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Summary

IV. Summary

lonizing radiation is commonly used in radiotherapy (RT) for the local treatment of solid
tumors to kill cancer cells and to stop tumor progression. Meanwhile, RT is also known to have
immune-stimulatory properties by causing immunogenic tumor cell death turning tumors into in situ
cancer vaccines eventually leading to anti-tumor immune responses. However, due to the
immunosuppressive tumor microenvironment, after RT alone the immune system often fails to
completely eradicate residual tumor masses of locally irradiated lesions or distant metastases.
Although therapies are continuously improving, these systemic immune responses after RT that also
target distant metastases outside of the radiation field, the so called abscopal effects, are still rarely
seen in the clinic. Thus, immunotherapies are needed to break immunosuppression or to amplify RT-
induced anti-tumor immune responses. The latter can be addressed by autologous whole tumor cell-
based vaccines which comprise tumor-associated or -specific antigens of a particular patient. Since
their approval for the treatment of several tumor entities, immune checkpoint inhibitors,
counteracting tolerance induction and repressed tumor cell killing by immune cells, have achieved
great success. The combined treatment with RT is currently under investigation in many clinical trials
but is by far not standard yet. Here we aimed to generate inactivated whole tumor cell vaccines with
high hydrostatic pressure (HHP) which are safe but still immunogenic to boost RT-induced immune
responses. We hypothesized that RT and such HHP-vaccines synergize to generate a tumor
microenvironment fostering tumor growth retardation in locally irradiated tumors and that systemic
anti-tumor immune reactions can also be triggered when anti-PD-1 immune checkpoint inhibitors are
applied in addition.

In pre-clinical model systems we subcutaneously (s.c.) injected mice with syngeneic B16
melanoma or CT26 colon carcinoma cells, respectively. To evaluate the efficiency of RT in
combination with HHP vaccines, established tumors were locally irradiated with a hypofractionated
schedule and mice were injected next to the tumor with HHP-vaccines generated with 200 MPa. In
an abscopal tumor model with local irradiation of only one of two B16 tumors (one on each flank)
using two differently hypofractionated schedules with 2x8 Gy or 3x8 Gy, HHP-vaccines were injected
s.c. in the neck. Additionally, mice concurrently received anti-PD-1 antibodies. Tumor growth and
survival of the mice was monitored and the immunological tumor microenvironment was analyzed
via multi-color flow cytometry, qPCR and ELISA.

Tumor cells treated with a pressure of 200 MPa were completely inactivated and lost the
potential to form colonies in vitro or tumors in vivo. Combined treatment of local irradiation and
therapeutic HHP-vaccination resulted in retarded tumor growth and prolonged survival of the mice in
both tumor models. The number of cells per gram of tumor across several immune cell subtypes was

only significantly increased in B16 tumors that were treated with both, RT and HHP-vaccines.
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Summary

Irradiated tumors showed higher expression of suppressive immune checkpoint ligands and most of
the tumor-infiltrating T cells were positive for PD-1 expression, providing a rationale for the
combination with anti-PD-1 checkpoint inhibition. Although injected distantly in the abscopal setting,
HHP-vaccines also further retarded the growth of locally irradiated tumors even though in all
radioimmunotherapy combinations the total number of immune cells was decreased in primary
tumors and the peripheral blood. However, HHP-vaccination combined with RT failed to significantly
induce abscopal anti-tumor immune responses and even partly abrogated those which were induced
with RT plus anti-PD-1. In this group, the abscopal effects were accompanied by an elevated
infiltration of CD8+ T cells. Adding another fraction of 8 Gy completely abrogated abscopal effects
and in vitro data revealed that multiple immunosuppressive and oncogenic pathways including cell
death, cytokine release, and checkpoint expression were differently modulated with 3x8 Gy when
compared to 2x8 Gy. We further found that high intratumoral concentrations of IGFBP-6 correlated
with abscopal responses. Surprisingly, knockdown of IGFBP-6 inhibited tumor growth in vitro and in
vivo.

We conclude that autologous whole tumor cell-based vaccines generated with HHP are safe
and suitable to be combined with RT and work irrespective of the injection site of the vaccine if the
tumor was previously irradiated. However, HHP-vaccines without any additional adjuvant do not
increase abscopal anti-tumor immune responses induced with RT plus anti-PD-1 and thus need

further optimization in the future.
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Zusammenfassung

V. Zusammenfassung

lonisierende Strahlung wird Ublicherweise in der Strahlentherapie (RT) zur lokalen
Behandlung von soliden Tumoren verwendet, um Krebszellen abzutdten und das Fortschreiten des
Tumors zu stoppen. Mittlerweile ist auch bekannt, dass RT immunstimulierende Eigenschaften hat,
indem es immunogenen Tumorzelltod verursacht und Tumore in in-situ-Krebsimpfstoffe verwandelt,
die schlieBlich zu anti-Tumor-Immunantworten fiihren. Aufgrund der immunsuppressiven
Tumormikroumgebung kann das Immunsystem jedoch die verbleibenden Tumormassen lokal
bestrahlter Lasionen oder Fernmetastasen aullerhalb des Bestrahlungsfeldes nach RT allein oft nicht
vollstandig eliminieren. Obwohl sich die Therapien kontinuierlich verbessern, werden diese
systemischen Immunantworten nach RT, welche auch unter dem Begriff abskopaler Effekt bekannt
sind, in der Klinik immer noch selten beobachtet. Daher sind Immuntherapien erforderlich, um die
Immunsuppression zu unterbrechen oder RT-induzierte anti-Tumor-Immunantworten zu verstarken.
Letzteres kann durch autologe Impfstoffe auf der Basis ganzer Tumorzellen realisiert werden, die
tumorassoziierte oder -spezifische Antigene eines bestimmten Patienten beinhalten. Seit ihrer
Zulassung fiir die Behandlung mehrerer Tumorentitdten haben Immun-Checkpoint-Inhibitoren, die
der Toleranzinduktion und der unterdriickten Abtdotung von Tumorzellen durch Immunzellen
entgegenwirken, groRe Erfolge erzielt. Die Behandlung in Kombination mit RT wird derzeit in vielen
klinischen Studien untersucht, ist jedoch bei weitem noch nicht Standard. In dieser Arbeit war es
unser Ziel inaktivierte Ganzzell-Tumorimpfstoffe mit hohem hydrostatischem Druck (HHP) zu
erzeugen, die sicher und immunogen sind, um RT-induzierte Immunantworten zu verstarken. Wir
stellten die Hypothese auf, dass RT und solche HHP-Impfstoffe zusammenwirken, um eine
Tumormikroumgebung zu erzeugen, die die Verzégerung des Tumorwachstums bei lokal bestrahlten
Tumoren fordert, und dass darlber hinaus systemische anti-Tumor-Immunreaktionen ausgelost
werden kdnnen, wenn zusatzlich anti-PD-1-Immun-Checkpoint-Inhibitoren angewendet werden.

In préklinischen Modellsystemen injizierten wir Mausen subkutan (s.c.) syngene B16-
Melanom- oder CT26-Kolonkarzinomzellen. Um die Effizienz von RT in Kombination mit HHP-
Impfstoffen zu untersuchen, wurden etablierte Tumoren lokal mit einem hypofraktionierten Schema
bestrahlt und Mausen wurden neben dem Tumor HHP-Impfstoffe injiziert, die mit 200 MPa erzeugt
wurden. In einem abskopalen Tumormodell mit lokaler Bestrahlung von nur einem von zwei B16-
Tumoren (einer an jeder Flanke) unter Verwendung von zwei unterschiedlich hypofraktionierten
Zeitplanen mit 2x8 Gy oder 3x8 Gy wurden HHP-Impfstoffe s.c. im Nacken injiziert. Zusatzlich
erhielten Mé&use gleichzeitig anti-PD-1-Antikérper. Das Tumorwachstum und das Uberleben der
Mause wurden Uberwacht und die immunologische Tumormikroumgebung wurde mittels

Mehrfarben-Durchflusszytometrie, gPCR und ELISA analysiert.
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Zusammenfassung

Mit einem Druck von 200 MPa behandelte Tumorzellen wurden vollstandig inaktiviert und
verloren das Potenzial zur Bildung von Kolonien in vitro oder von Tumoren in vivo. Die kombinierte
Behandlung mit lokaler Bestrahlung und therapeutischer HHP-Impfung filihrte in beiden
Tumormodellen zu einem verzdégerten Tumorwachstum und einem verlidngerten Uberleben der
Mause. Die Menge an Zellen pro Gramm Tumor (iber mehrere Immunzell-Subtypen hinweg war nur
bei B16-Tumoren, die sowohl mit RT als auch mit HHP-Impfstoffen behandelt wurden, signifikant
erhoht. Bestrahlte Tumoren zeigten eine hohere Expression von supprimierenden Immun-
Checkpoint-Liganden und die meisten Tumor-infiltrierenden T-Zellen waren PD-1 positiv, was eine
Begriindung fiir die Kombination mit anti-PD-1-Checkpoint-Inhibition liefert. Obwohl HHP-Impfstoffe
entfernt von den Tumoren verabreicht wurden, verzogerten sie trotzdem das Wachstum lokal
bestrahlter Tumoren weiter, obwohl in allen Radioimmuntherapiekombinationen die Gesamtzahl der
Immunzellen in Primdrtumoren und im peripheren Blut verringert war. Eine mit RT kombinierte HHP-
Impfung induzierte jedoch keine signifikanten abskopalen anti-Tumor-Immunantworten und hob
sogar diejenigen, die mit RT plus Anti-PD-1 induziert wurden, teilweise auf. In dieser Gruppe gingen
die abskopalen Effekte mit einer erhdhten Infiltration von CD8+ T-Zellen einher. Eine zusatzliche
Fraktion von 8 Gy hob die abskopalen Effekte vollstdndig auf und in-vitro-Daten zeigten, dass mit
3x8 Gy im Vergleich zu 2x8 Gy eher immunsuppressive und onkogene Signalwege, einschlieRlich
Zelltod, Zytokinfreisetzung und Checkpoint-Expression, moduliert wurden. AuRerdem fanden wir
heraus, dass hohe intratumorale Konzentrationen von IGFBP-6 mit abskopalen Reaktionen
korrelierten. Uberraschenderweise hemmte ein IGFBP-6 knockdown allerdings das Tumorwachstum
in vitro und in vivo.

Wir schlieBen daraus, dass mit HHP erzeugte autologe Impfstoffe auf der Basis ganzer
Tumorzellen sicher und geeignet sind, mit RT kombiniert zu werden und unabhadngig von der
Injektionsstelle des Impfstoffs wirken, wenn der Tumor zuvor bestrahlt wurde. HHP-Impfstoffe ohne
zusatzliches Adjuvans erhoéhen jedoch nicht die mit RT plus Anti-PD-1 induzierten abskopalen

Antitumor-Immunantworten und miissen daher in Zukunft weiter optimiert werden.
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1. Introduction

1.1 Cancer and the immune system

It is widely known that mutations in oncogenes or tumor suppressor genes transform
normal tissue cells in cancer cells. For cancer development multiple of these driver mutations need
to accumulate (Martincorena et al., 2017) eventually providing the tumor with characteristic
malignant properties, such as evasion of apoptosis, insensitivity to anti-growth signals, self-
sufficiency in growth signals, sustained angiogenesis, tissue invasion and metastasis, and limitless
replicative potential as proposed by Hanahan and Weinberg in their well-known “hallmarks of
cancer” (Hanahan & Weinberg, 2000). The role of the immune system in cancer prevention and
development, however, was neglected for a long time (Schreiber, Old, & Smyth, 2011). Higher
incidence rates of cancer in immunocompromised patients under immunosuppressive medication
after transplantation (Mortaz et al., 2016) and in immunodeficient mice and men (Schreiber et al.,
2011; Mayor et al.,, 2018) clearly indicate that immunosurveillance is important for tumor cell
eradication. Therefore, the avoidance of immune destruction was later included in an updated

version of the “hallmarks of cancer” (Hanahan & Weinberg, 2011).

