Germany

active ingredient: isofluran

Icon™ Avance Il compact MRI
system

Bruker/ Aspect imaging,
Ettlingen, Germany

cryogen-free, permanent magnet
bench-top MRI system (1 Tesla) for
molecular and preclinical MRI
(small rodents like rats and mice)

2.4 Treatments

reagent/ device

manufacturer

information

5% glucose solution

DELTAMEDICA GmbH,
Reutlingen, Germany

diluent for Spiegelmers
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InVivoMADb anti-mouse PD-1
(CD279)
Clone: 29F.1A12

BioXCell, Lebanon, USA

reacts with mouse PD-1 (CD279),
formulation: PBS, pH 7.0, molecular
weight: 150 kDa, application: in vivo
blocking of PD-1/PD-L1 signaling,
isotype: Rat IgG2a, kappa

InVivoMADb rat IgG2a isotype
control; anti-trinitrophenol
Clone: 2A3

BioXCell, Lebanon, USA

reacts with trinitrophenol, because
trinitrophenol is not expressed by
mammals this Ab is used as an
isotype-matched control for rat
IgG2a Abs

Spiegelmer, targets CXCL12, binds

NOX-A12 (olaptesed pegol) TME Pharma, Berlin, to two kev sites in chemokine
Batch No: A5381L1-L4M1 Germany . y .

protein, concentration 2mg/mL
mNOX-E36 (emapticap pegol) | TME Pharma, Berlin, Spiegelmer, binds and. neutralizes

the mouse chemokine CCL2,
Batch-No: A9738L3M1 Germany .

concentration 2mg/mL

B. Braun Melsungen | 3-piece fine dosage syringe,

Omnifix®-F Luer Solo

AG, Melsungen, Germany

volume: 1 mL

BD Microlance 3 Needles

Becton Dickinson,
Eysins, Switzerland

2 different types:
e 30Gx1/2”, length:13 mm
o 27Gx 3/4”, length: 19 mm

Combination  stopper  PE | B. Braun Melsungen AG, | Luer Lock fitting male and female,
closing cones Melsungen, Germany sterile closing pre-filled syringes
SnuggleSafe® heat pad Lenric C21 Ltd., wireless heat pad, up to 10 h warm

Littlehampton, UK

SOMATOM Force

Siemens Healthcare
Diagnostics, Eschborn

delivering CT images for irradiation
planning

LINAC Versa HD™ with an

Elekta AB
L i . ,
Agl!lty 160-leaf  multileaf Stockholm. Sweden
collimator
2.5 Perfusion
reagent/ device manufacturer information
active ingredient: Xylazine
. Serumwerk Bernburg, hydrochloride 23.27mg (20 mg
o,
Xylazine 2% Bernburg, Germany xylazine), adjuvants: methyl 4-

hydroxybenzoate 0.7 mg

Domitor 1 mg/mL

Vetoquinol GmbH,
Ismaning, Germany

active ingredient. medetomidine
hydrochloride 1.0 mg, adjuvants:
methyl 4-hydroxybenzoate 1.0 mg,
propyl 4-hydroxybenzoate 0.2 mg

Ketamidor 100 mg

WDT, Garbsen, Germany

active ingredient: ketamine 10%,
adjuvant: benzethonium chloride

Micro-sample tube K3E
potassium - EDTA, 1.3 mL

Sarstedt AG & Co.,
Nurnbrecht, Germany

BD Perfusions™ syringe,
50 mL

Becton Dickinson GmbH,
Heidelberg, Germany

made of polypropylene

In-Vivo Xtreme®

Bruker, Ettlingen, Germany

preclinical fluorescence and RGB
white light imaging
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2.6 Flow cytometric analysis

reagent/ device manufacturer information
Conjugated Abs listed in Table | See Table A-1 and
A-1 and Table A-2 Table A-2

MACS SmartStrainers (100 um)

Miltenyi Biotec B.V. & Co.
KG, Bergisch Gladbach,
Germany

cell strainer, mesh size: 100 uym,
reservoir volume: 16 mL,
generation single-cell suspensions
after tissue dissociation, removal of
cell aggregates and clumps

ACK (Ammonium-Chloride-
Potassium) lysis buffer

Gibco, Life Technologies,
Bleiswijk, Netherlands

used for lysis of red blood cells in
samples containing white blood
cells

Sodium azide (NaN3)

SigSigma-Aldrich Chemie
GmbH, Munich, Germany

for FACS buffer (PBS, 2% FBS,
0.05% NaN3)

FcR Blocking Reagent

BD Biosciences,
Heidelberg, Germany

used to block unwanted binding of
Abs to mouse cells expressing Fc
receptors (B cells, monocytes,
macrophages)

BD FACS Lyric™

BD Biosciences,
Heidelberg, Germany

3 lasers (blue, red, violet), 10 colors

2.7 Immunohistology

reagent/ device

manufacturer

information

Cryostat CM 1900

Leica Biosystems,
Nussloch, Germany

Leica Autostainer XL

Leica Biosystems,
Nussloch, Germany

Paraformaldehyde (PFA)

Alfa Aesar, Kandel,
Germany

32% wiv aq. soln., methanol free,
ampouled

. . Cell Signaling Technology, | 1:200 dilution, mouse preferred,
Ki-67 (D3BS) Rabbit mAb Danvers, USA IHC formulated
Biotinylated anti-rabbit IgG VECTOR Laboratories ) I
(H+L) INC., Burlingame, USA 1:200 dilution
. Bio-Rad Laboratories,
Triton X-100 detergent Feldkirchen, Germany
VECTASTAIN Elite ABC HRP VECTOR Laboratories sensitive avidin/biotin based

Kit (peroxidase, standard)

INC., Burlingame, USA

peroxidase system

DAB Peroxidase (HRP)
Substrate Kit (with nickel)

VECTOR Laboratories
INC., Burlingame, USA

produces a brown reaction product
in the presence of peroxidase
(HRP) enzyme

ROTI® Histokitt

Carl Roth, Karlsruhe,
Germany

results in permanent specimens,
protects against bleaching

Microscope object slides

Fisher Scientific, Schwerte,
Germany

76%x26x1 mm, Superfrost

Microscope Cover Glasses 15H

Fisher Scientific, Schwerte,
Germany

24x50 mm
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2.8 Cytokine and Chemokine analysis

reagent/ device

manufacturer

information

Bio-Plex Pro
Chemokine Standards

Mouse

Bio-Rad Laboratories,
Feldkirchen, Germany

mixture of 34 standard analytes for
detecting mouse cytokines and
chemokines

Bio-Plex Pro
Chemokine 31-plex

Mouse

Bio-Rad Laboratories,
Feldkirchen, Germany

simultaneous analysis of multiple
cytokines and chemokines using
the Luminex technology in tumor
tissue und plasma of the animals

analytes: BCA-1/ CXCL13, IL-4,
MIP-1a/ CCL3, CTACK/ CCL27, IL-
6, MIP-13/ CCL4, ENA-78/ CXCLS5,
IL-10, MIP-3a/ CCL20, Eotaxin/
CCL11,IL-16, RANTES/ CCL5,
Eotaxin-2/ CCL24, IP-10/ CXCL10,
MIP-3p/ CCL19, Fractalkine/
CX3CL1, I-TAC/ CXCL11,SCYB16/
CXCL16, GM-CSF, KC/ CXCLH1,
SDF-1/CXCL12 , 1-309/ CCLA1,
MCP-1/ CCL2, TARC/ CCL17, IFN-
Yy, MCP-3/ CCL7, TNF-qa, IL-1B,
MCP-5/ CCL12, IL-2, MDC/ CCL22

Bio-Plex Pro Reagent Kit 5
Flat Plate

Bio-Rad Laboratories,
Feldkirchen, Germany

components: HP detection Ab
diluent, standard diluent, sample
diluent, assay buffer, wash buffer,
streptavidin-PE, flat bottom plate,
sealing tape for magnetic separation

ReadyPrep™ Protein
Extraction Kit (Total Protein)

Bio-Rad Laboratories,
Feldkirchen, Germany

preparation of total cellular protein
extracts from a wide variety of
biological samples, trongly
chaotropic  extraction solution
containing zwitterionic detergent
ASB-14, up to 20 extractions

detergent-compatible formulation
based on bicinchoninic acid (BCA)

Pierce™ BCA Protein Assay | Thermo Fisher Scientific, . . .
. for the colorimetric detection and
Kit Rockford, USA - .
quantitation  of total protein,
required sample volume: 25 pl
. : Sigma-Aldrich Chemie | ~66 kDa, solubility: 40 mg/ml
Bovine serum albumin (BSA) GmbH, Munich, Germany (water)
multimode monochromator

Tecan infinite M200 with

Nanoquandt-Plate

Tecan Trading, Mannedorf,
Switzerland

instrument with excellent sensitivity,
multiplexing capabilities and high
format flexibility for absorbance,

Luminex® 200™ System

Luminex, Austin, USA

fluorescence and luminescence
measurement
system to simultaneously

measurement of up to 100 analytes
based on flow cytometric principles
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2.9 Software

reagent/ device

manufacturer

information

GraphPad Prism 6.0

GraphPad Software,
San Diego, USA

statisic and graphic tool for data
analysis

RAD-ADAPT

Biomedical Simulations
Resource at the University
of Southern California, USA

Zhang et al. (2017)

RadiAnt DICOM Viewer

Medixant, Poznan, Poland

viewer for medical images

Microsoft Office®

Microsoft, Redmond, USA

Horos™ free DICOM Medical
Image Viewer

horosproject.org

GNU Lesser General Public
License, Version 3.0 (LGPL 3.0),
open-source code software (FOSS)

ParaVision 6.0.1

Bruker, Ettlingen, Germany

preclinical MRI acquisition software

for data acquisition and analysis of

|I>/IOI"ecular. Imaging ~ Software Bruker, Ettlingen, Germany | preclinical fluorescence and RGB
MI" 7.5 win o .

white light imaging
BD FACSuite BD Biosciences, for data acquisition and analysis

Heidelberg, Germany

with the BD FACSLyric™ System

FlowJo™ v10.6

Tree Star, Ashland, USA

plattorm  for  single-cell  flow

cytometry analysis
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3 Methods

3 METHODS
3.1 Study design

The preclinical study described in the following was designed to test the effectiveness
of new combination therapies of immune therapy and RT. For a detailed overview of
the performed study workflow see Fig. 2.

' Ny i ™
HISTOLOGY
Transduction . _tr?tme? sr;n'ft determination FACS
GL261 with {injections, day 7 after RT scheme
SEW tumor inoculation) LUMINEX
\ v, \ y,
' ~ & ~ ' %
; RT
sorting for (halfbrain, single dose fluorescence
GFP randomize animals day 10 a}t rgt i ' measurement
expression ay EF e (GFP expression)
inoculation)
\ v, \ v \ .
g ™) [ ™ 4 ™
generate MR imaging observation collecting tumar, blood,
stable cell line {day7 aIar Biror (MRI weekly) tissue sample
inoculation)
\ J \ y \ y,
r N i B ., N N i ,
deterioration in general
determination orthotropic & dcc:}n;t:il::ition perfusion
cell amount tumor inoculation time (day 20,100 after
tumor inoculation)
L9 A \ r,

Fig. 2: Systematic overview of the study.

First, the murine glioma cell line used was stably transduced with resulting in expression of the GFP gene. Cell
numbers of these GFP" cells that favored a moderate tumor growth were determined. The animals were
monitored with MRI after tumor inoculation. After confirmation of tumor growth, mice were randomized into
treatment groups and the agents were administrated for the first time on day 7 after tumor inoculation. On day 10,
RT was performed. Then, the animals were observed until deterioration of their general condition or ending of the
observation period (depending on further analyses day 20 or day 100). After perfusion, the blood, spleen and
brain of the mice were collected and the brains were screened for GFP expression before being used in further
analyses. Hexagons: preliminary experiments, retangles: regular workflow.

Before starting the comparative tests, tumor cells from a murine glioma cell line were
stably transduced with a lentiviral vector to express GFP and sorted for GFP
expression. After the determination of the amount of cells, that favors moderate
tumor growth, the same cell number was used for tumor inoculation in all subsequent
experiments. To monitor tumor growth, the animals were examined weekly by MRI
starting on the seventh day after tumor cell implantation. After the first MRI
examination, the animals were randomized into different experimental groups and the
therapeutic injections were applied for the first time.

In preliminary experiments, the inhibitory effects on the tumor growth after different
fractions and doses of RT were examined and tested for their MST and risk of side
effects. The results of these preliminary tests led to the RT scheme used in all further
experiments on day 10 after tumor inoculation.

Then, in the survival experiments, the animals were observed weekly by MRI until a
deterioration of their general condition could be detected or until the end of the
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observation period of 100 days after tumor inoculation. For specific analyses,
including flow cytometry or cytokine analysis via multiplex immune assay, the animals
were observed only for 20 days after tumor inoculation.

The animals were sacrificed per perfusion. The brain was collected, as well as the
spleen and blood, to analyze the tumor and systemic response of the treatments. The
tumor-bearing brains were screened for GFP expression using fluorescence
monitoring and then the tumor samples were isolated from the normal brain tissue for
further analysis such as flow cytometry, cytokine analysis or immunohistochemistry.

3.2 Cellline

The preclinical evaluation of the combination therapies is based on a syngeneic mouse
model. The immune-competent mouse strain C57BL/6J was implanted intracerebrally
with murine glioma cells from the cell line GL261. Thanks to their characteristic
similarities to human GBM, the tumors growing from them are considered as the gold
standard for experimental GBM research (Maes and Van Gool, 2011; Oh et al., 2014).
In the 1990s, the Glioma 261 (GL261) cell line was established as an in vitro growing
cell culture from the GL261 tumors. These tumors were induced as early as 1939 by
intracranial injection of 3-methylcholanthrene in C57BL/6 mice and then obtained by
serial transplantation (Jacobs et al., 2011; Oh et al., 2014; Szatmari et al., 2006).

In vitro, the cells have a population doubling time of 20 h and are rather
radiosensitive with a 50% cell mortality after administration of less than 2 Gy. The in
vivo radiosensitivity, in contrast, does not correlate with this dose. Local tumor
irradiation with 4 Gy only slows the tumor progression, even if the treatment was
applied very early after tumor inoculation (Szatmari et al., 2006).

The tumors growing from implanted GL261 cells are partially immunogenic because of
their high expression levels of MHC class | molecules. Therefore, it is also the most
commonly used GBM preclinical test model for new or optimization of older
immunotherapies as well as for immunosuppressive effects and mechanisms (Oh et
al., 2014; Szatmari et al., 2006). The tumors are invasive because of their typical
formation with perivascular organization, proliferation near vasculature, hypoxia
through blood vessel degeneration and neovascularization towards necrotic regions,
but are not metastatic (Szatmari et al., 2006). However, the tumors do not
spontaneously regress as in other murine tumor models (Oh et al., 2014). In previous
studies, a 100% mortality rate was observed after implantation of 1x10° cells within 25
days (Szatmari et al., 2006).

The murine GL261 glioma cell line used (gift from AG Platten UMM/DKFZ) was first
stably transduced with GFP to be able to identify the tumor-bearing tissue for further
analyses. The GFP-positive GL261 cells were grown in Dulbecco’s Modified Eagle
Media/Nutrient Mixture F-12 (DMEM/F-12, Gibco, Bleiswijk, Netherlands)
supplemented with 10% fetal bovine serum (FBS, GE Healthcare, Freiburg,
Germany), and 1% penicillin-streptomycin (Pen-Strep, Sigma-Aldrich, Munich,
Germany) at 37 °C and in an atmosphere of 5% CO, (Fig. 12, A).
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3.2.1 Transduction with lentiviral vector

GL261 cells were seeded at a density of 8 x 10* cells per well in DMEM/F-12
containing 10% FBS and 1% Pen-Strep in a 24-well plate. After incubation at 37 °C
and 5% CO, overnight, the medium was removed and polybrene (final concentration
8 ug/mL, Sigma-Aldrich, Munich, Germany) with the lentiviral vector was added.
There were three wells used for each lentiviral construct and control. The cells were
transduced with a multiplicity of infection (MOI) of 10.

For this propose, a suspension of the lentiviral vector HR’'SIN-cPPT-SEW (Demaison
et al., 2002) was used, which was prepared by Dr. Linda Hartmann (UMM,
Strahlentherapie, Date: 20.12.2013) and contained 2 x 108 virions. For its production,
293T/17 cells (5x10°% in DMEM/F-12 (Gibco, Bleiswijk, Netherlands) were
transfected with the lentiviral plasmid pHR’SIN-cPPT-SEW and two packaging
plasmids  (pCMVARS.91 and pMD.G) using Metafectene  (Biontex,
Martinsried/Planegg, Germany). 24 h later, the medium was changed to DMEM/F-12
containing 10% FCS and 10 mM sodium-butyrate (Sigma-Aldrich, Munich, Germany).
After another 10 h, the medium was replaced by serum-free DMEM/F-12 and
cultured overnight. Subsequently, the virius-containing supernatant was purified by
filtration through a 0.45um pore-size filter (Millipore, Carrigtwohill, Ireland) and
concentrated using Vivaspin filter (100.000 MW, Sartorius, Goettingen, Germany)
before being stored at -80°C. Viron titer was determined by fluorescence-activated
cell sorting analysis for eGFP marker gene expression.

For transduction, 15 pL of the lentiviral suspension was mixed with 30 yL polybrene
and 2955 pL medium without FBS. As a negative control, 30 yL polybrene and
2970 uL medium without FBS were mixed.

500 uL of the specific polybrene mixture was added to each well respectively. After
gently swirling the plate, the cells were incubated for 4 h at 37 °C in a humidified
incubator in an atmosphere of 5% CO,. After 4 h, the media containing the lentiviral
particles were removed from the wells and replaced with 1.5 mL fresh media with
FBS. The cells were controlled for GFP expression under a fluorescence microscope
on the next day. The cells were removed from the 24-well plate, pooled and seeded
in a T75 flask and cultured for three passages.

After that, the cells were counted and sorted based on GFP expression at the Cell
Sorting Core Facility of the Medical Faculty Mannheim. The purified cells were then
plated in DMEM/F-12 containing 10% FBS and split once they reached confluence.
To obtain a cell stock for all further experiments, the cells were cultured for three
more passages before starting to implant the cells into animals.

3.2.2 Characterization of the radiation sensitivity of the transduced cell line

The cellular radiation sensitivity of the transduced GL261 cell line was determined by
the clonogenic cell survival after irradiation using the colony-forming assay (CFA).
Eight hours before irradiation, GFP-expressing GL261 cells were sequentially diluted
to ten times the desired concentration in the flask, meaning if 100 cells were planted
per T25 flask, a suspension of 1000 cells/mL was prepared. The cells were seeded in
triplicates in T25 flasks at the densities according to Table 1 with 5 mL of fresh
culture medium.

32



3 Methods

After irradiation with different doses using 6 megavolts (MV) X-rays from a clinical
linear accelerator (LINAC; Versa HD™, Elekta Instrument, Stockholm, Sweden), the
cell solutions were incubated for 11 days at 37 °C in a humidified incubator in an
atmosphere of 5% CO,. Then, the surviving colonies were washed with PBS, fixed
with 1:3 methanol/acetic acid solution for 10 min and stained with crystal violet
solution (1 g/L) for 10 min. Three independent experiments were performed.

Table 1: Cell numbers seeded for CFA in relation to the irradiation dose

g&?/ex!gys) cell number
0 100
. 200
4 500
. 2000
) 5000

The colonies with more than 50 cells were counted and the plating efficiency (PE) was
calculated. The resulting surviving fractions (SFs) were fitted to the linear-quadratic (LQ)

equation SF(D) = PE - e~(*P+BD?) with D being the radiation dose and a and B being
the cell-specific parameters. aD represents the initial slope of the curve at low doses and
BD the curvature of the curve at higher doses. The curve fitting was performed by using
RAD-ADAPT software for modeling clonogenic assay data in radiation biology
developed by the University of Southern California (Zhang et al., 2017).

3.3 Animals

All animal experiments were performed following all relevant ethical regulations for
animal testing and research. In addition, all protocols were approved by the regional
animal care committee (Regierungsprasidium Karlsruhe, Germany, approval number:
35-9185.81/G68/17).

In the present study, six- to nine-week-old female C57BL/6J wild-type mice (Janvier
Labs, Saint-Berthevin, France) were purchased and used at the age of seven to
twelve weeks.

The animals were housed under pathogen-free, controlled conditions (12-hour
light/dark cycle, 23 £2 °C, 47% % 5% relative humidity) at the animal facility of the
Medical Research Center of the Medical Faculty Mannheim of Heidelberg University
and the Bruker Preclinical Imaging Reference Center at the University Medical Centre
Mannheim. The mice were kept in groups of a maximum of 8 animals in conventional
mouse cages (Tecniplast, Hohenpeissenberg, Germany) and received a grain-based
standard diet (SSNIFF Spezialdiaten, Soest, Germany) with water ad libitum.

After tumor inoculation, the animals were monitored daily for tumor-related symptoms
including weight reduction of over 20%, convulsions, paralysis, stereotypies, apathy
and/or pronounced motor disturbances for up to 100 days. The tumor growth was
monitored using MRI on a weekly basis.
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3.4 Intracerebral implantation of glioma xenografts

To implant the tumor cells, the animals were anesthetized with a subcutaneously (sc.)
injected mixture of medetomidine (0.5 g/kg body weight (BW), Cepetor®, CP-Pharma,
Burgdorf, Germany), midazolam (5 mg/kg BW, Ratiopharm, Ulm, Germany) and
fentanyl (0.05 mg/kg BW, Eurovet animal health, Bladel, Netherlands) (MMF). After
reaching the surgical tolerance, the fur on the head of the animals was trimmed with a
small animal shearer (Aesculap, Suhl, Germany). Then, depilation cream (DMV
Diedrichs Markenvertrieb, Bad Pyrmont, Germany) was applied and incubated for a
maximum of 2 min to remove the remaining hair completely from the surgical area.
After disinfection of the scalp (skin disinfection, Braun, Melsungen, Germany) and
application of an ophthalmic ointment (Bepanthen®, Bayer, Leverkusen, Germany),
the head of the mouse was positioned in a stereotactic frame (TSE Systems, Bad
Homburg, Germany) under a surgical stereomicroscope (Leica, Wetzlar, Germany)
(Fig. 3, A). A linear skin incision was made starting in the midline between the eyes
and ending in the midline shortly behind the bregma. A 0.5 mm trepanation was
drilled into the right hemisphere of the skull 2.5 mm to the right lateral to the midline
and 0.5 mm anterior to the bregma. Through this burr hole, a 25 uL gastight syringe
(Neuros Syringe, Hamilton, Reno, USA) with a 33 G blunt needle was inserted at a
depth of 4 mm from the dural surface (Fig. 3, B).

location of cell implantation:
2.5 mm right of midline
0.5 mm anterior to bregma
4.0 mm deep

Fig. 3: Stereotactic engraftment of GL261-GFP cells.

(A) The animals anesthetized were fixed in a stereotactic frame under a surgical stereomicroscope to ensure the
proper placement of the inoculation needle. (B) The tumor cells were implanted in the basal ganglia 0.5 mm in
front of the bregma and 2.5 mm to the side of the midline at a depth of 4.0 mm. Red dot = place of implantation.

1x 10" tumor cells were cultured to 80% confluence, trypsinized, washed and
resuspended in sterile phosphate-buffered saline (PBS, Gibco, Bleiswijk,
Netherlands). Then, the cells were diluted in 100 pL sterile PBS and filled into the
gastight syringe free of air bubbles.

A maximum of 2 yL of GL261-GFP cell suspension was slowly injected over 10 min.
After the inoculation of the cells, the burr hole was sealed with bone wax (Ethicon,
Diegem, Belgium) and the margin of the incision was sewn up with simple interrupted
stitches using absorbable suture material (Ethicon, Diegem, Belgium). For pain relief,
the animals received sc. a non-steroidal anti-inflammatory drug 5 mg/kg BW carprofen
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(Rimadyl®, Zoetis, Berlin, Germany). The anesthesia was antagonized by sc. injection
of a mixture of atipamezole (2.5 mg/kg BW, CP-Pharma, Burgdorf, Germany),
flumazenil (0.5 mg/kg BW, Roche Pharma, Grenzach-Wyhlen, Germany) and
naloxone (1.2 mg/kg BW, Ratiopharm, Ulm, Germany). Hydration was maintained by
the sc. administration of 0.9% isotonic sodium chloride solution (DELTAMEDICA,
Reutlingen, Germany) up to 1 mL. The mice were monitored on a heated pad until
regaining consciousness.

The mice received postoperative pain treatment (novaminsulfon (200 mg/kg),
Ratiopharm, Ulm, Germany) administered via drinking water for three days.
Thereafter, the animals were observed every other day up to 100 days post-inoculation.

3.5 Establishment of the animal model

The in vivo cell growth of the cell line used may vary significantly compared with to
that as described in the literature due to different culture conditions and the effect of
the transduced genes. Therefore, preliminary implantation experiments were used to
determine the cell implantation quantity of tumor cells that favors moderate tumor
growth.

After a maximum of four passages, the tumor cells were implanted at three different
cell numbers in the basal ganglia of 10 animals. The tumor growth for the cell
quantities 2.5 x 10° cells (n = 3), 1.5 x 10° cells (n = 3) and 1.5 x 10° cells (n = 4) was
assessed by MRI after 21 days. This allowed the determination of the cell volume that
enables optimal tumor growth for testing after orthotopic cell implantation.

Based on data in the literature, implantation experiments with lower cell counts were
avoided (Oh et al., 2014). In addition, higher animal number were not considered for these
preliminary experiments in accordance with the reduction principle for animal testing.

3.6 Survival experiments

For survival experiments, 1.5 x 10° GL261-GFP tumor cells were implanted into the
right hemisphere of seven to twelve-week-old female C57BI/6J mice. After confirmed
signs of a tumor on day 7 post-inoculation, the animals were treated with different
combinations of checkpoint inhibitors and immune modulators with or without RT as
described under 3.7. In addition, an untreated control group was observed
simultaneously, resulting in 15 animals not receiving any treatment.

The tumor growth was monitored weekly by MRI for up to 100 days after tumor
inoculation. Then, the brains were checked for complete tumor regression. Complete
tumor regression was defined as no tumor sign detectable by MRI and no positive
fluorescence signal measured due to the GFP expression of the tumor cells after 100
days. For further verification, histological sections of the brains were screened for
dividing tumor cells after hematoxylin and eosin staining (HE) as well as after Ki-67
staining (Fig. 15, C).

The RT scheme was chosen after exploratory comparison of different applications for
their median survival and side effects.
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Mice were examined daily for tumor-related symptoms and sacrificed when the tumor
volume began to grow exponentially at an unrestrained rate and/or the animals' general
condition deteriorated reaching the termination criteria. Survival curves represent the
pooled data from two or three independent experiments, each with 3-6 animals.

3.7 Treatment of the animals

The animals were treated with different combination therapies to evaluate the
effectiveness of these treatments. One checkpoint inhibitor (anti-PD-1 Ab) and two
different immune modulators (NOX-A12, mMNOX-E36) were tested for their efficacy as a
single treatment (mono), as a combination treatment with each other (duo) and/or with
radiotherapy (combination) according to the treatment scheme in Table 2 and Fig. 4.

Table 2: Overview of the treatment groups.

treatment
group RT NOX-,.MZ0 mNOX-.E3€: Anti-PD-1 Ab . rr:‘ e
1 21 éy glzl?cggégeICe?’yA)2 glzl?cggtlegeICesryA)2 2e5\?e$3?3i‘n d:)?ssig.x
days sc. days sc.

control 15
mono 1 X 8
mono 2 X 9
mono 3 X 9
mono 4 X 9
duo 1 X X 9
duo 2 X X 9
combination 1 X X 12
combination 2 X X 10
combination 3 X X X 12
combination 4 X X 12
combination 5 X X X 12
combination 6 X X X X 9

3.7.1 Immunotherapy

An anti-PD-1 Ab (inVivoMAb anti-mouse PD-1, Clone 29F.1A12, BioXCell, Lebanon,
USA) was used to clarify the effect of the immune checkpoint blockade in the model.
The applied Ab blocks the PD-1 (CD279) receptor of activated T and B lymphocytes
and myeloid cells which prevents the binding of its ligand PD-L1 expressed on the
surface of tumor cells. This inhibition of the PD-1 signaling supports antitumor
immune activity by preventing the inactivation of the T cells and reducing
immunesuppressive cytokine production.

The Ab stock was diluted with PBS to a final concentration of 1.25 pg/pL, then
aliquots of 250 ug Ab were prepared and stored at 4 °C until administration to the
animals. The Ab was given intraperitoneally (ip.) six times every third day starting on
day 7 after tumor inoculation (Fig. 4).
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Fig. 4: Timeline illustrating the experimental treatment setup in the study.
Seven days after tumor inoculation, the animals were randomized into the respective treatment groups after MRI
examination. Starting on day 7, the anti-PD-1 Ab was administered six times every three days. The CXCL12
antagonist NOX-A12 and the CCL2 antagonist MNOX-E36 were injected sc. every other day (g2d) until the end of
the experiment on day 100. On day 10, the tumors were irradiated with 12 Gy.

The CXCL12 antagonist NOX-A12 (TME Pharma, Berlin, Germany) consists of RNA
oligonucleotides in a L-configuration, also called Spiegelmers, which bind to CXCL12
like an Ab with high affinity and specificity. Spiegelmers are not vulnerable to
degradation by nucleases nor hybridize with native nucleic acids. The molecules are
immunologically passive thereby not eliciting an immune reaction.

The test substance, which was formulated as a lyophilisate, was diluted with sterile
5% glucose solution under aseptic conditions according to the manufacturer’s
handling instructions. To ensure proper dilution of the test substance, the tube
containing 100 mg NOX-A12 oligonucleotide base was first filled up with 10 mL of 5%
glucose, incubated at room temperature for up to 30 min and shaken occasionally
during the incubation period. Then, the container was filled up to 50 mL with 5%
glucose to a concentration of 2 ug/pL and aliquoted under aseptic conditions. The
prepared injections were tightly sealed and stored protected from light at -20 £ 5 °C
until administration to the animals.

The animals were treated with 20 pg/g BW NOX-A12 in 5% glucose solution sc.
every other day (q2d) starting on day 7 after tumor cell implantation until the end of
the observation period of 100 days. This treatment routine was recommended by the
manufacturer after previous studies with the Spiegelmer immune modulator in
consideration of its plasma half-life in mice (Boels et al., 2017; Kalnins et al., 2015;
Vater et al., 2013) (Fig. 4).

The rodent-specific CCL2 Spiegelmer antagonist mMNOX-E36 (TME Pharma, Berlin,
Germany) was prepared and applied in the same manner as mentioned for NOX-A12

(Fig. 4).
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3.7.2 Radiotherapy

Radiation treatment planning was based on CT scans using a representative body
size of 20 g mice. Irradiation was performed with 6 MV flattening filter-free (FFF) X-
rays from a clinical LINAC equipped with a multi-leaf collimator with 0.5 cm beam
width at the isocenter, resulting in a half brain-irradiation. Removing the flattening
filter increases the dose rate by at least a factor of 2. The FFF beams have a sharper
penumbra, less head scatter and a lower out-of-target dose than with flattening filter
(Cashmore, 2008). Consequently, these settings allow the targeted radiation dose to
be delivered with the lowest radiation exposure outside the radiation field and the
greatest protection of the healthy brain tissue (Fig. 5, A). The radiation dose was
applied from below through the patient table.