1.1.1  Anti-tumor immune responses

In general, cytotoxic T lymphocyte (CTL) responses against tumors have a similar course of
events as they do against pathogens (Murphy, Weaver, Mowat, & Janeway, 2017). Chen and
Mellman described this process as the cancer-immunity cycle (Figure 1, 1.2 Cancer immunotherapies
(IT)). First, if tumor antigens are released by dying tumor cells in a pro-inflammatory context and
taken up by dendritic cells (DCs) they get activated and migrate to the next lymph node. There, they
cross-present the processed antigen on MHC-I to CD8+ T cells. After this priming, the activated
effector T cells exit the lymph node and traffic to the tumor via the peripheral blood. In the tumor,
they recognize their cognate antigen with the T cell receptor presented on MHC-I by the tumor cells.
Killing their target tumor cell releases further neoantigens and the cycle revolves once again (D. S.
Chen & Mellman, 2013). After CD8+ T cells are primed by activated DCs, CD4+ T cells help to initiate
CTL clonal expansion and differentiation into effector and memory T cells (Janssen et al., 2003). Thus,
the functional quality of the anti-tumor immune response is improved and might protect from
recurrent disease (Borst, Ahrends, Babala, Melief, & Kastenmuller, 2018).

NK cells contribute to tumor surveillance by recognizing tumor cells in different ways.
Activation of NK cells and subsequent killing of target cells with perforin, granzyme or death-inducing

ligands, such as FasL, depends on the balance between stimulatory and inhibitory signals they sense
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via several receptors on their surface (Morvan & Lanier, 2016). Missing MHC-1 on tumors cells can be
a strong activating signal but even if MHC-I is expressed engagement of other receptors, e.g. NKG2D,
is enough to induce killing of the tumor cell (Cerwenka, Baron, & Lanier, 2001). Antibody-dependent
cell-mediated cytotoxicity might not be involved in immunosurveillance but could be partially
responsible for the success of therapies with antibodies directed against tumor cells (Valipour et al.,

2019).

1.1.2 Immunoediting

In fact, the immune system is not only responsible for cancer immunosurveillance as a host-
protective function to clear transformed cells in early stages but has a more complex and dual role in
cancer development. The finding that tumor cells isolated from immunocompetent mice are less
immunogenic than the ones from immunodeficient tumors suggests that the immune system actively
selects less immunogenic tumor cells by killing the immunogenic clones (Shankaran et al., 2001). This
led to the development of the cancer immunoediting hypothesis with its “three Es”: elimination,
equilibrium and escape (G. P. Dunn, Old, & Schreiber, 2004). In the elimination phase cancer cells are
recognized by cells of the innate and adaptive immune system and are cleared before they form
tumors. If some tumor cells survive they enter the equilibrium phase in which immune cells keep the
tumor cells in a dormant state. Tumor outgrowth is prevented and this phase might last for a long
period throughout the life of the host. Pathologically visible tumors are already in the escape phase
and have fully circumvented immune recognition to promote tumor outgrowth. Escape mechanisms
can occur in the form of loss of tumor antigens or resistance to immune cell-mediated killing. In
detail, loss of antigen can be achieved by tumor cells through a defective antigen processing and
presentation machinery via MHC-I or if tumor cell clones lacking tumor-associated antigens emerge
from the strong selection pressure by immunosurveillance and immunoediting. To prevent an attack
by effector cells of the adaptive immune system or NK cells, the tumor creates a surrounding
immunosuppressive microenvironment with conditions in which those immune cells are not able to

exert their anti-tumor activity (Schreiber et al., 2011).

1.1.3 The immunosuppressive tumor microenvironment

The tumor microenvironment (TME) consists of tumor cells as well as all surrounding non-
cancerous cells, non-cellular components and particular physiological conditions. Latter comprise low
pH, hypoxia, nutrient deprivation and immunosuppressive metabolites, such as lactate and
arginase-1 which are responsible for the low pH, suppress CTL and NK cell functions, and support

regulatory T cells (Tregs) and pro-tumorigenic M2 polarization of tumor-associated macrophages
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(TAMs) (Yu & Ho, 2019). Tumor and stroma cells secrete vascular endothelial growth factor (VEGF), a
key driver of angiogenesis which is crucial for tumor progression and metastatic spread. In tumors,
angiogenesis is defective and leads to structurally and functionally impaired vasculature. Together
with the high metabolic rate of tumor cells, this contributes to a limited nutrient supply for immune
cells, the infiltration of immune cells is restricted and hypoxic areas inside the tumor are generated
(Griffioen, Damen, Blijham, & Groenewegen, 1996; Fukumura et al., 1998). The cells of the tumor
stroma largely consist of cancer-associated fibroblasts (CAFs), endothelial cells and immune cells.
CAFs contribute to tumor progression via secretion of extracellular matrix components, metabolites,
growth factors and also directly shape the immune system within the TME by releasing a wide variety
of cytokines and chemokines (LeBleu & Kalluri, 2018). Especially cytokines released by Th2 cells, such
as IL-4, IL-6 or IL-13 have immunosuppressive and pro-tumorigenic roles such as polarizing
macrophages towards an M2 phenotype (D. Chen et al., 2018). TGF-B exerts multiple functions in
tumor progression and immunosuppression by dampening effector immune cells and supporting
tumor-promoting cells (Knudson et al., 2018; P. Zhao et al., 2018). CXCL12 is overexpressed in many
cancer entities, induces VEGF expression and recruits M2 TAMs and Tregs into the TME (Guo et al.,
2016). Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature
myeloid cells that suppress CTL, NK cell and B cell responses and are able to differentiate into TAMs,
tumor-associated neutrophils (TANs) and tumor-associated DCs (TADCs) (Veglia, Perego, &
Gabrilovich, 2018). Tumor-infiltrating macrophages originate from inflammatory monocytes from the
periphery and per se can have pro- as well as anti-tumoral activity depending on their polarization
mediated by the surrounding micromilieu (Porrello et al., 2018). In the TME, however, as mentioned
before, TAMs are more likely to acquire an anti-inflammatory M2 phenotype and in turn, themselves
function as important regulators of immunosuppression by secreting TGF-B or IL-10 (Liu, Kuang,
Zhou, & Zhang, 2018). Just like M1/M2macrophages, TANs have equivalent subtypes, albeit they are
prone to acquire an anti-inflammatory N2 phenotype in the TME and thereafter convey the same
signals that led to their polarization to sustain these TME conditions (Albini, Bruno, Noonan, &
Mortara, 2018). TADCs are maintained in an immature state by the TME and have impaired antigen
cross-presentation and co-stimulation functionality. On top of that, TADCs exhibit tolerogenic and
proangiogenic properties (Albini et al., 2018). The role of B cells in tumor immunity is controversial.
Wouters and Nelson reported a positive prognostic effect of tumor-infiltrating B cells in half of the
studies they analyzed and a negative effect in less than 10 % of the publications (Wouters & Nelson,
2018). However, emerging evidence in mice and humans suggests that B cells can also contribute to
the immunosuppressive TME by acquiring a regulatory phenotype and secreting anti-inflammatory
cytokines (Sarvaria, Madrigal, & Saudemont, 2017). In tumors Tregs show a highly activated

phenotype and, compared to conventional T cells, express high-affinity T cell receptors (TCRs) against
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self-antigens (Sainz-Perez, Lim, Lemercier, & Leclerc, 2012). Tregs mediate their immunosuppressive
properties by multiple mechanisms. Via high-affinity IL-2 receptor expression they deprive cytotoxic
T cells and NK cells from IL-2 and thereby mitigate their proliferation, differentiation, and activation.
Effector T cells and antigen-presenting cells (APCs) can also be directly killed by perforin and
granzyme released by Tregs. Additionally, regulatory T cells are another source of suppressive
cytokines (TGF-B, IL-10, IL-35) and the surface expression of CTLA-4 inhibits APC maturation (Shitara
& Nishikawa, 2018). CTLA-4 and PD-1 are the best-known representatives of the immune checkpoint
molecules which are expressed on T cells. The ligands of immune checkpoint receptors, such as
PD-L1, PD-L2 or HVEM are usually expressed on APCs to shut down T cells responses after successful
elimination of pathogens and thus prevent autoimmunity. Tumor cells, however, adopt this
mechanism for the inhibition of T cell priming and to circumvent the elimination by CTLs (Dyck &
Mills, 2017). Immune checkpoint functions and the importance of tumor immunotherapies will be
described in more detail in 1.2.2 Immune checkpoint inhibitors.

Taken together, the TME is a very complex interplay of tumor cells with numerous
physiological, cellular and humoral factors having highly redundant and self-sustaining mechanisms
to generate and maintain tumor progression and immunosuppression. Thus, treatments can either
directly target tumor cells or modulate the surrounding TME to induce anti-tumor immune

responses.

1.2 Cancer immunotherapies (IT)

Cancer immunotherapies are basically all immune system modulating treatments that help
the body’s own immune system to fight the tumor in two fundamental ways. Immunotherapy (IT)
can either stimulate and initiate new immune responses, or support pre-existing immune responses
by strengthening effector functions or counteracting the immunosuppressive TME. Referring to the
cancer immunity cycle (D. S. Chen & Mellman, 2013) there are numerous targets in the course of an
anti-tumor immune response which can be addressed by ITs (Figure 1). Therefore, a multitude of

approaches in clinical and pre-clinical trials already exists and are further being developed.
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Figure 1: Cancer immunotherapy targets in the cancer immunity cycle. /CD immunogenic cell death, DAMPs, damage-
associated molecular patterns, CAR chimeric antigen receptor. Adapted from (D. S. Chen & Mellman, 2013).

Immune checkpoint inhibitors targeting the immunosuppression of CTLs in the priming
(anti-CTLA-4) and effector phase (anti-PD-1, anti-PD-L1/2) have become the most promising and
effective ITs in the last decade and will be explained in detail in 1.2.2 Immune checkpoint inhibitors.
Receptor agonists triggering co-stimulatory pathways on T cells (anti-CD28) or APCs (anti-CD40) and
cytokines, such as interleukins (e.g IL-2, IL-12), interferons (IFN-a) and GM-CSF can be applied either
alone to rather unspecifically differentiate, activate, and mature different immune cells or can be
combined as an adjuvant with cancer vaccines (Peggs, Quezada, & Allison, 2009; S. Lee & Margolin,
2011). In contrast, adoptive T cell therapies represent a more tumor-specific approach in which
patient-derived T cells are genetically engineered ex vivo to express recombinant T cell receptors or
chimeric antigen receptors (CARs) recognizing tumor antigens and are then reinjected into the same
patient. Unlike MHC-dependent recombinant TCRs, CARs are basically antigen recognition domains
of different receptor or antibody origins fused to intracellular T cell signaling domains enabling the
MHC-independent binding of non-peptide antigens as well. However, adoptive T cell therapies, so
far, have only proven to be effective in hematological malignancies rather than in solid cancers (Riley,

June, Langer, & Mitchell, 2019).
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Therapeutic cancer vaccination aims to provide the immune system with tumor antigens
and this strategy alone has originated manifold different approaches. Although historically seen
classical cancer therapies, such as radiotherapy and chemotherapy, and most targeted therapies
were not intended to be immunostimulatory treatments per se. However, by killing cancer cells,
tumor-associated or -specific antigens are made available for antigen-presenting cells and therefore
these treatments act as a kind of in situ cancer vaccine and are able to initiate anti-tumor immune
responses (L. Galluzzi, Buque, Kepp, Zitvogel, & Kroemer, 2015; Riickert, Deloch, Fietkau, Frey, &
Gaipl, 2017). Tumor-associated antigens are endogenous antigens on tumor cells which are not
expressed in normal tissues but are involved in tissue differentiation or which are overexpressed by
tumor cells. Tumor-specific antigens comprise oncogenic viral antigens and neoantigens as products
of somatic mutations. These antigens are foreign to the body, lack control of central tolerance, and
are therefore highly immunogenic (Velcheti & Schalper, 2016). All approaches rely on the uptake and
presentation by APCs. Therefore, some approaches also focus on directly targeting DCs via the
coupling of tumor antigens to monoclonal antibodies directed against endocytosis receptors on DCs.
In most cases however, antigens in ex vivo generated cancer vaccines are solely delivered in various
sizes and forms ranging from nucleic acids (mRNA, DNA), peptides, proteins, up to whole tumor cells.
These antigens are usually formulated with adjuvants, such as different TLR agonists, anti-CD40,
saponins or GM-CSF as a general immune stimulant to increase their immunogenicity (Hu, Ott, & Wu,
2018).

Contrary to tumor-associated antigens which are often overexpressed in the same type of
cancer, tumor-specific antigens are not only tumor-specific but also patient-specific and therefore
need to be identified for each individual patient for the targeting in adoptive T cell therapies and
therapeutic cancer vaccines. This makes these approaches costly and technically challenging but
much more promising. Personalized whole tumor cell vaccines would overcome the issue of
prospective antigen identification and would provide the whole spectrum of tumor-associated as
well as tumor-specific neoantigens. Additionally, unlike targeting a single tumor antigen, this would
address tumor heterogeneity and minimize the risk of immune escape by immunoediting and clonal
evolution (Rosenberg, Yang, & Restifo, 2004). Here we focus on two therapy modalities, autologous
whole tumor cell vaccines generated with high hydrostatic pressure to boost anti-tumor immune

responses and immune checkpoint inhibitors used to counteract immunosuppression of CTLs.
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1.2.1  Whole tumor cell vaccines generated with high hydrostatic pressure

One potential treatment to further boost anti-tumor immune responses induced by ionizing
radiation are whole tumor cell vaccines generated with high hydrostatic pressure (HHP).

Physiological pressure on earth reaches from 0.1 MPa (1 bar) atmospheric pressure at sea
level to ~110 MPa at almost 11 km below sea level in the Challenger Deep located in the Mariana
Trench (Lauro & Bartlett, 2008). One technical use of high hydrostatic pressure in industry is the
preservation of food and has the advantage that, compared to thermal treatment, aromas, flavors,
and vitamins are not affected (Adkins et al., 2018). Additionally, bone or cartilage transplants can be
sterilized by HHP prior to orthopedic surgery (Diehl et al., 2004; Diehl, Schauwecker, Mittelmeier, &
Schmitt, 2008). Higher pressure levels in the physiological range do not only change the morphology
of eukaryotic cells but can also induce cellular stress which resembles a heat shock response.
However, these effects are reversible when the pressure is back at a physiological level and the cell
viability is not affected (Haskin, Athanasiou, Klebe, & Cameron, 1993; Wilson, Trogadis, Zimmerman,
& Zimmerman, 2001). In contrast, non-physiological high hydrostatic pressure above 100 MPa has
irreversible effects and eventually leads to cell death (Frey et al., 2008). Without changing the
primary structure, HHP denatures proteins only by affecting their tertiary and quaternary structure
and thereby inactivates enzymes (Boonyaratanakornkit, Park, & Clark, 2002). While DNA is mostly
resistant to HHP, cytoplasm and plasma membranes acquire gel-like properties (Macgregor, 1998;
Mentre, Hamraoui, Hui Bon Hoa, & Debey, 1999). Therefore, cells are smaller after HHP treatment
but their round shape is retained over weeks and they do not degrade (Frey et al., 2008). Although
human cells tend to be more resistant to HHP than murine cells, pressure of at least 200 MPa
effectively and reproducibly kills tumor cells of both species (Weiss, Meister, et al., 2010). HHP
treated cells predominantly die a necrotic and thus immunogenic cell death characterized by DNA
degradation at later time points, phosphatidylserine exposure, loss of membrane integrity and the
release of HMGB1, HSP70, HSP90 and ATP (Frey et al., 2004; Weiss, Meister, et al., 2010; Fucikova et
al., 2014). Therefore, HHP was included in the list of immunogenic cell death inducers (L. Galluzzi,
Buque, Kepp, Zitvogel, & Kroemer, 2017). In addition to the adjuvanticity these DAMPs give the HHP
treated tumor cells, Urbanova et al. have reported that HHP preserves tumor antigens if the pressure
is not too high, HHP treated tumor cells are phagocytosed by DCs and subsequently stimulate CD8+
T cells (Urbanova et al., 2017). They treated human lung, prostate and ovarian cancer cell lines with
pressures of 150 MPa to 300 MPa and found that tumor antigens are degraded predominantly at
pressures of 250 MPa and higher, however, the degradation varied with the tissue origin of the cells
and within the tumor antigens. Although DC phagocytosis increased with the pressure the tumor
cells were treated with and the DC activation peaked at 200 MPa, the best stimulation of tumor-

specific CD8+ T cells in vitro was detected when DCs were pulsed with tumor cells treated with
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150 MPa. However, 150 MPa did not fully inactivate the tumor cells and is therefore not suitable for
vaccine preparation. Urbanova et al. conclude that 200 MPa is the optimal pressure as a compromise
of antigen degradation and immunogenicity (Urbanova et al., 2017).

Compared to other tumor cell vaccine preparation methods such as freeze-thaw, irradiation
or heat inactivation, the aforementioned properties make HHP a suitable method to generate whole
tumor cell vaccines as it fulfills three major requirements for the application of such cancer vaccines.
The reproducible complete inactivation of tumor cells would guarantee the safety of the vaccine by
preventing residual viable tumor cells to form new tumors after injection into patients and it has no
intrinsic toxicity. Additionally, this enables HHP vaccine generation to be in accordance with legal
requirements and good manufacturing practices. Thirdly, in agreement with the current consensus
guidelines on the definition of immunogenic cell death (Lorenzo Galluzzi et al., 2020) HHP vaccines
possess a certain immunogenicity as they combine antigenicity and adjuvanticity by containing
preserved tumor antigens along with the release of DAMPs (Weiss, Frey, et al., 2010; Seitz et al.,
2019). Currently, HHP treated tumor cells are tested as therapeutic cancer vaccines in two phase I/l
clinical trials for ovarian and lung cancer (NCT03657966, NCT02470468) and one phase Il trial for
prostate cancer (NCT02111577). In these trials monocyte-derived DCs from patients are loaded with
HHP treated allogeneic tumor cell lines (DCVAC) followed by the injection of these pulsed DCs back

into the patient.

1.2.2 Immune checkpoint inhibitors

Uncontrolled, long-lasting immune responses and self-reactive T cells bear the risk of
inducing autoimmunity. Thus, the immune system installed several checkpoints to prevent damage
of lymphocytes directed against the own body. Central tolerance is the process of deleting T cells
with strong reactivity to self-antigens during their development in the thymus. Additionally, T cells
which do not bind to MHC at all are sorted out as well. Only T cells weakly interacting with MHC and
a low affinity to self-peptides are released into secondary lymphatic organs or the blood and are
subsequently regulated by mechanisms of peripheral tolerance, such as anergy, regulatory T cells
(Tregs), activation-induced cell death or immune checkpoint molecules (Murphy et al., 2017). Of the
inhibitory receptors, CTLA-4 and PD-1 are the most studied representatives of the latter. For their
discovery and envisioning how to exploit them for cancer immunotherapy James P. Allison and
Tasuku Honjo were awarded with the Nobel Prize in physiology or medicine in 2018 (Leach, Krummel,
& Allison, 1996; Freeman et al., 2000; NobelPrize.org, 2020). In order to mount a proper CTL
response, T cells need three signals for their activation. First, the antigen-specific T cell receptor

(TCR) recognizes a peptide presented on MHC by APCs. Second, APCs deliver co-stimulatory signals
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via CD80/CD86 to CD28 on the T cell. Third, cytokines, such as IL-12 or type 1 IFNs are required to
promote activation and proliferation (Williams & Bevan, 2007). Upon activation induced by TCR
binding T cells immediately start to express CTLA-4 which outcompetes CD28 signaling by binding
CD80 and CD86 with a higher affinity and avidity than CD28. Thereby, CTLA-4 dampens the co-
stimulatory signal two provided by APCs and thus, is a regulator of early-stage T cell responses in the
priming phase in secondary lymphoid organs against weak antigens including self- as well as tumor
antigens (Fife & Bluestone, 2008). In addition, binding of CTLA-4 can also remove CD80/86 from APCs
via trans-endocytosis reducing its availability to other T cells (Qureshi et al., 2011). T cell activation by
TCR engagement or cytokine (e.g. TGF-B, IL-2, IL-21) exposure also induces PD-1 expression (Seidel,
Otsuka, & Kabashima, 2018). On APCs, IFN-y is the main stimulus for the expression of both PD-1
ligands, PD-L1 and PD-L2 (Brown et al., 2003). Although both eventually interfere with CD28
signaling, in contrast to CTLA-4, PD-1 thus regulates CTL suppression rather during the effector phase
of the immune response. PD-L1 and PD-L2 can be expressed by different cells of TME and also tumor
cells exploit this mechanism to circumvent CTL-mediated killing (Seidel et al., 2018). Albeit an anti-
tumor immune response was initiated and activated tumor-specific CTLs infiltrate into the tumor, in
the presence of immune checkpoint molecules they hence fail to exert their effector function.
Immune checkpoint inhibitors (ICls) are monoclonal antibodies designed to block the
interaction of the immune checkpoint receptor with its ligands in the immunological synapse. Thus,
they can be directed against CTLA-4 or either PD-1 or one of its ligands PD-L1 and PD-L2. In 2011 anti-
CTLA-4 antibody ipilimumab for the treatment of advanced melanoma was the first ICl being
approved by the FDA and only four months later in Europe. Striking results have been achieved ever
since with ICls against CTLA-4 and PD-1 with increased overall survival of patients with melanoma,
lung cancer and carcinomas (Seidel et al., 2018). Historically seen, novel cancer therapies, such as
chemotherapies, were considered successful and thus, approved for the clinic even if they added
only few weeks or months to the median survival of cancer patients. In contrast, immune checkpoint
therapy for the treatment of patients with advanced diseases results in a plateau in the overall
survival curve with long-term survivors. For example, in a retrospective analysis about 20 % of
patients with unresectable or metastatic melanoma treated with ipilimumab who reached the
plateau after three years had a good chance of still being alive after ten years (Schadendorf et al.,
2015). This indicates that patients initially responding to checkpoint inhibition are likely to be among
the long-term survivors, although a large proportion of patients remains refractory to the treatment,
which calls for further improvements, such as combined therapies. Based on the success of ICls
targeting the CTLA-4 and PD-1 axis, increasing interest emerged to develop ICls against other

immune checkpoints, such as TIM-3, VISTA, TIGIT or LAG-3, and to discover new immunosuppressive
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immune checkpoint pathways. Although some of them showed promising results in pre-clinical and

firs clinical trials none of them made its way into the clinic, so far (Qin et al., 2019).