=
0,00
BS.00
0,00

[ 7m0
[ =0.m
B

Fig. 5: Irradiation planning and position raster.
(A) Irradiation planning and isodose distribution for irradiation with a LINAC without compensation filter. (B) Laser
raster for positioning of the anesthetized animal above the gantry of the clinical linear accelerator.

To mimic the standard clinical fractionation of whole-brain treatment of 10 x 3 Gy (total
dose 30 Gy), a similar high-dose irradiation scheme was chosen for the preclinical
comparison of the different treatment combinations. Therefore, different fractions and
doses used in other preclinical studies were first tested for their MST and risk of
metastasis or other side effects when delivered by the clinical linear accelerator. Three
different fraction and dose schemes (1 x2 Gy, 1x20 Gy, 2 x 10 Gy) were tested in
each of six tumor-bearing animals similar to other preclinical studies on the 10" day
after tumor inoculation (Gaber et al., 2003; Halperin et al., 1992; Liu et al., 2014; Zeng
et al., 2013; Zhou et al., 2014). It was attempted to achieve a relatively fast response of
the irradiated tissue, either tumor or healthy tissue. Since several studies on cellular
and molecular responses of irradiated healthy mouse brain tissue have already
described that a rapid response can be expected to single-dose irradiation, whereas
the response to fractionated irradiation is relatively slow (Yang et al., 2017), a higher
fractionated treatment was not considered.

After dose determination (4.2.1), tumor-bearing mice were treated with a single dose
of 12 Gy by half brain-irradiation on day 10. For this purpose, the animals were
anesthetized with MMF for 45 min. The mice were positioned on the clinical unit with
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the help of a laser raster (Fig. 5, B). The irradiation dose was delivered through the
patient table in a single beam. Immediately after the treatment, the anesthesia was
antagonized by sc. injection of a mixture of atipamezole (2.5 mg/kg), flumazenil
(0.5 mg/kg) and naloxone (1.2 mg/kg), and the animals were observed until all were
completely awakened. To avoid anorexia as a side effect of the RT, the animals
received zwieback (Brandt Markenzwieback, Hagen, Germany) in addition to their
normal diet for one week.

3.8 Magnetic Resonance Imaging (MRI)

The animals were examined daily for tumor-related symptoms and the tumor growth
was monitored longitudinally using MRI at least once per week, starting on day 7 until
day 100 after tumor inoculation. T1-weighted imagines of the brains were generated
using a preclinical 1 Tesla MRI system (ICON™ (Avance Ill MRI) 1 Tesla MRI,
Bruker, Ettlingen, Germany) and acquisition software (ParaVision 6, Bruker,
Ettlingen, Germany) with the parameters as listed in Table 3.

Table 3: MRI measurement parameter for monitoring of the tumor size.

measurement T1 RAREnav highres
TE [ms] 21.08
TR [ms] 617.271
Averages 22
Repetition 1
TA [min] 14 m 42 s 696 ms

echo spacing [ms] 21.083
rare factor 2
Slices 10
slice thickness [mm] 0.5
slice gap [mm] 0.25
slice orientation Axial
read orientation V-D
FoV [mm] 22.98%23.285
resolution [mm] 0.177%x0.179

TR: repetition time. TE: echo time. TA: time acquisition. FoV: field of view.

After the animals were anestesized by inhalation of a 3% isoflurane-oxygen gas
mixture (Forene®, Abbvie, Wiesbaden, Germany), 200 pL of a 200 uM solution of the
paramagnetic MRI-contrast agent gadobutrol (Gadovist®, Bayer, Leverkusen,
Germany) were injected ip. Subsequently, the animals were placed on a respiratory
sensor in the handling unit of the MRI system in a horizontal, untwisted position. To
ensure that the animals remained in this position, the animals' heads were fixed.
Before the mouse was placed in the MRI instrument, an ophthalmic ointment
(Bepanthen®, Bayer, Leverkusen, Germany) was applied.

The handling unit was inserted into the whole body coil inside the instrument and the
imaging protocol was initiated. During the image acquisition, the animals were under
general anesthesia with a maximum of 1% isoflurane-oxygen gas mixture. The
deepness of anesthesia was adjusted according to the respiratiory monitoring and the
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respiratiory rate was kept stable at approximately 65 breaths per minute. To maintain a
stable body temperature of the animals, the build-in heating device of the handling unit
was used to generate a temperature of 30 °C inside the MRI coil. The temperature was
monitored during the scan by a thermal sensor. After performing the MRI, the mice
were removed from the cradle of the handling unit and observed until awakened.

The resulting digital imaging data were transformed into Digital Imaging and
Communications in Medicine standard (DICOM). In the following, the images were
objectively analyzed by a veterinarian using the Horos™ imaging software
(HorosProject.org). The volumetric measurements were performed by contouring
contrast-enhancing regions of interest (ROIs) in coronal sections and the application of a
wrapping calculation of these regions. The software calculated then the tumor volumes.
If the first MRI on day 7 showed contrast-enhanced regions, but the software could
not calculate a tumor volume based on the structure of the implant, the tumor size
was undefined. Animals with such a finding were also included in the study.

A maximum tumor size could not be defined, because the location of the tumor in the
brain may also affect the general condition. The animals were sacrificed when they
showed a high tumor volume and/or the general condition of the animal deteriorated
with symptoms such as weight loss of over 20%, unkempt fur, apathy, massive
changes in behavior or signs of neurologic deficits.

3.9 Perfusion

The animals were sacrificed by transcardiac perfusion with PBS if the general condition
of the animal deteriorated and/or if a high tumor volume was observed by MRI.

The animals were deeply anesthetized via an ip. injected ketamine/xylazine mixture
(ketamine 120 mg/kg (WDT, Garbsen, Germany), xylazine 20 mg/kg (Serumwerk
Bernburg, Bernburg, Germany), 0.1 mL/ 10 g) to secure a painless death of the
animals. A 50 mL syringe with a perfusion needle was filled with PBS without air
bubbles. Once the animal reached a surgical plane of anesthesia, blood was drawn
by retro-orbital bleeding and collected into tubes coated with 0.5M
ethylenediaminetetraacetic acid (EDTA).

After that, each mouse was secured in the supine position. Then, a midline incision
was made using scissors through the integument and abdominal wall just beneath
the rib cage to open the abdomen cavity. The xiphoid process, the white tip of the
sternum, was grasped and the diaphragm was incised before parallel cuts were
made on either side of the ribs to open the thorax and expose the heart. A butterfly
needle connected with the perfusion syringe was introduced into the apex of the left
ventricle. Immediately after inserting the needle and squeezing the syringe to allow
the PBS buffer to enter the circulation, the right atrium was cut open allowing the
perfusate to exit from the circulation. The animal was perfused with 10 mL of PBS
administered over 10 min (flow rate 1 mL/min).

After perfusion, the head of the animal was removed and the skull was exposed by a
midline incision from the neck to the nose. The remaining neck muscle and cervical
spine were trimmed off to expose the base of the skull. Then, the skull was opened
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by carefully breaking off portions of the skull roof with tweezers, starting from the
opened spinal canal. After turning the head, the olfactory bulbs and nervous
connections along the ventral surface of the brain were carefully disconnected. The
brain could then be carefully shaken out of the opened skull. For all further
examinations of the brain, the cerebellum was detached.

The spleen was removed by cutting away the mesentery as well as connective tissue
and preserved in PBS for further processing.

3.10 Flow cytometric analysis of the tumor microenvironment
3.10.1 Analysis of the tumor-infiltrating immune cells

To investigate the effects of immune modulators and RT on the tumor-infiltrating
immune cells, the animals were implanted with 1.5 x 10° GFP-labeled GL261 tumor
cells. On day 7 post-inoculation, the mice were examined for tumor signs by MRI and
four animals were randomized into each of four treatment groups (Table 4). Starting
from this day, the animals received injections of the CXCL12 antagonist (NOX-A12)
g2d and/or partial brain irradiation with a single radiation dose of 12 Gy on day 10
(Table 4).

Table 4: Treatment groups for flow cytometric studies of the tumor environment.

treatment
RT NOX-A12
group 20 pg/gin 5%
1x 12 Gy glucose all 2
days sc.
control
RT X

NOX-A12 X
RT + NOX-A12 X X

After the treatment period, the tumor growth was monitored again by MRI on day
20/21 after tumor cell inoculation, after which the animals were sacrificed.
Subsequently, the tumor tissue, spleen and blood from tumor-bearing mice were
collected and were analyzed by flow cytometry (Fig. 6, A). The flow cytometric
analysis was performed in cooperation with Dr. Christopher Groth from the Umansky
Group of the Department of Dermatology, Venereology and Allergology at the
University Medical Center Mannheim. The entire experimental setup for the flow
cytometric analyses of the tumor environment was repeated in three independent
experiments and the obtained data were pooled.

Blood was taken by retro-orbital bleeding and collected in tubes coated with 0.5 M
EDTA. Animals were then perfused with PBS (3.7) and the brain and spleen were
removed. To isolate the tumor-bearing brain tissue, the two cerebral hemispheres
were dissected by a sagittal cut along the midline while the fluorescence of the GFP-
labeled tumor cells was monitored with a preclinical optical/X-ray imaging system (In
vivo Xtreme, Bruker, Ettlingen, Germany). Two additional sections at the level of the
cerebellum and the olfactory bulb were made to separate the tumor implant (Fig. 6, B).
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Fig. 6: Generation of tumor samples for flow cytometric studies of the tumor environment.

(A) In accordance with the long-term survival experiments, the animals were examined for the presence of a
tumor by MRI on day 7 and randomized into treatment groups. The first dose of the CXCL12 antagonist was
administered on day 7 and then g2d until one day before end of the experiment. On day 10 after tumor
inoculation, the animals received a radiation dose of 12 Gy. The tumor size at the end of the experiment was
determined by MRI on day 19/20. (B) The tumor-bearing tissue was identified and isolated based on the
fluorescence signal of the GFP-labeled tumor cells. The red dashed lines show the sections made to isolate the
tumor.

Immediately after sample collection, the tumor tissue and spleen were mechanically
disrupted by forcing the samples through a cell strainer with a pore size of 100 um to
obtain a single-cell suspension. The cells were centrifuged at 300 g for 7 min at 4 °C
and after discarding the supernatant, cell pellets were resuspended in either 1 mL PBS
(tumor tissue) or 1 mL ACK lysis buffer (blood, spleen) (Gibco, Bleiswijk, Netherlands).
The tumor samples were mashed through a 70 ym cell stainer to singulate the cells
further. The blood sample plus ACK buffer was incubated at room temperature for
5 min. The lysis of the erythrocytes was stopped through the addition of 5 mL of PBS
before the cells were centrifuged again. The pellets were resuspended in 1 mL of PBS
and the cell amount was determined using a Neubauer Chamber.

To avoid nonspecific binding of Abs conjugated with fluorochromes, the single-cell
suspensions were treated for 30 min at 4 °C in FACS buffer (PBS supplemented with
2% FBS and 0.05% sodium azide (NaNs, Sigma-Aldrich, Munich, Germany))
containing FcR Blocking Reagent (BD Biosciences, Heidelberg, Germany). After that,
the cell suspensions were stained with fluorescent Abs in accordance with the panels
listed in Table A-1 in the appendix. Therefore, the cells were incubated with
monoclonal Ab for 30 min at 4 °C. The stainings for quantification of NO and ROS
were performed in PBS only.

The data acquisition was performed using a flow cytometer with ten fluorescence
channels (BD FACS Lyric™, BD Biosciences, Germany) with the recommended
software (BD FACSuite, BD Biosciences, Germany), which includes cytometer setup
and tracking system. During the acquisition, the optimal cytometer values were
monitored by the software maintaining the standards from experiment to experiment.
The internal compensation values of the flow cytometer were used for compensation
and duplets were excluded based on the scatter profile.
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Fig. 7: Gating strategy of flow cytometric analysis of the tumor-infiltrating T cell and MDSC
subpopulations.

(A) Gating the CD4" T cell population on a tumor sample. After the CD4" subpopulation of the T cells was
identified, they were separated into CD25" and FoxP3" T cells, the surfaces of which were subsequently
examined for activity markers. (B) Gating the CD8" T cell population on a tumor sample. In addition to the
identification of the CD8" subpopulation of the T cells, the living cells were analyzed for the endothelial cell marker
CD31. (C) Gating of the MDSC cell population in a tumor sample. CD11b*Gr1" myeloid-derived suppressor cells
(MDSCs) were separated into polymorphonuclear (PMN-MDSC) or monocytic MDSCs (M-MDSC) according to
their Ly6G or Ly6C expression and then further examined according to their receptors and activity markers.

Before each experiment, the performance quality of the instrument was measured
according to the manufacturer’s instruction using beads dyed with fluorochromes which
are excitable by the cytometer’s lasers (CS&T RUO Beads, BD Biosciences, Germany).
To determine the quantities of different T cell and MDSC subpopulations, the
recorded data were represented as dot plots and evaluated in accordance with the
gating strategies shown in Fig. 7. Stainings that lack the Abs for the molecules of
interest were used as gating controls.

Samples containing less than 100,000 measured events were omitted from further
analyses, which were performed using FlowJo software (Tree Star, Ashland, USA).
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3.10.2 Receptor profiling after radiotherapy

In order to investigate radiation effects on the expression of the receptors CCR2,
CCR4, CCR5, CXCR4 and CXCR7 on the surface of CD8" effector cells, CD4"
FOXP3" Tregs and CD11b*Gr1" MDSCs, eight animals were irradiated with a single
dose of 12 Gy and another eight animals were observed as untreated controls. After
confirmation of the growth of the implanted cells by MRI on the 20™ day after tumor
inoculation, the tumors were examined for the respective subpopulations in
accordance with the panels in Table A-2. The receptor profiling of the CD8" effector
cells, CD4" FOXP3" Tregs and CD11b*Gr1* MDSCs in the tumor environment were
repeated in two independent experiments with 8 animals each and the obtained data
were pooled.
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Fig. 8: Exemplary gating strategy of flow cytometric analysis of the chemokine receptors on
the tumor-infiltrating MDSCs.

Gating of the MDSC cell population in a tumor sample. CD11b*Gr1” MDSCs were separated according to their
receptor expression and the receptor profile of the MDSCs with individual and co-expression of the receptors was
determined.

The sample preparation and data acquisition were performed as described above
(3.10.1). The receptor profiles were detected using the gating strategy from the flow
cytometric analysis of the chemokine receptors on the tumor-infiltrating MDSCs (Fig.
8).
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3.11 Cytokine and chemokine analysis of the tumor microenvironment

Twenty days after tumor inoculation, the concentrations of cytokines and chemokines
in the tumor tissue and plasma were measured using a bead-based multiplex
immune assay (Luminex® xMap technology). The treatment and sampling were
performed as described under 3.10.

The blood drawn was centrifuged at 1,000 g for 15 min at 4 °C immediately after
withdrawal. The plasma was transferred to a polypropylene tube and a further
centrifugation step at 10,000 g for 10 min at 4 °C was performed to completely
remove all platelets and precipitates. The tumor tissue was also isolated as described
under 3.10 and immediately frozen in liquid nitrogen. The frozen samples were
mechanically disrupted before being treated with lysis solution (Bio-Rad, Munich,
Germany) and centrifuged at 4,500 g for 10 min at 4°C. The supernatant was
removed and stored at -80 °C until analysis.

This analysis was also performed in cooperation with Dr. Christopher Groth from the
Umansky Group of the Department of Dermatology, Venereology and Allergology at
the University Medical Center Mannheim.

Total protein concentrations in tumor lysates and plasma were determined from
representative samples by BCA assay (Pierce™ BCA Protein Assay Kit, Thermo
Fisher Scientific, Rockford, USA). This was done by adding 25 uyL of a freshly
prepared bovine serum albumin (BSA, Sigma-Aldrich, Munich, Germany) standard
dilution series containing from 0.025 mg/mL to about 2 mg/mL protein as doublets
into wells of a 96-well plate. 25 uL of all samples were also added in duplicates to the
96-well plate. Then, 200 uL of BCA working reagent, consisting of 50 parts of BCA
reagent A mixed with one part BCA reagent B, were carefully intermixed into each
well to avoid the formation of air bubbles. After incubation of 30 min at 37 °C, the
absorbance was measured at 562 nm on a Tecan infinite M200 microplate reader
(Tecan Trading, Mannedorf, Switzerland).

The average absorbance of the measured blank standard replicates was subtracted
from the average absorbance of all individual standard and unknown sample
replicates. With the standard curve plotted from the corrected measurements of the
BSA standards used, the protein concentration of each unknown sample was
determined.

The Bio-Plex Pro™ Mouse Chemokine Panel Assay (Bio-Rad, Feldkirchen,
Germany) was used for immune assay analysis, which was performed according to
the manufacturer's instructions.

As a control, a fourfold standard diluent series with seven measurement points was
prepared. After adding 250 uL of the assay diluent in the viral kit standard and
incubating the dilution on ice for 30 min, 50 yL of this starting solution was
transferred into 150 L of standard diluent and mixed before 50 pL of this first dilution
was removed and added to 150 pL of diluent for the next dilution step. The next four
dilution steps were prepared similar.

After thawing, the plasma samples were diluted 1:5 with sample diluent and kept on
ice. Also, the coupled beads stock was diluted to 1x in assay buffer, vortexed and

45



3 Methods

protected from light before pipetting 50 uL into each well of the assay plate. Then, the
plate was washed twice with 100 puL of wash buffer per well. 50 pyL of the standards,
samples, blanks and controls were added to each well. The plate was incubated on a
shaker at 850 + 50 rpom at room temperature for 30 min light protected. After dilution
of the detection Abs to 1x and washing the plate three times with 100 pyL per well,
25 pL detection Ab solution was added to each well and incubated again for 30 min
at room temperature and 850 £ 50 rpm on a shaker protected from light. Afterward,
100x Streptavidin-PE (SA-PE) was diluted to 1x and added after three washing steps
(100 pL per well). In addition, 50 uL of the SA-PE solution was added to each well of
the assay plate, and the sealed plate was incubated for 30 min again. After that, the
assay was visually inspected to ensure that all wells were properly filled, the sealing
tape was removed and the plate was analyzed in the multiplex analyzing system
(Luminex, Austin, USA). After the data acquisition, the measured control values were
compared with the observed concentration using the ranges provided in the assay Kit.
The standard curve determined was used to ascertain the cytokine and chemokines
concentration in the measured samples.

A total of 31 cytokine and chemokines were analyzed, including the immune factors
TNF-a, GM-CSF, IFN-y, the interleukins IL-1B3, IL-2, IL-4, IL-6, IL-10, IL-16, the CC
chemokines CCL1 (1-309), CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-1), CCL5
(RANTES), CCL7 (MCP-3), CCL11 (eotaxin), CCL12 (MCP-5), CCL17 (TARC),
CCL19 (MIP-3B), CCL20 (MIP-3a), CCL22 (MDC), CCL24 (Eotaxin-2), CCL27
(CTACK) and the CXC chemokines CXCL1 (KC), CXCL5 (ENA-78), CXCL10 (IP-10),
CXCL11 (I-TAC), CXCL12 (SDF-1), CXCL13 (BCA-1), CXCL16 (SCYB16) and the
CX3C chemokine CX3CL1 (Fractalkine).

In order to determine the effects of the different treatments on the local and systemic
cytokine and chemokine production, the measured levels of the analytes were
normalized to the respective total protein amount in the tumor tissue and the plasma,
as determined via BCA assay.

3.12 Immunohistochemistry

Frozen brain sections of animals without a positive tumor sign on MRI were screened
for tumor cells by Ki-67 and HE staining 100 days after tumor inoculation.

For this purpose, the frozen brains were sliced into 5 ym sections using a cryostat
(Leica CM 1900, Leica Biosystems, Nussloch, Germany).

The histopathological staining of the brain section slides with HE was performed
using an automatized tissue staining station (Leica Autostainer XL, Leica Biosystems,
Nussloch, Germany). For Ki-67 staining, the sections slides (5 um) were fixed by
3.7% paraformaldehyde (PFA, Alfa Aesar, Kandel, Germany) and blocked with 1%
BSA/PBS for 10 min each before they were stained with a primary Ab against Ki67
(1:200, Rabbit, Cell Signaling Technology, Danvers, USA). The primary Ab
incubation was performed overnight at 4 °C and the secondary Ab (1:200,
biotinylated anti-rabbit IgG (H+L), VECTOR Laboratories INC., Burlingame, USA)
was added to the slides after a washing step with a PBS/Triton Solution (PBST;
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50mL PBS/ 150 yL Triton X-100, Bio-Rad Laboratories GmbH, Feldkirchen,
Germany). The biotinylated anti-rabbit IgG was incubated at room temperature for
1 h. Then, an avidin-biotin complex (VECTASTAIN Elite ABC Kit, VECTOR
Laboratories INC., Burlingame, USA) was added and incubated for 30 min. After this
incubation, the staining was visualized with DAB (VECTOR Laboratories INC.,
Burlingame, USA) for 10 min at room temperature. All slides were counterstained
with hematoxylin, dehydrated and permanently mounted with mounting medium
(ROTI® Histokitt, Carl Roth, Karlsruhe, Germany).

The stained slides were examined for tumor cells under a microscope.

3.13 Statistics

In all experiments, the statistical analyses were performed using GraphPad PRISM
software version 6 (GraphPad Software, Inc., San Diego, USA). The significance limit
was set at 5% (p < 0.05) for all tests.

The survival experiments were statistically analyzed using the Kaplan-Meier method
and compared with the Log-rank (Mantel-Cox) test.

The results of the flow cytometric analysis as well as the cytokine and chemokine
analysis were expressed as mean * standard error of mean (SEM). The means of
more than two treatment groups were assessed with a one-way ANOVA/Tukey
posthoc multiple comparisons test to analyze for significance among all groups. For
the statistical comparison of two treatment groups, an unpaired t-test was used.
Outliers were identified using the ROUT method, setting Q at 1% and excluded.
Specific cell groups were correlated with the tumor volume and the correlation
coefficients r were calculated via Pearson correlation.
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4 RESULTS

4.1 Establishment of the GBM mouse model

4.1.1 Generation of a stable cell line

The original murine glioma cell line (GL261) was first transduced with a GFP
encoding lentiviral vector (HR'SIN-cPPT-SEW). The expression of the transduced
fluorescent reporter molecule was monitored starting immediately after transduction.
After three passages, the cells were sorted by their GFP expression to achieve the
highest possible purity. Consequently, the cells were sorted twice.

2.1 x 10" GFP-transduced cells were used as starting cell quantity. After the first sort,
11.9% of the cells expressed the gene during sorting. These cells were purified up to
97.6% in the second sorting run, resulting in 6.85 x 10° GL261-GFP cells (Fig. 9, A
and B). The cells not expressing GFP at the time of sorting were not cultured further.
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The purified cells were cultured in DMEM/F-12 containing 10% FCS up to a
maximum of 6 passages. During this culture period, the cells grew rapidly without
contact inhibition (doubling time of 20 h) while observing their GFP expression under
the fluorescence microscope. As a result, the majority of the tumor cells consistently
expressed a stable green-fluorescent signal (Fig. 10).
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Fig. 10: Stable expression of GFP under fluorescence microscopy after lentiviral infection.
Bright field and fluorescence images of different passages. After lentiviral transduction with the
HR’SIN-cPPT-SEW vector and fluorescence sorting, the majority of cells exhibit green fluorescence
through GFP expression. The fluorescent signal remains stable in further passages (p4 = passage 4,
p8 = passage 8). Scale bar = 100 ym. Bright field, GFP and merged image.

4.1.2 Characterization of the in vitro radiation sensitivity

To characterize the in vitro radiosensitivity of the transduced GL261 cell line, three
independent colony-forming assay experiments were performed. The resulting
survival curve was fitted using the LQ model.

The resulting surviving fractions SF(D) plot showed the mean and standard error of
mean of the survival fraction data and model predictions. The PE was calculated as
0.802. A value of 0.053Gy"' was estimated for the coefficient a and a value of
0.081 Gy? was estimated for B as parameters of the LQ model, resulting in an o/f
ratio of 0.63 Gy. The goodness of fit of the fitted surviving fraction plot was
determined to be R? = 0.973 (Fig. 11, A and B).
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Fig. 11: Clonogenic cell survival curves of GL261-GFP cells.
The surviving fraction of colony-forming GL261-GFP cells versus dose was fitted in three independent
experiments by the LQ model. (A) Linear and (B) semi-logarithmic plots of the results, plotted as means + SEM.

In the literature, the radiosensitivity of the original GL261 cell line is reported with
50% cell survival after administration of less than 2 Gy (Szatmari et al., 2006). Based
on the survival curve fitted to the LQ model, the transduced GFP-expressing cell line
showed an in vitro cell mortality of 65.1% after irradiation with 2 Gy. In contrast, after
irradiation with twice the dose (4 Gy), the surviving amount of the GL261-GFP cells
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was estimated to be 22.1%. After administration of 6 Gy, only 3.9% of the cells
survived and irradiation with 8 Gy killed over 99% of the cells. Within these values,
the in vitro median radiation dose that reduces survival to 50% (Dso) was determined

to be 2.62 Gy (Table 5).

Table 5: Surviving fractions obtained from the survival curve fitted to the LQ model.

dose surviving fraction
[Gy] mean
2 65.1%
4 22.1%
6 3.9%
8 0.4%
Dso 2.62 50%

4.1.3 Characterization of the tumor development

To establish the used model, the stably transduced GL261-GFP cells were used in
preliminary implantation experiments to determine the cell number that favors the
most moderate tumor growth observed after a definied time period. Therefore, three
different cell numbers were implanted into the basal ganglia of at least three animals.
The MRI showed noticeable differences between the volumes of tumors grown from
the three different implanted cell amounts 21 days after tumor inoculation (Fig. 12, A).
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Fig. 12: Establishment of the orthotopic murine GBM model.

(A) Typical tumor growth of different cell amounts recorded by T1-weighted MRI 21 days after tumor inoculation
(3D images). The tumor volume was objectively determined from MRI by a veterinarian using the image
processing software Horos™. The tumor arising from 1.5 x 10° GL261-GFP cells is shown as a T2-weighted MR,
a T1-weighted image was not available for technical reasons. (B) Tumor volumes at day 21, plotted as means %
SEM. Without treatment, the animals implanted with 1.5x 10° tumor cells (n = 4) had the lowest average tumor
volume of 8.5 + 6.0 mm?. With 2.5x 10° cells (n = 3), the tumors reached an average volume of 13.3 £ 4.5 mm?3,
and with 1.5x 10° cells (n = 3), the tumors grew to an average of 11.1 + 4.3 mm>.

The tumor growth assessed by MRI for the cell quantity 2.5 x 10° cells (n = 3) reached
between 4.3 mm* and 18.8 mm?3, with an average volume of 13.3 +4.5 mm3. For
1.5 x 10° cells (n = 3) the mean volume adds up to 11.1 + 4.3 mm? after 21 days. The
smallest tumor volume could be measured after implantation of 1.5 x 10° cells (n = 4)
with an average of 8.5 + 6.0 mm3. However, this cell number also showed the most
individual outgrowth (Fig. 12, B).

The cell amount of 1.5 x 10° GL261-GFP cells was implanted in the brain of the
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animals in all further experiments. Therefore, the tumor progression and the survival
were recorded after the inoculation of this cell number in a group of 15 animals as
untreated control data. The tumor progression of the untreated control group showed
an exponential behavior over the observation period with a doubling time of
approximately 6 days. The fitted curve could be described with y = 1.272 - ¢01085%
(R?=0.4764) (Fig. 13, A). Without treatment, the median survival of animals with
initially 1.5 x 10° implanted tumor cells was 26 days. The conditions of the animals
became critical at the earliest on the 20" day and the latest on the 34™ day after
tumor inoculation (Fig. 13, B).
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Fig. 13: Tumor progression and survival curve of the untreated control group.

Left untreated, (A) the tumor progression could be fitted to an exponential curve (B) leading to a median survival
of 26 days.

4.2 Effect of different treatments on in vivo survival

4.2.1 Determination of the radiation dose of stereotactic radiotherapy and its effects

In order to define a suitable irradiation scheme for further comparative experiments,
tumor-bearing animals were irradiated with different fractions and doses (1 x 12 Gy
(n=8),1x20 Gy (n=6),2x 10 Gy (n = 6)) according to other preclinical studies on
the 10™ day after tumor inoculation. Irradiation was performed as half-brain treatment
in the area of tumor implant on a linear accelerator without compensation filter
according to the radiation plan (Fig. 5).

In all therapy groups, animals lost their hair (alopecia) as a side effect after receiving
the treatment. The hair loss was limited to the applied radiation field. The regrown fur
changed its color to gray as a result (Fig. 14, A). Furthermore, regardless of the dose
received, a remarkable weight loss of about 7% on average due to anorexia was
observed within one week after irradiation. However, this could be compensated by
adding zwieback to the normal diet (Fig. 14, B).

After irradiation with 1 x 12 Gy, typical tumor development showed a plateau phase
between the 10" and 20™ day after irradiation before the first tumor grow exponentially
without restriction around 40 days after tumor inoculation (Fig. 14, C and D). For
animals that responded positively to the same irradiation dose, the curve started to
flatten during this time period. Then, the measured tumor volume decreases within the
observation period of 100 days until complete tumor regression (Fig. 14, D).
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The tumor growth curve of animals treated with 2 x 10 Gy showed an almost identical
picture; only the exponential phase of the tumor development was postponed by
about a week (Fig. 14, C). After irradiation, transition of tumor cells into the
ventricular system of the mouse brain was observed in 16.7% of the animals in this
group resulting in detection of tumor tissue in the opposite hemisphere which led to
the end of the experiment.
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Fig. 14: Effects of different radiation doses of stereotactic radiotherapy.

(A) Mouse irradiated with 1 x 12 Gy, 10 days after irradiation. After RT, the mice lost their hair on the irradiated
half of the head and the fur regrew gray. (B) Bodyweight curve of four animals treated with 1 x 12 Gy. One week
after receiving RT, the animals stopped eating. This effect could be counteracted by additional feeding of a
special diet. (C) Tumor growth profiles of the different RT regimes based on MRI. (D) Representative examples of
the tumor development of responders and non-responders under 1 x 12 Gy RT recorded by T1-weighted MRI. (E)
Survival curves after RT compared by log-rank Mantel-Cox test. When exposed to radiation, OS increased
significantly compared with the untreated control group (p <0.0001). The longest median survival can be
achieved with radiation of 1 x 20 Gy at 93.5 days. The other two radiation regimes do not differ significantly from
this treatment (2 x 10 Gy, 85 days; 1 x 12 Gy, 57.5 days). * p = 0.05; ** p < 0.01; ** p < 0.001

The tumor growth profile of the 1 x 20 Gy treatment regimen showed an inhibited
tumor progression in most animals at the beginning of treatment which led to
complete tumor regression in 33.3% of the animals. In one mouse, faint tumor signs
were still detectable at day 100, while in another, exponential tumor growth began
approximately 60 days after tumor inoculation. Two other animals showed a
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ventricular collapse after irradiation and tumor cells in the opposite hemisphere which
grew exponentially (Fig. 14, C).

The irradiation resulted in a significant positive shift in OS compared with the untreated
control group (p < 0.0001, all regimes). While after a single dose of 12 Gy only 25% of
the animals survived the observation period of 100 days, the other two irradiation
regimes were able to achieve the same in 50% of the animals. The longest median
survival was achieved by irradiation with 1 x 20 Gy with 93.5 days (52-87 days). The
other two irradiation regimes did not differ significantly from this result with 85 days
(2 x 10 Gy, 55-70 days, p =0.938) and 57.5 days (1 x 12 Gy, 49-88 days, p = 0.316)
as median survival (Fig. 14, E).