1.3 Radiotherapy (RT)

About 60 % of the patients with solid tumors receive radiotherapy (RT) in the course of
their disease either as monotherapy or in combination with surgery, chemotherapy, and others
(Prasanna, Ahmed, Mohiuddin, & Coleman, 2014). The primary goal of radiotherapy for the
treatment of cancer always was to control the disease either by stopping the proliferation of tumor
cells or the induction of their cell death. At the same time, localized irradiation spares as much
surrounding normal tissue as possible, thus, the damage to organs in the irradiation field is
minimized. However, it has become more and more evident that ionizing radiation does not only
have direct targeted effects on tumor cells but also induces bystander or distant effects on

neighboring cells and systemic effects by modulating the immune system.

1.3.1 Ionizing radiation

Radiation travels through space and matter at high speeds in the form of particles or
electromagnetic waves and, if carrying sufficient energy, radiation ionizes atoms by detaching an
electron. lonizing radiation occurs as a consequence of radioactivity in radioactive decay (alpha-
beta- gamma- or neutron radiation) or can be produced artificially (e.g. X-rays, radiotherapy).
Depending on the medium they are passing through, particle radiation, such as alpha- and beta
radiation are readily absorbed by matter (e.g. air or water) and thus have only a short range of a few
millimeters or centimeters to few meters, respectively, and can be shielded quite easily with a piece
of paper or thin aluminum plates. Alpha particles, which are helium nuclei consisting of two protons
and two neutrons, can only penetrate the outer layers of the human skin but as they deposit their
energy in this short distance alpha-ray emitters such as radon can cause severe damage to the tissue
upon ingestion. Beta radiation is emitted as electrons or positrons from radioactive decays and
causes damage to tissues as well but has lower biological effectiveness than alpha radiation because
it deposits less energy per distance. Electromagnetic radiation is characterized by its frequency or
wavelength with higher energies at higher frequencies or shorter wavelengths. Radiation in the form
of massless photons without electric charge in the electromagnetic spectrum above UV-light is
ionizing and can be divided, depending on its origin, inside or outside of the atomic nucleus in
X-radiation and gamma radiation. The latter is emitted from the atomic nucleus at alpha- or beta
decays and easily penetrates matter which makes heavy shielding with lead and concrete necessary.

X-radiation is also a product of radioactive decay but is mostly know for technical or medical
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applications, such as X-ray diagnostics and radiotherapy, where it is produced artificially. There,
electrons are accelerated at high-speeds and when they hit the anode, are slowed down and X-rays
are emitted with an energy proportional to the applied voltage. Electromagnetic radiation has lower
biological effectiveness than particle radiation but penetrates tissue deeper which makes it suitable
for the irradiation of tumors inside the body (BfS, 2019).

The radiation dose is defined by the unit Gray (Gy) as the amount of energy absorbed by
matter in the Sl units Joule per kilogram (1 J/kg). As Gy is independent of the target material,
biological effects are not considered. However, each organ and tissue in the human body is different
in its radiosensitivity and each type of radiation (e.g. particle and electromagnetic radiation) is more
or less harmful. Therefore, the unit Sievert (Sv) was introduced and is also defined as J/kg but takes
into account the biological effectiveness with weighing factors for the type of radiation in the
equivalent dose and additionally tissue-specific susceptibilities in the effective dose. Unlike Gy which
is used in cancer therapy for high dose irradiation where biological effects can be directly compared
to the absorbed dose, Sv is found for low doses in radiation protection for example for the exposition
of humans to natural radiation and technical radiation at workplaces (Frey, Riickert, Deloch, et al.,

2017).

1.3.2  Biological effects of RT

lonizing radiation has directly targeted effects on cells when it deposits its energy in
molecules inside the cell as well as non-targeted effects which are mostly mediated by the immune
system. These targeted effects are mostly caused by DNA damage. The DNA can be ionized either
directly by ionizing radiation or indirectly via highly reactive radicals including reactive oxygen and
nitrogen species which are generated inside the cell when other molecules are ionized. These
reactions cause base damage, single or clustered DNA single-strand breaks or double-strand breaks.
If the damage is detected by the cell and exceeds its repair mechanism capabilities the cell undergoes
cell death to protect the whole organism from tumorigenesis caused by these mutations or
chromosomal aberrations. Radiation-induced forms of cell death can be mitotic catastrophe,
apoptosis, necrosis, and autophagy but also senescence can occur (Frey, Rickert, Deloch, et al.,
2017). In the latter, cells remain viable and metabolically active, but undergo permanent cell cycle
arrest. The mitotic catastrophe is a well-known response to RT which appears upon premature, faulty
entrance of cells into mitosis as a result of irreparable DNA damage and eventually leads to cell
death. Apoptosis is a physiological process during cell differentiation, growth and development to
maintain tissue homeostasis and is the best characterized form of cell death. Typical morphological

characteristics of this programmed form of cell death are chromatin condensation, nuclear
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fragmentation, cellular shrinkage, membrane blebbing and exposure of phosphatidylserine on the
outer cell membrane. Unlike apoptosis, necrosis was thought to be a non-physiological uncontrolled
form of cell death induced by extracellular traumata but it was found that there are also cell-intrinsic
pathways leading to the so-called necroptosis. Irrespective of that it results in swelling of cells and
organelles, a ruptured plasma membrane and therefore loss of intracellular contents (Deloch et al.,

2016; Riickert et al., 2018).

1.3.3 Immunological effects of RT

Additional to the targeted effects RT has also immunological effects which are mostly
related to cancer cell death. Here, the most important forms of cell death induced by RT are
apoptosis and necrosis. As mentioned before, apoptosis is a physiological process in the body.
Therefore, if apoptotic cells are taken up by phagocytes they subsequently release anti-inflammatory
cytokines and thus promote tumor tolerance. Among those cytokines, TGF-B is found in large
amounts in an inactive form in the TME and can be converted by RT into its active form.
Furthermore, other suppressive factors such as adenosine, chemokines and VEGF-A can be found in
the TME after RT eventually promoting recruitment, differentiation and polarization of
immunosuppressive immune cell subtypes (Wennerberg et al., 2017). Additionally, it was found that
RT or radiochemotherapy results in upregulated expression of immune checkpoint ligands on
melanoma and glioblastoma cells (Derer et al., 2016).

Unlike apoptosis, necrosis is considered to be a form of immunogenic cell death. By the loss
of membrane integrity, damage-associated molecular patterns (DAMPs) are released by necrotic
cells. In general, molecules which are usually only present inside of cells under physiological
conditions act as alarm signals for immune cells when they detect them on the cell surface or in the
extracellular space indicating damaged cells and tissue. Among those DAMPs are chaperones
belonging to the family of heat shock proteins (HSPs) and calreticulin, the chromatin stabilization
protein high-mobility group box 1 (HMGB1) or the energy providing ATP. Both, HMGB1 and ATP have
adjuvant-like effects and extracellular ATP also mediates chemotaxis of APCs. Calreticulin, HSP70 and
HSP90 act as “eat-me” signals for APCs and foster the maturation, antigen uptake and presentation
and thus the priming of CTLs (L. Galluzzi et al., 2017; Riickert et al., 2018). Further, membrane-bound
HSP70 on tumor cells directly activates NK cells and triggers their cytolytic activity (Gaipl et al., 2014).
In addition to the release of DAMPs, RT increases the immunogenicity of tumor cells by inducing the
release of pro-inflammatory cytokines and chemokines, and the surface expression on tumor cells of
adhesion molecules, death receptors, stress ligands, CD80 and MHC-I (Reits et al., 2006; Frey et al.,
2014).
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1.3.4 The abscopal effect

In an ideal situation for a patient with metastasized disease, local RT of the primary tumor
or a metastasis triggers a systemic immune response directed against all lesions in the body including
distant, non-irradiated tumors. This shrinkage of tumor masses outside the irradiation field is the
so-called abscopal effect (“ab” — away from, “scopus” — target) and was first described and termed
by Mole et al. in 1953 (Mole, 1953). However, the abscopal effect is very seldom seen in the clinic, as
there was only about one reported case per year in the literature between 1969 and 2014 (Abuodeh,
Venkat, & Kim, 2016).

In consequence of the ambivalent effects of RT with simultaneous immune stimulation and
modulation of the TME but also suppression of emerging and pre-existing anti-tumor immune
responses, RT alone is often not enough to fully eradicate tumors and to induce abscopal effects.
Therefore, ITs have great potential to complement RT by further boosting RT-induced immune
responses and counteracting tumor-intrinsic as well as RT-mediated immunosuppression (Ainhoa
Arina, Gutiontov, & Weichselbaum, 2020). This beneficial liaison of radioimmunotherapies is
reflected by the continuously increasing case reports of abscopal effects since the approval of

ipilimumab in 2011 (S. Demaria & Formenti, 2020).

1.4 Radio-Immunotherapy (RIT) combinations

Upon approval for the clinic, immune checkpoint inhibitors were mostly used as
monotherapies. Since the past few years however, increasing amounts of clinical trials are conducted
evaluating the safety and efficacy of combining ICls with RT. So far, in most reported cases RT had no
effect on the immunotherapy-related side-effects (Xing, Siva, & Hanna, 2019). In a more recent
review on case reports of abscopal effects the authors compared patients receiving RT alone or RIT
combinations. Between 1960 and 2018 they found 94 cases of which 47 were patients treated with
RT alone. Consequently, the other half of the documented abscopal effects originated from
combined treatments. Strikingly, these reports were all found in the short period from 2012 until
2018, indicating a strong increase in the frequency in the past few years since combined therapies
have become more frequent (Dagoglu, Karaman, Caglar, & Oral, 2019).

Pre-clinical evidence from several studies for the synergy of radiotherapy with
immunotherapies and the induction of abscopal effects exists since many years. All of them have in
common that abscopal effects were most pronounced or only visible if RT was combined with
different kinds of IT, including growth factors, cytokines and ICls (Ainhoa Arina et al., 2020). In an
early study using a metastatic lung cancer model, Chakravarty et al. found that FLT3-L injections

expand DCs in vivo and, together with irradiation of the primary tumor (1x60 Gy), significantly
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prolonged the survival by reducing the number of metastases (Chakravarty et al., 1999). In a poorly
immunogenic breast cancer model these results were further confirmed and it was demonstrated
that the immune response was tumor-specific and T cell dependent (S. Demaria et al., 2004).
Intratumoral administration of IL-12 with an adenoviral vector together with RT improved local
tumor control and prevented microscopic tumor growth at distant sites (Seetharam et al., 1999).
Demaria et al. were the first to test the combination of RT and checkpoint inhibition. Anti-CTLA-4
antibody 9H10 had no impact on the poorly immunogenic metastatic mammary carcinoma 4T1
tumor. However, combined treatment with RT resulted in delayed tumor growth and inhibited
formation of lung metastases (Sandra Demaria et al., 2005). Whole tumor cell vaccines generated
with HHP in combination with RT have not been tested so far.