Because of the typical courses of tumor development under stereotactic irradiation of
1 x 12 Gy, this treatment regimen was used for all further comparative examinations
(mono 1).

4.2.2 Survival effects of monotherapies with checkpoint inhibitors and
immunomodulators

In order to compare the effectiveness of the examined combination therapies,
baseline data on the respective monotherapies were generated first. For this
purpose, nine animals were treated six times with an anti-PD-1 Ab (inVivoMADb anti-
mouse PD-1, Clone 29F.1A12, BioXCell) after tumor detection. From day 7, nine
addditional animals each received a CXCL12 (NOX-A12) or CCL2 antagonist
(mNOX-E36) g2d (Table 6).

Table 6: Monotherapies with checkpoint inhibitors and immune modulators.

treatment
group RT NOX-A12 mNOX-E36 Anti-PD-1 Ab N
20 pg/g in 5% glucose 20 pg/g in 5% glucose 250 pg in PBS 6x animals
1x12 Gy .
every 2 days sc. every 2 days sc. every 3 days ip.
mono 2 X
mono 3 X
mono 4 X

The tumors of the group treated with CXCL12 antagonist NOX-A12 (mono 2, n = 9)
progressed continuously in the observation period without any tumor regression. The
group showed no significant shift in median survival (28 days, 23-42 days) compared
with the untreated test group (p = 0.649). (Fig. 15, A, B and C1).

Interestingly, the CCL2 antagonist group (mono 3, n =9) showed an even faster-
increasing tumor growth and most animals had to be sacrificed on day 23/24, only
one animal survived till day 38. Therefore, the survival curve of this group (23 days,
23-38 days) was not significantly shifted compared with the untreated animals
(p = 0.525) (Fig. 15, A and B).

Under anti-PD-1 monotherapy (mono 4, n =9), complete tumor regression was
achieved in 22% of the animals within the observation period and the MST was
extended from 26 to 32 days (22-42 days). Consequently, only the anti-PD-1 Ab had
a significant positive treatment effect compared with the untreated animal group
(p = 0.025) (Fig. 15, A, B and C2).
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Fig. 15: Effects of monotherapies with checkpoint inhibitors and immune modulators.

(A) Tumor growth profiles of the monotherapies based on MRI. CXCL12 inhibitor NOX-A12 alone failed to
suppress tumor growth, administration of CCL2 inhibitor mMNOX-E36 alone resulted in an increase in tumor growth
very early in the observation period. Administration of anti-PD1 Ab led to complete tumor regression in two
animals. (B) Survival curves analyzed by the Kaplan-Meier method and compared by log-rank Mantel-Cox test.
Survival analysis of the monotherapies showed no significant change when NOX-A12 was given (28 days),
deterioration was observed when mNOX-E36 was administered alone (23 days). When PD-1 was inhibited,
median survival was significantly extended to 32 days (p = 0.025) and OS was achieved by complete tumor
regression in two animals (22%). (C) Typical T1-weighted MRI, fluorescence and histology images showing
growing tumors (1) or complete tumor regression (2). * p < 0.05; ** p < 0.01; ** p <0.001

4.2.3 Survival effects of combined checkpoint inhibitors and immune modulators

To obtain comparative data to assess the efficacy of different combinations of
checkpoint inhibitors and immune modulators with additional RT, the survival data of
the respective combinations without irradiation were first collected.

For this purpose, nine animals each were treated six times with an anti-PD-1 Ab
(clone 29F.1A12, BioXCell) every third day combined with a CXCL12 (NOX-A12) or
CCL2 antagonist (IMNOX-E36) g2d starting on day 7 (Table 7).
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Table 7: Combination therapies without radiotherapy.

treatment
group RT NOX-A12 mNOX-E36 Anti-PD-1 Ab N
1x12 Gy 20 ug/g in 5% glucose 20 ug/g in 5% glucose 250 g in PBS 6x | animals
every 2 days sc. every 2 days sc. every 3 days ip.
duo 1 X X
duo 2 X X
A B
NOX-A12 + Anti-PD1 mNOX-E26 + Anti-PD1
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Fig. 16: Effects of the combined therapies of checkpoint inhibitors and immune modulators.

(A) Typical tumor progression after inhibition of CXCL12 and PD-1 determined by MRI. (B) Tumor growth profile
based on MRI after administration of CCL2 antagonist with simultaneous anti-PD-1 therapy. (C) Survival curves
analyzed by the Kaplan-Meier method and compared by log-rank Mantel-Cox test. Treatment of animals with
combination of checkpoint inhibitor and immune modulators significantly prolongs OS compared with the
untreated control group. The longest median survival can be achieved with a combination of CXCL12 antagonist
and anti-PD-1 Ab with 42 days (p = 0.003). A combination of CCL2 antagonist and anti-PD-1 Ab significantly
extends the MST to 35 days (p = 0.007). * p<0.05; ** p<0.01; ** p<0.001

The tumor growth curves showed an almost identical picture for both groups. In the
first half of the observation period, the tumors grew exponentially (Fig. 16, A and B).

In animals treated with a CXCL12 antagonist and an anti-PD-1 Ab (duo 1, n = 9), the
median survival significantly increased from 26 days to 42 days (25-47 days,
p = 0.003) compared with the untreated group. Survival of the combination of NOX-
A12 and anti-PD-1 Ab was not significantly different from that of the anti-PD-1
(p = 0.669), but from the NOX-A12 monotherapy (p = 0.006) (Fig. 16, C). In line with
the effect of a single anti-PD-1 treatment (4.2.2), 22% of the animals achieved a
complete tumor regression as no MRI and fluorescence signals were detected at the
end of the observation period and no positive histology was confirmed.

The treatment combination of CCL2 antagonist and immune checkpoint inhibitor
(duo 2, n = 9) also showed significantly prolonged survival of 35 days (25-47 days,
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p = 0.007), with only one animal showing no tumor signs after 100 days of observation
(1/9 of the group examined). Duo 2 also had a significantly prolonged median survival
compared with the mMNOXE36 monotherapy group (p = 0.001) (Fig. 16, C).

4.2.4 Survival effects of checkpoint inhibitors and immune modulators combined
with radiotherapy

The checkpoint inhibitors and immune modulators were also examined as a
combination therapy with stereotactic RT (1 x 12 Gy). The respective combinations
and their group sizes are listed in Table 8.

Table 8: Combination therapies of checkpoint inhibitors and immune modulators with RT.

treatment
RT NOX-A12 mNOX-E36 Anti-PD-1 Ab N
group i 0 in 59 .
1x12G 20 pg/g in 5% 20 pg/g in 5% 250 ug in PBS animals
glucose all 2 days glucose all 2 days .
y 6x all 3 days ip.
SC. scC.

combination 1 X X 12
combination 2 X X 10
combination 3 X X X 12
combination 4 X X 12
combination 5 X X X 12
combination 6 X X X X 9

The combined use of RT and anti-PD-1 therapy (RT + Anti-PD1, n=12,
combination 1) showed synergistic effects superior to those of the single treatments.
The treatment resulted in complete tumor regression in 83% of the animals, and only
two out of 12 tumors grew exponentially during the observation time. The tumor
growing profile showed inhibited growth of tumor cell at the beginning of the treatment,
which turned into an exponential tumor progression after about 60 days in only 2
animals (Fig. 17, A). The median survival thus extended from 57.5 days beyond the
100 observation days. Compared with a single RT treatment alone, there was a
significant prolongation of median survival (p = 0.004) (Fig. 17, B).

The tumor profile of the combination 2 regimen (RT + NOX-A12, n = 10), contrary to
monotherapy with the CXCL12 antagonist, showed complete tumor regression in 5 of
10 animals. Only 2 animals were exposed to an exponential growth phase about 40
days after tumor cell implantation. In all other animals, tumor development shifted to
the last half of the observation period (Fig. 17, A). Although NOX-A12 did not affect
survival as a single treatment, it increased the OS of the mice when coupled with
radiation, resulting in an OS rate of 50%. If animals were treated with a single dose of
12 Gy plus the CXCL12 antagonist (combination 2), the survival of these animals was
significantly increased from 26 respectively 28 days to 99 days (55-98 days) after
tumor inoculation compared with the untreated group (p <0.0001) and the
monotherapy (mono 2; p < 0.0001). Compared with RT alone, the additional treatment
with the CXCL12 antagonist has a benefit of 41.5 days (p = 0.196) (Fig. 17, B).

In addition to the complete tumor regression in seven animals, the tumor growing
curves under combination 3 (RT + NOX-A12 + Anti-PD-1, n = 12) showed a similar
profile as under combination 2. Herein, a shift of the exponential growth phase into
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the second half of the observation period was observed (Fig. 17, A). The addition of
anti-PD-1 therapy to RT and CXCL12 inhibition only insignificantly increased the
median survival of the tumor-bearing mice compared with the combination of RT and
NOX-A12 (combination 2, p = 0.700). The group showed a slight OS effect of 58.3%
compared with combination 2. When compared with the combination of the immune
modulator and anti-PD-1 Ab (duo 1), the survival benefit of this treatment regimen is
based solely on the effect of radiation, which significantly shifted the MST from 42
days to over 100 days (p = 0.013) (Fig. 17, B).
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Fig. 17: Tumor growth and survival of tumor-bearing mice under combined therapy with
CXCL12 antagonist and radiation therapy.

(A) The typical progression of tumors under different treatment regimens consisting of RT, inhibition of CXCL12
and/or PD-1 as determined by MRI. (B) Survival curves for different combination therapies compared with the
untreated control group (n=15) and RT (n=8). The treatment combination 1 (RT + Anti-PD-1) significantly
prolongs the survival of the animals compared with RT as a single treatment (p = 0.004). The addition of a
CXCL12 antagonist or/and CCL2-inhibitor did not significantly increase the survival of the tumor-bearing mice.
*p<0.05 **p=<0.01; ™ p=<0.001

The tumor growth curves of the treatment group RT combined with the CCL2 inhibitor
mNOX-E36 (RT + mNOX-E36, n = 12, combination 4) showed a shift of the exponential
tumor growing phase into the last third of the observation period in only two animals
(Fig. 18, A). In contrast to the CXCL12 inhibitor, this antagonist did not improve the
survival of the tumor-bearing mice either as a single treatment nor in combination
with RT (RT + mNOX-E36). With a median survival of 64.5 days (46-88 days), there
was no significant increase (p = 0.869) compared with RT alone (Fig. 18, B).

However, the typical tumor growth profile changed when an additional PD-1 Ab
(RT + mNOX-E36 + Anti-PD1, n =12, combination 5) was administered. The tumor
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size remained relatively constant below 10 mm? in most animals during the observation
period before some began to grow exponentially starting around day 60. This profile is
very similar to combination 1. Interestingly, under this treatment regimen, one animal
had a stable disease with relatively constant tumor size of around 1.5 mm? at the end
of the observation period, without growing further (Fig. 18, A). The survival curve of this
treatment group ran parallel to combination 1 with only slight deviations (p = 0.981),
which suggests that the benefit of this treatment can be exclusively attributed to the
combination of irradiation and immune checkpoint inhibitor (Fig. 18, B).
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Fig. 18: Tumor growth and survival of tumor-bearing mice under combined therapy with CCL2
antagonist and radiotherapy.

(A) Typical tumor progression under different treatment regimens consisting of RT, inhibition of CCL2 and/or PD-1
as determined by MRI. (B) Survival curves for different combination therapies compared with the untreated control
group (n =15) and RT (n = 8). Treatment combination 1 (RT + Anti-PD-1) shows the same survival profile as
combination 5 (RT + mMNOX-E36 + Anti-PD-1). There were also hardly any differences in the survival profiles
between RT as a single treatment and RT with the adjunctive application of the CCL2 antagonist (RT + mNOX-E36).

When the CCL2 antagonist was added to RT, anti-PD-1 and NOX-A12 treatment
(RT + NOX-A12 + mNOX-E36 + Anti-PD1, n =9, combination 6), the tumors of this
treatment group either grew out or the animals showed complete regression of the
tumors about 50 days after tumor inoculation (Fig. 17/Fig. 18, A). The survival curves
of combination 6 and combination 4 (RT + mNOX-E36) were almost significantly
different (p = 0.058). A slightly reduced median survival rate could be observed in the
tumor-bearing mice compared with the combination therapies combination 2
(p = 0.938) and combination 3 (p = 0.877). (Fig. 17/Fig. 18, B).
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4.3 Flow cytometric studies of the tumor environment

Long-term survival experiments showed an adjuvant effect of CXCL12 inhibition on
the applied RT by increasing the OS, represented as tumor-free animals after the
observation period (4.2.4). In order to investigate the effects of this combination
therapy on immune cells and tumor tissue, spleen and blood of the tumor-bearing
mice were analyzed by flow cytometry 20 days after tumor inoculation.

For this purpose, 47 animals were implanted with 1.5 x 10° GFP-labeled GL261 tumor
cells, examined for tumor signs by MRI and randomized into four treatment groups on
day 7 (Table 9). From day 7, the injections of the CXCL12 antagonist (NOX-A12) were
administered g2d and/or a radiation dose of 12 Gy was applied on day 10. The tumor
growth was monitored via MRI on day 7 and day 19/20 after tumor cell inoculation. On
day 20, blood was retroorbitally collected from the mice, the brain and spleen were
removed after perfusion and the tumor tissue was isolated using the fluorescence
signal of the GFP-labeled tumor cells (Fig. 6).

Table 9: Treatment groups for flow cytometric studies of the tumor microenvironment.

treatment
group RT NOX-A12 anir"‘rlials
1x12 Gy 20 pg/g in 5% glucose all 2 days sc.
Control 12
NOX-A12 X 12
RT X 11
RT + NOX-A12 X X 12

Single-cell suspensions from blood, tumor and spleen tissues were stained with
conjugated Abs from five different panels (Appendix Table A-1). The stained samples
were analyzed with a ten-color flow cytometer, using unstained samples as gate
controls. The quantities of different cell subpopulations were determined by
evaluating recorded dot plots following the gating strategies in Fig. 7.

4.3.1 Tumor volumes and tumor cells

After confirming that the inoculated GL261-GFP cells had grown in the brain on day
7, the progression of the grafts was again monitored by MRI on day 20 after cell
inoculation (Fig. 19).

The images showed significant differences between the average tumor growth of the
four treatment groups. While the mean tumor volume of the untreated animals did not
differ significantly from those of the CXCL12 antagonist group, the mean tumor
volume was significantly lower after RT (control vs. RT, p = 0.027; NOX-A12 vs. RT,
p = 0.0009; NOX-A12 vs. RT + NOX-A12, p = 0.003). No additional reducing effect of
the combination of RT and CXCL12 inhibitor was detected (RT vs. RT + NOX-A12,
p =0.971) (Fig. 20, A). However, no significant changes in the analyzed tumor cell
numbers among all live cells were detected in the studied samples from different
treatment groups (all p > 0.936) (Fig. 20, B).
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control RT NOX-A12 RT + NOX-A12 Fig. 19: Representative
day 7 - MRI of the analyzed
tumors.
3D images of GL261-GFP
murine glioma form
observed mice acquired by
T1-weighted MRI 7 and 20
day 20 days after tumor
inoculation.
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Fig. 20: Tumor volume measured by MRI and frequencies of tumor cells.

(A) The volume of tumor grafts after analyzing the MRIs 20 days after tumor inoculation. Under RT, the tumor-
bearing mice showed a significantly lower tumor volume with less individual spread (n = 11-12 animals per group;
mean tumor volume + SEM). (B) The ratio of tumor cells (CD45/CD31°) among the living cells examined. Living
tumor cells showed no treatment-related significant differences (n = 11-12 animals per group; mean ratio + SEM).
*p<0.05 **p=<0.01; ** p<0.001

4.3.2 Distribution of endothelial cells

Endothelial cells line the walls of all blood vessels and thus provide an indirect
information into the nutrient and oxygen supply of a tumor. A determination of the
abundance of endothelial cells was made in order to infer the effects of the different
treatment regimes on the tumor vasculature.

The frequency of CD31 expressing cells in the blood samples of the untreated control
group was determined to be 0.92 £ 0.4% of all living cells. The treatments reduced
the mean value of CD31" cells to 0.76 + 0.3% after administration of the CXCL12
inhibitor (control vs. NOX-A12, p = 0.992), increased it to 1.4 + 0.5% after RT (control
vs. RT, p=0.83) , and to 1.2 £ 0.3% after RT in combination with NOX-A12 (control
vs. RT + NOX-A12, p = 0.971) (Fig. 21).

High frequencies of endothelial cells were found in the splenic tissue of the mice. The
untreated animals had a frequency of 89.2 +0.5% CD31" cells. The treatment
resulted in a reduction to approximately 87% of all living cells with only a marginal
difference between the types of therapy used (0.3-1.3%, all p > 0.3) (Fig. 21).

The amount of CD31" endothelial cells in the tumor tissue was also not significantly
altered from 13.7 + 2.6% by the treatment. The percentage of CD31" cells remained
at around 15.3 + 2.6% of all living cells isolated from the tumor after administration of
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the CXCL12 antagonist alone (control vs. NOX-A12, p = 0.963) or in combination
with RT (control vs. RT+ NOX-A12, p = 0.968). The RT alone did not change the cell
ratio at all (13.7 £ 2.6%, control vs. RT, p > 0.99) (Fig. 21).
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Fig. 21: Frequencies of CD31" endothelial cells.

Frequencies of CD31 expression among live cells in blood, spleen and tumor tissues of tumor-bearing mice under
therapy. The proportion of CD31" cells among the living cells remains nearly constant in all treated tissues
compared with the untreated control (n = 11-12 animals per group; mean living cells + SEM).

4.3.3 Distribution of tumor-infiltrating leukocytes

The different treatments did not cause a significant change in the number of tumor-
infiltrating leukocytes (CD45") based on all living cells analyzed (all p > 0.2) (Fig. 22, A).
The relation between CD45" cells and the tumor volume was determined by
correlation analysis. The correlation coefficient r describes, how the cell amount
tends to change with the tumor volume. For the control group, a correlation
coefficient r = 0.3042 (p = 0.337) was determined. The blockade of CXCL12 resulted
in a higher r-value of 0.5274 (p = 0.078), which was reduced to r = 0.4415 (p = 0.151)
by irradiation. The RT group showed a negative correlation between the tumor-
infiltrating leukocytes and the measured tumor volume (r =-0.1048, p = 0.759). No
relation was significant (Fig. 22, B).
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Fig. 22: Frequencies of the tumor-infiltrating leukocytes.

(A) The frequencies of tumor-infiltrating leukocytes (CD45") among all living cells slightly decreased under RT (n = 11-
12 animals per group; mean CD45" cells + SEM). (B) Frequencies of CD45" cells in relation to the determined tumor
volume. Relative to the respective tumor volume according to MRI, the RT group showed a trend toward fewer
leukocytes with a larger tumor volume (n = 11-12 animals per group).
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4.3.4 Distribution of T cell subsets

Neither the CXCL12 antagonist nor RT nor the combination of both affected the
frequency of CD3" cells among the leukocyte population in all organs investigated.
However, the administration of NOX-A12 and the irradiation of the tumor had a minor
influence on the frequency of the tumor-infiltrating T cells in the tumor tissue
analyzed. Under the inhibition of CXCL12, the frequency of T cells was slightly
reduced in comparison to the control group (control vs. NOX-A12, p =0.894). In
contrast, after RT, with or without additional immune modulation, the number of
tumor-infiltrating T cells was moderately increased (control vs. RT, p = 0.796; control
vs. RT+ NOX-A12, p = 0.702; NOX-A12 vs. RT + NOX-A12, p = 0.292) (Fig. 23, A).
The frequency of CD3" cells was correlated with the tumor volume determined via MRI.
Thereby, the correlation coefficient of the RT was negative (r =-0.2835, p = 0.398). For
the control group, the highest coefficient was determined to be r = 0.5551 (p = 0.061).
The administration of the CXCL12 inhibitor led to an r-value of 0.3059 (p = 0.334), which
was increased to 0.4019 by adding RT (p = 0.195) (Fig. 23, C).
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Fig. 23: Frequencies of T cells in different tissues and in relation to tumor volume.

(A) Frequencies of CD3" cells among all leukocytes (CD45") in the spleen, blood and tumor tissues of the animals
determined by flow cytometry. The amount of T cells in tumor tissue was moderately decreased under CXCL12
inhibition and slightly increased after RT (n = 11-12 animals per group; mean CD3" + SEM). (B) Frequencies of CD8"
cells among all leukocytes (CD45") in the spleen, blood and tumor tissues determined by flow cytometry. In all
organs investigated, the percentage distribution of CD8" T cells among all leukocytes showed only a slight decrease
by treatments (n = 11-12 animals per group; mean CD8" + SEM). (C) Frequencies of CD3" cells in relation to the
determined tumor volume. The correlation between the CD3" T cells and the tumor volume is reduced due to the
treatments and even negative for the RT group (n = 11-12 animals per group). (D) Frequencies of CD8" cells in
relation to the determined tumor volume. Irradiation of the tumor reduced the correlation between the CD8"
frequency and the tumor volume (n = 11-12 animals per group). * p < 0.05; ** p < 0.01; *** p < 0.001.

The percentage distribution of CD8" T cells among all leukocytes declined marginally
under treatment in all tissue investigated. Only in the spleen, significantly lower ratios
of CD8" T cells were found compared with the untreated animals. Thereby, the
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treatment groups with the CXCL12 antagonist showed greater significances
compared with the untreated control (control vs. NOX-A12, p = 0.002; control vs. RT,
p = 0.015; control vs. RT + NOX-A12, p = 0.009). However, no differences could be
defined between the different treatments. The tumor-infiltrating CD8" effector cells
were slightly reduced by the treatment (Fig. 23, B).

The distribution of the CD8" cells in relation to the tumor volume changed only slightly by
the treatments. The application of the CXCL12 antagonist showed the highest correlation
coefficient of 0.3953 (p =0.203). Compared with the r-value of the control group
(r=0.301, p =0.341), the irradiated tumors showed a reduced but almost equal coefficient
value (RT, r=0.2138, p = 0.528; RT + NOX-A12, r = 0.2239, p = 0.484) (Fig. 23, D).

The subpopulation of CD8" T cells was investigated for their expression of the
regulation and activation markers CD69 and PD-1.

CD69 is an early activation marker that is rapidly expressed on the surface of T
lymphocytes after CD3 and/or cytokine activation. However, the expression of the
marker on tumor-infiltrating CD8" T cells is also involved in the exhaustion of the cells
themselves. The CDG9 expression is responsible for cell retention in the TME and
the CD69 expression on T cells is associated with the expression of PD-1in T cells
The circulating CD8" T cells expressed the CD69 marker only at very low levels. This
marker was even almost absent on circulating CD8" T cells in the blood (0.07-
0.26%). CD69 was found at a higher ratio on systemic CD8" T cells after
administration of CXCL12 inhibitor in combination with RT (0.26 + 0.14%) than in
mice treated with RT (0.07 + 0.05%) or NOX-A12 (0.22 = 0.09%) alone. In the
spleens, the CD69" cells corresponded to around 11% of CD8" T cells without any
detectable difference between the treatment groups (all p> 0.95). The tumors showed
a frequency of CD69"CD8" T cells of more than 93%, which is equivalent to level of
the PD-1"CD8" T cells (80-90%) (Fig. 24, A). A closer look at the co-expression of
these two markers reveals that 17.9 + 5.6% of the CD69'CD8" T cells observed after
RT express only the CD69 marker on their surface, whereas in the other treatment
groups 12-13 + 3% of CD8" expressed this marker alone. In all groups, more than
75.6 + 6.4% of the CD8" cells observed in the RT group co-expressed the activation
marker CD69 along with the exhaustion marker PD-1 (Fig. 24, C).

The PD-1 inhibitory receptor (CD279) is expressed at the cell surface of activated T
cells; it is also known as a negative co-stimulatory receptor which functions as an
immune checkpoint. In cancer, PD-1 expression on CD8" T cells is associated with
exhaustion of the effector T cells. On the one hand, the blood circulating CD8" T cell
expressed PD-1 only to a very low extent on their surface (0.18-0.62%), whereas in
the spleen the frequency of this cell type was more than sixty times higher (15.1-
17.9%). The majority of the tumor-infiltrating CD8" T cells expressed the marker PD-1
on their surface (82-89.2%). However, no significant differences in the expression of
this marker could be detected under therapy (all p > 0.52) (Fig. 24, B). Only the
tumor-infiltrating CD8" cells that express only PD-1 showed a significant difference
when the CXCL12 antagonist was administered compared with the control, even
when all treatments reduced their amount (control vs. NOX-A12, p = 0.044; control
vs. RT + NOX-A12, p = 0.005) (Fig. 24, C).
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Fig. 24: Expression of the regulation and activation markers on CD8" T cells in blood, spleen

and tumors.

(A) Frequencies of CD69'CD8" T cells from blood, spleen and tumors under therapy measured by flow cytometry
and expressed as a percentage of total CD8" T cells (n=11-12 animals per group; mean CD69 + SEM). (B)
Percentage distribution of PD-1"CD8" T cells measured by flow cytometry in blood, spleen and tumors under therapy
and untreated control group (n = 11-12 animals per group; mean PD-1 + SEM). (C) Expression of CD69 and PD-1
on tumor infiltrating CD8" cells. The gross of the CD8" cells co-express CD69 and PD-1 on their surface. Only a
portion of 12-18% of the CD8" cells was positive for CD69 alone, while cells expressing only PD-1 were present at
very low levels (0.6-3.9%) (n = 11-12 animals per group; mean marker £ SEM). * p £ 0.05; ** p < 0.01; *** p < 0.001.

In blood and spleen, the CD4" T cell population showed no significant alteration by the
different treatments (all p > 0.807). RT only slightly increased the tumor-infiltrating
population of this observed cell type (control: 33.6 + 4.1% vs. RT: 37 £ 5.6%, p = 0.963;
NOX-A12: 31.6 + 4.5% vs. RT + NOX-A12: 36.7 + 5.2%, p = 0.881) (Fig. 25, A).
According to the correlation analysis, the coefficients for the control group and the
combination of RT and the immune modulator were relatively similar (control: r=0.477,
p=0.117; RT + NOX-A12: r =0.4585, p = 0.134). A lower coefficient was observed for the
animals treated with the CXCL12 antagonist only (r = 0.1604, p = 0.618). The correlation
for the CD8" cells was negative after irradiation (r = -0.2033, p = 0.549) (Fig. 25, C).
Taking a closer look at the CD4" T cell subpopulations of activated conventional T
cells (Tcon) CD4"CD25'FoxP3’, naive conventional T cells CD4'CD25FoxP3" and
Tregs CD4"CD25'FoxP3" in the tumor, there was also no significant change in the
percentage distribution of the cells by the different treatments (all p > 0.826) (Table
10). The naive conventional T cells CD4"CD25 FoxP3" were reduced by approximately
3.9% by the combination of RT and immune modulator in comparison with the control
(p = 0.907) and the other treatment arms (all p > 0.826). The RT was responsible for
an insignificant increase in the frequency of Tregs CD4"CD25'FoxP3" of also around
3.9% relative to all groups (all p > 0.845) (Fig. 25, B).
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Table 10: Frequencies of the CD4" subgroups.

treatment (mean (+ SEM))
control NOX-A12 RT RT + NOX-A12
active Tcon
(CD25'FoxP3) 12.2% (£ 2.4%) 11.3% (£ 2.1%) 13.0% (£ 2.5%) 13.0% (£ 3.4%)
naive Tcon
(CD25FoxP3) 34.8% (+ 4.4%) 35.8% (+4.7%) 35.0% (+ 4.7%) 31.3% (+ 5.2%)
Treg
(CD25'FoxP3") 23.2% (£ 1.9%) 23.5% (+ 2.4%) 27.6% (+ 4.6%) 24% (£ 4.1%)

The correlation analysis of the Tregs reveals a coefficient of 0.0989 (p = 0.76) for the
control group. Both monotherapies showed a smaller negative r-value (NOX-A12,
r=-0.0222, p = 0.945; RT, r =-0.3595, p = 0.278). The highest correlation coefficient
was determined for the combination therapy (r = 0.1205, p = 0.709) (Fig. 25, D).

A 50 w G B ; &  coniral
g i 1004 ’ : NOX-ATZ
w mm RT . Rl
o ¥ AT +NCX-A1Z
£ 404 AT+ HOX-A12
= | 80
(=] ] + : 5
= < : :
5 304 0 604 5 ¥ A
o E i & ¥y L4
- :
e 20- P T o 40_ v : o ? i & -
+ ¥ v &
E T L 'SE L " -!-T-E-::' - i
\i - B
O 10- 20~ oo W 4 v o, 7 :%* %
2 Egy JSm, V0 r
0- '3 v : £ . ¥ n=11-2
& ALl 1 \nl '
o° e® o 1 L O ol
ﬁ\ 5‘]\ w ‘aﬁiﬂe ?01,?'_5\ t\ﬂ.‘qz ,1—01?%‘1 % 01-?
A c,,ﬁfj
© L
c L 3 eontro D s
4 5  MOX-Ai2 1.0 5 % FJEI.E.J:IM:
i —&— Rl o ¥ a— FT
ﬁ 3 * AT + MOH-a12 % —¥— RT + NOX-A1Z2
%] 3 ()
= o5
= 2 = s -
[ - e —
[=] - [=] o T P -
e 1. T . = g,o-m‘_-;,'_’ - E—_ D . J
o i i R e 10~ 20 30 40 50
2 _%p_-_—-—-'——___ . [
£ 0 E._l_;‘_".""-- nm 1112 s s
o ] T —T T 1 = B
10 20 3040 50 0.5 -« n= 1142
tumeor volume (mm?) tumor volume (mm?)

Fig. 25: Frequencies of CD4" T cells and the amounts of different tumor-infiltrating
subpopulations.

(A) Frequencies of total CD4" T cells among leukocytes in studied organs after therapy detected by flow
cytometry (n = 11-12 animals per group; mean CD4 + SEM). (B) Amount of activated Tcon (CD4"CD25'FoxP3"),
naive Tcon (CD4'CD25 FoxP3") and regulatory T cells (CD4*CD25'FoxP3")in the tumor presented as percentage
of total CD4" T cells. The different CD4" T cell subpopulations showed no changes relative to the untreated
control group (n = 11-12 animals per group; mean of specific subpopulation + SEM). (C) Frequencies of CD4"
cells in relation to the determined tumor volume (n = 11-12 animals per group). (D) Frequencies of Tregs in
relation to the determined tumor volume. The correlation analysis revealed that only in the irradiated tumors the
number of CD4" cells decreased with a higher tumor volume, whereas, the Tregs also showed a negative
correlation after the administration of NOX-A12 (n = 11-12 animals per group).

The subpopulation of the Tregs detectable in the tumor tissue showed high expression
levels of the immune regulatory surface molecules CD39, CD73 and PD-L1 of 82% to
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96% in untreated animals. The frequency of these markers for the immunosuppressive
activity of Tregs did not change under the influence of the different treatments,
indicating that almost all cells co-expressed all three markers. Only in Tregs from
samples treated with RT and immune modulator, marker levels decreased slightly but
not significant compared with the control group (CD39*, p = 0.834; CD73", p = 0.838;
PD-L1%, p = 0.464) (Fig. 26).
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Fig. 26: Frequencies of immunosuppressive markers on tumor-infiltrating Tregs.