Increasing evidence suggests that RT has potential for optimization in terms of dose and
fractionation to elicit the most favorable immune response. Additionally, IT needs to be well-
matched with RT concerning both, the type of IT and the chronological order in which they are

administered.

1.4.1 Impact of RT dose and fractionation on the immune response

For therapy of most tumor entities, classically fractionated treatment schedules are applied
with approximately 2 Gy per fraction, five times a week; this scheme is therefore called
normfractionation. This fractionation exploits the impaired DNA damage repair and cell cycle
processes in tumor cells to increase tumor cell death and, at the same time, minimize side effects on
the surrounding normal tissue (Asur, Butterworth, Penagaricano, Prise, & Griffin, 2015). In preclinical
experiments single doses of 1 Gy or 2 Gy were found to be favorable for the tumor infiltration of
iNOS expressing M1 macrophages which release nitric oxide. Subsequently, this resulted in
vasculature normalization and accumulation of T cells (Klug et al., 2013).

Technical advances of treatment planning, linear accelerators and irradiation techniques
facilitate an increasing precision of dose deposition in the target tumor volume with minimized dose
in the healthy tissue (Deloch et al., 2016; Herskind et al., 2017). This enables the application of
hypofractionated treatment schedules with less fractions and higher doses per fraction. In
stereotactic ablative RT even the irradiation of small lesions with few very high doses, often called
radiosurgery, is possible. In pre-clinical models with oral and colon carcinoma Morisada et al.
compared norm- (10x2 Gy) and hypofractionation (2x8 Gy). Both fractionations achieved similar local
tumor control, however, in the hypofractionation protocol CTL accumulation and activation was
preserved in tumors and the periphery. Further, RT plus anti-PD1 was much more efficient to induce

local and abscopal responses with 2x8 Gy than 10x2 Gy (Morisada et al., 2018). Similar results were
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found by Dewan et al. when they compared hypofractionation with a single high dose. In
combination with anti-CTLA-4, local and abscopal tumor growth inhibition with 1x20 Gy was inferior
to both hypofractionation schemes of which 3x8 Gy was more effective than 5x6 Gy (Dewan et al.,
2009). Schaue et al. conducted a dose escalation experiment with single doses from 5 Gy to 15 Gy
and found that the tumor control and number of tumor-reactive T cells increased with the dose.
Fractionation of the 15 Gy with different doses per fraction was most effective with a medium dose
of 2x7.5 Gy (Schaue, Ratikan, Iwamoto, & McBride, 2012). The idea of a certain threshold for an
immunogenic dose with possible disadvantageous outcomes if applied doses exceed a certain upper
limit was also suggested by the work of Vanpouille-Box and colleagues. They have demonstrated that
the immunogenicity of higher doses of ionizing irradiation is dependent on the sensing of DNA
released into the cytosol after irradiation by the cGAS/STING pathway and subsequent type | IFN
responses. If the applied single dose is above 12-18 Gy, however, the exonuclease Trexl is also
expressed which in turn degrades the cytosolic DNA (Vanpouille-Box et al., 2017). Type | IFNs
released after hypofractionated RT subsequently induce expression of IFN-responsive genes such as
MHC-I but also PD-L1 on tumor cells in vivo (Morisada et al., 2018). Increased PD-L1 expression after
(hypo-)fractionated RT and radiochemotherapy but not high single doses has also been shown in
vitro for melanoma and glioblastoma cells (Derer et al., 2016) and also in biopsies of patients after
radiochemotherapy (Lim et al., 2017). These results might explain why ICls predominantly synergize
with hypofractionated RT.

In conclusion, normfractionation rather favors recruitment of immune cells into the tumor
whereas hypofractionation induces ICD to elicit robust local and systemic immune responses. Future

treatment plans might exploit the advantages of both by combining them in consecutive schedules.

1.4.2  Sequencing of RIT combinations

As mentioned before, most of the cancer patients do not respond to checkpoint inhibition.
Neglecting this fact could end up being a personal burden for patients in case alternative treatments
would have been more effective at the same time and a financial burden for the healthcare system
as ICls are too expensive to be given to every patient. Therefore, biomarkers need to be found for
the identification of responders and non-responders in advance, and determining the most effective
radioimmunotherapy for each tumor entity or individual patient is desired. One critical aspect for the
combination of RT and IT is the chronological order of the treatment schedule. Dovedi et al. treated
CT26 tumor bearing mice with fractionated RT of 5x2 Gy and compared the onset of anti-PD-L1
therapy at three different time points. The mice received the antibodies either beginning with the

first dose of RT, together with, or five days after the last dose, respectively. The latter schedule did
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not prolong the survival of the mice. Only concomitant treatment significantly improved the survival
with a slight advantage of simultaneous treatment start of both therapies (Dovedi et al., 2014).
Another group followed a similar approach to compare administration sequencing of anti-CTLA-4 and
an agonistic antibody against OX40, a co-stimulatory receptor expressed by activated T cells. CT26
colon carcinomas were treated with a single dose of 20 Gy and IT was given seven days before, one
day following, or five days following RT. In the case of anti-CTLA-4 the best outcome was observed
for the administration before RT, whereas anti-OX40 was most effective right after RT and had no
effect five days after RT (Young et al., 2016). Additionally, in almost all cases of abscopal effects
reviewed by Dagoglu et al. patients received RT immediately after, or concurrent with IT (Dagoglu et
al., 2019). Given the distinct mechanisms of the CTLA-4 and PD-1 axis the different results for both
ICIs are explainable. Together, these results indicate that there might not be a generally accepted
schedule for all ITs and that the impact of the RT fractionation scheme should be considered as well.

The immunogenicity of a tumor is determined by factors such as its antigenicity and the
efficacy of the antigen processing and presentation machinery (Wang, He, Wang, Li, & Liu, 2019).
High tumor mutational burden (TMB) was found to be a predictive biomarker for the immunogenicity
of the tumor and its response to ICl (Thomas et al., 2018; Klempner et al., 2020). Consequently, TMB
and the resulting immune recognition could provide a rationale why some patients do not respond to
ICI and why they profit from a combined treatment when it is applied in the right order. As depicted
in Figure 2, it is thought that immunogenic tumors of patients are recognized by the immune system
and, thus, the tumor cells have to express immune checkpoint ligands to counteract the immune
attack. If ICls are given to those patients as a monotherapy the immune response is re-initiated and
the tumors respond to the treatment. In contrast, non-immunogenic tumors lack a pre-existing
immune response and consequently expression of immune checkpoint ligands. Hence, ICl is not
effective and those patients represent the non-responder group. Using therapies, such as RT,
therapeutic vaccination or other ITs to increase the immunogenicity of the tumor could convert the
non-immunogenic tumors to “hot” tumors that are recognized by effector cells. In turn, tumor cells
would try to rebalance immunosuppression by immune checkpoint expression. ICls applied in a
combined treatment would then be effective again, resulting in higher response rates (Frey, Riickert,
& Gaipl, 2019).

Previous work of our group provides another hint that the timing of ITs might be critical.
There, we irradiated CT26 tumors with 2x5 Gy and monitored tumor-infiltrating immune cells. Right
after RT we observed enhanced infiltration of macrophages and APCs for about four days, followed
by a sharp peak of CD8 T cell infiltration lasting only one day and appearance of Tregs thereafter
(Frey, Riickert, Weber, et al., 2017). Similar results were reported after irradiation of melanomas with

2x12 Gy. In those tumors, leukocytes in general and CD8 T cells were present in higher percentages
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five days after RT before they declined (Hettich, Lahoti, Prasad, & Niedermann, 2016). This clearly
shows that immune cell infiltration into tumors following irradiation is a dynamic process and that RT
fractionation protocols might have to be optimized to prevent re-irradiation in a phase of high
immune cell infiltration. Therefore, Zhang and Niedermann conducted a pre-clinical trial where they
investigated the effect of hypofractionated irradiation extended in the phase of T cell infiltration.
Importantly, anti-PD-1 and irradiation with 5x6.43 Gy spread over ten days had similar effects as
treatment with 3x9.18 Gy distributed over three or five days on the local and abscopal tumor growth
as well as immune cell infiltration and tumor-specific CD8 T cell responses (X. Zhang & Niedermann,
2018). Still, the addition of immunotherapies needs to be well-matched to the treatment schedule

based on the type of immunotherapy to achieve optimal outcomes.
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Figure 2: Immunological rationale for the combination of radio(immuno)therapy with immune checkpoint inhibition.
TMB tumor mutational burden, RT radiotherapy, /Cls immune checkpoint inhibitors. Adapted from (Frey et al., 2019).
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1.5 Aim of the project

RT alone often fails to induce strong anti-tumor immune responses. In clinical and pre-
clinical trials ITs appear to be promising complementary treatment options. HHP has been shown to
induce immunogenic cell death in tumor cells and to reproducibly inactivate them completely, which
makes HHP-treated cells suitable for the use in therapeutic cancer vaccines. In this project, we first
aimed to evaluate the safety of whole tumor cell vaccines generated with HHP and their efficacy in
combination with RT in a murine ectopic B16-F10 melanoma and CT26 colon carcinoma model.
Analyzing the tumor-infiltrating immune cell subtypes should give insight into the immunological
tumor microenvironment generated by the treatment modalities.

As a second aim we wanted to augment the therapy with immune checkpoint inhibition to
assess the induction of abscopal effects in a setting with a tumor on each flank of the mouse of which
only one was irradiated. As depicted in Figure 3, we hypothesized that by induction of immunogenic
cell death in tumor cells local RT provides antigens and DAMPs to activate immune cells (1). HHP
vaccines would further boost the anti-tumor immune response and increase the accumulation of
activated immune cells into the tumor (2). Infiltrating effector T cells would however face
immunosuppression mediated by immune checkpoint molecules. By the systemic application of anti-
PD-1 antibodies as a third therapy option we aimed to counteract this shutdown of the immune
response to enable the eradication of the primary irradiated tumor (3) as well as the non-irradiated
abscopal tumor (4). Further, we hypothesized that by performing immune phenotyping of tumor-
infiltrating and circulating immune cells by multi-color flow cytometry and analysis of the cytokine
milieu inside the tumors we would get further insight into the underlying mechanism of abscopal
effects and that there will be differences between primary and abscopal tumors as well as between
the treatment groups. So far, pre-clinical trials often only focus on the T cell response. With our
approach we aimed to gain a broader overview on immune cell infiltration to identify additional

subtypes which might contribute to the orchestration of anti-tumor immune responses.
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Figure 3: Induction of local and abscopal anti-tumor immune responses by the combination of RT, HHP vaccination and
anti-PD-1. (1) Local RT provides antigens and DAMPs to activate immune cells by inducting immunogenic cell death in
tumor cells.( 2) HHP vaccines further boost the anti-tumor immune response and increase the accumulation of activated
immune cells into the tumor. However, infiltrating effector T cells face immunosuppression mediated by immune
checkpoint molecules. (3) The systemic application of anti-PD-1 antibodies counteracts this shutdown of the immune
response to enable the eradication of the primary irradiated tumor (4) as well as the non-irradiated abscopal tumor.