Markers CD39, CD73 and PD-L1 on tumor-infiltrating Tregs (CD25'FoxP3"). The markers showed no treatment-
related changes post-therapy detected by flow cytometry and expressed as a percentage of total Tregs (n = 11-12
animals per group; mean marker + SEM).

When compared with the control arm, the single treatments with CXCL12 inhibitor
(p =0.405) or RT (p=0.392) enhanced the CD4'/CD8" ratio. The combination
therapy resulted in fewer CD4" T cells per CD8" effector cell than in the control group
(p = 0.999) (Fig. 27, A).

The ratio of Tregs to CD8" effector cells indicates immune escape in GBM due to the
suppressive activity of the Treg. After RT alone, there was the most unfavorable
increase in the Treg/CD8" ratio indicating suppression of the activity of CTLs (control
vs. RT, p =0.181). In contrast, the combination therapy improved the Treg to CD8" T
cell ratio compared with all arms (control vs. RT + NOXA12, p = 0.999; NOXA12 vs.
RT + NOXA12, p = 0.942; RT vs. RT + NOXA12, p = 0.147) (Fig. 27, B).
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Fig. 27: Ratios of CD4" and regulatory T cells to CD8" effector cells.

(A) CD4/CD8" ratio in the tumor tissue of all control and treatment arms (n = 11-12 animals per group; mean
ratio + SEM). (B) Regulatory T cell to CD8" effector cells ratio in tumor tissue (n = 11-12 animals per group; mean
ratio + SEM).
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4.3.5 Distribution of Myeloid Derived Suppressor Cells

The measured frequency of CD11b*Gr1* MDSCs varied from 10.6 + 1.3% of the total
leukocyte population in the blood of untreated tumor-bearing mice to 13.7 £ 2.1%
after combination therapy (p =0.62). In the spleen, the corresponding MDSCs
populations accounted for 1.6 £ 0.2% and 2.3 £ 0.5% of all leukocytes, respectively
(p = 0.468). The proportion of tumor-infiltrating MDSC population slightly decreased
under the influence of RT compared to the control group and amounted to 12.3 + 2%
of all tumor-infiltrating leukocytes (p = 0.906). In contrast, combination therapy
increased the proportion to 19.1 £ 2.5% (p = 0.319). When the CXCL12 inhibitor was
administered a slight increase in the tumoral MDSC population was detected in
comparison to the untreated control group (p = 0.361) and the group of animals that
received RT alone (p = 0.116) (Fig. 28, A).

Based on the tumor volume determined by MRI, the correlation analysis for the MDSC
subpopulation revealed significant r-values for the control group (r = 0.5832, p = 0.047)
and the monotherapy of CXCL12 blockade (r = 0.6957, p = 0.012). The correlation

coefficients for the RT treatment groups did not differ markedly (RT, r = 0.3028,
p = 0.365; RT + NOX-A12, r = 0.2831, p = 0.373) (Fig. 28, B).
A Blood Spleen
o i TR oAtz
4 T RT.NOKAR2
)
E 30+ i [ &
E . .
=) - - — by £ 2
'E 20+ - 3 L t—-'; : ———-
o s = + L “
g 104 ‘Eiﬂ. R4 :’:’1.‘ vy : 'u.. ey
§ .: - . oy . ‘:l
- ]
n L T L] L] H ? aj' L] LI L] L] BAINAZ
h 3 \ L
cnnxs‘:o*m" ‘: o*""kt oy m ?{‘“ 01_.»‘?;0“\@0*,951 “o*‘w
< W < W P
« «
B Cc
2.0+ - conirol MMOSC
@ HOX-A12 1004 PNHAMOSC
— é— AT —-— - —_ X
o L RT &« NOX-A12 —
o154 v o
c 0 954
5 ]
= =
s 19 = B a0
g |, — g 20
005 w_§—" =3 . » uF
= r‘}-{ Ld 254 - =
2 9 L - = -
0022 ; : — 0.0 ,‘ ..i .F A0e11-12
0 10 20 30 40 50 e A o A
tumor volume (mm?) L " wor

Fig. 28: Frequencies of MDSCs in different tissues and in relation to tumor volume.

(A) Proportion of MDSCs among all leukocytes in blood, spleen and tumor tissue of tumor-bearing mice under
different therapies (n = 11-12 animals per group; mean MDSC + SEM). The relative frequency of MDSCs among
leukocytes in tumor tissue showed a slight increase by the administration of a CXCL12 antagonist. (B)
Frequencies of MDSCs in relation to the determined tumor volume. Correlated to the determined tumor volume,
the MDSC frequency increased in the control group and after the administration of CXCL12 inhibitor. In the
irradiated groups, the correlation was reduced and not statistically relevant (n = 11-12 animals per group). (C)
Percentage of monocytic MDSCs (M-MDSCs) and polymorphonuclear MDSCs (PMN-MDSCs) in the analyzed
MDSC population. The MDSC population consisted mainly of M-MDSCs, PMN-MDSCs being negligible in the
model used (n = 11-12 animals per group; mean MDSC + SEM).
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The tumor-infiltrating MDSC populations were composed almost exclusively of
monocytic Ly6C'Ly6G™ MDSCs (M-MDSC), whose measured levels ranged from
98.3 £ 0.5% to 98.9 £ 0.3% of all MDSCs determined. However, contamination of this
population with Ly6C™ microglia cells could not be excluded. In this animal model, the
polymorphonuclear Ly6CLy6G" MDSCs (PMN-MDSC) could only be detected at a
negligible percentage in all treatment groups. Accordingly, the PMN-MDSC levels
ranged from around 1.1 £ 0.3% to 1.7 £ 0.5% of all MDSCs, showing a slight increase
after RT (p = 0.963), although polymorphonuclear cells have been described to infiltrate
gliomas (Gielen et al., 2016; Raychaudhuri et al., 2015; Wu et al., 2019) (Fig. 28, C).
The MDSCs from blood, spleen, and tumor tissues were analyzed for their
immunosuppressive pattern based on the expression of the activation markers CD39,
CD73 and PD-L1. By hydrolyzing ATP to AMP, CD39 contributes as a rate-limited
enzyme to the extracellular adenosine production and thus to immune regulation,
whereas the final hydrolysis step of AMP to immunosuppressive adenosin in this
production cascade is catalyzed by the enzyme CD73 (Antonioli et al., 2013).
Moreover, PD-L1 interacts with PD-1 expressed on T cells and leads to their
exhaustion, suggesting that the expression of PD-L1 is an indicator of the
immunosuppressive activity of MDSCs (Dieterich et al., 2017; Lu et al., 2016; Noman
et al., 2014; Ostrand-Rosenberg et al., 2014).

In blood, the lowest expression levels of the marker CD39 was detected at 70.8 + 6.5%
on the MDSCs of mice treated with the combination of RT and immune modulator
(control vs. RT + NOX-A12, p = 0.447), whereas the highest expression was observed
after treatment with RT alone (85.1 £ 1.2%, RT vs. RT + NOX-A12, p =0.154).
However, the differences relative to any other treatment groups were not significant (all
p > 0.89). For the marker CD73, a significant increase from 3.6 + 1.1% (control) to
8.5+ 1.5% of all CD73" MDSCs was observed after administration of the CXCL12
antagonist alone (control vs. NOX-A12, p = 0.0006; RT vs. NOX-A12, p = 0.002). The
expression of PD-L1 on the MDSCs isolated from blood increased slightly under the
influence of the CXCL12 inhibitor (control: 50.8 £ 6.3% vs. NOX-A12: 55.8 + 7.4%,
p = 0.956). The treatment with NOX-A12 alone led to a rise of PD-L1" MDSCs by 4.9 +
9.9% (p = 0.956), and the combination of RT and NOX-A12 even caused a 6.1 £ 9.9%
higher PD-L1 expression (p =0.925) compared with the untreated control group
(50.8 + 6.3%). Regarding RT as single therapy, the combination showed 8.6 £ 10.1%
more PD-L1" MDSCs in blood (p = 0.994) (Fig. 29, A).

The MDSCs isolated from the spleens showed no change in the expression of
immunosuppressive molecule CD39 by therapy (all p>0.548). The determined
frequency of CD39" MDSCs ranged from 85.2 + 0.8% and 87.3 + 1.3% in all treatment
groups. No treatment-related difference was detected in the amount of PD-L1* MDSCs
either (all p>0.889). The measured frequency of this subpopulation varied from
31.9+£2.2% to 35.3+5.3%. Only the immune-suppressive marker CD73 was not
significantly increased after administration of NOX-A12 alone (21.1 £3.3%) and in
combination with RT (23.7 £ 2.8%) compared with the control group (16.3 £ 2.4%;
control vs. NOX-A12, p =0.641; control vs. RT + NOX-A12, p =0.266) or RT alone
(16.2 £ 2.8%; RT vs. RT + NOX-A12, p = 0.272) (Fig. 29, B).
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tumors after therapy, measured by flow cytometry and expressed as the percentage of total MDSCs. Like in the
blood or spleen, MDSCs expressing CD39 and PD-L1 were also highly expressed in the tumor samples. The
CD73" MDSCs accounted for only about 15% of the MDSCs found in the tumor tissues (n = 11-12 animals per
group; mean MDSC = SEM). * p £0.05; ** p < 0.01; *** p < 0.001.

Almost all intratumoral MDSCs expressed the two immunosuppressive markers
CD39 and PD-L1 on their surface. The proportion of CD39 expressing tumor-
infiltrating MDSC was comparable to the frequency of circulating or splenic MDSCs.
Maximum expression levels of this immune-suppressive marker were found in the
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tumor samples, varying from 92.6 + 0.6% to 97 + 0.7%. In this regard, the untreated
animals (93.2+0.8%) and mice treated with the CXCL12 antagonist alone
(92.6 £ 0.6%) expressed significantly less CD39 on the surface of intra-tumoral
MDSCs than the animals treated with RT and antagonist (97 + 0.7%) (control vs.
RT + NOX-A12, p = 0.028; NOX-A12 vs. RT + NOX-A12, p = 0.007). With over 90%
of all MDSCs, the frequency of MDSCs expressing PD-L1 was increased in the tumor
compared with the amount found in blood (around 50%) or spleen (around 35%). The
levels of PD-L1" MDSCs in the tumor differed significantly by the administration of
the CXCL12 inhibitor. The treatment groups NOX-A12 alone (96.1 + 0.6%) and
RT + NOX-A12 (97.5+0.6%) showed significantly increased PD-L1 expression
compared to the untreated control (control vs. NOX-A12, p = 0.033; control vs. RT +
NOX-A12, p=0.008). The expression in these groups was also significantly
increased compared with the RT alone (RT vs. NOX-A12, p = 0.029; RT vs. RT +
NOX-A12, p = 0.007). In contrast, CD73 was found to a lower extent on the MDSCs
in the tumor tissue, ranging from 10.0 £ 1.2% (NOX-A12) to 12.6 £ 2.1% (RT), with
no evidence of a treatment effect ( all p > 0.633) (Fig. 29, C).

MDSCs produce as immunsuppressive species nitrogen monoxide (NO) and ROS
which suppress T cells by inhibiting their proliferation and inducing apoptosis
(Kusmartsev et al., 2004; Markowitz et al., 2017; Raber et al., 2014; Wang et al.,
2010). Therefore, the production of NO and ROS by MDSCs from peripheral blood,
spleen and tumors was analyzed for the dependence on the forms of therapy used.
The production of NO by the MDSCs from blood and spleen was almost equal as
measured by the mean fluorescence intensity (MFI) of the MDSCs. In contrast, the
tumor-infiltrating MDSCs produced NO at a considerably higher level. The combination
of RT and the immune modulator NOX-A12 did not leed to a measurable increase of
NO in the tumor compared with the control group (control vs. RT + NOX-A12,
p = 0.991). Compared with the RT alone, the combination of RT and NOX-A12 showed
an increase (RT vs. RT + NOX-A12, p = 0.173) (Fig. 30, A).
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Fig. 30: Production of reactive nitric oxide (NO) and oxygen species (ROS).

(A) Production of NO by MDSCs in blood, spleen and tumor under the therapy measured by flow cytometry and
presented as mean fluorescence intensity (MFI). The production in the tumor tissue was slightly affected by each
therapy, the lowest production was determined after RT alone (n = 11-12 animals per group; MFI £ SEM). (B)
Production of ROS by MDSCs in blood, spleen and tumor under the therapy measured by flow cytometry and
presented as MFI. The MFI for ROS showed a significant decrease in production after irradiation of the brain
tissue (n = 11-12 animals per group; MFIl + SEM). * p < 0.05; ** p <0.01; *** p <£0.001.
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A similar behavior was observed for the production of ROS by MDSCs, which in this
model is mainly dependent on the irradiation of the tumor tissue. The MFI of this
staining displayed a lower level for the analyzed circulating and splenic MDSCs than
for their intra-tumoral counterparts. After irradiation of the tumor-bearing hemisphere,
ROS production in the tumor tissue was slightly decreased (control vs. RT,
p = 0.074), resulting in a significant difference between the RT and immune
modulator-treated group (RT vs. NOX-A12, p = 0.002). The combination of RT and
immune modulator also showed a significantly lower ROS production compared to
the NOX-A12 group alone (NOX-A12 vs. RT + NOX-A12, p = 0.028) (Fig. 30, B).

4.3.6 Chemokine receptor expression of MDSCs

In order to investigate the expression of chemokine receptors involved in MDSC
migration, the expression of receptors CCR2, CCR4, CCR5, CXCR2, CXCR4 and
CXCRY7 on the MDSCs isolated from blood, spleen and tumor tissue analyzed in
more detail.

After treatment, the frequency of MDSCs in the blood expressing these specific
receptors was not significantly altered in the animals observed. The frequency of
peripheral MDSCs that expressed CCR2 ranged from 12.5 + 1.7% to 17.2 + 3.3% of
all MDSCs circulating in the blood (all p > 0.461). CCR4 was reduced expressed by
9.6 £ 2.8% of all blood-circulating MDSCs after treatment with CXCL12 antagonist
compared to the control group (15.2 + 3.6%; control vs. NOX-A12, p = 0.215). The
lowest expression levels were measured for CCR5" (0.5-2.5%) and CXCR7" MDSCs
(1.7-5.6%). In this context, the average value of CCR5" MDSCs did not change
appreciably as a consequence of any treatment variant (all p > 0.554), however,
CXCR7" MDSCs showed a lower mean value after each treatment (all p > 0.41). The
frequency of circulating CXCR7" MDSCs showed a tendency to decrease after the
treatment with the CXCL12 inhibitor (control vs. NOX-A12, p = 0.519), RT (control vs.
RT, p = 0.846) and the combination of both (control vs. RT + NOX-A12, p =0.41)
compared with the non-treated control group. By contrast, the highest expression
levels were measured for CXCR2 with 78.3 £+ 2.8% to 85.5+1.8% (all p>0.19),
followed by CXCR4 with 25.9 £ 5.3% to 33.8 +4.6% of all circulating MDSCs (all
p > 0.665). The values for the CXCR4" cells showed a minor dependence on RT.
However, because of the individual distribution of the receptor-positive MDSCs, the
influence of treatment could not be verified for the blood samples (control vs. RT,
p = 0.93) (Fig. 31, A).

The only significant change in the expression of the recruiting chemokine receptors on
splenic MDSCs was observed for the CCR2 receptor. Here, the treatment with
CXCL12 antagonist led to a significantly higher expression on the MDSCs isolated
from the spleen (31.3 £ 2.1%) compared to the control group (18.5 + 3.2%) (control
vs. NOX-A12, p=0.003), but the addition of RT significantly reduced this
enhancement again (21.5+1.5%, NOX-A12 vs. RT + NOX-A12, p=0.025). The
expression levels of CCR4 (8.1-10.0%), CCRS5 (1.2-1.7%) and CXCR7 (1.4-1.5%)
showed no change after treatment (all p > 0.23). The frequency of CXCR2 on the
splenic MDSCs increased in response to RT from 55.3 + 6.5% in the untreated control
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group to 62.1 £ 3.4% after RT alone (p = 0.747) and 64.6 + 5.9% after RT with NOX-
A12 (p =0.957), respectively. Compared with the determined levels of circulating
CXCR2" MDSCs, the level of splenic MDSCs was correspondingly lower. The
combination of RT and immune modulator resulted in a non-significant decrease in
CXCR4" MDSCs in the spleen (29.6 + 7.2%) compared with all other treatments (NOX-
A12: 374 +7.9%, p=0.917; RT:41.0£8.3%, p =0.952) as well as the untreated
control (35.2 + 8%, p = 0.665) (Fig. 31, B).
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(n =3-12 animals per
group; mean MDSC + SEM). (C) Frequencies of chemokine receptors CCR2, CCR4, CCR5, CXCR2, CXCR4 and
CXCRY?7 involved in MDSC migration on MDSCs from the tumor as measured by flow cytometry. The frequencies of
CCR2, CCR4, CCR5, CXCR2, CXCR4 and CXCR?7 expression on the MDSCs in the tumor tissue were only slightly
affected by each type of therapy. Only the expression of the CXCR4 receptor was significantly altered by RT (n = 3-12
animals per group; mean MDSC + SEM). * p <0.05; ** p £0.01; *** p <0.001.

About 16% of all MDSCs in the tumor tissue expressed CCR2, about 25% CCR4 and
less than 10% each CCR5, CXCR2 or CXCR7. Thus, the determined mean values of
the frequencies of these receptors on the surface of the MDSCs located in the tumor
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tissue showed only a minor influence of the applied therapies. The expression level
of the CCR2 receptor decreased non-significantly by about 5% under RT and
immunotherapy (12.5 + 3.3%) compared with other forms of therapy (NOX-A12:
14.98 + 3.6%; p = 0.958; RT: 19.2 + 4.8%, p = 0.564). Compared with the untreated
control group (28.3 + 9.3%), the mean expression of CCR4 on the tumoral MDSCs
decreased with treatment, and this decrease was mainly promoted by the
administration of NOX-A12 (NOX-A12: 22.8 +6.4%, p =0.944; RT + NOX-A12:
19.96 £ 5.2%, p = 0.835). In contrast, the levels of the CCR5 receptor showed no
changes by applied therapy (all p > 0.978). After cerebral irradiation, a slight increase
in CXCR2 (7.9 £ 2.8 %) and CXCR7 (10.6 + 4.3%) expression was found on MDSCs
compared with the untreated control (CXCR2: 7.8 +1.3%, p>0.99; CXCR?Y:
5.0 £ 1.9%, p = 0.463) in the tumor tissue (Fig. 31, C).

The CXCR4 receptor was detected on 25.1 £4.7% to 54.9 £6.1% of all MDSCs
found in the tumor tissue. These expression frequencies were the only ones that
were significantly differentially regulated by therapy. The administration of a CXCL12
antagonist alone caused only a slight downregulation of the CXCR4 receptor on the
tumor-infiltrating MDSCs (control: 54.9 + 6.1% vs. NOX-A12: 47.4 + 8.8%, p = 0.841).
However, the amount of CXCR4" MDSCs is significantly reduced by the irradiation of
the tumor tissue (control vs. RT: 25.1+4.7%, p=0.019). The additional
administration of NOX-A12 showed no further reduction of the receptor on the
MDSCs (control vs. RT + NOX-A12: 28.8 £ 5.4%, p = 0.037) (Fig. 31, C).

4.4 Receptor profiling after radiotherapy

In the previously described flow cytometric studies of the TME, it was found that only
the subpopulation of tumor-infiltrating MDSCs expressing the CXCR4 receptor was
significantly reduced after irradiation. In order to investigate this radiation effect in
more detail, eight animals of this experimental model were irradiated with 12 Gy on
the 10" day after tumor inoculation. After another 10 days of observation, leukocytes
in blood and tumors were analyzed by flow cytometry for their expression of the
surface receptors CCR2, CCR4, CCR5, CXCR4 and CXCR7 compared with
untreated animals. In particular, the receptor profiles of the subpopulations of the
CD8" effector cells, CD4"FOXP3" Tregs and the CD11b*Gr1* MDSCs were detected
according to the panels in Table A-2.

The MRI showed significant differences between the mean tumor growth of the two
treatment groups (Fig. 32, A). The mean tumor volume determined by MRI was
significantly reduced to 3.3 + 0.4 mm?3 in the RT group compared with 8.9 £ 1.9 mm?
in the control group (control vs. RT, p = 0.011) (Fig. 32, B).

Based on the frequency of the CD45" cells in the tumor mass, the leukocytes to tumor
cell ratio among the living cells was determined. The mean ratio of tumor cells
(95.4 £ 1.4%) among all living cells in the irradiated tumor, did not significantly differ
from that of the control group (96.2 + 0.6%, p =0.615) (Fig. 32, C). The ratio of
leukocytes to tumor cells was slightly increased by the irradiation compared with the
control group (p = 0.184) (Fig. 32, D). This corresponded with previous results (4.2.4).
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Fig. 32: Tumor volume determined by MRI and frequency of tumor cells.

(A) Representative T1-weighted MRI of the two treatment groups acquired 7 and 20 days after tumor inoculation.
(B) The volume of the tumor grafts according to MRI analysis 20 days after tumor inoculation. Under RT, the
tumor-bearing mice showed a significantly lower tumor volume with less individual spread (n = 8 animals per
group; mean tumor volume + SEM). (C) Frequencies of tumor cells (CD45) among the living cells. The
frequencies showed no treatment-related significant differences (n = 8 animals per group; mean ratio + SEM). (D)
Leukocytes to tumor cell ratio among the living cells examined. The mean ratios showed only a slight influence of
RT (n = 8 animals per group, mean ratio + SEM). * p < 0.05; ** p < 0.01; *** p < 0.001

As in the previously examined samples (4.2.4), the frequency of leukocytes among
living cells in tumors after RT did not differ as much as in the blood of the untreated
control (p = 0.713). Similarly, no significant change was observed in the number of
tumor-infiltrating leukocytes between the animals under RT (3.4 £ 0.8%) and the
untreated control group (3.7 £ 0.6%) (p = 0.747) (Fig. 33, A).

The mean frequency of CD3™ T cells among the tumor-infiltrating leukocytes was
slightly increased after RT (57.1 £3.4%) compared with the untreated control
(47.2 £ 4.4%) (p = 0.095), but no difference could be detected systemically (p = 0.329)
(Fig. 33, B).

A closer look at the T cell subpopulations CD4" and CD8" revealed no significant
change in the distribution of the cells related to the treatment. In the blood samples, the
mean values for the CD4" and CD8" cells were almost the same with or without RT
(CD4", p =0.988; CD8", p = 0.599). The mean value of the tumor-infiltrating CD4" cells
also showed only a negative difference of 3.8% after RT (47.9 + 3.57%) compared with
the untreated control group (51.7 + 4.8%) (p = 0.54). The frequency of the CD8" cells
in the irradiated tumor tissue (24.4 £ 4.7%) was 8.2% higher than in the untreated
tissue (16.2 + 2.2%) (p = 0.137) (Fig. 33, C). Thus, for every CD8" cell in the untreated
TME, there are 3.2 CD4" cells and after irradiation there are 1.9 CD4" cells.
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Fig. 33: Frequencies of systemic and tumor-infiltrating T cells.

(A) Frequencies of leukocytes (CD45") in blood and tumor tissue. After RT, no change was determined (n = 8
animals per group; mean ratio + SEM). (B) Frequencies of CD3" T cells in the blood and the tumor tissue. After
radiation, slightly more T cells were found in the tumor tissue (n = 8 animals per group; mean ratio + SEM). (C)
Frequencies of CD4" and CD8" T cells in blood and tumor tissue. The two subpopulations do not differ according
to the treatment (n = 8 animals per group; mean ratio + SEM). (D) Frequencies of Tregs in blood and tumor
tissue. The tumor-infiltrating Tregs are significantly reduced by irradiation (n =8 animals per group; mean
ratio £+ SEM). * p £ 0.05; ** p < 0.01; *** p < 0.001

In the blood, a doubling of the frequency of the subpopulation of Tregs was found
after RT (control: 0.7% +0.2% vs. RT: 1.3+0.5%, p=0.281). However, the
frequency of the tumor-infiltrating immunosuppressive Tregs was significantly
reduced by the radiation (1.6 £ 0.4%) compared with the untreated samples
(3.8 £0.3%) (p = 0.0009) (Fig. 33, D). As a result, the Treg to CD8" ratio was also
significantly reduced by irradiation from 0.4 to 0.2 Tregs per CD8" cell (p = 0.038).

The CD11b* leukocytes were divided in CD11b"Gr-1* MDSCs and CD11b"Gr-1-
macrophages or monocytes. The systemic number of macrophages was slightly
increased by 0.2% as a result of the applied irradiation (1.4 £ 0.2%) compared with the
untreated control (1.2 £ 0.03%) (p = 0.46). In the tumor tissue, less than 0.5% of all
leukocytes were identified as CD11b*Gr-1" monocytes/macrophages, whereas the
irradiation decreased the frequency from 0.4 + 0.2% to 0.3 £ 0.1% (p = 0.55)(Fig. 34, A).
However, the mean value of CD11b*Gr-1" MDSCs in the blood was not affected by
the irradiation of the tumor. In the blood of untreated animals, 7.4 + 0.5% of all
leukocytes were MDSCs, after RT the frequency was not significantly changed
(7.5£0.7%) (p=0.873). In the tumor tissue, 42.8 + 3.9% of all leukocytes were
positive for CD11b and Gr-1. This value was reduced by 5.8% to 37 + 2.9% after
irradiation of the malignancy (p = 0.255) (Fig. 34, B).

75



4 Results

) =]
m

Blood Tumor Blood Tumor
60+

L)
]

[+
L

204

-
L
| 3

% CD11b*Gr1" of leukocytes
% MDSCs of leukocytes

.l_‘l.l A i O

o

A A Y A
(O = (O w

co™ co®
Fig. 34: Frequencies of systemic and tumor-infiltrating CD11b" cells.
(A) The frequencies of systemic and tumor-infiltrating macrophages and monocytes. The frequencies were only
moderately affected by the RT (n = 8 animals per group; mean CD11b*Gr-1"* SEM). (B) MDSC frequencies in
blood and tumor tissue. The MDSC population in the blood was not affected by the irradiation. The tumor-
infiltrating MDSCs were reduced by almost 6% as a result of RT (n = 8 animals per group; mean MDSC
(CD11b"Gr-1") + SEM).
Profiles of the chemokine receptor distribution focusing on the migration receptors
CCR2, CCR4, CCR5, CXCR4 and CXCRY7 were obtained from the subpopulations of
the tumor-infiltrating CD8" effector T cells, the immunosuppressive Tregs and
MDSCs. Thereby, the cells that express only one of the five receptors examined on
their surface (single expression) were distinguished from those that co-express

different receptors (multiple co-expression).
4.4.1 Receptor profiling of CD8+ effector cells

Taking a closer look at the CD8" effector cells in the tumor tissue, which express only
one of the five examined receptors on their surfaces, four receptors showed a
decrease in the single expression on tumor-infiltrating CD8" T cells after irradiation
(CCR2, CCR4, CCR5 and CXCR4). Among them, the smallest alteration (-0.2% of
CD8") was observed for the receptor CCR5 (0.8 + 0.3%) after RT compared with the
control group (0.9 £0.1%) (p = 0.639). The CCR2 (0.8 £0.1%, p =0.167) and the
CXCR4 receptor (8.3 +1.2%, p=0.711) were also less expressed after RT. The
decrease in CCR4'CD8" T cells from 4.2+0.7% to 2.8 +0.6% was the largest
difference detected (p =0.152). The single expression of CXCR7 was slightly
increased after RT from 0.25 £ 0.07% to 0.33 £ 0.1% (p = 0.61) (Fig. 35, A).

The CD8" T cells, that co-express different receptors on the cell surface, showed
increased expression for all five receptors investigated on the surface of the effector
cells of animals under RT compared with the untreated control group. After RT, the
mean values of the co-expressed receptors differed from 6.5% up to 17% from the
untreated group (Fig. 35, B). In the control group, 34.4 + 4.5% of the CD8" T cells co-
expressed CCR2 along with other receptors investigated, whereas 48.5 + 5.6% of the
CD8" T cells co-expressed the receptor after RT (p = 0.071). The ratio of CD8" T cells
co-expressing the CCR4 receptor was 38.6 + 4.4%. After RT, 52.2 + 5.6% of CD8" T
cells showed the receptor CCR4 on their surface along with other receptors analyzed
(p =0.079). The smallest difference was determined for the CCR5 multi-expressing
CD8" T cells (control: 29.8 +4.1% vs. RT: 36.3 +4.2%, p =0.28). For the receptor
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CXCR4, a multiple co-expressing ratio of 35.3 +4.6% in untreated animals was
compared with 50.1 £5.7% after RT (p =0.063). Without treatment, the receptor
CXCR7 was found on 31.9+4.8% of CD8" T cells in the TME, in contrast to
48.9 + 5.8% of the same cell type, which was significantly increased in the irradiated
tumor tissue (p = 0.04) (Fig. 35, B).
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Fig. 35. Receptor profile of the CD8" T cells in the tumor tissue.

(A) Frequencies of tumor-infiltrating CD8" T cells expressing only one chemokine receptor. No significant
reduction was observed by the irradiation (n = 8 animals per group; mean ratio + SEM). (B) Distribution of the
chemokine receptors on CD8" T cells considering the co-expression of the receptors. Irradiation causes an
significant increase in the expression of the CXCR7 receptor after irradiation (n = 8 animals per group; mean
ratio + SEM). * p £ 0.05; ** p £0.01; *** p < 0.001

A closer look at the co-expression profile of all receptors on the surface of the CD8"
effector cells allows the identification of the most expressed combinations of the five
analyzed receptors. Considering all found expression patterns with frequencies above
0.1%, the combination of all receptors analyzed (CCR2'CCR4'CCR5'CXCR4"
CXCR7") was found expressed on the surface of the most analyzed CD8" cells. After
RT, this subgroup was increased by 4.1% (control: 13.6 + 2.8% vs. RT: 17.7 £ 2.6%,
p = 0.305). Also, the combinations CCR4"CXCR4"CXCR7" (control: 3.7 + 1.1% vs.
RT: 10.7 +2.1%, p = 0.012) and CCR2"'CCR4"CXCR4"CXCR7" (control: 3.7 + 1.4%
vs. RT: 9.9 +£2.3%, p = 0.035) were determined to be significantly increased by the
treatment and listed as second and third most common co-expression configurations
after RT. The expression of CCR4"CCR5"CXCR4"CXCR7" was elevated by 3.1% on
the CD8" cells following irradiation (control: 6.0 + 1.4% vs. RT: 9.1 + 1.8%, p = 0.192).
Other significantly increased expressed combinations after RT were
CCR5'CXCR4"CXCR7" (p = 0.049) and CXCR4"CXCR7" (p = 0.008) (Fig. 36).
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Fig. 36: Overview of the chemokine receptors co-expression pattern on CD8" cells.

Frequencies of the detected receptor co-expression patterns of CD8" T cells with a frequency higher than 0.1%,
sorted after RT. After irradiation, most of the CD8" T cells co-expressed all receptors on their surface. The largest
increase  of expression was detected for the combinations CCR4'CXCR4'CXCR7" and
CCR2'CCR4'CXCR4'CXCR7" with more than 6%. Outside of the top five of the post-treatment expression
patterns, the receptor co-expression was mostly decreased by the treatment (n = 8 animals per group; mean ratio
+ SEM). * p<0.05; ** p<0.01; *** p <0.001

Contrastingly, the combinations outside the top five are usually expressed in a reduced
manner after RT compared to the control, starting with the co-expression of CCR4 and
CXCR4, which was reduced by 2.1% by irradiation. Furthermore, the combinations
CCR4"CCR5'CXCR4" (p =0.043) and CCR5'CXCR4" (p =0.012) were significantly
increased expressed on the surface of the irradiated CD8 cells (Fig. 36).

4.4.2 Receptor profiling of Tregs

The Tregs found in tumor tissue expressed most of the chemokine receptors along
with others on their surface. On tumor-infiltrating Tregs, a single expression was
detected at a very low level only for the receptor CXCR4. This decreased from
1.6 £0.5% to 1.2 £ 0.5% after irradiation (p = 0.642) (Fig. 37, A). Most Tregs - over
97.5% of all Tregs - expressed the receptors CCR4 and CXCR4 simultaneously on
their surface unaffected by the treatment (all p > 0.248). The other three receptors
were co-expressed in a radiation-induced increased manner (all p > 0.26). The co-
expressing ratio of the CXCR7 receptor differed by 10% between the control group
(23.4 £ 7.4%) and the RT group (33.4 + 4.3%) (p = 0.26) (Fig. 37, B).
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Fig. 37: Receptor profile of the Tregs in the tumor tissue.

(A) Frequencies of Tregs expressing only one chemokine receptor. Only the CXCR4 receptor was expressed
individually. After irradiation, the proportion of these cells decreased almost significantly (n = 8 animals per group;
mean ratio + SEM). (B) Distribution of chemokine receptors on Tregs considering the co-expression of the
receptors. All Tregs that expressed more than one receptor also showed the receptors CCR4 and CXCR4 on their
surface (n = 8 animals per group; mean ratio + SEM).

CCR4'CXCR4"

CCR2'CCR4'CCRS5 " CXCR4'CXCRT"

CCR2'CCR4'CXCR4'CXCRT’

CCR4'CCR5'CXCR4"

CCR2'CCR4'CXCR4"

CCR2'CCR4'CCR5'CXCR4"

CCR4'CXCR4'CXCRT"

CCR4'CCRS5'CXCR4'CXCRT’

1 ]** RT
mm control
CXCR4"
Li T T T T T T L T T i 'n=.B
T % AR AR 90 9D 2D 2B W0 4D P 4B P

% of Tregs

Fig. 38: Overview of the chemokine receptors co-expression pattern on Tregs cells.

Frequencies of the detected receptor co-expression patterns on Tregs sorted after RT. After irradiation, most
Tregs co-expressed the receptors CCR4 and CXCR4 on their surface followed by co-expression of all receptors.
Only the pattern CCR4"CXCR4'CXCR7" was significantly increased after the treatment (n = 8 animals per group;
mean ratio £+ SEM). * p £0.05; ** p <0.01; *** p < 0.001
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After RT, most of the Tregs found were positive for both CCR4 as well as CXCR4. The
frequency of this co-expression pattern was reduced by 3% (control: 50.5 £ 5.9% vs.
RT:47.4 £ 5.6%, p =0.719) as a result of the irradiation. Over 27.3 + 7.6% of all post-
irradiation Tregs showed all receptors co-expressed on their surface, representing an
increase of 3.8% compared with the untreated group (23.5 + 8.3%; p = 0.735). The co-
expression of CCR2, CCR4, CXCR4 and CXCR7 was borderline insignificantly
increased by the treatment (control: 3.3+0.7% vs. RT: 6.5+1.4%, p=0.056). In
contrast, the difference of the CCR4"CXCR4"'CXCR7" Tregs was significantly enhanced
with (1.4 £ 0.1%) and without (0.8 + 0.2%) treatment (p = 0.009). The Tregs expressing
the patterns CCR4"CCR5'CXCR4" (control: 9.1 +4.2% vs. RT: 5.3 +2.2%, p = 0.442),
CCR2'CCR4"CXCR4" (control: 4.0+0.6% vs. RT: 3.7+0.7%, p=0.778) and
CCR2'CCR4"CCR5'CXCR4" (control: 3.4 £ 1.1% vs. RT: 2.7 £ 0.4%, p = 0.524) were
reduced after RT (Fig. 38).

4.4.3 Receptor profiling of MDSCs

On the MDSCs in the tumor tissue, all receptors investigated were individually
expressed at a very low extent. The three receptors CCR2, CCR4 and CCR5 showed
almost no expression changes after treatment. The proportion of MDSCs expressing
the receptor CXCR7 alone increased almost significantly (p = 0.055). However, the
CXCR4 receptor was significantly less individually expressed on the intratumoral
MDSCs after irradiation (control: 9.6 £ 0.7% vs. RT: 5.7 £ 0.9%, p = 0.004) (Fig. 39, A).
The co-expressions of the receptors CCR2 and CCRS did not change as a result of the
irradiation, but the number of CCR4 (p = 0.535) and CXCR7 (p = 0.286) co-expressing
MDSCs increased slightly. Like the single-expressing MDSCs, the MDSCs co-
expressing CXCR4 along with other receptors were significantly reduced by RT
(control: 53.9 £ 3.9% vs. RT: 41.1 £ 3.8%) in the tumor tissue (p = 0.034) (Fig. 39, B).
A closer look at the receptors co-expression patterns on the surface of MDSCs
showed that most of the chemokine receptor combinations found were reduced by
radiation. In addition to the significant reduction of the CXCR4 single-expression
(p = 0.004), the top 70% of all detected receptor co-expression patterns showed nine
other combinations significantly reduced by radiation (Fig. 40).

After RT, the combinations CCR2"*CCR4"CCR5"CXCR4" (control: 9.0 + 0.8% vs. RT:
6.0+ 0.5%, p =0.009) and CCR2'CXCR4" (control: 6.4 +0.6% vs. RT: 3.3 +0.5%,
p = 0.0009) were reduced by around 3% on the surface of the tumor-infiltrating MDSCs.
The ratio of the receptor combination CCR2'CCR5'CXCR4" in the irradiated tissue
differed by 1.5% from the control group (control: 3.8 £0.4% vs. RT: 2.3+ 0.3%,
p = 0.015). After treatment, approximately 2% less MDSCs in the RT group carried the
receptor combination CCR5'CXCR4" (control: 3.2 + 0.5% vs. RT: 1.2 + 0.3%, p = 0.003)
on their surface compared with the untreated control group. The
CCR4'CCR5'CXCR4"MDSCs were significantly decreased by 1.3% (control:
19+0.2% vs. RT: 0.6+0.1%, p=0.0001). The combinations CXCR4'CXCR7"
(control: 2.2 £0.2% vs. RT: 1.6 £ 0.2%, p = 0.037), CCR5'CXCR4"CXCR7" (control:
15+0.1% vs. RT: 0.7+0.2%, p = 0.002), CCR4"CCR5'CXCR4"CXCR7+ (control:
0.97 £0.05% vs. RT: 0.7+0.1%, p=0.015) and CCR2'CCR4°'CXCR4" (control:
0.8 £0.05% vs. RT: 0.5+ 0.05%, p = 0.002) were found to be reduced between 0.3%
and 0.8% in the post-irradiated tumor tissue (Fig. 40).
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Fig. 39: Receptor
profile of the MDSCs in
the tumor tissue.

(A) Frequencies of tumor-
infiltrating MDSCs
expressing one chemokine
receptor. The single
expressed receptor CXCR4
was significantly reduced
on MDSC after irradiation (n
= 8 animals per group;

mean ratio + SEM). (B)
Distribution of the
chemokine receptors on

MDSCs considering the co-
expression of the receptors.

Here, the cells, that co-
express the CXCR4
receptor among others,

were significantly reduced
(n = 8 animals per group;
mean ratio + SEM). * p <
0.05; ** p < 0.01; ** p <
0.001

Fig. 40: Overview of
the chemokine
receptors co-
expressed on MDSCs.
The combinations of
chemokine receptors co-
expressed on the surface of
theintra-tumoral MDSCs
with a frequency higher than
04%. As a result of
irradiation, most of the
combinations were reduced.
In addition to the single
expression of the receptor
CXCR4, nine other
combinations were
significantly downregulated
(n=8 animals per group;
mean ratio+ SEM). * p
0.05; * p < 0.01; ™ p
0.001

IAIA

On the other hand, the frequencies of co-expressions of the receptors CCR4 and
CXCR7 with others were enhanced as a result of irradiation. For example, the
combination CCR2'CCR4'CCR5'CXCR7*

was

increased by 2.1%

(control:
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3.7+0.7% vs. RT: 5.8 £ 1.7%, p = 0.275). As another example, an additional 0.9% of
irradiated MDSCs expressed the receptors CCR2, CCR4 and CCRS5 simultaneously
after RT (2.9 £ 0.8%, p = 0.333) (Fig. 40).

The combination of all receptors (CCR2*'CCR4"CCR5'CXCR4"CXCR7") proved to
be the most frequent co-expression pattern on the analyzed tumor-infiltrating
MDSCs. The measured frequency was 3.9% elevated when the tumor tissue was
irradiated (26.1 £ 2.7%) compared to the untreated TME (22.2 + 2.1%) (p = 0.275)
(Fig. 40).

4.5 Cytokine and chemokine analysis of the tumor microenvironment

In response to various treatments, cytokines and chemokines are released in the
TME. These regulate the coordinated migration and cellular interactions of immune
cells in the tumor environment. To evaluate these changes, concentrations of
cytokines and chemokines in tumor tissue and plasma were measured in eight
animals each 20 days after tumor inoculation using a bead-based multiplex
immunoassay. The treatment and sampling for this investigation were performed as
described under 3.11. A total of 31 cytokines and chemokines were analyzed. The
absolute measured concentrations of the investigated factors in the TME and the
plasma were normalized to the respective total protein levels.

After treatment, most analytes showed a high gradient between the cytokine and
chemokine concentrations in the TME compared with those in the plasma. Most of
the concentrations found showed a dependence on the administration of the immune
modulator NOX-A12 in the plasma.

The interleukins IL-2, IL-4 and IL-6 could only be determined in low concentrations in
both plasma (max. 1.5 pg/mg protein) and tumor tissue (max. 15 pg/mg protein). In
contrast, the interleukins IL-183, IL-10 and IL-16 were detected in significantly higher
amounts in both samples (max. 200 pg/mg protein) (Fig. 41).

The concentration of IL-18 in the plasma increased significantly by the treatment with the
CXCL12 antagonist (control vs. NOX-A12 and control vs. RT + NOX-A12, p < 0.0001).
Compared with the RT group, the IL-13 secretion into the blood increased significantly
with the administration of the CXCL12 inhibitor (RT vs. RT + NOX-A12, p <0.0001).
Irradiation of the tumor demonstrated a significantly lower interleukin production in the
TME (control vs. RT, p = 0.0005; control vs. RT + NOX-A12, p = 0.002) (Fig. 41, A).

In contrast, plasma IL-2 levels did not change significantly after therapy (all p > 0.121).
Likewise, only slightly increased values could be detected for the treatment groups
with NOX-A12 compared to those of the untreated animals (control vs. NOX-A12,
p = 0.675; control vs. RT + NOX-A12, p = 0.841). The increases can be neglected
due to the generally low level of this interleukin in the tumor tissue (Fig. 41, B).

The concentrations of IL-4 measured in the tumor tissue after the different therapies
did not differ from the levels measured in the untreated TME (p > 0.665). However, a
significant increase of IL-4 was measured in the plasma following the administration
of NOX-A12 (control vs. NOX-A12, p = 0.0009). Additional irradiation significantly
increased the secretion of IL-4 (NOX-A12 vs. RT + NOX-A12, p = 0.043) (Fig. 41, C).
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In the plasma, treatment with the CXCL12 antagonist led to a significant increase in
the secretion of IL-6 (control vs. NOX-A12, p =0.021). This was even more
pronounced after additional irradiation (control vs. RT + NOX-A12, p = 0.0001). In
contrast, no dependency of the concentration of IL-6 on the therapies used was
observed in the plasma samples (p = 0.649). The administration of the CXCL12
antagonist significantly reduced the IL-6 in the tumor tissue (p = 0.004), but the
reduction triggered by RT was even stronger and was not further enhanced by the
application of the immune modulator (p < 0.0001) (Fig. 41, D).

As with IL-4, the level of intertumoral IL-10 was not altered by the treatment (all
p > 0.134). In contrast, an increase in the plasma level was also observed for this
analyte after administration of NOX-A12, but it became significant only with additional
radiation compared with the interleukin level of untreated animals (control vs. RT +
NOX-A12, p = 0.0005) (Fig. 41, E).

While the concentration of IL-16 did not change in the tumor environment (all
p > 0.36), the plasma showed a higher level of this interleukin in response to the
treatment with the CXCL12 antagonist (control vs. NOX-A12, p = 0.003; control vs. RT
+ NOX-A12, p = 0.001) (Fig. 41, F).

The cytokines GM-CSF, IFN-y and TNF-a were found at relatively low levels in the tumor
tissue and blood (max. 20 pg/mg protein and max. 3 pg/mg protein) (Fig. 41, Fig. 42).

In the tumor, the quantity of granulocyte-monocyte colony-stimulating factor (GM-CSF)
was not significantly affected by any treatment compared with the untreated tumor
tissue (all p>0.111). In contrast, the systematic concentration of this cytokine
increased due to the CXCL12 antagonist (control vs. NOX-A12, p = 0.0002; control vs.
RT + NOX-A12, p < 0.0001) (Fig. 41, G).

For IFN-y, there was no significant change in the cytokine levels in either the plasma
nor tumor (all p > 0.239) (Fig. 41, H).

In the tumor tissue, the decrease of the TNF-a level was dependent on the irradiation
dose administered to the animals, with a significant decrease of the cytokine in about
34% by RT alone (control vs. RT, p=0.003) and 30% in combination with the
immune modulator (control vs. RT + NOX-A12, p =0.012). In plasma, TNF-a was
significantly dependent on the therapy with NOX-A12 (control vs. NOX-A12,
p = 0.001) and reached the highest measured value after RT with immunotherapy
(2.85 £ 0.3 pg/mg protein, p < 0.0001) (Fig. 42, 1).

Only the concentration of CCL1 (I-309) in the plasma of the animals treated with RT
and immune modulator was significantly increased compared with the control group
(control vs. RT + NOX-A12, p = 0.005). No change was found between the levels of
this CC chemokine in the TME (all p < 0.739) (Fig. 42, J).

In contrast, the CC chemokine CCL2 (MCP-1) was only found significantly increased
in the plasma of animals from the NOX-A12 treatment group (control vs. NOX-A12,
p = 0.046). In the tumor tissue, the chemokine was shown to be dependent on
irradiation with 12 Gy, which led to a significant reduction in the production of CCL2
(control vs. RT, p = 0.022). The addition of an immune modulator had no further
effect (control vs. RT + NOX-A12, p = 0.022) (Fig. 42, K).
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Fig. 41: Protein quantities of the analytes measured in the TME and plasma (1).

Normalized protein concentrations of (A) IL-1B, (B) IL-2, (C) IL-4, (D) IL-6, (E) IL-10, (F) IL-16, (G) GM- CSF and
(H) IFN-y in tumor tissue and plasma as determined by multiplex immune assay (n < 8 animals per group; mean
pg/mg total protein (tumor tissue or plasma) + SEM). * p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001
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As with other cytokines, the chemokine CCL3 (MIP-1a) showed a dependence of the
plasma concentration on the treatment with the immune modulator. The amount of
CCL3 in the blood significantly increased with NOX-A12 (control vs. NOX-A12,
p = 0.004). In contrast, its concentration in the tumor tissue decreased significantly
with each treatment (control vs. NOX-A12, p = 0.005; control vs. RT, p =0.001;
control vs. RT + NOX-A12, p = 0.003) (Fig. 42, L).

The CCL4 (MIP-1B) concentration in the plasma was also subject to the application
of the immune modulator (control vs. NOX-A12, p = 0.0007). CCL4 produced by the
tumor environment decreased significantly as a result of the irradiation (control vs.
RT, p = 0.009) (Fig. 42, M).

The plasma concentration of CCL5 (RANTES) after combined radio- and
immunotherapy was significantly reduced compared with the other treatments used
(control vs. RT + NOX-A12, p = 0.0003; NOX-A12 vs. RT + NOX-A12, p = 0.006; RT
vs. RT + NOX-A12, p < 0.0001). The amount of this chemokine in the tumor tissue
was not significantly altered, but slightly reduced by the radiation (control vs. RT,
p = 0.243) (Fig. 42, N).

Similarly, a significant decrease in the measured concentration of CCL7 (MCP-3)
was detected only due to the radiation dose in the TME (control vs. RT, p = 0.008).
The systemic concentrations of this cytokine were not influenced by the treatments
(all p > 0.419) (Fig. 42, O)

The measured concentrations of CCL11 (Eotaxin) in the tumor samples of untreated
animals were highly increased and scattered compared with the RT groups (control
vs. RT, p = 0.061, control vs. RT + NOX-A12, p = 0.07) (Fig. 42, P).

While the secretion of CCL12 (MCP-5) into the plasma was significantly increased by
the application of the immune modulator (control vs. NOX-A12, p =0.025), the
amount of this chemokine in the tumor tissue was significantly reduced after
irradiation (control vs. RT, p = 0.0008) (Fig. 43, Q).

As a result of the treatment, no significant changes could be found in the plasma or
tumor tissue for the chemokines CCL17 (TARC) and CCL19 (MIP-3B) (all p > 0.117)
(Fig. 43, Rand S).

The CXCL12 antagonist significantly changed the systemic concentrations of CCL20
(MIP-3a, control vs. NOX-A12, p < 0.0001) and, with RT, also CCL22 (MDC, control vs.
RT + NOX-A12, p = 0.0003), but in the tumors, the concentrations of the chemokines
showed no significant alterations. CCL20 remained relatively constant in the samples
from treated animals compared with the untreated control group (all p > 0.431) and the
readings of CCL22 showed large individual scatter (all p > 0.487) (Fig. 43, T and U).
As with other CC chemokines earlier, no significant changes in the concentrations of
CCL24 (Eotaxin-2) in the samples could be measured as a result of the treatments
applied (all p > 0.464) (Fig. 43, V).

The increased concentration of CCL27 (CTACK) in the blood was based on the
application of the immune modulator (control vs. NOX-A12, p =0.027), while the
concentration found in the TME remained constant (all p > 0.783) (Fig. 43, W).

In plasma samples, only inhibition of CXCL12 showed weak evidence of an effect on
the production of CXCL1 (KC) (control vs. NOX-A12, p = 0.052). However, significant
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reductions in this CXC chemokine were found in the tumor tissue of animals from the
three treatment groups, with irradiation having the greatest effect (control vs. NOX-
A12, p = 0.01; control vs. RT and control vs. RT + NOX-A12, p < 0.0001) (Fig. 43, X).
Like the concentrations of CCL11 measured in the tumor samples of the untreated
animals, the values determined for the chemokine CXCL5 (ENA-78) were also
sufficiently scattered that no significant changes were detected in the other groups (all
p > 0.117). A similar picture was also seen systemically (all p > 0.194) (Fig. 44, Y).
CXCL10 (IP-10) was detected at very high levels, especially in the tumor samples of
the untreated animals. These were dependent on the type of therapy administered,
with a strong influence of RT that was not further increased by additional administration
of the immune modulator (control vs. RT, p <0.0001). Immunotherapy showed a
higher effect systemically (control vs. NOX-A12, p = 0.027) (Fig. 44, Z).

While the concentration of CXCL11 (I-TAC) in plasma increased significantly upon the
application of the CXCL12 antagonist (control vs. NOX-A12, p = 0.002) and was even
further increased by irradiation (control vs. RT + NOX-A12, p<0.0001), the
concentration of this chemokine in the tumor was only significantly reduced by RT
(control vs. RT, p = 0.021) (Fig. 44, AA).

The ligand of the immune modulator NOX-A12, the chemokine CXCL12, could be
measured in very high amounts in the plasma after administration of the antagonist.
The concentration in blood increased tenfold due to the binding of the CXCL12 inhibitor
and the formation of the difficult-to-metabolize ligand-inhibitor complex (control vs.
NOX-A12, p <0.0001; control vs. RT + NOX-A12, p=0.0008). This reversed the
gradient between the tumor and blood but did not reach the same level as before, since
CXCL12 also increased significantly in the TME (control vs. NOX-A12, p = 0.013). The
combination of RT and CXCL12 blocking also increased the concentration of the
chemokine in the TME (control vs. RT + NOX-A12, p =0.283), but not significantly
compared to RT alone (RT vs. RT + NOX-A12, p = 0.283) (Fig. 44, AB).

After radiation, a significantly lower amount of CXCL13 (BAC-1) was secreted in the
tumor environment (control vs. NOX-A12, p = 0.0007) (Fig. 44, AC).

In contrast, a significantly higher concentration of CXCL16 (SCYB16) was measured in
the plasma after application of the CXCL12 antagonist (control vs. NOX-A12, p = 0.007)
(Fig. 44, AD).

The concentrations of CX3CL1 (Fractalkine) were not significantly altered in neither
the plasma nor the tumor tissue (all p > 0.14) (Fig. 44, AE).
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Fig. 43: Protein quantities of the analytes measured in the TME and plasma (3).

Normalized protein concentrations from the CC chemokines (Q) CCL12, (R) CCL17, (S) CCL19, (T) CCL20, (U)
CCL22, (V) CCL24, (W) CCL27 and the CXC chemokine (X) CXCL1 in tumor tissue and plasma as determined by
multiplex immune assay (n <8 animals per group; in pg/mg total protein (tumor tissue or plasma) £ SEM).
*p<0.05 *p=<0.01; ** p<0.001, *** p <0.0001
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5 DISCUSSION

An essential objective of the present study was to establish an orthotopic
immunocompetent murine glioma model in order to assess valuable insights into the
immunologic effects of various treatment strategies like RT combined with MERT
using a CXCL12 and/or CCL2-inhibitor and RT with checkpoint inhibition involving an
anti-PD-1 Ab. In this study, the preclinical evaluation of the overall survival of mice
treated with combination therapies versus stand-alone therapies was based on a
syngeneic mouse model. Specifically, this study examined the impact of the different
treatments on immune mechanisms involved in the glioma treatments tested, such as
tumor-infiltrating immune cells, their activation and suppression markers as well as
their chemokine receptor patterns. In addition, the production of more than 30
chemokines in the TME was compared to their concentration in the plasma.

5.1 Evaluation of the used syngeneic murine GBM model

Syngeneic mouse models of GBM are indispensable tools for analyzing the GBM
microenvironment and testing immunotherapeutic compounds. For this purpose, an
immune-competent murine model system that accurately mimics several features of
GBM, including immune suppression, is needed. The glioma cell line GL261 is
frequently used in the GBM research and presents one of the best characterized
syngeneic, immune-competent models (Maes and Van Gool, 2011).

For better identification of the tumor cells in the brain tissue, the used cell line GL261
was transduced with GFP. GFP expression-dependent sorting and culturing ensures
the stable expression of the gene by the used cells throughout the experimental
period, as demonstrated by fluorescence microscopy of different culture passages.
The use of luciferase-producing cells was not considered because GFP-expressing
GL261 cells represent a more immunosuppressive and thus a more accurate glioma
model. Recently, Sanchez et al. (2020) discussed the immunostimulatory effect of
luciferase-expressing GL261 cell lines (GL261 Red-FLuc, GL261-Luc2), which have
been frequently used in several translational assessments of immunotherapy (Kim et
al., 2017; Wu et al., 2019; Zeng et al., 2013). These cell lines were found to support an
immunogenic proinflammatory tumor environment that enhances the immune
response, leads to spontaneous regression and thus to longer survival compared with
the original GL261 cell line. Luciferase-producing cell lines create an unrepresentative
microenvironment and are considered to be insufficient to cause uniform mortality in
mice (Sanchez et al., 2020). In contrast, a further cell line comparison detected only
minimal immunological differences triggered by added expression of GFP to the
original GL261 cell linie. These differences were associated with altered growth
kinetics in vivo and in vitro of GL261-GFP compared to GL261 (Noffsinger et al., 2021).
The application of the GL261-GFP model used is limited by the need for MRI for
tumor monitoring. The lack of luciferase expression does not allow monitoring of the
tumor growth via in vivo bioluminescence imaging. On the other hand, the MRI
enables the tumor volume to be determined more precisely.

As a consequence of the different culture conditions and the transduced genes, the
in vitro and in vivo cell growth of the GL261-GFP cells could significantly vary from
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the original cell line mentioned in the literature. The original GL261 cell line grows
rapidly without contact inhibition under in vitro conditions (doubling time of 20 h)
(Szatmari et al., 2006), the same was observed for the transduced GL261-GFP
cells. In order to verify the in vivo growth, different numbers of cells were used for
tumor grafting in the first tumor inoculation test. This test showed clear volume
differences between the tumors grown from the three different implanted cell sets.
Moderate tumor growth was required for further experiments, since too rapid growth
leads to therapy failure, whereas a too slow growth blurs the contrast between
different therapies. Because the other quantities of implanted cells showed
potentially critical tumor volume after only 21 days, the smallest cell amount was
chosen for all further experiments, although it showed the highest variation between
the observed tumor volumes.

The resulting tumors exhibited the typical GL261 invasive growing characteristics,
resulting in a median survival of 26 days. The volumes of the untreated tumors could
be fitted exponentially, describing an in vivo growing curve for the cells used with a
doubling time of 6 days. This growing behavior was in accordance with values from
the literature, with a small difference of a 100% mortality rate within 35 days instead
of 25 days, which is explainable by the slightly different number of implanted initial
cells (Szatmari et al., 2006).

In the literature, the ex vivo radiosensitivity of the original GL261 cell line has been
reported with 50% cell survival after administration of less than 2 Gy (Szatmari et al.,
2006). In response to the transduced GFP genes, the used cell line showed a higher
radioresistance with a Dsy at 2.62 Gy. Although the in vivo radiosensitivity does not
usually correlate with that in vitro dose, the data suggest that treating the transduced cell
line with a slightly higher RT dose produces the same effect as with the original cell line.
The used GFP-expressing GL261 mouse model showed some differences in its
radiosensitivity but not in the tumor development compared with the most extensively
used model for preclinical testing of immunotherapeutic approaches for GBM. A more
detailed characterization of the transduced cell line was dispensed for serious
similarities compared with the original cell line.

Like the original cell line, the used model is limited in its ability to mimic the human
microenvironment completely. By their nature, murine GBM models fail to reflect
human GBM, especially in immunological aspects (Haddad et al., 2021; Mestas and
Hughes, 2004). Szatmari et al. (2006) describe the genetic drift of GL261 away from
authentic GBM-like tumors. Moreover, in GL261 tumor-bearing mice, fewer APCs
and more T cells were determined than usually seen in GBM patients (Khalsa et al.,
2020). On the other hand, a humanized GBM mouse model is not yet available and
the use of patient-derived cells requires immune-compromised mice not allowing to
investigate antitumor immune responses. Therefore, the limitations of the model must
be included in the evaluation as an inevitable evil.

5.1.1 Evaluation of the applied radiotherapy for the mouse model

In the present study, the murine glioma model is used to model and assess potential
novel treatment combinations of RT and immune modulators against GBM. For
translation purposes, the treatment was kept as close as possible to human
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conditions. In contrast to clinical systems, which typically use photon energy between
6 and 15 MV, the available small animal irradiation platforms work with radiation
sources with lower energy (range of ~225 kV) or cesium-137 (662 keV). The lower
photon energy forces the use of different irradiation beams from different directions to
achieve a homogenous dose distribution in the target, which leads to time-consuming
irradiation sessions for each animal (> 30min). For this reason, the standard 6 MV
clinical LINAC was used for irradiation in a similar fashion to human treatment.

Only a few other groups have used clinical RT devices for mouse brain irradiation
because the target accuracy is the limiting factor for the usability of clinical RT
devices (Kim et al., 2014; Perez-Torres et al., 2014). Consequently, most comparable
irradiation experiments to date have been performed in rats.

In the present study, the smallest possible rectangular irradiation field was used,
leading to half-brain irradiation, simultaneously representing the greatest limitation of
this method. The irradiation dose was delivered without a compensation filter that
enables the delivery of significantly higher dose rates with less scattered radiation.
Although the treatment planning was performed only for an exemplary animal, no
special positioning system was required during the treatment. Room lasers, light field
support and the stereotaxic inoculation of the tumor cells ensured the precise delivery
of the irradiation dose to the tumor. The animals were under deep anesthesia making
the provision of inhalation gas obsolete and promoting the precise delivery of the
radiation beam. In addition, the use of a tissue-equivalent bolus to overcome the
build-up effect and provide tumor irradiation at maximum radiation dose could be
dispensed as the radiation beam was emitted through the patient table. The delivered
dose was applied in a single FFF beam and a dose rate of 4 Gy per minute. In this
manner, an irradiation session, including positioning, consumed a maximum of 5
minutes for each animal.

The chosen radiation setup has its limitations in the individualization of the treatment
and the size of the irradiation field, but allows a high animal throughput with relatively
good delivery accuracy. Also, by using the clinical linear accelerator, each treatment
was performed within an accuracy for the radiation field of 1% ensured by the
mandatory quality assurance (QA) of the device. FFF beams increase the relative
biological effectiveness (RBE) without clinically relevant differences in either tumor
control or radiation side effects (Steenken et al., 2015). Laurent et al. (2020)
demonstrated that the FFF technique does not have an influence on the antitumor
immune response, so this RT technique could be used to test the effects of irradiation
combined with immunotherapies. The radiation setup applied can thus be used to
mimic the clinical conditions as closely as possible.

Even if the chosen radiation setup extended the survival rate of the tumor-bearing
mice, two major side effects were observed that were also described in the literature
before (Rancilio et al., 2017). The most serious of these two effects was observed to
be an acute weight loss, which peaked around day 8 post-irradiation (Fig. 14, B). This
weight loss almost reached the 20% dropout limit in some animals, so
countermeasures had to be taken in this case. The animals regained their weight
within a few days by being fed zwieback in addition to their normal diet making this
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weight loss temporary. Therefore, all irradiated animals were additionally fed with
zwieback for a week directly after dose administration. In contrast to the reported
cases, the animals that could choose between softened standard diet, glucose syrup
and zwieback prefer the latter over all other options (Rancilio et al., 2017).

As the second observed extracranial effect, the radiation-induced alopecia was
observed after the administration of at least 10 Gy (Fig. 14, A). The extent of the hair
loss correlated with the radiation field and was not accompanied by a problematic
condition such as the development of cataracts seen in similar RT applications
(Rancilio et al., 2017).

Consequently, the chosen radiation setup allows targeted irradiation of the cerebral
hemisphere with the model tumors without inducing any severe side effects.

The irradiation treatment significantly prolonged the survival time of the tumor-bearing
animals. In all three examined radiation regimens, the first animals had to be
euthanized around day 40 after irradiation due of the tumor growth (Fig. 14, E). The
regimes which delivered a total dose of 20 Gy (1 x 20 Gy, 2 x 10 Gy) to the cerebral
hemispheres of the animals did not differ in their effect on the survival of the treated
animals, resulting in almost equal OS performance. These groups showed ventricle
collapses and growing tumor cells in the non-treated hemisphere starting 10 days after
irradiation. Because a metastatic behavior is not typical for the tumor model used, it is
also possible that the tumor cell migration was a result of a radiation independent
lesion of the ventricle system (Szatmari et al., 2006). The MRI observation of the
affected animals could not clarify this question, but no similar tumor growth was
observed throughout the whole study using a lower treatment dose. Therefore, in the
tumor model described, these dose regimens harbor an increased risk of possible
radiation-induced ventricular lesions, similar to reported observations after unilateral
brain irradiation of 20 Gy (Ansari et al., 2007; Wilson et al., 2009).