Adapted from (Ruckert et al., 2018).
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2. Material & Methods

2.1 Material
2.1.1 Chemicals and reagents
Table 1:  List of chemicals and reagents

Chemical Product number Supplier
2-Propanol 1.00995.6010 Merck Darmstadt, Germany
2X Lysis Buffer AA-LYS-16ML RayBiotech Peachtree Corners, GA,

USA

AnnexinV-FITC (1 mg/ml) - GeneArt Regensburg, Germany
Antifoam Y-30 Emulsion A5758-100ML Sigma-Aldrich Munich, Germany
Agua ad iniectabilia 2351744 B.Braun Melsungen AG Melsungen, Germany
Bovine serum albumin (BSA) A7030-504 Sigma-Aldrich Munich, Germany
Chloroform 1.02445.0250 Merck Darmstadt, Germany
Dimethyl sulfoxide (DMSO) D8418 Sigma-Aldrich Munich, Germany
DNase |, RNase-free (1 U/uL) ENO521 Thermo Fisher Scientific Waltham, MA, USA
Ethanol 9065.1 Carl Roth Karlsruhe, Germany
Ethylenediaminetetraacetic acid 8040.1 Carl Roth Karlsruhe, Germany
(EDTA)
Halt Phosphatase Inhibitor 78428 Thermo Fisher Scientific Waltham, MA, USA
Single-Use Cocktail
Invivofectamine 3.0 Reagent IVF3001 Thermo Fisher Scientific Waltham, MA, USA
InVivoPlus anti-mouse PD-1 BP0146 Bio X Cell West Lebanon, NH, USA
Isofluran CP 1214 CP-Pharma Burgdorf, Germany
Methylene blue 03978-250ml Sigma-Aldrich Munich, Germany
Monopotassium phosphate 4873 Merck Darmstadt, Germany
peqGold Glycogen RNase free 37-1810 VWR International Darmstadt, Germany
peqGold TriFast 30-2010 VWR International Darmstadt, Germany
PMSF Protease Inhibitor 36978 Thermo Fisher Scientific Waltham, MA, USA
Potassium chloride 4936.1000 Merck Darmstadt, Germany
Propidium lodide (1 mg/ml) P4170 Sigma-Aldrich Munich, Germany
RNase A 10109169001 Merck Darmstadt, Germany
Sodium chloride 39571 Carl Roth Karlsruhe, Germany
Sodium fluoride S6776-100G Sigma-Aldrich Munich, Germany
Sodium orthovanadate 450243-10G Sigma-Aldrich Munich, Germany
Sodium phosphate dibasic S5136 Sigma-Aldrich Munich, Germany
Sulfuric acid (2 N) X873.1 Carl Roth Karlsruhe, Germany
Triton X-100 T8787 Sigma-Aldrich Munich, Germany
Tween 20 9127.1 Carl Roth Karlsruhe, Germany
UltraPure DNase/RNase-Free 10977035 Thermo Fisher Scientific Waltham, MA, USA
Distilled Water
Yellow Sample Buffer (40X) R1381 Thermo Fisher Scientific ~ Waltham, MA, USA
B-Glycerophosphate G9422 Sigma-Aldrich Munich, Germany
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2.1.2

Table 2:

Media and additives

List of media and supplements

Media/Additive

Product number

Supplier

0.5 % Trypsin-EDTA (10X) 15400-054 Gibco Life Technologies Carlsbad, CA, USA
Accutase solution A6964-100ML Merck Darmstadt, Germany
CASYton 5651808 OLS OMN!I Life Science Bremen, Germany
CytoFLEX Sheath Fluid B51503 Beckman Coulter Brea, CA, USA

Dulbecco's Phosphate-Buffered  D8537-500ML Sigma-Aldrich Munich, Germany

Saline (DPBS)

Fetal bovine serum (FBS) S0615 Biochrom Berlin, Germany

Superior

Lipofectamine RNAIMAX 13778075 Thermo Fisher Scientific Waltham, MA, USA

Transfection Reagent

MACS BSA Stock Solution 130-091-376 Miltenyi Biotec Bergisch Gladbach,

Germany

Opti-MEM | Reduced Serum 31985070 Thermo Fisher Scientific Waltham, MA, USA

Medium

Recombinant Mouse IGFBP-6 752404 BioLegend San Diego, CA, USA

(carrier-free)

Ringer’s solution 2610813 Fresenius Kabi Bad Homburg, Germany

RPMI-1640 medium R8758-500ML Merck Darmstadt, Germany

Silencer Select Igfbp6 siRNA AM16830, ID: Thermo Fisher Scientific Waltham, MA, USA
62477

Silencer Select Negative Control 4404020 Thermo Fisher Scientific Waltham, MA, USA

No. 1 siRNA

2.1.3 Consumables
Table 3:  List of consumables
Material Product number Supplier
BD Microtainer SST Tubes 365951 BD Franklin Lakes, NJ, USA
CASYcups 5651808 OLS OMNI Life Science Bremen, Germany

Cellstar 96-, 6-well culture plate
sterile, F-bottom

655180, 657160

Greiner bio-one

Frickenhausen, Germany

Cellstar 96-well culture plate
sterile, V bottom

651180

Greiner bio-one

Frickenhausen, Germany

Cellstar cell culture flask
(T75, T175 cm?)

658175, 660175

Greiner bio-one

Frickenhausen, Germany

Cellstar serological pipettes
(2,5, 10, 25, 50 ml)

710180, 606180,
607180, 760180,
768180

Greiner bio-one

Frickenhausen, Germany

Centrifuge tubes (15, 50 ml)

227261, 188271

Greiner bio-one

Frickenhausen, Germany

Combitips advanced (1, 5, 10 ml) 0030089790, Eppendorf Hamburg, Germany
0030089456,
0030089464

CRYO.S 2 ml round bottom tube 121263 Greiner bio-one Frickenhausen, Germany

Disposable pipette tips
(10, 200, 1250 pl)

771258, 737240,
750250

Greiner bio-one

Frickenhausen, Germany

EASYstrainer™, 70 um, sterile

542070

Greiner bio-one

Frickenhausen, Germany

Filter tips (10, 20, 300, 1250 ul)

771261, 773261,
737261, 738261,
750261

Greiner bio-one

Frickenhausen, Germany
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gentleMACS C Tubes 130-093-237 Miltenyi Biotec Bergisch Gladbach,
Germany

gentleMACS M Tubes 130-093-236 Miltenyi Biotec Bergisch Gladbach,
Germany

GripTips pipette tips (125, 300 ul) 4425, 4435 Integra bioscience Zizers, Switzerland

Hematocrit capillary 9100275 Hirschmann Eberstadt, Germany

Herd-shell skirted 96-Well PCR HSP9601 BioRad Hercules, CA, USA

plate

Injekt-F syringe 9166017V B.Braun Melsungen Melsungen, Germany

LS Columns 130-042-401 Miltenyi Biotec Bergisch Gladbach,
Germany

MicroFine+ Insulin Syringe 324827 BD Franklin Lakes, NJ, USA

Microlance 3 needles 30220 BD Franklin Lakes, NJ, USA

(0.4x19mm)

Microvette 500 LH 20.1345 Sarstedt Nimbrecht, Germany

Nunc Maxisorb plates (96-well 442404 Thermo Fisher Scientific Waltham, MA, USA

format)

Nunclon surface petri dishes 150288 Nunc A/S Roskilde, Denmark

Parafilm PM-996 Bemis Oshkosh, WI, USA

Pre-Separation Filters (30 um) 130-041-407 Miltenyi Biotec Bergisch Gladbach,
Germany

Reaction tubes 72.706.400, Sarstedt NiUmbrecht, Germany

(0.5, 1.5, 2.5, 5.0 ml) 72.704.400,

72.695.500

Round bottom tube 55.1578 Sarstedt Nimbrecht, Germany

Scalpel, sterile 200130011 pfm medical Cologne, Germany

Syringes Discardit Il (10 ml) 309110 BD Franklin Lakes, NJ, USA

2.1.4 Laboratory equipment

Table 4:  List of laboratory equipment

Material

Supplier

Beaker (100, 200, 500, 1000 ml)

Duran Group

Wertheim, Germany

Measuring cylinder

Duran Group

Wertheim, Germany

Multichannel pipette m300

Sartorius

Goettingen, Germany

Multipette M4

Eppendorf

Hamburg, Germany

Neubauer counting chamber

Paul Marienfeld

Lauda-Kénigshofen, Germany

Pipetboy comfort

Integra bioscience

Zizers, Switzerland

VIAFLO Il multichannel pipette (125, 300 pl)

Integra bioscience

Zizers, Switzerland

2.1.5 Instruments

Table 5:  List of instruments

Instrument

Supplier

Analytical balance Mettler AC100

Mettler Toledo

Columbus, OH, USA

Aqgua dest. TKA-Lab Tower

TKA
Wasseraufbereitungssysteme

Niederelbert, Germany

Autoclave Varioclav

HP Medizintechnik

OberschleiBheim, Germany

AxioCam ERc5s

Carl Zeiss Microscopy

Jena, Germany

CASY Cell Counter

OLS OMNI Life Science

Bremen, Germany

Centrifuge Hettich Rotina 420R

Hettich

Tuttlingen, Germany

Centrifuge Megafuge 1.0RS

Heraeus Instruments

Hanau, Germany
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Centrifuge Mikro 200R Hettich Tuttlingen, Germany
CytoFLEX S Beckman Coulter Brea, CA, USA

DNA/RNA UV-cleaner box UVC/T-M-AR Biosan Riga, Latvia

Epoch Microplate Spectrophotometer BioTek Bad Friedrichshall, Germany
Freezer (-20 °C) Liebherr, Biberach an der RiBR, Germany

Freezer (-80 °C)

Heraeus Instruments

Hanau, Germany

Fridge

Liebherr

Biberach an der RiBR, Germany

gentleMACS Dissociator

Miltenyi Biotec

Bergisch Gladbach, Germany

High Hydrostatic Pressure (HHP) treatment
system

Lehrstuhl fiir
Prozessmaschinen und
Anlagentechnik” (iPAT)

Erlangen, Germany

Hotplate Kunz Instruments Nynashamn, Sveden
iBright™ FL1000 Imaging System Thermo Fisher Scientific Waltham, MA, USA
Ice machine Ziegra Isernhagen, Germany
Incubator BBD 6220 Heraeus Instruments Hanau, Germany

Laminar flow cabinet Hera Safe

Heraeus Instruments

Hanau, Germany

Laminar flow cabinet LaminAir LFM 2448S

Heraeus Instruments

Hanau, Germany

Lead shielding chamber

Seifert

Ahrensberg, Germany

MACS MultiStand

Miltenyi Biotec

Bergisch Gladbach, Germany

MESO QuickPlex SQ 120

Meso Scale Diagnostics

Rockville, MD, USA

Microscope Primo Vert

Carl Zeiss Microscopy

Jena, Germany

Nanophotometer P330 Implen Muinchen, Germany
PCR machine C1000 Touch Thermal Cycler, BioRad, Hercules, CA, USA
CFX96 Real Time System

PRIMART linear accelerator Siemens Munich, Germany

QuadroMACS Separator

Miltenyi Biotec

Bergisch Gladbach, Germany

Sprout Mini-Centrifuge

Heathrow Scientific

Vernon Hills, IL, USA

TQ-Prep Workstation

Beckman Coulter

Krefeld, Germany

Vortexer MS1 Minishaker

IKA-Labortechnik

Staufen, Germany

Water bath

GFL Gesellschaft fur
Labortechnik

Burgwedel, Germany

X-ray generator Isovolt Titan

GE Inspection Technologies

Frankfurt a.M., Germany

2.1.6 Kits and ELISAs

Table 6:  List of kits and ELISAs

Material Product number Supplier

CDA45 (TIL) MicroBeads, mouse 130-110-618 Miltenyi Biotec Bergisch Gladbach,
Germany