As a consequence, the RT regime of 1x12 Gy was chosen as the standard irradiation
treatment. It also allows to detect a significant difference between the RT
combinations during the observation period by showing a more moderate effect on
the MST. Only one-fourth of the animals responded to the RT with complete tumor
regression during the observation period, allowing to detect a clear difference in the
tumor growth of responder and non-responder (Fig. 14, D).

Responder animals showed no differences in body weight, posture nor gross
neurologic deficits in movement or feeding compared with naive mice of similar age.
In all responder animals, no tumor signs could be found in histological brain sections
at the end of the experimental period.

5.2 The survival effects of the examined treatments

5.2.1 Survival effect of combined immune checkpoint and chemokine inhibitors was
related to anti-PD-1 treatment

First, the effectiveness of the new Spiegelmer immune modulators as a single
treatment and in combination with an anti-PD-1 Ab was determined as basic data for
assessing the effectiveness of various combinations of the chemokine inhibitors with
additional RT.
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As the mode of action of the Spiegelmer NOX-A12, it is assumed that it binds free
CXCL12 in plasma and thus inhibits the interaction with its receptor CXCR4. This
inhibition disrupts the communication bridge between the tumor cells and other cells
in their environment which would promote tumor proliferation and new blood vessels
formation (Guo et al.,, 2016). Under this kind of CXCL12 inhibition, the tumors
showed a similar growing behavior as the untreated group (Fig. 13,Fig. 15). The data
and images of tumor growth did not allow any conclusions regarding a positive
inhibition of the cell migration of endothelial cells by reducing the cytokine signal.

The simultaneous treatment with this novel immune modulator and the already clinically
used anti-PD-1 Ab leads to complete tumor regression in several animals, resulting in
an OS rate of 22% (Fig. 16). Compared with the survival effect of the checkpoint
inhibitor alone, this improvement seems to be caused by the anti-PD-1 Ab only.

These results showed some similarities but also differences from the reported
outcomes of a similar mouse model after blocking CXCR4, the receptor of CXCL12,
alone. Wu et al. (2019) reported a median survival of 25 days for this treatment,
which did not differ from the untreated control group. The same was observed in the
model described here with a delay of 2-3 days. The survival curves for the anti-PD-1
treated animals were also nearly identical in both studies, with only a small difference
between the median survival and the OS rate (30% vs. 22%).

In contrast, Wu et al. (2019) observed also a prolonged OS rate of 11.1% by blocking
the CXCR4 receptor with an Ab alone. When the two Abs (CXCR4 and PD-1) were
combined, the OS rate reached 60% with an undefined median survival. No similar
difference could be detected in the model used in the present study. These results may
suggest that blocking the CXCR4 receptor may be more effective than inhibiting the
ligand and that the function of CXCL12 may not be entirely inhibited by the Spiegelmer.
The second immune modulator mMNOX-E36 was tested the first time in a murine
glioblastoma model. It showed no positive treatment effect when given as a single
treatment starting at day 7 after tumor inoculation. Under the inhibition of CCL2 (MCP-1)
in the TME, the tumors developed earlier and grew faster (Fig. 15). These observations
suggests that blocking this chemokine in the plasma leads to negative effects on the
natural antitumor immune response in the early stage of tumor progression.

CCL2 not only recruits CCR4-expressing Tregs and CCR2-expressing Ly-6C"
monocytic MDSCs (Chang et al., 2016). It also plays a central role in immune
surveillance and in reducing primary tumor growth by attracting immune-supportive
macrophages and T cells. During the inflammatory response shortly after tumor
inoculation, M1 macrophages are among the first cells to enter the implantation side.
There, they initiate the secretion of inflammatory mediators such as TNF-q, IL-1(, and
NO, which activate defense mechanisms that fight against the implanted tumor cells.
As the tumor progress, these initially beneficial cells transform into poor antigen-
presenting M2 macrophages which secret growth factors and cytokines promoting an
immunosuppressive TME and the tumor development (van der Bij et al., 2005).

In the used model, the CCL2 blocking was initiated shortly after the animals
recovered from the implantation surgery. The subsequently faster tumor development
indicates that at this stage, blocking of CCL2 primarily excludes antitumor M1
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macrophages, leaving tumor growth unregulated. This negative survival effect of
mNOX-E36 could not be neutralized by adding a checkpoint inhibitor. Consequently,
the OS effect of the anti-PD-1 treatment is reduced when combined with the CCL2
antagonist (Fig. 15).

The Spiegelmer can also neutralizes other members of the monocyte
chemoattractant protein family that share a 60% amino acid identity (CCL8, CCL11)
(Zlotnik and Yoshie, 2012). Therefore, the inhibition of CCL11 (Eotaxins) may also be
relevant for the observed tumor growth. CCL11 suppresses the eosinophil migration
to the tumor side and so does the tumor growth control function of the eosinophils.
Eosinophils promote the reduction of tumor growth with the help of other leukocytes
like CD8" T cells (Varricchi et al., 2018). Losing this control function could further
promote the proliferation of the tumor cells.

5.2.2 Combined radiotherapy with the CXCL12 inhibitor NOX-A12 promotes overall
survival

The effectiveness of the immune modulators NOX-A12 and NOX-E36 were evaluated
in various combinations with additional stereotactic RT (1x 12 Gy) as well as an anti-
PD-1 Ab.

The survival and tumor growth data suggest that the CXCL12 inhibitor enhanced the
antitumor response after RT (Fig. 17). The MST after combined RT and immune
modulator was increased by 41.5 days to 99 days compared with the RT
monotherapy, yet this effect was not significant (p = 0.196). This is equivalent to a
25% prolongation in the OS. This survival benefit correlated with the loss of contrast
in the MRI shortly after RT. This reduced accumulation of the contrast agent could be
related to the loss of tumor vascularization. Potentionally, the total tumor regression
after after RT in positive responders can also be attributed to the additional
suppression of vasculogenesis as well as reduction of regrowth of destroyed tumor
blood vessels and inhibition of migration of immune-suppressive MDSCs by the
CXCL12 inhibitor NOX-A12. All groups additionally treated with NOX-A12 showed
total tumor regression in more than 50% of the observed animals. The additional
treatment with anti-PD-1 Ab increased the OS rate to approximately 60%, while the
addition of a CCL2 inhibitor did not further affect this rate (Fig. 17).

These treatment effects, however, were exceeded by the combination of RT with the
anti-PD-1 Ab. This is consistent with the results of Zeng et al. (2013), who examined
the survival of an orthotropic GL261-Luciferase tumor model treated with RT and
anti-PD-1 Ab. However, in comparison with Zeng et al. (2013), the MST and the OS
rate of the RT plus anti-PD-1 therapy arm were more than twice as high when
irradiation was delivered to the tumor-bearing hemisphere. Thus, the prolonged
survival of the model resulted primarily from RT.

The reaction of T cells to irradiation varies among subsets, non-proliferative and
activated cells are more radioresistant (McBride et al., 2004; Qu et al., 2010) . Thus,
half-brain irradiation leads to an imbalance in the antitumor response, which is
restored over time by infiltrating cytotoxic T cells and Tregs (Schaue and McBride,
2012). The immune checkpoint PD-1 inhibits the activity of the infiltrating antitumor
T cells after RT. The additional treatment with an anti-PD-1 Ab may help to limit the
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re-infiltration of the tumor immune-suppressive Tregs which express PD-1 on the
surface and lead indirectly to a higher unsuppressed CD8" cell fraction in the tumor
(Yoshida et al., 2020).

This may explain the slight survival benefit of the triple combination treatment of RT,
CXCL12 inhibitor and anti-PD-1 Ab compared with the RT and CXCL12 inhibitor
combination (Fig. 17). In other tumor models, a complementary effect of NOX-A12
and PD-1 checkpoint inhibition has been described previously, but without
involvement of RT (Zboralski et al., 2017). The combination of these three
treatments, though, had no survival benefit over the combination of RT and the
checkpoint inhibitor (Fig. 17). Under the triple combination treatment, the reinfiltration
of CXCR4"CD8" cells after RT might have been reduced by CXCL12/CXCR4
blockade, leading to a reduced antitumor response. However, the flow cytometric
data showed no differences in these cells under the combination of RT and NOX-A12
versus RT alone (Fig. 23, Fig. 24), presumably because the most appropriate
observation time point was not chosen. Although, NOX-A12 might also promote
resistance to PD-1/PD-L1 blockade in a different manner in the present model, which
should be investigated in further studies.

Even in combination with RT, the CCL2 inhibitor mNOX-E36 had no effect on the
survival of the tumor-bearing animals (Fig. 18). Interestingly, no negative effect similar
to that seen after monotherapy was observed. The treatment arm of radiation plus anti-
PD-1 Ab best demonstrated that the inhibition of CCL2 did not influence the survival at
all in this tumor model. The OS rate of RT with or without the CCL2 inhibitor showed
minimal differences in favor of the RT alone. These data suggest that this macrophage
migration inhibitor is not an adequate adjunct to the treatment of GBM, since this
inhibitor likely already reduces the primary antitumor response in the present model.
Consequently, this treatment option was not investigated further. Based on the
involvement of CCL2 in the initial antitumor response, it is possible that the
administration of the CCL2 inhibitor could be more effective when applied to a
developed tumor with an established immunosuppressive TME. In the model used,
however, this turns out to be almost impracticable due to the aggressive tumor
progression.

5.3 The characterization of the tumor microenvironment

The data of the long-term survival experiments suggest an adjuvant effect of the
immune modulator NOX-A12 on the applied RT. Therefore, the effect of this immune
modulator and RT was further investigated at the cellular level by analyzing tumor
tissue, spleen and blood of the tumor-bearing mice by flow cytometry.

Based on survival and tumor growth data, the 20" day after inoculation was selected
as the examination day because of the resemblance of the tumor size and health
status of the animals in each treatment arm. Shortly after this time point, animals in
the control arm begin to show significant signs of deterioration of their health status.
An earlier time point was not considered to give the animals the opportunity to
recover from the observed radiation-induced anorexia and to ensure the animals
received multiple doses of the immune modulator. Additionally, the timing was
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chosen long enough after RT so that the resulting cellular and immunologic changes
have already occurred, but also brief enough that they have not yet returned to
baseline levels and thus are overlooked. The chosen time point also corresponds
with those in comparable studies (Wu et al., 2019; Zeng et al., 2013).

At the observation time point, the tumor sizes in the NOX-A12 arm were not
controlled by the treatment and showed the same wide variance as the control group
(Fig. 20, A). In the RT treatment arms, the tumor sizes were regulated by the
irradiation-induced blood vessel destructions and the resulting oxygen deficiency and
malnutrition. Although the amount of living CD31" endothelial cells in the tumor tissue
10 days post RT did not differ from the control group, it is reasonable to assume that
the reduced perfusion of the tumors with the MRI contrast agent observed in the
survival experiments was due to the reduction in blood vessels (Fig. 21). According to
the literature, the radiation dose of 12 Gy used should have resulted in significant
vascular damage (Park et al., 2012).

The influence of the RT was not evident in the indirect measurement of the frequency
of all alive tumor cells. Despite the different volumes, alive tumor cell ratios were
almost the same in all treatment arms (Fig. 20, B). This similarity can be explained by
the higher number of undersupplied cells in the bigger tumors of the unirradiated
control arms. Consequently, the frequency of tumor-infiltrating leukocytes behaved
accordingly (Fig. 22, A).

Since the frequency of tumor cells could only be determined indirectly due to the
limited measurement possibilities, the cells were correlated with the tumor volume.
No significant correlation between the tumor volume and leukocytes was detected for
any of the treatment groups, only after irradiation were leukocytes reduced with
increasing tumor size (Fig. 22, B).

Moreover, it was hypothesized that the irradiated tissue is still in immunological
imbalance 10 days after RT, allowing a clear difference to be measured between the
treatment arms. RT induced the cell death of tumor cells as well as the more
radiosensitive lymphocytes. After RT, surviving tumor cells start to regrow and the
cytokine release related to immunogenic cell death leads to temporarily varying re-
infiltration of the tumor by different subsets of lymphocytes.

5.3.1 Effect of the therapies on tumor-infiltrating leukocytes in the TME

A closer look at the total amount of T cells in the tumor showed a reducing effect of
NOX-A12 alone compared with the RT treatments and the control group (Fig. 23, A),
even though CD3" T cells are considered relatively sensitive to irradiation. The
frequency of CD8" effector cells (Fig. 23, B), as well as the CD4" T helper cells (Fig.
27), was lower in the tumor tissues of animals with CXCL12 blocked than in the
control group. Even though the differences between the treatment arms were not
significant, these data suggest that the inhibitor blocked the infiltration of CD3" cells.
This inhibition was not observed in the combination therapy arm which showed the
same level of cells as RT monotherapy. This indicates that the RT effect is more
dominant here compared with the influence of the inhibitor.

CD69 is rapidly expressed on T cells when they have been activated via CD3 and/or
cytokine interaction. In the TME, the T cells were exposed to continuous antigen
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stimulation, which drives the differentiation of the cells towards exhaustion. The state
of exhaustion is characterized by the upregulation of PD-1 together with the reduction
of effector activity. Consequently, the early exhausted CD8" cells co-expressed CD69
along with PD-1, with CD69 regulating the exhaustion of tumor-infiltrating T cells
(Mita et al., 2018; Petrelli et al., 2018; Speiser et al., 2014). Accordingly, most of the
tumor-infiltrating CD8" cells showed an exhausted marker profile in the form of co-
expressing of CD69 and PD-1 (Fig. 24, C). Only around 20% of the CD8" cells were
activated, most of them after RT. This difference could be explained by the required
re-infiltration of the irradiated tumor with T cells.

However, the amount of CD4" T cells was also affected by the applied RT (Fig. 25, A).
The RT enhanced the numbers of Tregs slightly, while the quantities of active and
naive conventional CD4" T helper cells were not affected (Fig. 25, B). These results
can be explained by the lower radiosensitivity of Tregs compared with other CD4"
subpopulations in mice. Since Tregs are known as the most radiation-resistant subset
of T cells and thus have a survival advantage over conventional T cells (Balogh et al.,
2013; Heylmann et al., 2014; Kachikwu et al., 2011; Kajioka et al., 2000; Qu et al.,
2010), a higher amount of Tregs in the irradiated animals was therefore expected.

The additional administration of the CXCL12 antagonist NOX-A12 slightly reduces
this enhancement of the immunosuppressive T cells present in the TME back to the
control level. These Tregs were examined for their activation phase. The cells
showed high expression levels of the molecules CD39, CD73 and PD-L1 in all
treatment arms (Fig. 26). Only the combination therapy lowered these levels
noticeably, but not significantly.

In  immunocompetent mice, Tregs expressing PD-L1 are associated with
immunosuppressive functions such as inhibitory effects on immune-active cells such
as DCs and cytotoxic T cells via the PD-1 receptor (Amarnath et al., 2010). The
production of adenosine is another immunosuppressive mechanism of Tregs, and the
catalytic capacity of CD39 and CD73 is synchronized with the activation of Tregs
(Churov and Zhulai, 2021). Highly suppressive Tregs are characterized by the
expression of CD39 in concert with CD73 (Zhao et al., 2017). These Tregs reduce
the extracellular concentration of the pro-inflammatory factor ATP, which acts as
DAMP on purinergic receptors, especially after RT, triggering a signaling cascade to
initiate an inflammatory response (Jacob et al., 2013). CD39 thereby regulates the
balance of the immune response by phosphohydrolyzing ATP or ADP to AMP
(Borsellino et al., 2007). Following the cascade, CD73 hydrolyze AMP to adenosine,
which is a potent immune-suppressor (Deaglio et al., 2007). In the ATP-CD39-CD73
cascade, CD39 is the rate-limiting enzyme. This makes CD39 a more consistent and
reliable marker for Tregs than CD25 (Timperi and Barnaba, 2021; Zhao et al., 2017).
Consequently, the high expression level of the observed Treg population
corresponds with the highly active suppressive character of the Tregs in the
monitored tumor tissues. The reduction in CD39" Tregs indicates reduced
immunosuppression in the TME by RT and immunomodulatory effect. However, the
differences detected only allow to suspect a trend under combination therapy.

The relation between T cell subsets and CD8" effector cells might be decisive for the
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treatment outcome. In human GBM, the ratio of CD4"/CD8" is correlated with the
prognosis of the malignancy, as the majority of CD4" TILs in GMB have an
immunosuppressive nature. The fewer CD4" T cells per CD8" T cell, the more likely
an antitumor immune response will occur, in particular, the number of CD4"FoxP3"
Tregs per CD8" cells is critical (Han et al., 2014). The present model showed
particularly high ratios between CD4" and CD8" effector cells (Fig. 27). Without
differentiation of the CD4" T cells, these ratios were nearly equal in the NOX-A12 and
RT treatment arms and increased nonsignificantly compared to the control group
(Fig. 27, A). However, the combination therapy reduced the ratio to the baseline level
of the reference group. A careful analysis of the ratio between Treg and CD8" effector
cells reveals the immune suppressive microenvironment after RT with enhanced
number of Tregs compared with CD8" cells (Fig. 27, B). The decrease in the
Treg'/CD8" ratio in the combination therapy group indicates that the inhibition of
CXCL12 also impedes the migration of Tregs into the tumor tissue after RT.

Although lymphocytes are known to be highly radiosensitive and T cells die within
hours after irradiation (Heylmann et al., 2014), no significant changes in the
frequencies of different lymphocytes were detected in the three treatment arms
10 days after irradiation in the model used. In a similar model, Stessin et al. (2020)
observed a delayed increase in CD8" cells caused by an influx of the cells, whereby
the differences were rebalanced 5 days after tumor irradiation. This suggests that in
the model used, the re-infiltration by lymphocytes after RT may already have been
completed at the time of observation and the balance of the lymphoid cells may thus
have been restored. This is also supported by the fact, that the measured
frequencies of CD31" cells were only slightly affected by RT.

This raises the question of whether there was a more appropriate time point to observe
the radiation-induced changes. Despite the complications from RT, it would probably
be useful to include at least one more earlier time point in the study to examine the
immunologic effects. This is also associated with the difficulty of ensuring that the TME
has not already re-equilibrated after RT and that, in parallel, sufficient time remains for
the immune modulator to reach a therapeutic concentration. Retrospectively, to avoid
missing immunologic events, additional observations at multiple time points between
days 10 and 25 after tumor inoculation would have been reasonable.

5.3.2 Effect of the therapies on MDSCs in the TME

Similar to the other tumor-infiltrating leukocyte populations, the proportion of MDSCs
showed no significant differences between treatment arms (Fig. 28, A). The MDSCs in
tumors treated with the CXCL12 agonist were increased compared with the control
group. Contrary to expectations, the MDSC population was reduced by the RT alone.
This MDSC population was mainly composed of highly immunosuppressive monocytic
MDSCs (M-MDSCs, Ly6C*'Ly6G") (Fig. 28, C). Patient studies have revealed that the
main intratumoral MDSC subpopulation involved in local immunosuppression is
composed of polymorphonuclear MDSCs (PMN-MDSCs) (Gielen et al., 2016;
Raychaudhuri et al., 2015). Contrary to these results, the PMN-MDSCs do not play a
decisive role in the present model, the cell levels found in the tumor were too low.

Tumor-infiltrating MDSCs have been characterized in several other tumor models by
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the upregulation of the immune-suppressive markers CD39 and CD79 as well as the
immune-suppressive activity of their product exacerbate immunesuppressive
adenosine (Chouaib et al., 2018; Morello et al., 2016). A closer look at the expression
of the immune-suppressive marker CD39 and CD73 on the MDSCs revealed a low
level of CD73" cells in the model used, but a significantly higher expression of CD39
in the tumors of the combination treatment arm (Fig. 29, C). Even though all
treatment arms had very high expression levels, this suggests a higher suppressive
TME after RT and CXCL12 antagonist application.

With more than 90% of all MDSCs, the highest expression levels of PD-L1 were
found on the tumor-infiltrating MDSCs (Fig. 29), as described in other mouse tumor
models. Second lymphoid organs such as the spleen also contained almost the same
amount of PD-L1" MDSC. However, the expression levels of MDSCs in the blood
were much higher than in a colon carcinoma model (Lu et al., 2016).

The expression levels of PD-L1 found in the TME allow the conclusion that the
MDSC population found has potent suppressive activity against T cell activation and
function, regardless of the treatment arms. Interestingly, the application of the
CXCL12-inhibitor leads to a significant increase in this expression. Because the
expression of PD-L1 on MDSCs in tumor-bearing mice is typically linked to hypoxia
and HIF-1q, the results suggest that tumors experience a higher hypoxia effect under
the CXCL12 inhibition than under RT alone (Corzo et al., 2010; Noman et al., 2014).
The upregulation of PD-L1 on MDSCs under the influence of NOX-A12 also indicates
an intensified immune-suppressive environment.

The intratumoral production levels of NO and ROS correspond to the typical
expression of the predominant monocytic subset of MDSCs there Fig. 30). MDSCs
produce reactive nitrogen species, predominantly NO, that induces and regulates the
activity of HIF-1a (Mijatovic et al., 2020). In the model used, no significant difference
in the NO production was observed, although the mean production was noticeably
decreased after RT. This decreased production was adjusted to the level of the
untreated group by the combination of RT and the CXCL12 inhibitor.

MDSCs release ROS as the major mechanism to suppress T cell responses. The
measured production of ROS by MDSCs in the tumor tissue showed the highest level
under CXCL12 inhibition, followed by a significant reduction when RT was involved.
Reduced production of ROS was shown to undermine the repressive immune function.
The ROS secreted by MDSCs increases the HIF-1a level in the TME and creates a
toxic milieu for infiltrating lymphocytes (Groth et al., 2019; Ohl and Tenbrock, 2018).
These determined data could be interpreted as evidence that applied RT results in a
less immunosuppressive TME. Unfortunately, this irradiation-induced effect seems
not to be supported by the added CXCL12 inhibitor, as ultimately an insignificant
overall survival benefit (p = 0.19) was achieved by the combination therapy.

5.3.3 Radiation-induced receptor profile of leukocytes in the TME

The initial chemokine receptor analysis of the MDSC population revealed a significant
alteration of the CXCL12-related receptor CXCR4 expression in the tumor by RT. It
was considered that the irradiated-induced reduction of the CXCR4 receptor was
counterbalanced by the upregulation of other MDSC attracting receptors or the
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secondary CXCL12 receptor CXCR7 because the cellular analysis revealed no
significant differences between the observed subpopulations in the TME. This up- or
downregulation of specific cytokine receptors could also be responsible for the
equalized levels of other immune-relevant cells. Therefore, the receptor expressions
on CD8" effector cells, CD4"FOXP3" Tregs and the CD11b"Gr1* MDSCs were
subsequently examined in more detail by a closer analysis after RT alone.

As in the previous analysis, the tumor volume was found to be significantly reduced
after RT alone, while no differences in the amount of tumor cells or leukocytes were
detected (Fig. 32, Fig. 33, A). This results in a higher leukocyte to tumor cell ratio. No
significant differences were observed in CD8" and CD4" cells after RT alone (Fig. 33,
C). However, the subpopulation of tumor-infiltrating Tregs was significantly reduced
by RT, wheras the MDSC population was not (Fig. 33, D; Fig. 34, B).

The receptor profiles of the subpopulation of the CD8" effector cells reveal a decrease
in the cells single expressing the receptors CCR2, CCR4, CCR5 and CXCR4 due to
RT, with the highest reduction only in CCR4"CD8" T cells (Fig. 35). Therefore, the co-
expression of all analyzed receptors increases on the effector cells, which is also
reflected in the enhancement of the combinations CCR4'CXCR4'CXCR7",
CCR2'CCR4'CXCR4'CXCR7" and CCR4'CCR5'CXCR4'CXCR7" (Fig. 36). In
summary, both receptors, CXCR4 (p = 0.063) and CXCR?7 (p = 0.04), were found to be
increased in expression along with other receptors after RT. Also, the combinations
CCR4"CCR5'CXCR4" and CCR5'CXCR4" were found significantly increased. The
increase of these receptor combinations after RT underscores that the observed CD8"
cells are mostly newly infiltrated. CXCR4 is expressed in both naive and activated T
cells. Naive CD8" T cells predominantly express CXCR4 which regulates T cell
migration along the CXCL12 gradients on their surface. They lose the CXCR4 receptor
during their differentiation into memory or effector CD8" T cells because the receptor
negatively affects the function of cytotoxic CD8" T cells (Kobayashi et al., 2004). The
increase of the CXCL12 receptors after RT indicates that more naive T cells had
infiltrated and differentiated in the irradiated tumor tissue, highlighting the co-
expression of the other receptors.

The increased expression of CCR4-containing combinations indicates a lower
antitumor activity of the detected CD8" cells, as CCR4"CD8" T cells are predominantly
identified as immature effector memory cells (Kondo and Takiguchi, 2009), which are
known for limited population expansion and tend to exhaust rapidly and subsequently
die (Ando et al., 2020). Activated CD8" T cells have been found to constitutively
express CCR2 and CCR5, whereas CCR5 is higher expressed on memory CD8" T
cells (Fukada et al., 2002; Nansen et al., 2000; Tomiyama et al., 2002). Combinations
with these receptors indicate the differenzierung of the found CD8" cells. The
simultaneous expression of CCR5 and CXCR4 is required for chemokine-induced co-
stimulation during T cell activation by APCs (Contento et al., 2008).

Based on the detected frequency of exhaustion markers on the CD8" cells and the
receptor profiles found, it can be assumed that the tumor-infiltrating CD8" cells rapidly
converted from naive to memory effector cells with a reduced antitumor response.

The receptor profiling of CD4*FOXP3™ Tregs was less variant than the other cell
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subpopulations. Almost all analyzed Tregs simultaneously expressed at least the two
receptors CCR4 and CXCR4 on their surface, only the receptor CXCR4 was single
expressed at a very low level in the Treg receptor profile (Fig. 37).

CCR4 has been described as specific for Tregs and is responsible for their migration
into the TME via tumor-expressed chemokines CCL2, CCL22 and CCL17. In data
from GBM patients, significantly higher expression levels of CCR4 were detected on
circulating Tregs (Jordan et al., 2008). After RT, CXCR4 expression on Tregs is
induced under hypoxic stress and recruits the cells into the irradiated tissue
(Ondondo et al., 2013).

The ascertained receptor profile supports the hypoxia-driven recruitment of Tregs via
CXCL12/CXCR4 signaling. In contrast to other expression patterns found, the tumors
showed a reduced influx of CCR4"CXCR4" Tregs after RT (Fig. 38). Therefore, the
CCR4"CXCR4"CXCR7" Tregs and the co-expression of all five observed chemokine
receptors were intensified to overcome the reduction of this receptor combination.
The analyzed Tregs also expressed other migration receptors such as CCR2 and
CCRS5 for higher migration rates. The Tregs require these two receptors to migrate
into inflamed tissues and draining lymph nodes. CCR2 and CCR5 signaling also
increase the fitness of the Tregs and enhanced their regulatory function against naive
T cells (Ward et al., 2015; Zhan et al., 2020).

On the CD11b*Gr1* MDSCs, the single expression of the five observed receptors was
low compared with the receptor combinations found (Fig. 39). Interestingly, MDSCs,
expressing only the CXCR4 receptor on their surface, were found significantly less
frequently, whereas CXCR?7 single expression increased after RT. When focusing on
the co-expression of these receptors, the same difference was found. The co-
expression of the receptor CCR4 with other receptors was also higher after RT.

As a result of irradiation, most receptor variants were reduced, only the co-
expression of all observed chemokine receptors as well as the combinations
CCR2"CCR4"CCR5'CXCR7" and CCR2"CCR4"CCR5" were detected increased on
MDSCs (Fig. 40).

The CCR2 receptor is a high affinitive receptor for CCL2 on circulating monocytic
progenitors and MDSCs, required for the accumulation of monocytic MDSCs in glioma
(Chang et al., 2016). In this model, the major MDSC subset in the tumor tissue was
identified as M-MDSCs, being slightly reduced after RT. Therefore, it is no surprise
that CCR2 is involved in eight of the 10 most frequently found receptor combinations.
CCR2 and CCRS5 share up to 75% homology and share the ligands CCL2, CCL7,
CCL8 and CCL16 (Fantuzzi et al., 2019). CCRS5 is a key driver of the accumulation of
MDSCs at the tumor site and mainly expressed on PMN-MDSCs in the tumor
environment (Hawila et al., 2017). In the model used, this MDSC subset was found
only marginally (1.1-1.7% of all MDSCs). Even after the reduction of CXCR4, neither
a significant increase in CCR5" MDSCs nor a remarkable development of the PMN-
MDSCs was observed. CCR5" MDSCs are indicators of a stronger
immunosuppressive environment that directly correlates with the enhancement of
CCR5 ligands like CCL3, CCL4 and CCL5 (Blattner et al., 2018). In the model used,
these ligands were reduced in response to RT at the observed time point. This
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contrasts with the observed expression of CC chemokine receptors on MDSCs,
which seems to indicate that the cytokine production by these cells is less
immunosuppressive than that of the total TME after RT.

In contrast to other preclinical studies, that demonstrated a remarkable irradiation-
induced accumulation of MDSCs via CXCL12 receptor CXCR4, in the model used,
the only significantly reduced cell subset was the CXCR4" MDSCs subset (Kioi et al.,
2010; Liu et al., 2014; Walters et al., 2014). Because the receptor was previously
reported to be upregulated after RT, the determined receptor profile of the MDSCs
indicates that other pathways instead promote the MDSC re-infiltration in the present
setting. The CCL2-CCR2 recruitment pathways seems to be mainly responsible for the
re-infiltration and equalization of the TME by MDSCs. The cytokine analysis revealed
that the CCL2 production was reduced on the irradiated tumor side and so was the
amount of myeloid cells. Whereas, the increased number of CXCR7* MDSCs in
irradiated tumor tissue can be related to the unchanged expression of CXCL12 by
irradiation and the higher binding affinity of the receptor with the chemokine. Although
this receptor has not been reported to directly mediate chemotaxis of MDSCs, it is
involved in chemotactic events through the uptake and degradation of chemokines and
thus may also be engaged in the re-infiltration of MDSCs after irradiation (Burns et al.,
2006; Quinn et al., 2018; Sanchez-Martin et al., 2013).

5.3.4 Chemokines and cytokines in the TME

To determine the current status of the immune response due to the different
treatments (RT, NOX-A12, RT + NOX-A12), 31 different cytokines and chemokines
were analyzed in the blood and TME of animals treated. Normalized to the respective
total protein levels, most analytes revealed a high gradient between the intratumoral
and respective plasma concentrations, which differ mainly depending on the
inhibition of CXCL12 promoting the migration of immune cells into the TME.

The interleukins IL-2, IL-4 and IL-6 could only be determined in low concentrations,
whereas the interleukins IL-18, IL-10 and IL-16 were detected in significantly higher
amounts in both plasma and tumor samples. The cytokines GM-CSF, IFN-y and TNF-a
were also found in relatively low levels (3 to 20 pg/mg protein) (Fig. 41, A, E-H; Fig. 42, 1).
In this model, the concentrations of the proinflammatory cytokines IL-13, IL-6 and
TNF-a were significantly reduced after RT in the TME (Fig. 41, A, D; Fig. 42, 1). The
IL-6 was also significantly decreased by the CXCL12 antagonist NOX-A12 (Fig. 41,
D). Other studies had shown that the expression of the cytokines IL-1, IL-6 and TNF-
a was increased by irradiation (Albulescu et al., 2013; Zhou et al., 2015b). A similar
marked decrease in the release of IL-1 and TNF-a has previously been observed
only after exposure to low-dose X-ray irradiation (Frischholz et al., 2013).

The concentration of IL-1B in the plasma increased significantly under treatment with
the CXCL12 antagonist (Fig. 41, A). In the TME, the interleukin was significantly
lowered by irradiation. IL-1B is commonly present in GBM and is mainly produced by
tumor cells but also by tumor-associated macrophages. As a pro-inflammatory
cytokine IL-1B modulates the GBM progression and cell invasion by stimulating the
production of the tumor-promoting interleukins IL-6 and IL-8 (Tanabe et al., 2011;
Yeung et al., 2012). This effect is dependent on the degree of hypoxia, thus IL-1[3

103



5 Discussion

acts as a tumor suppressor under high hypoxia (Sun et al., 2014). After RT, the TME
is no longer adequately oxygenated at the tissue level and may be tumor-
suppressive even at reduced levels. Therefore, the levels of IL-1B found in the TME
were expected. The reduction of IL-13 under RT might be related to reduced GBM
cells, rather than to changes in macrophages in the TME. The enhanced stimulation
of IL-6 production was not detected, but the measured levels of IL-13 and IL-6
corresponded in each group.

IL-2 was not significantly altered by the therapies in the plasma or TME (Fig. 41, B).
This interleukin is produced by activated antigen-specific CD4" and CD8" T cells but
is mainly consumed by CD25" Tregs. The strength of the IL-2 secretion modulates
the antigen-specific CD8" T cell population as well as the proliferation of GBM cells
(Boyman and Sprent, 2012; Capelli et al., 1999). The CD4" and CD8" T cells were also
not significantly changed or depleted by the therapies. These findings correlate with
the lack of alteration in the interleukin expression, but do not allow to predict a
possible outcome.

In the TME, IL-4, a potent regulator of the antitumor activity, did not differ as a result
of the therapies (Fig. 41, C). IL-4 is secreted by mast cells, T helper cells, eosinophils
and basophils and it regulates tumor growth by blocking angiogenesis or recruiting
eosinophils (Gadani et al., 2012). The expected increased blockade of angiogenesis
after administration of NOX-A12 was not reflected in the determined levels of this
interleukin in the TME, so that the antitumor effect of the treatments, as evidenced by
the prolonged survival, could not be attributed to this interleukin.

IL-6 regulates the immune response by decreasing the release of both pro-
inflammatory and anti-inflammatory cytokines (Scheller et al., 2011). IL-6 and TNF-a
influence each other’s expression (West et al., 2018; Zhou et al., 2015b). This was
also evident in the levels measured in this GBM model, the concentrations of both
cytokines in the TME were nearly equal (Fig. 41, D). IL-6 supports the progression of
the tumor as a growth factor, also deregulates the tumor process and acts as a
promoter of vascular endothelial cell migration during tumor angiogenesis. It is often
predominately expressed by infiltrating macrophages as a reaction to tissue damage
or stress due to irradiation of the tumor and other pro-inflammatory cytokines (West
et al.,, 2018; Zhou et al.,, 2015b). Therefore, the reduction in IL-6 after RT was
surprising but corresponds to a lower number of tumor-infiltrating macrophages after
RT. The interleukin was also significantly reduced by the inhibition of CXCL12, which
suggests inhibition of endothelial cell migration and, in cascade, tumor angiogenesis.

In this model, IL-10 was highly expressed in the GBM tumors but not altered by the
treatment (Fig. 41, E). A high concentration of the interleukin was expected because
IL-10 is overexpressed in human GBM and acts as an anti-inflammatory cytokine
promoting tumor cell proliferation as well as GBM motility (Huettner et al., 1997). It is
produced by numerous cell types like Tregs, macrophages and DCs and is involved in
the suppression of immune responses by impairing the proliferation, cytokine production
and migration of CD8" effector cells (Dennis et al., 2013; Moore et al., 2001). The
amount of the interleukin corresponds with the constant frequency of Tregs found.

IL-16 was significantly increased by the CXCL12 antagonist in the plasma, but in the
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TME its high values remained almost unchanged (Fig. 41, F). IL-16 is a
chemoattractant for CD4" cells, a modulator of T cell activation and induces the
cytokine release from monocytes and macrophages (Mathy et al., 2000). The high
amount of the interleukin at the tumor site creates a gradient that attracts more CD4"
cells to the TME, which is reduced by the CXCL12 inhibition. Therefore, fewer CD4"
cells were found in the TME under CXCL12 blockade but not after RT, which
unfortunately was not sufficient for a significant difference.

Intratumoral GM-CSF was also not significantly changed in reaction to irradiation, but
the factor was systematically increased by NOX-A12 (Fig. 41, G). In GBM, the
colony-stimulating factor is produced by the tumor cells and in response to any
damage to the brain tissue from a growing tumor by normal, unstimulated brain
neurons. It acts as an immunosuppressive cytokine and is involved in glioma
carcinogenesis and progression (Kast et al., 2017). Although the factor is produced
as a response to each damage caused by tumor or irradiation, only a small amount
was found in the TME, which was even reduced after RT. This indicates that at the
observation time point, the irradiation-induced release of the growth factor had
already slowed down and the tumor growth had stopped accordingly.

The production of IFN-y was also not modified in plasma or TME as a result of
therapy (Fig. 41, H). IFN-y is a pro-inflammatory cytokine that enhances the number
and activity of various cells involved in the antitumor immune responses. Especially
brain DCs are stimulated by IFN-y in their antigen-presenting function (Zhou et al.,
2015b). IFN-y is involved in the inhibition of cell proliferation and angiogenesis in the
TME, particularly in irradiated tumors (Lugade et al., 2008). The absence of an
increased expression of this cytokine suggests that no acute immune response was
ongoing during the observation time point.

TNF-a was significantly reduced in the irradiated TME and the factor was increased
by the CXCL12 inhibition in the plasma (Fig. 42, |). It acts as an important activator of
the neuroimmune system and is secreted mainly by GBM infiltrating CD4"
lymphocytes, activated macrophages and NK cells. It provokes the expression of
vascular endothelial growth factor (VEGF) in GBM and promotes the tumor
angiogenesis (Zhou et al., 2015b). A reduction of this factor indicates a delay in its
production due to the infiltration of CD4" lymphocytes after RT so that suppressed
angiogenesis of the irradiated tumor can also be assumed.

CCL1 (I-309) was significantly increased only in the plasma of animals treated with
RT and immune modulators (Fig. 42, J). In the TME, the cytokine was found at an
intermediate level, and no change in the expression of CCL1 was detected. CCL1, as
an inflammatory mediator, stimulates monocyte migration, induced tumor regression
and resistance (Liang et al., 2020). Furthermore, CCL1 expression can increase Treg
accumulation in cancer (Kuehnemuth et al., 2018). The gradient found supports both
the MDSC as well as Treg migration in the TME. However, the absent change
through the treatment indicates that the TME was already in a steady-state during the
observation time point.

In the tumor tissue, CCL2 (MCP-1) was found at high levels, which were significantly
reduced by RT (Fig. 42, K). In the plasma samples, its amount was increased as a
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result of the CXCL12 inhibition. This chemokine is mainly produced by tumor-
associated macrophages, monocytic MDSCs and microglia. It is crucial for the clinical
outcome, as demonstrated in this tumor model treated with the CCL2 inhibitor
mNOX-E36. In the early phases of tumor progression, the cytokine promotes a
beneficial TME for an antitumor immune response. In established tumors, this
cytokine supports an immunosuppressive microenvironment, while acting as an
influential recruiting factor for Tregs and MDSCs in GBM (Chang et al., 2016). Based
on its functions, the high expression levels correspond to the levels of MDSCs and
Tregs found in the TME.

In the plasma, both proinflammatory chemokines, CCL3 (MIP-1a) and CCL4 (MIP-
18) increased significantly due to NOX-A12 (Fig. 42, L, M). Moreover, both
chemokines were significantly decreased as a result of irradiation of the TME at
almost the same level. They are important chemokines that interact with each other
in the initiation of an immune response and induce the recruitment of DCs,
neutrophils, monocytes, macrophages and T cells. CCL3 affects the function of CD8"
T cells, whereas CCL4 acts on CD4" T cells. But TAMs and MDSCs also produce
these chemokines for tumor-promoting effects and the recruitment of MDSCs via
CCRS5 (Korbecki et al., 2020). Both chemokines were increased in the plasma when
CXCL12 was inhibited, indicating an alternative recruitment reaction for MDSCs via
the CCRS5 receptor, even if the receptor profile of the MDSCs does not clearly
support this (Hawila et al., 2017). On the other hand, the reduced concentration of
these cytokines in the irradiated TME is associated with the recruitment of MDSCs,
but also with the blocked migration of effector T cells, which indicates a chronic
inflammation site in the TME with a tumor-promoting effect. The higher expression of
CCL3 in the untreated TME suppresses the effect of GM-CSF and more importantly
IL-4 there (Herrlinger et al., 2004). In the TME, the production of IL-4 was not altered
by treatment, but based on the reduced concentrations of CCL3 after RT, a higher
effect of IL-4 can be assumed in the treated animals.

The concentration of CCL5 (RANTES) in the tumor tissue was very high but was not
significantly changed by any treatment (Fig. 42, N). Its plasma levels were significantly
reduced after RT and immunotherapy. As a pro-inflammatory cytokine, it is responsible
for the accumulation of various anti-cancer immune cells to the tumor site. The
expression of CCL5 is increased in GBM-associated cells, MDSCs, GAMs and TILs,
but also Tregs. It also increases the proliferation of cancer cells and participates in
angiogenesis (Korbecki et al., 2020). The consistently high concentration of this
chemokine in the TME indicates its importance in the recruitment of TILs, GAMs as
well as MDSCs. The reduced gradient after RT and NOX-A12 administration indicates
a soft inhibition of this migration in the model used. Because of the stronger
immunosuppressive character of the MDSCs recruited via CCL5-CCRS interaction, the
TME appears to be slightly more pro-inflammatory after the administration of the
combination therapy compared with the other treatment arms (Blattner et al., 2018).
The CCL7 (MCP-3) in the tumor tissue was determined to be dependent on irradiation
(Fig. 42, O). CCL7 acts as a chemotactic attractant for monocytes, DCs, tumor-
associated macrophages and activated T lymphocytes. It can also promote
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tumorigenesis and progression (Liu et al., 2018). After RT, the reduced expression of
this chemokine is indicative for the reduced migration of active T cells into the TME,
which also suggests that after RT, the re-infiltration of the TME had already been
completed at the observation time point, which can happen within five days as reported
by other studies (Stessin et al., 2020).

No significant change in the expression of the important chemoattractant for
eosinophils and basophils, CCL11 (Eotaxins) (Fig. 42, P), which causes and inhibits
tumor angiogenesis, was detected in the TME (Korbecki et al., 2020). The gradient
between the TME and the plasma levels of this chemokine was neutralized as a
reaction to treatment. This suggests, that it did not have a role in the recruitment of
eosinophils and basophils in the TME of treated animals neither in the tumor
angiogenesis in the model used.

The amount of CCL12 (MCP-5) in the tumor tissue was significantly reduced by the
radiation, while it increased in plasma due to the CXCL12 blockade (Fig. 43, Q).
Murine CCL12 is closely related to human CCL2 and is a major cytokine produced by
macrophages that recruits eosinophils, monocytes and lymphocytes (Jia et al., 1996).
The dependence of CCL12 expression on macrophages explains the lower gradient in
the treatment groups with CXCL12 inhibition, which is supported by the effect of RT.
The lower gradient results in a lower migratory pressure for monocytes and
lymphocytes, which may lead to a survival advantage over a longer time span.

For the chemokines CCL17 (TARC) and CCL19 (MIP-3), no significant changes were
determined by the treatment (Fig. 43, R, S). CCL17 is produced by myeloid DCs and
endothelial cells. It enhances antitumor immunity by inducing the chemotaxis of T
cells and activating CD8" T cells through APCs (Henry et al., 2008; Kumai et al.,
2015). CCL19 is responsible for the homing of T cells to lymph nodes. In the tumor,
the chemokine induces an anti-cancer activity via cytotoxic TILs and inhibition of
angiogenesis (Korbecki et al., 2020). The constant ranges indicated that all these
functions are not relevant to the diverse behaviors of the different treatment groups in
our model.

Significant changes in the plasma concentrations were determined for the chemokines
CCL20 (MIP-3a) and CCL22 (MDC) after administration of NOX-A12 (Fig. 43, T, U). As
a pro-inflammatory chemokine, CCL20 is essential for the functions of DCs, T cells and
B cells. In tumors, its main function is the recruitment of Tregs, TAMs or DCs. It
increases the anticancer response, but also promotes tumor immune evasion to a
greater extent. It also causes angiogenesis and increases cancer cell proliferation
(Korbecki et al., 2020). The low concentration of this chemokine in both, plasma and
TME, demonstrates that it does not affect the migration of Tregs, TAMs and DCs here.
In GBM, reduced plasma levels of CCL22, a chemoattractant for DCs, CD4" and CD8"
T cells, can be associated with low CD4" T cell counts and shorter survival times
(Mantovani et al., 2000; Zhou et al., 2015a). These lower plasma levels were observed
after RT, but not when the CXCL12 inhibitor was added. The larger gradient in the RT
group also has a greater recruiting effect for T cells, which compensates for the lack of
lymphocytes in the irradiated TME. Consequently, the CCL22 expression could be an
indicator of a survival benefit of the combination therapy of RT with NOX-A12.
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The treatments did not alter the concentrations of CCL24 (Eotaxin-2) in plasma or
tumors (Fig. 43, V). CCL24 induces the chemotaxis in eosinophils, resting T cells and
neutrophils in the TME, but this function is not decisive for the tumor growth under the
different treatments in this GBM model (Korbecki et al., 2020).

The CXCL12 inhibition modified the blood concentration of CCL27 (CTACK) but did
not affect the high concentrations in the tumor (Fig. 43, W). CCL27 is responsible
for the CD3" and CD4" lymphocyte migration and is thus involved in the anticancer
response of the immune system. However, it is also involved in tumor development,
especially in the hypoxic tumor regions (Korbecki et al., 2020). Because the
gradient remains stable under the treatment in all groups, a chronic inflammatory
state has to be considered.

Contrastingly, no significant changes in the blood concentration of CXCL1 (KC) were
detected, but the in-tumor concentration was changed by irradiation (Fig. 43, X). CXCL1
has been reported to be enriched in GBM and related to the radioresistance of GBM
cells (Alafate et al., 2020). However, the low levels in all treatment groups were not a
sign of a relationship between the chemokine and the radioresistance of the tumor cells.

For CXCL5 (ENA-78), no significant changes were detected between the treatment
groups, either in the plasma nor in the TME (Fig. 44, Y). CXCL5 has been reported to be
upregulated in GBM and involved in tumorigenesis as well as cancer progression (Dai et
al., 2016). The gradients found do not promote any differences between the treatment
regimes.

CXCL10 (IP-10) was found at very high concentrations in the untreated tumor samples
and was strongly influenced by RT (Fig. 44, Z). After RT, the concentration of this
chemokine was drastically reduced, so that the gradients were almost neutralized.
CXCL10 is highly secreted by leukocytes, activated neutrophils, eosinophils, monocytes
and endothelial cells in pro-inflammatory environments during cancer. It attracts
activated T helper cells and monocytes, T cells and NK cells. In CNS, microglia,
astrocytes and neurons express CXCL10, which in turn attracts microglia cells. In the
murine model, CXCL10 mediates the immune stimulation and has been described as
responsible for the therapeutic effect (Liu et al., 2011). On the one hand, the reduction
by RT is caused by the loss of endothelial cells, but the flow cytometric analysis of these
cells revealed no significant differences. On the other hand, and this seems to be the
more important point, the leukocytes, monocytes and microglia in the TME are slightly
lower in number as well as mainly exhausted, consequently, they secrete less CXCL10.
The expression of the chemokine is also reduced in animals under CXCL12 inhibition,
but the effect occurs to a lower extent and does not add up with irradiation.

NOX-A12 significantly increased the concentration of CXCL11 (I-TAC) in plasma but
not in the TME (Fig. 44, AA). There, the chemokine was significantly reduced by RT.
CXCL11 mediates the recruitment of T cells, NK cells, monocytes and macrophages.
It is involved in the maturation of T cells and vasculogenesis. It also acts as an
antagonist for CCR5 as well as a negative modulator in leukocyte migration and
activation (Petkovic et al., 2004). The determined concentrations of this chemokine in
the TME indicate that these functions are suppressed only after irradiation.

After RT, CXCL13 (BAC-1) was significantly reduced in the TME. CXCL13 is mainly
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responsible for the B-cell tumor response (Fig. 44, Ac). It promotes B cell chemotaxis
and proliferation in tumors in a CXCR5 expression-dependent manner (Kazanietz et
al., 2019). Locally reduced amounts of tumor-associated B cells are correlated with a
positive outcome (Lee-Chang et al., 2019). This suggests not only a reduced B cell
activation on the irradiated side but also a survival benefit for the irradiated animals.
The concentrations of CXCL16 (SCYB16) were affected by NOX-A12 in the plasma
(Fig. 44, AD). CXCL16 is overexpressed in GBM and released by tumor cells
promoting GAMs (Lepore et al., 2018). In mice, it is produced by DC in lymphoid
organs and attracts T and NK cells (Tabata et al., 2005). The secreted levels of this
chemokine do not indicate a relevant function for the outcome of the different
treatments in this model.

In the CNS, CX3CL1 (Fractalkine), which regulates tumor growth, is expressed by
neurons and astrocytes. It is mainly involved in the cross-talk between neurons and
microglia. CX3CL1 is a transmembrane protein acting as a chemoattractant for
monocytes, DCs and lymphocytes when cleaved by specific proteases (Erreni et al.,
2010; Sciume et al., 2010). Therefore, higher quantities of this chemokine were
expected in the TME. However, the concentrations were not changed in either the
plasma or the tumor tissue by the different treatments (Fig. 44, AE). As Liu et al.
(2008) had previously shown, CX3CL1 has no effect on the tumor growth nor
migration of microglia or lymphocytes in this GBM model.

The ligand of the immune modulator NOX-A12, CXCL12, was found in high
concentrations in the plasma after administration of its Spiegelmer antagonist (Fig.
44, AB). It is the only chemokine for which a switch of the gradient between plasma
and TME has been detected. This increase of the chemokine in blood can be
explained by the increased formation of the inactive ligand-inhibitor complex of NOX-
A12 and CXCL12, which is degraded more slowly than free CXCL12 (Hoellenriegel et
al.,, 2014; Suarez-Carmona et al., 2021). lts formation confirms the successful
inhibitory effect of the Spiegelmer tested and the accumulation of the cytokine in the
plasma inhibits its messenger function. However, the chemokine also increased
significantly in the TME proving that the inhibitor overcame the BBB and successfully
blocked this chemokine there as well. In contrast to other studies, RT monotherapy
showed no difference in the concentration of CXCL12 in plasma or TME compared
with the untreated control (Kioi et al., 2010). Under the combination of RT and
NOX-A12, the ligand-inhibitor complex is also formed but to a lower extent than
under CXCL12 inhibition alone. This allows to conclude that a weaker inhibition of
CXCL12 is established in the TME under this treatment. The similar survival curves
of both RT treatment groups showed a slight benefit in the OS by this enhanced
blockage compared with RT alone, which manifested itself in the last third of the
observation period. This modest advantage was also favored by the suppressed
infiltration of CXCR4" MDSCs after RT. The applied RT altered the receptor pattern
of the immunosuppressive MDSCs, resulting in significantly reduced recruitment and
influx of this specific subgroup of MDSCs over a treatment time of 100 days. The
additionally sustained blockade of this recruitment axis results in a moderately less
interspersed with MDSCs and therefore less immunosuppressive TME.
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5.3.5 Conclusion of the TME analysis

Ten days after irradiation and 20 days after tumor inoculation, respectively, only
minor, mostly insignificant differences could be detected for the different cell
populations between the treatment arms. Overall, the determined characterization of
the TME showed only the actual state at the observation time point. On the one
hand, these data lead to the conclusion that the irradiated TME has already
recovered from the performed RT and is again in a more or less stable state at the
observation time point. On the other hand, the fact that the only significant change
was measured in CXCR4" MDSCs as a result of irradiation, in addition to the late
onset of the survival benefit of the combination therapy, suggests that NOX-A12
more significantly affects the irradiated cellular TME at a later time point.

The detected change in the MDSCs receptor profile after irradiation provides a first
indication of why some animals responded to irradiation and combination therapy
with complete tumor regression. Unfortunately, a correlation between the individual
profiles and the outcome could not be obtained in this experimental design.

These findings best describe the limitations of the flow cytometric analysis of the
immune response performed and demonstrate that not only a snapshot, but a
longitudinal analysis is required to obtain representative data regarding the time point
at which the therapies show their full effect and thus provide comprehensive
information about the response of the TME to the applied treatments. Especially, since
the cytokine and chemokine concentrations can change occasionally within an hour.
The data obtained are associated with further limitations complicating translation into
clinical practice in human GBM. For example, it must be considered that a particular
response in mice may not occur exactly as in humans. Therefore, the minor changes
in survival behavior and the differences at the cellular level or in the cytokine profile
might be more pronounced in humans, or the opposite.

5.4 Conclusion

This study describes the first preclinical study combining RT and Spiegelmer immune
modulators inhibiting the chemokines CCL2 and CXCL12. The model used was
designed to be as similar as possible to the real clinical conditions. Therefore, a
clinical irradiation system with a photon energy between 6 and 15 MV was used to
apply the irradiation dose, as has been performed by only a few groups in similar
preclinical studies before.

The Spiegelmer NOX-E36 was tested for the first time in a preclinical GBM model. The
survival studies showed that the administration of the Spiegelmer had no additional
positive effect on the survival of the animals in any combination. The plasma inhibition
of the cytokine CCL2 leads to increased tumor development. This can be explained by
the exclusion of antitumor M1 macrophages at an earlier stage of the tumor
progression, as this allows the tumor to grow without resistance. Therefore, the
immune modulator is not recommended as a treatment option in the early stage of the
disease. However, based on the study design, it cannot be completely ruled out that
this treatment could be advantageous in established, radioresistant tumors. Blocking
the recruitment of macrophages in already severely immune-suppressive TMEs may
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be an additional approach for NOX-E36. Nevertheless, this hypothesis needs to be
evaluated in a different experimental setting. For this reason, NOX-E36 is not yet
recommended as an adjuvant in GBM therapy.

The CXCL12-inhibitor NOX-A12 has been previously tested in other cancer models,
but here for the first time in an immune competent murine GBM model as an adjuvant
to RT and checkpoint inhibitors. Several clinically promising combinations have been
evaluated for their ability to suppress tumor growth. The data obtained showed a slight
improvement in OS with the combination of irradiation of the tumor-bearing tissue and
the immune modulator NOX-A12 compared with irradiation of the tissue alone.
Analysis of the cytokine and chemokine levels in the blood and tumor tissue of the
mice showed the increased formation of an inactive ligand-inibitor complex of NOX-
A12 and CXCL12 in plasma and tumor. This demonstrated that the CXCR4 receptor-
ligand CXCL12 was blocked by the NOX-A12 immunotherapy. The accumulation of
the chemokine in plasma inhibits the migration gradient between plasma and tumor
tissue. Additionally, the intra-tumoral CXCL12 level was increased by the
administration of the Spiegelmer, indicating the formation of a CXCL12-NOX-A12
complex and inactivation of CXCL12 in the TME, which impedes the migration of
MDSCs into the tumor tissues. However, the flow cytometric analyses data of the
tumor environment showed no relevant effect of this blockade on the amount of
suppressor or effector cells in the tumor tissue in the used experimental setting, only
the subpopulation of MDSCs expressing the CXCR4 receptor was significantly
reduced by irradiation in the tumor tissue. In particular, MDSCs individually expressing
the CXCR4 receptor were able to infiltrate tumor tissue only in a suppressed manner
after irradiation. MDSCs with other co-expressed chemokine receptors were also
prevented from infiltrating the microenvironment to a smaller extent. Therefore, the re-
infiltrated cells in the irradiated TME exhibited a greater diversity of receptor
expression. This may be evidence that in this model, migration of suppressor or
effector cells in the tumor after RT is largely mediated by migration processes other
than the CXCR4-CXCL12 signaling pathway. Follow-up studies that explore these
migratory movements in more detail are recommended to clarify this question.
Adjuvant administration of a CXCL12 antagonist, which impedes CXCR4 ligand
function in the blood, may help to maintain the migration blockade of CXCR4-positive
immunosuppressive cells after irradiation. The CXCL12 antagonist was able to
increase the plasma level of circulating CXCL12, reversing its concentration gradient
between plasma and tumor tissue. Furthermore, the observed survival benefit may
be a direct effect of the CXCL12 inhibition on the CXCR4-expressing tumor cells. The
immune modulator also affects the migration ability, invasiveness or proliferation of
the tumor cells. This explains the slight survival benefit of the combination of the
immune modulator and irradiation compared with the RT alone. To better reflect this
effect, a reduction of the irradiation dose would potentially be beneficial, as it was
already shown to be very effective alone in the present model.

Considering that GBMs are particularly malignant tumor entities, any treatment option
that improves the quality of life or the survival of the patients affected by this highly
malignant disease should be considered highly valuable to them. For this reason, the
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modest improvement in survival observed in this study with the combination of RT
and NOX-A12 is sufficient to recommend further preclinical studies on the suitability
of the CXCL12 antagonist as an adjuvant therapy to radiotherapy.

Thus, the factors that differentiate the animals into positive responders and non-
responders to the combination therapy could not be clearly defined within the scope
of this project and requires further research.

Prior to clinical application, this study should be complemented by further preclinical
experiments aimed at evaluating the potential synergistic effect of chemokine
inhibition in glioblastoma therapy compared to blocking the CXCR4 receptor. For this
purpose, it would be beneficial to compare the effects of CXCR4 receptor inhibition
by plerixafor (AMD3100) and/or a CXCR4-specific antibody in the model used with
the previously obtained findings. In this context, it is imperative to perform histological
and flow cytometric analyses to achieve a comprehensive understanding of the
structural and cellular changes induced by the treatments.

Another aspect that should be investigated is the impact of the administered
treatments on tumor angiogenesis/vasculogenesis. To assess the effects of the
treatments on the vasculature of the tumor and to make a comprehensive
assessment of the architecture and organization of the blood vessels in the tumor, a
3D analysis of the vessels in the tumor could be performed.
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6. Summary

6 SUMMARY

Recent therapeutic approaches for glioblastoma (GBM) focus on GBM cells eradication
by local radiotherapy (RT) and targeting the tumor microenvironment (TME), e.g. by
excluding myeloid-derived suppressor cells (MDSCs) by blocking the CXCR4/CXCL12-
signal axis. The effect of RT combined with antagonization of CXCL12 (SDF-1) by a
novel Spiegelmer immune modulator on survival, cellular TME and cytokine production
was investigated here the first time in an immune-competent murine model as the main
objective of the study. Further, the survival effects of a second immune modulator
neutralizing CCL2 were evaluated.

Immune-competent 7-12 week-old female wild-type C57BL/6J mice were intracerebrally
implanted with 1.5x10° murine GFP-expressing glioma cells (GL261) and survival was
monitored up to 100 days. Three different immune modulators (anti-PD-1 antibody (6x
250 pg ip.), CXCL12 and CCL2 antagonists (both 20 pg/g body weight s.c. every 2"
day)) were tested in various combinations (13 groups) with or without half-brain
irradiation (1 x 12 Gy). To monitor tumor growth, animals (n = 8-15) were observed
weekly via MRI (1 Tesla, T1-weighted) and after a maximum of 100 days, brains were
examined for complete tumor regression (MRI, fluorescence signal,
immunohistochemistry). To investigate the effects of the combination of CXCL12
antagonist and RT on the immune response, tumor tissue, spleen and blood from
animals randomized into four groups (untreated control, NOX-A12, RT, RT with NOX-
A12) were analyzed by flow cytometry 20 days after tumor inoculation. Besides, the
concentrations of 31 cytokines and chemokines in tumor and plasma were measured by
bead-based multiplex immune assay and receptor profiles after RT were determined for
the CD8" effector cells, CD4'FOXP3" Tregs and CD11b"Gr1" MDSCs. Survival data
were statistically analyzed by the Kaplan-Meier method, other data using a one-way
ANOVA test or an unpaired t-test with a significance limit of 5% (p < 0.05).

As monotherapy, both Spiegelmers had no positive effect on mouse survival, contrary to
the anti-PD-1 antibody (32 days median survival (MS), p = 0.025). Only the CXCXL12
antagonist combined with anti-PD-1 treatment had an improved survival effect over the
control group (42 days MS, p = 0.003). RT resulted in a MS of 57.5 days with an overall
survival (OS) rate of 25%. Addition of CXCL12 antagonist to RT improved MS to 99 days
and overall survival to 50% (p =0.19). CCL2 antagonization combined with other
treatments did not result in any survival benefit. Flow cytometry analysis revealed only
minor differences in tumor-infiltrating leukocytes and endothelial cells. CD8" T cells
carried exhaustion markers, while a quarter of the CD4" T cells were regulatory T cells
(Tregs). Intratumoral MDSCs (CD11b*Gr1") expressing CXCR4 were significantly
reduced after RT. Receptor profiling of irradiated MDSCs showed a loss of CXCR4 as
single expression or in combination with other receptors. Irradiation leads to a significant
increase in  receptor combinations CCR4'CXCR4'CXCR7" (p=0.01) and
CCR2'CCR4"CXCR4'CXCR7" (p = 0.04) on CD8" effector cells and a slight reduction in
CCR4'CXCR4" Tregs. Only for CXCL12, an inversion of the gradient between plasma
and TME concentration was observed under the influence of the tested immune
modulator.