DyNAmo ColorFlash SYBR Green  F416XL Thermo Fisher Scientific Waltham, MA, USA

gPCR Kit

FoxP3 Staining Buffer Set 130-093-142 Miltenyi Biotec Bergisch Gladbach,
Germany

High-Capacity cDNA Reverse 4368814 Thermo Fisher Scientific ~ Waltham, MA, USA

Transcription Kit

HMGB1 ELISA ST51011 IBL International Hamburg, Germany

Human/Mouse/Rat Total DYC1663 R&D Systems Minneapolis, MN, USA

HSP70/HSPA1A ELISA

Mouse CXCL1/KC ELISA DY453 R&D Systems Minneapolis, MN, USA

Mouse Cytokine Array C3 AAM-CYT-3-8 RayBiotech Peachtree Corners, GA,
USA

Mouse IFN-B ELISA DY8234 R&D Systems Minneapolis, MN, USA

Mouse IGFBP-6 ELISA DY776 R&D Systems Minneapolis, MN, USA
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MTT Cell Proliferation/Viability 4890-025-K R&D Systems Minneapolis, MN, USA
Assay
Pierce BCA Protein Assay Kit 23225 Thermo Fisher Scientific Waltham, MA, USA
Tumor Dissociation Kit, mouse 130-096-730 Miltenyi Biotec Bergisch Gladbach,
Germany

V-PLEX Proinflammatory Panel 1 K15048D-1 Meso Scale Diagnostics Rockville, MD, USA
Mouse Kit
2.1.7 Animals
Table 7:  List of mouse strains

Strain Supplier
BALB/cJR] Janvier Labs Le Genest-Saint-Isle, France
C57BI/6NR;j Janvier Labs Le Genest-Saint-Isle, France
2.1.8 Software
Table 8: List of analysis softwares

Software

Supplier

CFX Manager Software 3.1 Bio-Rad Laboratories

Hercules, CA, USA

CytExpert Acquisition and Analysis Beckman Coulter

Software 2.3

Brea, CA, USA

EndNote X9 Clarivate Analytics

Philadelphia, PA, USA

Gen53.0 BioTek

Bad Friedrichshall, Germany

GraphPad Prism 8 GraphPad Software

La Jolla, CA, USA

iBright Analysis Software Thermo Fisher Scientific

Waltham, MA, USA

Kaluza 2.1 Beckman Coulter

Brea, CA, USA

Microsoft Office Professional Plus 2010 Microsoft Corporation

Redmond, WA, USA

RAYBIO Analysis Tool RayBiotech

Peachtree Corners, GA, USA

2.1.9 Flow cytometry antibodies and dyes

Table 9:  List of flow cytometry antibodies and dyes

Target antigen Fluorochrome Product number

Supplier

4-1BBL VioBright-FITC 130-105-857 Miltenyi Biotec Bergisch Gladbach, Germany
CD11b APC 17-0112 eBioscience San Diego, CA, USA

CD11c BV 510 562949 BD Franklin Lakes, NJ, USA
CD16/32 purified 14-0161-86 eBioscience San Diego, CA, USA

CD19 APC-Cy7 561737 BD Franklin Lakes, NJ, USA
CD25 PE-Cy7 552880 BD Franklin Lakes, NJ, USA
CD3e V450 560801 BD Franklin Lakes, NJ, USA

CD4 FITC 553729 BD Franklin Lakes, NJ, USA
CD45.2 PerCP-Cy5.5 45-0454 eBioscience San Diego, CA, USA

CD49b APC 108910 BiolLegend San Diego, CA, USA

CD62L PE-Cy7 560516 BD Franklin Lakes, NJ, USA
CD70 PE 12-0701 eBioscience San Diego, CA, USA

CD8a BV 605 100744 BiolLegend San Diego, CA, USA

FceRla PE 134308 BioLegend San Diego, CA, USA

FoxP3 APC 130-093-013 Miltenyi Biotec Bergisch Gladbach, Germany
Galectin-9 BVv421 566028 BD Franklin Lakes, NJ, USA
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HVEM APC 136305 BiolLegend San Diego, CA, USA
ICOS-L PE 107405 BioLegend San Diego, CA, USA
Live/dead Zombie NIR 423106 BioLegend San Diego, CA, USA
Live/dead Zombie Aqua 423102 BioLegend San Diego, CA, USA
Ly-6C FITC 553104 BD Franklin Lakes, NJ, USA
Ly-6G PE-Cy7 560601 BD Franklin Lakes, NJ, USA
MHC-II (I-A/1-E) eFluor 450 48-5321 eBioscience San Diego, CA, USA
0OX40L PerCP-eFluor710 46-5905-80 eBioscience San Diego, CA, USA
PD-1 PE-Dazzle 594 109116 BioLegend San Diego, CA, USA
PDCA-1 BV 650 127019 BioLegend San Diego, CA, USA
PD-L1 PE-Cy7 25-5982 eBioscience San Diego, CA, USA
PD-L2 APC 107210 BiolLegend San Diego, CA, USA
Siglec-F PE 552126 BD Franklin Lakes, NJ, USA
y6TCR PE 12-5711-82 eBioscience San Diego, CA, USA
2.1.10 qPCR primers
Table 10: List of Bio-Rad Prime PCR Primers

Gene symbol Gene name Assay ID
Cd274 CD274 antigen (PD-L1) gMmuCID0011907
Cxcll chemokine (C-X-C motif) ligand 1 gMmuCEDO0047655
E330016A19Rik RIKEN cDNA E330016A19 gene (cGAS) qMmuCID0025813
Hprt hypoxanthine guanine phosphoribosyl transferase qMmuCED0045738
Ifnbl interferon beta 1 qMmuCED0050444
lgflr Insulin-like growth factor | receptor qMmuCID0005315
lgf2 insulin-like growth factor 2 gMmuCED0025029
lgf2r Insulin-like growth factor Il receptor gMmuCED0046384
lgfbp6 Insulin-like growth factor binding protein 6 gMmuCID0006112
Pdcd1lg2 programmed cell death 1 ligand 2 (PD-L2) gMmuCIiD0011922
Rps18 ribosomal protein S18 gMmuCED0045430
Tbp TATA box binding protein gMmuCIiD0040542
Tmem173 transmembrane protein 173 (STING) gMmuCED0046127
Trex1 three prime repair exonuclease 1 qMmuCED0061616

2.1.11 Buffer, media and staining solutions:

Cell culture medium R10-:

e RPMI 1640

e 10 % fetal bovine serum

Permeabilization buffer (cell cycle):

e 192 ml 0.2 M Na,HPO, (in H,0)
e 8ml0.1X(v/v) Triton X-100 (in H,0)

e pH738
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DNA staining buffer:

5 ul PI (1 mg/mlin H,0))
20 pl RNase (200 pg/ml in PBS)

Ad 1 ml PBS

Cell death staining solution

1 ml Ringer’s solution
1 pl Propidium lodide (1 mg/ml)
0.75 pl AnnexinV-FITC (1 mg/ml)

MACS buffer:

PBS
BSA stock solution 1:20

Tumor lysis buffer:

2X Lysis Buffer

1:1 H,0

1:30 Antifoam Y-30 Emulsion
1:100 HALT phosphatase inhibitor

1:100 PMSF protease inhibitor (0.1 M in 99 % EtOH)

1:1000 Sodium fluoride (1 M in H,0)
1:1000 R-Glycerophosphate (1 M in H,0)

1:1000 Sodium orthovanadate (0.2 M in H,0)

PBS (10X):

H,0

Sodium chloride (1.37 M)

Potassium chloride (27 mM)

Sodium phosphate dibasic (100 mM)
Monopotassium phosphate (18 mM)
pH 7.4

H,O
PBS (10X) 1:10
0.05 % Tween 20
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Reagent diluent (ELISA):

e PBS

e 1%BSA

e pH72-74
FACS buffer:

e PBS

e 2% fetal bovine serum
e 2mMEDTA

Fc-block solution:
e FACS buffer
e Anti-CD16/32 antibody 1:100

Immune checkpoint panel 1:

Table 11: Antibodies and dyes of immune checkpoint panel 1

Target antigen Fluorochrome Dilution
PD-L1 PE-Cy7 1:1600
PD-L2 APC 1:100
0OX40L PerCP-eFluor710 1:800
ICOS-L PE 1:200
Live/dead Zombie Aqua 1:500

in FACS buffer

Immune checkpoint panel 2:
Table 12: Antibodies and dyes of immune checkpoint panel 2

Target antigen Fluorochrome Dilution
4-1BBL VioBright-FITC 1:10
Galectin-9 BvV421 1:100
HVEM APC 1:800
CD70 PE 1:200
Live/dead Zombie Yellow 1:250

in FACS buffer
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Immune phenotyping panel 1 (IPP1):

Table 13: Antibodies and dyes of immune phenotyping panel 1

Target antigen Fluorochrome Dilution
Live/dead Zombie NIR 1:1000
MHC-II (I-A/I-E) eFluor 450 1:1000
Ly-6G PE-Cy7 1:1000
Ly-6C FITC 1:800
CD11b APC 1:500
Siglec-F PE 1:500
CD45.2 PerCP-Cy5.5 1:400
PDCA-1 BV 650 1:250
CD11c BV 510 1:250

in FACS buffer

Immune phenotyping panel 2 (IPP2):

Table 14: Antibodies and dyes of immune phenotyping panel 2

Target antigen Fluorochrome Dilution
CD62L PE-Cy7 1:1000
CD8a BV 605 1:1000
FceRla PE 1:1000
Live/dead Zombie Aqua 1:500
CD4 FITC 1:500
CD19 APC-Cy7 1:500
CD3e V450 1:500
CD45.2 PerCP-Cy5.5 1:400
CD49b APC 1:400
PD-1 PE-Dazzle 594 1:250

in FACS buffer

Immune phenotyping panel 3 (IPP3):

Table 15: Antibodies and dyes of immune phenotyping panel 3

Target antigen Fluorochrome Dilution

Live/dead Zombie NIR 1:1000

CD8a BV 605 1:1000

CDh4 FITC 1:500

CD3e V450 1:500

yOTCR PE 1:400

CD45.2 PerCP-Cy5.5 1:400

CD25 PE-Cy7 1:200

FoxP3 APC 1:40

in FACS buffer
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2.2 Methods

2.2.1 Cell lines and cell culture

Commercially available murine B16-F10 melanoma cell derived from C57BI/6 mice and
CT26 colon carcinoma cells derived from BALB/c mice (both cell lines from ATCC) were cultured in
RPMI 1640 supplemented with 10 % fetal bovine serum without addition of any antibiotics (R10-
medium) in T75 or T175 flasks under standard conditions in an incubator with 37 °C, 95 % humidity,
5 % CO,.The cell lines were tested negatively for mycoplasma contamination and were stored in a cell
bank format. A new vial of cells was thawed for each in vivo experiment or set of in vitro experiments

and the cells were regularly passaged with Trypsin twice a week for a maximum of ten passages.