Considering that GBMs are particularly malignant tumor entities, the heterogeneous
results under CXCL12 antagonist NOX-A12 as adjuvant to RT warrant further preclinical
studies to identify potential impact indicators yet unknown with regard to the suitability of
the inhibitor for clinical use.
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Table A-1: Staining panels for the flow cytometric analysis

maker
Live Dead
CD45
CD3

CDh4
FoxP3
CD39
CD73
CD69
PD-L1

maker
Live Dead
CD45
CD3

CD8

CD31
CD69
PD-1

maker
Live Dead
CD45
CD11b
Ly6G
Ly6C
ROS

NO

maker
Live Dead
CD45
CD11b
Ly6G
Ly6C
CCR4
CCR2
CXCR4
CXCR2

maker
Live Dead
CD45
CD11b
Ly6G
Ly6C
CXCR7

fluorochrome
7AAD

V500
PerCP-Cy5.5
PE

FITC

PE-Cy7
BV421

APC

BV421

fluorochrome
7AAD

V500
PerCP-Cy5.5
PE-Cy7

PE

APC

BVv421

fluorochrome
7AAD

V500
APC-Cy7
APC

PE

APF

DAF-FM DA

fluorochrome
7AAD

V500
APC-Cy7
APC

PE

PE-Cy7
BV605

BVv421

FITC

fluorochrome
7AAD

V500
APC-Cy7
APC

PE

PE-Cy7

CD4 Panel
clone manufacturer
Miltenyi Biotec, Bergisch Gladbach, Germany
30-F11 BD Biosciences, San Jose, USA
SK7 BD Biosciences, San Jose, USA
RPA-T4 BD Biosciences, San Jose, USA
L78 eBioscience /Thermo Fisher, San Diego, USA
Duha59 Biolegend, San Diego, USA
TY/11.8 Biolegend, San Diego, USA
H1.2F3 BD Biosciences, San Jose, USA
MIH5 BD Biosciences, San Jose, USA
CD8 Panel
clone manufacturer
Miltenyi Biotec, Bergisch Gladbach, Germany
30-F11 BD Biosciences, San Jose, USA
SK7 BD Biosciences, San Jose, USA
RPA-T8 BD Biosciences, San Jose, USA
MEC 13.3 Biolegend, San Diego, USA
H1.2F3 BD Biosciences, San Jose, USA
29F.1A12 BD Biosciences, San Jose, USA
MDSC Panel 1
clone manufacturer
Miltenyi Biotec, Bergisch Gladbach, Germany
30-F11 BD Biosciences, San Jose, USA
M1/70 BD Biosciences, San Jose, USA
1A8 BD Biosciences, San Jose, USA
AL-21 BD Biosciences, San Jose, USA
CellTechnology, Hayward, USA
Cayman Chemicals, Ann Arbor, USA
MDSC Panel 2
clone manufacturer
Miltenyi Biotec, Bergisch Gladbach, Germany
30-F11 BD Biosciences, San Jose, USA
M1/70 BD Biosciences, San Jose, USA
1A8 BD Biosciences, San Jose, USA
AL-21 BD Biosciences, San Jose, USA
2G12 Biolegend, San Diego, USA
475301 BD Biosciences, San Jose, USA
2B11 BD Biosciences, San Jose, USA
SA044G4 Biolegend, San Diego, USA
MDSC Panel 3
clone manufacturer
Miltenyi Biotec, Bergisch Gladbach, Germany
30-F11 BD Biosciences, San Jose, USA
M1/70 BD Biosciences, San Jose, USA
1A8 BD Biosciences, San Jose, USA
AL-21 BD Biosciences, San Jose, USA
8F11-M16 Biolegend, San Diego, USA
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maker
Live Dead
CD45
CD11b
Ly6G
Ly6C
CD39
CD73
PD-L1
CCR5

FcBlock

fluorochrome
7AAD

V500
APC-Cy7
APC

PE

PE-Cy7
BV605

BV421

AF488

clone

MDSC Panel 4

30-F11

M1/70
1A8
AL-21

Duha59
TY/11.8

MIHS5

HM-CCR5

2.4G2

manufacturer

Miltenyi Biotec, Bergisch Gladbach, Germany

BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
BD Biosciences, San Jose, USA
Biolegend, San Diego, USA

BD Biosciences, San Jose, USA

Table A-2: Staining panels for the flow cytometric analysis of the receptors

maker
Live Dead
CD45
CD3
CD4
FoxP3
CCR2
CCR4
CCR5
CXCR4
CXCR7

maker
Live Dead
CD45
CD3

CD8
CCR2
CCR4
CCR5
CXCR4
CXCR7

maker
Live Dead
CD45
CD11b
PD-L1
Gr1
CCR2
CCR4
CCR5
CXCR4
CXCR7

FcBlock

128

fluorochrome
7AAD

V500
PerCP-Cy5.5
APC-Cy7
APC

BV605

PE

AF488
BVv421
PE-Cy7

fluorochrome
7AAD

V500
PerCP-Cy5.5
APC-Cy7
BV605

PE

AF488

BVv421
PE-Cy7

fluorochrome
7AAD

V500
APC-Cy7
PerCP-Cy5.5
APC

BV605

PE

AF488
BV421
PE-Cy7

clone

Treg Panel

30-F11

SK7
GK1.5

FJK-16s

47530
2G12

1

HM-CCR5

2B11

8F11-M16

clone

CD8 Panel

30-F11

SK7
53-6.7
47530
2G12

1

HM-CCR5

2B11

8F11-M16

clone

MDSC Panel

30-F11

M1/70

10F.9G2

RB6-8
47530
2G12

C5
1

HM-CCR5

2B11

8F11-M16

2.4G2

manufacturer

Miltenyi Biotec, Bergisch Gladbach, Germany

BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
ThermoFisher, Waltham, USA
BD Biosciences, San Jose, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA

BD Biosciences, San Jose, USA
Biolegend, San Diego, USA

manufacturer

Miltenyi Biotec, Bergisch Gladbach, Germany

BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
BD Biosciences, San Jose, USA
Biolegend, San Diego, USA

manufacturer

Miltenyi Biotec, Bergisch Gladbach, Germany

BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
Biolegend, San Diego, USA
BD Biosciences, San Jose, USA
BD Biosciences, San Jose, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
BD Biosciences, San Jose, USA
Biolegend, San Diego, USA

BD Biosciences, San Jose, USA



9 Appendix

Table A-3: Mouse data — survival experiments
Undef = undefined, tumor mass verifiable but not measurable

. tumor last day max CEY
treatment trail treatment max
implanted start length length vglal;ln;e vt(l:lr::lre II\: ;tl vt:;: ::; tumor
mouse | treatment cell volume
amount (days after (days after (days after
tumor (days) (days) (mm?3) (mm?3) tumor (mm?3) tumor
inoculation) inoculation) inoculation)
C57-1 untreated 1.5x10° - 21 - - 6.8 21
C57-2 | untreated 1.5x10° - 21 - - 15.3 21
C57-3 untreated 1.5x10° - 21 - - 1.1 21
C57-4 untreated 2.5x10° - 21 - - 16.8 21
C57-5 | untreated 2.5x10° - 21 - - 18.8 21
C57-6 | untreated 2.5x10° - 21 - - 4.3 21
C57-7 untreated 1.5x10° - 25 - 3.7 4.6 20
C57-8 | untreated 1.5x10° - 20 - 9.6 26.4 20
C57-9 untreated 1.5x10° - 20 - 1.1 0.67 20
C57-10 untreated 1.5x10° - 25 - 2.4 24 20
C57-11 control 1.5x10° - 26 - undef 31 26
C57-16 control 1.5x10° - 32 - undef 16.1 32
C57-19 control 1.5x10° - 21 - 6.8 14.3 21
C57-21 control 1.5x10° - 25 - 11.6 28.6 25
C57-33 | control 1.5x10° - 22 - 6.6 26 22
C57-34 control 1.5x10° - 22 - undef 68.6 22
C57-35 control 1.5x10° - 30 - undef 451 30
C57-36 | control 1.5x10° - 34 - undef 56.7 34
C57-39 control 1.5x10° - 24 - undef 221 24
C57-44 | control 1.5x10° - 28 - undef 56.7 28
C57-45 control 1.5x10° - 28 - undef 31.4 28
C57-47 Anti-PD1 1.5x10° 7 42 35 0.51 33.5 41
C57-48 Anti-PD1 1.5x10° 7 25 18 1.66 23.7 24
C57-49 control 1.5x10° - 25 - 9.19 375 34
C57-50 control 1.5x10° - 32 - 0.78 30.9 32
C57-51 | Anti-PD1 1.5x10° 7 28 21 1.47 255 28
C57-52 Anti-PD1 1.5x10° 7 100 93 undef 0 98 2.98 11
C57-53 | Anti-PD1 1.5x10° 7 22 15 0.76 19.9 22
C57-54 | Anti-PD1 1.5x10° 7 32 25 52 434 32
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¢ . tumor last day max GV
reatment trail treatment max
implanted start length length vglal;n;e J:IT;L II\; ;tl vt:|r: rc:lre tumor
mouse | treatment cell volume
amount (days after (days after (days after
tumor (days) (days) (mm3) (mm3) tumor (mm3) tumor
inoculation) inoculation) inoculation)
C57-55 | Anti-PD1 1.5x10° 7 100 93 undef 0 97 3.75 13
C57-56 | Anti-PD1 1.5x10° 7 29 22 0.64 23.8 28
C57-57 control 1.5x10° - 20 - 0.62 21.6 19
C57-58 | Anti-PD1 1.5x10° 7 32 25 0.75 254 32
C57-59 RT 1.5x10° 10 100 - 0.31 0 100 212 44
C57-60 RT 1.5x10° 10 100 - 1.15 0 100 2.7 17
C57-62 control 1.5x10° - 28 - undef 80 28
C57-63 RT 1.5x10° 10 49 - 1.37 55.7 49
C57-65 |RT 1x20 Gy 1.5x10° 10 100 - 1.95 0 100 4.19 17
C57-66 |RT 1x20 Gy 1.5x10° 10 100 - 0.35 0 100 1.3 17
C57-67 |RT 1x20 Gy 1.5x10° 10 100 - 1.36 1.24 100 5.4 52
C57-68 |RT 1x20 Gy 1.5x10° 10 52 - undef 76.3 (M) 52
C57-69 |RT 1x20 Gy 1.5x10° 10 87 - 0.95 27.5 (M) 87
C57-70 RT 1.5x10° 11 55 - 3.41 29.9 54
C57-71 |RT 2x10 Gy 1.5x10° 11 55 - 6.45 22.8 55
C57-72 |RT 1x20 Gy 1.5x10° 11 70 - 3.52 20.6 70
C57-73 |RT 2x10 Gy 1.5x10° 11 100 - 2.71 0 98 3.69 20
C57-74 |RT 2x10 Gy 1.5x10° 11 70 - 2.66 22 70
C57-75 |RT 2x10 Gy 1.5x10° 11 100 - undef 0 98 2.16 20
C57-76 |RT 2x10 Gy 1.5x10° 11 55 - undef 77.8 (M) 55
C57-77 RT 1.5x10° 11 55 - 6.23 37.8 54
C57-78 |RT 2x10 Gy 1.5x10° 11 100 - 0.67 0 98 0.67 10
csr-96 | RTOAM | 450100 7 100 93 115 0 98 5.74 16
csr-o7 | RTSAM | 450108 7 100 93 151 0 98 451 23
cs7-99 | RTAM | 450100 7 100 93 undef 0 98 4.1 16
C57-102 RT ;‘1Nzox- 1.5x10° 7 100 94 undef 0 100 2.44 22
cs7-103 | T2 MOX | 4 5x10° 7 100 94 0.39 0 100 3.11 29
C57-104 RT ;1Nzox- 1.5x10° 7 74 67 undef 58.1 74
cs7-105 | T2 MOX | 4 5x10° 7 100 94 undef 0 100 1.02 22
cs7-107 | RTJAM | 4.5x10° 7 100 94 undef 0 100 0.93 15
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tumor last da max e
treatment trail treatment el COTer Ias); T max
implanted start length length d “ 7 ul m MRI lum tumor
mouse | treatment cell ay NoLine MAIEIUL volume
amount (days after (days after (days after
tumor (days) (days) (mm3) (mm3) tumor (mm3) tumor
inoculation) inoculation) inoculation)
cs7-108 | RTSAM | q.5x10° 7 82 75 undef | 55.2 81
RT + 5
C57-111 NOXE36 1.5x10 7 52 45 1.94 25.6 50
RT + 5
C57-112 NOXE36 1.5x10 7 52 45 1.01 48 50
cs7-113 | (RT* 1.5x10° 7 46 39 1.26 67.9 46
NOXE36 ’ ’ ’
cs7-114 | (RT* 1.5x10° 7 60 53 1.39 27.7 60
NOXE36 ' ’ ’
RT + 5
C57-115 NOXE36 1.5x10 7 66 59 2.83 91 65
C57-116 RT + 1.5x10° 7 100 93 0.37 0 100 412 14
NOXE36 ' ’ ’
RT+ NOX-
C57-117 | A12 + Anti- 1.5x10° 7 100 93 1.06 0 100 3.19 14
PD1
RT+ NOX-
C57-118 | A12 + Anti- 1.5x10° 7 99 92 undef 37.7 99
PD1
RT+ NOX-
C57-119 | A12 + Anti- 1.5x10° 7 100 93 1.63 0 99 11.2 21
PD1
RT+ NOX-
C57-120 | A12 + Anti- 1.5x10° 7 100 93 1.03 0 99 9.72 21
PD1
RT+ NOX-
C57-121 | A12 + Anti- 1.5x10° 7 68 61 1.08 16.3 66
PD1
RT+ NOX-
C57-122 | A12 + Anti- 1.5x10° 7 60 53 0.5 56.5 60
PD1
RT +
C57-123 | NOXE36 + 1.5x10° 7 100 93 1.1 0 95 4.79 28
Anti-PD1
RT +
C57-124 | NOXE36 + 1.5x10° 7 100 93 0.77 0 95 2.75 21
Anti-PD1
RT +
C57-125 | NOXE36 + 1.5x10° 7 100 93 0.52 0.76 95 5.17 21
Anti-PD1
RT +
C57-126 | NOXE36 + 1.5x10° 7 100 93 3.21 0 95 5.25
Anti-PD1
RT +
C57-127 | NOXE36 + 1.5x10° 7 100 93 1 1.64 95 7
Anti-PD1
RT +
C57-128 | NOXE36 + 1.5x10° 7 100 93 0.5 0 95 1.94
Anti-PD1
RT +
NOXE36 + 5
C57-129 NOX-A12 + 1.5x10 7 69 62 1.33 24.3 68
Anti-PD1
RT +
C57-130 | \ORE3C* | 1.5x10° 7 100 93 0.61 0 100 434 14
Anti-PD1
RT +
NOXE36 + 5
C57-131 NOX-A12 + 1.5x10 7 100 93 0.7 0 100 3.04 21
Anti-PD1
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tumor last day max e
treatment trail treatment el COTer last T max
implanted start length length day 7 lum MRI lum tumor
mouse | treatment cell ay NoLine volume volume
amount (days after (days after (days after
tumor (days) (days) (mm3) (mm3) tumor (mm3) tumor
inoculation) inoculation) inoculation)
RT +
NOXE36 + 5
C57-133 NOX-A12 + 1.5x10 7 69 62 1.13 65.6 68
Anti-PD1
C57-135 | NOX-A12 1.5x10° 7 24 17 0.82 1.7 24
C57-136 | NOX-A12 1.5x10° 7 28 21 1.89 31 28
C57-137 | NOX-A12 1.5x10° 7 24 17 1.63 62.8 24
C57-138 | NOX-A12 1.5x10° 7 42 35 0.39 61.1 41
C57-139 | NOX-A12 1.5x10° 7 28 21 0.54 83.5 28
C57-140 | NOX-A12 1.5x10° 7 28 21 0.78 34.8 28
C57-141 | NOXE36 1.5x10° 7 23 16 0.56 97.6 23
C57-142 | NOXE36 1.5x10° 7 23 16 1.56 53.3 23
C57-143 | NOXE36 1.5x10° 7 23 16 1.26 85.2 23
C57-144 | NOXE36 1.5x10° 7 23 16 1.31 127.7 23
C57-145 | NOXE36 1.5x10° 7 23 16 1.07 95.3 23
C57-146 | NOXE36 1.5x10° 7 23 16 undef 2101 23
NOX-A12 + 5
C57-163 Anti-PDA 1.5x10 7 42 35 1.1 47.8 41
NOX-A12 + 5
C57-164 Anti-PD1 1.5x10 7 100 93 3.24 0 99 3.24 7
NOX-A12 + 5
C57-165 Anti-PD1 1.5x10 7 28 21 212 71.2 28
NOX-A12 + 5
C57-166 Anti-PDA 1.5x10 7 25 18 124 44.7 23
NOX-A12 + 5
C57-167 Anti-PD1 1.5x10 7 46 39 2.64 64.3 46
NOX-A12 + 5
C57-168 Anti-PDA 1.5x10 7 30 23 4.66 36.9 30
NOXE36 + 5
C57-169 Anti-PD1 1.5x10 7 42 35 1.43 46.3
NOXE36 + 5
C57-170 Anti-PD1 1.5x10 7 25 18 3.48 58.2 42
NOXE36 + 5
C57-171 Anti-PD1 1.5x10 7 25 18 1.31 21.5 23
NOXE36 + 5
C57-172 Anti-PD1 1.5x10 7 25 18 1.01 422 23
NOXE36 + 5
C57-173 Anti-PD1 1.5x10 7 46 39 2.48 106.2 46
NOXE36 + 5
C57-174 Anti-PD1 1.5x10 7 100 93 0.91 0 99 6.73 30
cs7-175 | RTSAM | 4.5x10° 7 100 93 undef 0 99 1,66 14
C57-176 RT;DA‘]‘nt" 1.5x10° 7 100 93 0.87 0 99 1.91 14
cs7-177 | RTJAM | 4 5x10° 7 100 93 2.32 0 99 3.04 14
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tumor last da max day
treatment trail treatment el COTer Ias); T max
implanted start length length day 7 lum MRI lum tumor
mouse | treatment cell ay poume VRS volume
amount (days after (days after (days after
tumor (days) (days) (mm3) (mm3) tumor (mm3) tumor
inoculation) inoculation) inoculation)
C57-178 RT;D’?”“' 1.5x10° 7 100 93 2.22 0 99 3.58 14
C57-179 RT;D’?‘””' 1.5x10° 7 67 60 0.71 54.9 67
C57-181 | NOX-A12 | 1.5x10° 7 23 16 0.88 54.6 21
cs7-182 | RT :\1'\'20X‘ 1.5x10° 7 53 46 1.11 185.3 53
cs7-183 | RT ;1”20* 1.5x10° 7 55 48 0.6 65.5 54
C57-184 | NOX-A12 | 1.5x10° 7 28 21 0.64 75.8 28
cs7-185 | RT :\1”20X' 1.5x10° 7 100 93 undef 0 99 9.55 21
C57-186 | NOX-A12 | 1.5x10° 7 25 18 0.89 705 25
NOX-A12 + .
c57-203 NPT | 1.5¢10 7 100 93 0.45 0 99 6.16 15
NOX-A12 + s
cs7-207 |NOFALZ T 1.5x10 7 29 22 07 49.8 29
NOX-A12 + .
cs7-208 [N | 15¢10 7 47 40 1.01 124 46
C57-209 | NOXE36 | 1.5x10° 7 24 17 0.94 63.9 24
NOXE36 + 5
cs7-210 | MRS T 15¢10 7 47 40 0.595 60.6 46
C57-211 | NOXE36 | 1.5x10° 7 24 17 0.53 4538 24
NOXE36 + s
cs7-212 | NOXESS T | 1.5x10 7 29 22 0.49 64 28
NOXE36 + s
cs7-213 | NORESS T 1.5x10 7 35 28 undef 95.8 35
C57-214 | NOXE36 | 1.5x10° 7 38 31 0.475 422 35
RT + 5
C57-215 | \Oxpas | 15X10 7 88 81 1.7 15.6 87
C57-216 RT 1.5x10° 10 59 ; 2 732 58
RT + 5
CS7-217 | \Oxeas | 15x10 7 67 60 1.59 72.9 66
cs7-218 | (RT* 1.5x10° 7 88 81 0.84 237 87
- NOXE36 : : :
C57-219 RT 1.5x10° 10 88 ; 1.98 16.3 87
C57-220 RT 1.5x10° 10 56 - 1.28 75.4 56
RT+ NOX-
C57-221 | A12 + Anti- | 1.5x10° 7 100 93 0.34 0 100 3.1 15
PD1
RT +
C57-222 | NOXE36 + | 1.5x10° 7 67 60 152 245 66
Anti-PD1
RT +
C57-223 | NOXE36 + | 1.5x10° 7 100 93 5.78 0 100 6.87 15
Anti-PD1
RT +
C57-224 | NOXE36 + | 1.5x10° 7 100 93 undef 0 100 8.56 15
Anti-PD1
RT+ NOX-
C57-225 | A12 + Anti- | 1.5x10° 7 44 37 0.71 34.9 42
PD1
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tumor last day max e
treatment trail treatment el COTer last T max
implanted start length length day 7 lum MRI lum tumor
mouse | treatment cell ay poume VRS volume
amount (days after (days after (days after
tumor (days) (days) (mm3) (mm3) tumor (mm3) tumor
inoculation) inoculation) inoculation)
RT+ NOX-
C57-226 | A12 + Anti- 1.5x10° 7 100 93 4.71 0 100 18.1 15
PD1
RT +
NOXE36 + 5
C57-228 NOX-A12 + 1.5x10 7 100 93 1.22 0 100 1.52 12
Anti-PD1
RT +
NOXE36 + 5
C57-230 NOX-A12 + 1.5x10 7 100 93 0.5305 0 100 7.75 12
Anti-PD1
RT +
NOXE36 + 5
C57-231 | yosoatz + | 1-5X10 7 55 48 1.01 40.1 54
Anti-PD1
cs7-233 | X1 2 MOX | q.5x10° 7 100 93 0.825 0 98 6.0
RT + 5
C57-234 | |\ OxEss 1.5x10 7 48 41 0.58 65.6 47
RT + 5
C57-235 NOXE36 1.5x10 7 100 93 0.61 0 98 2.91
cs7-236 | N 2 NX | 1.5x10° 7 98 91 undef 58.1 98
RT + 5
C57-237 NOXE36 1.5x10 7 63 56 0.54 53.5 61
cs7-238 | T2 NOX | q.5x10° 7 74 67 0.36 33.9 73
RT +
NOXE36 + 5
C57-257 | \osoatz + | 1-5X10 7 63 56 0.74 48.4 63
Anti-PD1
RT +
NOXE36 + 5
C57-258 | \osoatz + | 1-5X10 7 100 93 0.72 0 100 22 14
Anti-PD1
cs7-259 | RTSAM | 4.5x10° 7 100 93 1.1 0 100 5.1 14
cs7-260 | RTJAM | 4.5x10° 7 100 93 0.49 0 100 4.03 14
RT +
C57-261 | NOXE36 + | 1.5x10° 7 100 93 undef 0 100 11 14
Anti-PD1
RT+ NOX-
C57-262 | A12 + Anti- | 1.5x10° 7 100 93 1.54 0 100 7.63 14
PD1
RT+ NOX-
C57-263 | A12 + Anti- | 1.5x10° 7 95 88 1.06 92 95
PD1
RT +
C57-264 | NOXE36 + 1.5x10° 7 100 93 1.26 0 100 4.18 14
Anti-PD1
RT +
C57-265 | NOXE36 + 1.5x10° 7 80 73 1.34 79.8 80
Anti-PD1
RT+ NOX-
C57-266 | A12 + Anti- 1.5x10° 7 100 93 2 0 100 2 14
PD1
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Table A-4: Mouse data — FACS analysis

T B b Bl B B
inoculation) By ek o) o)
C57-147 control 1.5x10° - 19 - 1.69 16.7
C57-148 control 1.5x10° - 20 - 1.57 6.76
C57-149 control 1.5x10° - 20 - 0.75 3.97
C57-150 control 1.5x10° - 19 - 1.01 12.1
C57-151 NOX-A12 1.5x10° 7 20 13 1.05 11.9
C57-152 NOX-A12 1.5x10° 7 20 13 0.87 9.21
C57-153 NOX-A12 1.5x10° 7 19 12 1.66 12.1
C57-154 NOX-A12 1.5x10° 7 19 12 2.36 40.1
C57-155 RT 1.5x10° 10 19 - 0.63 4.42
C57-156 RT 1.5x10° 10 20 - 1.01 6.55
C57-157 RT 1.5x10° 10 19 - 1.56 0.85
C57-158 RT 1.5x10° 10 20 - 1.74 5.87
C57-159 RT + NOX-A12 1.5x10° 7 19 12 1.33 10.3
C57-160 RT + NOX-A12 1.5x10° 7 20 13 1.034 5.89
C57-161 RT + NOX-A12 1.5x10° 7 20 13 0.79 4.35
C57-162 RT + NOX-A12 1.5x10° 7 19 12 1.28 2.71
C57-187 RT 1.5x10° 10 20 - undef 1.47
C57-188 RT 1.5x10° 10 19 - 0.57 4.21
C57-189 RT 1.5x10° 10 20 - undef 2.68
C57-190 RT 1.5x10° 10 19 - 1.31 3.62
C57-191 NOX-A12 1.5x10° 7 20 13 undef 14.3
C57-192 NOX-A12 1.5x10° 7 19 12 undef 14.5
C57-193 NOX-A12 1.5x10° 7 20 13 undef 9.65
C57-194 NOX-A12 1.5x10° 7 19 12 0.56 4.89
C57-195 control 1.5x10° - 19 - 0.37 7.62
C57-196 control 1.5x10° - 20 - undef 3.86
C57-197 control 1.5x10° - 19 - 0.62 7.85
C57-198 control 1.5x10° - 20 - 0.6 13.5
C57-199 RT + NOX-A12 1.5x10° 7 19 12 1.3 6.5
C57-200 RT + NOX-A12 1.5x10° 7 19 12 0.29 4.58
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) treatment start | trail length treatment | tumor volume |tumor volume
mouse treatment iz itz 2] length day 7 day 20
amount (da_ys after_ TSIy (days) (days) (mm?) (mm?)
inoculation)
C57-201 RT + NOX-A12 1.5x10° 7 20 13 undef 712
C57-202 RT + NOX-A12 1.5x10° 7 20 13 0.63 3.36
C57-239 NOX-A12 1.5x10° 7 19 12 undef 15.1
C57-240 NOX-A12 1.5x10° 7 20 13 undef 28.3
C57-241 NOX-A12 1.5x10° 7 19 12 undef 13.9
C57-242 NOX-A12 1.5x10° 7 20 13 0.785 354
C57-243 RT + NOX-A12 1.5x10° 7 20 13 3.46 3.26
C57-244 RT + NOX-A12 1.5x10° 7 19 12 1.37 6.77
C57-245 RT + NOX-A12 1.5x10° 7 20 13 1.36 3.61
C57-246 RT + NOX-A12 1.5x10° 7 19 12 1.56 10.3
C57-247 RT 1.5x10° 10 19 - 0.35 6.07
C57-248 RT 1.5x10° 10 19 - 0.51 6.1
C57-250 RT 1.5x10° 10 20 - 0.475 5.66
C57-251 control 1.5x10° - 19 - 0.62 11.9
C57-252 control 1.5x10° - 20 - 1.59 375
C57-253 control 1.5x10° - 20 - 1.9 15.8
C57-254 control 1.5x10° - 19 - 0.82 26.2
Table A-5: Mouse data — Immune assay
. treatment start | trail length treatment |tumor volume |tumor volume

mouse treatment Impal.‘;:;z: tcell P —— length day 7 day 20
inoculation) (days) (days) (mm?) (mm?)
C57-267 RT + NOX-A12 1.5x10° 7 20 13 0.55 4.7
C57-268 RT + NOX-A12 1.5x10° 7 20 13 undef 3.15
C57-269 RT 1.5x10° 10 21 - undef 2.49
C57-270 RT 1.5x10° 10 20 - undef 3.69
C57-271 RT + NOX-A12 1.5x10° 7 20 13 0.63 1.36

C57-272 RT 1.5x10° 10 20 - 1.54 3

C57-273 RT + NOX-A12 1.5x10° 7 20 13 undef 3.05
C57-274 RT 1.5x10° 10 21 - 0.78 3.56
C57-275 control 1.5x10° - 20 - 0.88 27.2
C57-276 control 1.5x10° - 20 - 0.68 13.6
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) treatment start | trail length treatment | tumor volume |tumor volume
mouse treatment implanted cell length day 7 day 20
amount (da_ys after_ TSIy (days) (days) (mm?) (mm?)
inoculation)

C57-277 NOX-A12 1.5x10° 7 21 14 undef 9.48
C57-278 control 1.5x10° - 20 - undef 241
C57-279 NOX-A12 1.5x10° 7 21 14 0.65 21
C57-280 NOX-A12 1.5x10° 7 21 14 undef 7
C57-281 control 1.5x10° - 20 - 2.05 16.2
C57-282 NOX-A12 1.5x10° 7 21 14 2.58 1.03
C57-283 control 1.5x10° - 20 - undef 6.83
C57-284 control 1.5x10° - 20 - undef 27.3
C57-285 NOX-A12 1.5x10° 7 20 13 undef 10.2
C57-286 control 1.5x10° - 20 - 0.72 15.3
C57-287 NOX-A12 1.5x10° 7 20 13 undef 9.29
C57-288 control 1.5x10° - 20 - 0.51 30.3
C57-289 NOX-A12 1.5x10° 7 20 13 undef 9.05
C57-290 NOX-A12 1.5x10° 7 20 13 0.6 8.1
C57-291 RT + NOX-A12 1.5x10° 7 20 13 1.13 4.21
C57-292 RT 1.5x10° 10 20 - undef 5.5
C57-293 RT + NOX-A12 1.5x10° 7 20 13 undef 3.68
C57-294 RT 1.5x10° 10 20 - undef 7.93
C57-295 RT + NOX-A12 1.5x10° 7 20 13 1.74 5.94
C57-296 RT + NOX-A12 1.5x10° 7 20 13 undef 2.96
C57-297 RT 1.5x10° 10 20 - 1.28 4.49
C57-298 RT 1.5x10° 10 20 - undef 5.55

137




9 Appendix

Table A-6: Treatment groups—survival data
*p=<0.05 *p=<0.01; ™ p=<0.001

median . .
: survival N survival comparison comparison p-value DU sur\_nval
treatment N animals b of survival o — curves sig
(days) curves Log'g‘”k iy different?
ox) test
control 15 26 0
RT (1x 12 Gy) 8 57.5 2 VS. control <0.0001 Hkk
1x 20 Gy 6 93.5 3 vs. control <0.0001 ok
vs. RT (1x 12 Gy) 0.3156
2x 10 Gy 6 85 3 Vs. control <0.0001 Hkk
Vs. RT (1x 12 Gy) 0.3593
Vvs. 1x 20 Gy 0.9377
NOX-A12 9 28 0 Vvs. control 0.6486
mNOX-E36 9 23 0 Vs. control 0.5253
VS. NOX-A12 0.0402 *
Anti-PD1 9 32 2 Vs. control 0.0251 *
0.0282
Vvs. RT (1x 12 Gy) | Gehan-Breslow- *
Wilcoxon test
VS. NOX-A12 0.0673
VSs. mNOX-E36 0.0133 *
NOXA2 9 42 2 vs. control 0.0029 -
VS. NOX-A12 0.0063 sk
VSs. Anti-PD1 0.6687
mhOXEe * 9 35 1 vs. control 0.0067 -
VS. mNOX-E36 0.0010 ook
VS. Anti-PD1 0.9769
RT + Anti-PD1 12 undefined 10 VsS. control < 0.0001 ok k
VSs. RT (1x 12 Gy) 0.0035 sk
VSs. Anti-PD1 0.0009 sk
RT A NOX 10 99 5 vs. control <0.0001 -
VS. RT (1x 12 Gy) 0.1959
VS. NOX-A12 < 0. 0001 okok
RT +
NOX-A12 + 12 undefined 7 VS. RT (1x 12 Gy) 0.0632
Anti-PD1
Vs. RT + Anti-PD1 0.1916
Vs. RT + NOX-A12 0.7003
NOX-A12 +
VS. Anti-PD1 0.0131 *
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median comparison -value Are the survival
: survival N survival n comparison P .
teatment N animals | of survival e curves sig
(days) curves Log-rank (Mantel- different?
Cox) test
K3 12 64.5 2 vs. control <0.0001 -
vs. RT (1x 12 Gy) 0.8689
vs. mNOX-E36 < 0.0001 ok
RT +
mNOX-E36 + 12 undefined 10 vs. RT (1x 12 Gy) 0.4164
Anti-PD1
vs. RT + Anti-PD1 0.9808
mNOX-E36 +
vs. Anti-PD1 0.2708
RT +
Nz 9 undefined 5 vs. RT (1x 12 Gy) 0.1250
Anti-PD1
VS. RT + Anti-PD1 0.1448
VS. RT + NOX-A12 0.9283
RT +
vs. mNOX-E36 0.0578
RT + NOX-A12
vs. + Anti-PD1 0.8768
RT +
vs. mNOX-E36 + 0.1448
Anti-PD1
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