2.2.2  High hydrostatic pressure (HHP) treatment

For the preparation of the whole tumor cell vaccine adherent tumor cells were detached
with Accutase to obtain single cell suspensions. To get rid of any medium and serum the cells were
washed with PBS and resuspended in Ringer solution at a concentration of 25x10° cells/ml. Cryogenic
vials were completely filled with cell suspension to avoid any air bubbles, tightly closed and
additionally sealed with Parafilm. The vials were put in the autoclave (Figure 4C) of the computer-
controlled HHP treatment system (Figure 4A, B) which was provided by the “Lehrstuhl fiir
Prozessmaschinen und Anlagentechnik” (iPAT, Friedrich-Alexander-Universitat Erlangen-Nurnberg).
The high hydrostatic pressure treatment of the vials with tumor cells was conducted with a pressure
build-up velocity of 50 MPa/s and a final pressure of 100 to 500 MPa for 300 s. Autoclaved water was
used as pressure transmitting medium. Before using the pressurized tumor cells for in vitro
experiments or as a vaccine in vivo they were incubated for 24 h in the incubator without changing

the medium to avoid the loss of any released DAMPs.
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Figure 4: High hydrostatic pressure treatment. The device was kindly provided by the “Lehrstuhl fiir Prozessmaschinen
und Anlagentechnik” (iPAT, Friedrich-Alexander-Universitdt Erlangen-Nirnberg). A: fully computer monitored treatment
process; B: hydraulic system; C: cryogenic vial containing autoclave and pressure sensor.

2.2.3  Animal experiments

For all animal experiments male wildtype C57BI/6 or BALB/c mice were ordered from
Janvier and were kept at the Prdklinisches Experimentelles Tierzentrum animal facility of the
Friedrich-Alexander-Universitat Erlangen-Nirnberg. At the age of six to eight weeks the mice were
used for the experiments. All experiments were approved by the government of Unterfranken and
conducted according to the guidelines of the “Federation of European Laboratroy Animal Science

Associations” (FELASA) and the “Gesellschaft fur Versuchstierkunde” (GV-SOLAS).
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2.2.3.1 Tumorigenicity of HHP treated cells
To test for the ability of HHP treated (0-500 MPa) tumor cells to form tumors in vivo 2x10°
B16 tumor cells in Ringer solution were injected subcutaneously in C57BI/6 mice. The mice were

observed for 39 days to detect any subsequent tumor growth.

2.2.3.2 Radioimmunotherapy combinations

For the investigation of radio-immunotherapy combinations ectopic B16-F10 melanoma
and CT26 colon carcinoma models were established in syngeneic mice. In all in vivo vaccination
approaches with the HHP generated whole tumor cell vaccine the tumor cells were prepared with a

pressure of 200 MPa as described above (2.2.2 High hydrostatic pressure (HHP) treatment).

Single tumor model:

In the experiments with a single tumor 1x10° viable B16-F10 or 1.2x10° CT26 tumor cells in
Ringer solution were subcutaneously injected into the previously shaved right flank of C57BI/6 or
BALB/c mice, respectively. The treatment of the tumors started when palpable, vascularized tumors
had formed after eight (B16) or 14 days (CT26). The local irradiation of the tumors with X-rays at the
PRIMART linear accelerator (Figure 5A) was performed as previously published (Werthméller et al.,
2016). The mice were positioned in the irradiation field in a plexiglas box with isoflurane anesthesia
(Figure 5B) and irradiated tangentially in a 20° angle to completely irradiate the tumor and at the
same time sparing as much surrounding tissue as possible. The tumors were irradiated with a dose of
5 Gy per fraction on days 0 and 2 of the treatment period or were left untreated. Half of the
irradiated or untreated mice were additionally vaccinated subcutaneously with 5x10° HHP treated
tumor cells (200 pl) next to the tumor on day 3. Tumor and blood samples were collected from some

animals on day 7 for immune phenotyping.
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Figure 5:  Animal irradiation set-up. A: PRIMART linear accelerator with anesthesia device and mouse irradiation box; B:
mice in the irradiation box with their tumor positioned in the irradiation field (indicated by white arrows) for the local
irradiation.

Abscopal tumor model:

For the investigation of systemic immune responses of radioimmunotherapies an abscopal
tumor models was established. 0.2x10° B16-F10 tumor cells in 200 pl Ringer’s solution were injected
subcutaneously into the previously shaved right flank of C57BI/6 mice. Four days afterwards a second

tumor was injected the same way on the left flank which later served as the non-irradiated abscopal
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tumor. The following describes the maximum triple treatment whereas some groups were only
received some of the treatment modalities. Only the first injected primary right flank tumor was
irradiated after seven days (d0) as described in the single tumor model with 8 Gy. On day 3 (2x8 Gy
experiments) or on days 1 and 3 (3x8 Gy experiments) the mice received another dose of 8 Gy.
Beginning with the first irradiation on dO the mice were intraperitoneally injected with 200 pg anti-
PD-1 antibody (aPD-1) dissolved in 200 ul PBS every three to four days for a total of four injections.
Additionally, HHP vaccine (5x10° cells, 200 pl) was injected twice subcutaneously into the shaved
neck on days 2 and 8. Tumor and blood samples were collected from some animals on day 8 for

cytokine analyses and on day 10 for immune phenotyping.

2.2.3.3 IGFBP-6 siRNA knockdown in vivo

The in vivo siRNA knockdown of IGFBP-6 in abscopal tumors was conducted in mice treated
with aPD-1 and 2x8 Gy as described in the abscopal tumor model (2.2.3.2 Radioimmunotherapy
combinations). Additionally, Igfbp-6 siRNA (2.5 nmol) was formulated with Invivofectamine 3.0
Reagent in a total volume of 40 ul according to the manufacturer’s protocol and injected
intratumorally only into the abscopal tumor on days O, 4 and 8. Negative control siRNA and PBS
without Invivofectamine 3.0 Reagent served as control groups. To check for successful knockdown of
IGFBP-6 three mice of each group were sacrificed on day 4 to collect serum and abscopal tumors for
an IGFBP-6 ELISA.

During and after the treatment in all in vivo experiments the tumor growth of the mice was
examined. The tumor volume was calculated with the formula (length x width?)/2. Once one of the

tumors exceeded a volume of 1500 mm? the mice were sacrificed due to ethical reasons.

2.2.4 Invitro experiments

2.2.4.1 Clonogenicity of HHP treated cells
To test the ability of HHP treated cells (0-500 MPa) to form colonies in vitro they were
seeded at various concentrations in triplicates in petri dishes and cultivated for 10 days. The cells

were stained with methylene blue and colonies consisting of more than 50 cells were counted.

2.2.4.2 Invitro irradiation experiments
For the investigation of the influence of different fractionations on tumor cells the amount
of cells indicated in Table 16 was seeded in two T75 flasks per treatment in 20 ml R10- medium 16 h

before the experiment.
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Table 16: Amount of cells seeded for in vitro irradiation experiments

Treatment Amount of seeded cells
Untreated 1.8x10"
1x8 Gy 4.5x10°
2x8 Gy 4x10°
3x8 Gy 7x10°
1x20 Gy 5x10"

For in vitro experiments the cells were irradiated with X-rays using an X-ray tube in a lead
shielding chamber. The 2x8 Gy treatment group was irradiated on d0 and d3, the 3x8 Gy group on dO,
d1 and d3. The single dose treatment groups (1x8 Gy, 1x20 Gy) were irradiated on d3 only and one
group was left untreated. On d4 24 h after the last irradiation the cells of one flaks including the dead
cells were detached with Accutase and used for subsequent flow cytometric analysis. Cell-free
supernatant was collected from the other flask before detaching the cells with Accutase as well.

Those cells were resuspended in TriFast for gPCR analysis.

2.2.4.3 Incubation of tumor cells with IGFBP-6

The influence of IGFBP-6 on B16 tumor cell proliferation and viability was analyzed using a
MTT assay. For this, 1,700 (48 h) or 6,800 (24 h) B16 cells were seeded in 50 pl R10- in a 96 well plate
and 50 pl R10- containing IGFBP-6 recombinant mouse protein in a final concentration of 0.1, 0.5 or
1 pug/ml were added. After 24 h or 48 h the MTT assay was performed according to the
manufacturer’s protocol. The OD at 570 nm and 700 nm as reference wavelength was recorded with

an Epoch Microplate Spectrophotometer.

2.2.4.4 IGFBP-6 siRNA knockdown in vitro

To investigate the effects of IGFBP-6 knockdown on tumor cell proliferation, viability and
cell cycle a siRNA mediated knockdown approach via lipofection was used. 5x10* B16 cells per well
were seeded in 2.25 ml R10- in 6 well plates. A final concentration of 10 nM Igfbp-6 or negative
control siRNA was formulated with Lipofectamine RNAIMAX Transfection Reagent in Opti-MEM
medium according to the protocol provided by the manufacturer. Lipofectamine without any siRNA
and pure medium served as controls. 250 pl per well of these solutions were added to the tumor
cells. After 48 h in the incubator the cells were harvested for flow cytometric cell death and cell cycle
analyses. Additionally, cells were lysed with 1 ml TriFast for subsequent confirmation of the siRNA

knockdown via gPCR analysis.
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2.2.5 Flow cytometric analyses

2.2.5.1 Cell death analysis
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Figure 6: Gating strategy for the AxV, Pl cell death analysis. Doublets were excluded by plotting FSC-A against FSC-H. In
the FSC/SSC plot debris was selected and then excluded with a Boolean gate as false negative AxV', PI” events for further
analysis. Viable cells were determined based on their morphological properties and in the AxV/PI plot as double negative
events. In another AxV/PI plot cleared from viable cells by Boolean gating apoptotic (AxV", PI') and necrotic cells (primary
necrotic AxV*, PI™; secondary necrotic AxV", leed) were selected. Backgating of viable, apoptotic and necrotic cells is
displayed in the FSC/SSC and AxV/PI plot. Grey arrows with a “+” indicate subgating of the previous population. The
exclusion of the previously gated population from further analysis by Boolean gating is indicated by red arrows with a “-”.

Apoptotic and necrotic cell death of tumor cells was determined via flow cytometry. The
staining was performed with FITC-labeled AnnexinA5 (AxV) and propidium iodide (P1). 0.2x10° tumor
cells were resuspended in 100 pl of cell death staining solution (1 ul Pl and 0.75 pl AxV-FITC per 1 ml
Ringer solution). After incubation for 30 min at 4 °C the cells were analyzed with a CytoFLEX S flow
cytometer. AxV binds to phosphatidylserine (PS) which is actively translocated to the inner side of
the plasma membrane in viable cells. If cells undergo apoptosis or necrosis this asymmetry in the
plasma membrane cannot be maintained any longer and PS is accessible for AxV on the outside of

the cell. In apoptotic cells the membrane integrity is preserved and therefore apoptotic and necrotic

50



Material & Methods

cells can be distinguished with the DNA intercalating membrane impermeable PI. Thus, AxV’, PI" cells
are defined as viable, AxV", PI" as apoptotic and AxV", PI" as necrotic. The gating in the Kaluza analysis
software (Figure 6) was done as follows: single cells were determined by FSC-A/FSC-H doublet
exclusion. After gating on debris in the FSC/SSC plot false negative AxV-, PI" events were excluded
with a Boolean gate. Viable cells were gathered by first selecting them on their morphological
properties in the FSC/SSC plot and then gating on AxV’, PI" events. Apoptotic cells, apoptotic bodies
and necrotic cells were determined in the viable cell-excluded AxV/PI plot. In the final analysis

primary and secondary necrotic cells were combined and depicted as necrotic cells in total.

2.2.5.2 Cell cycle analysis

For cell cycle analysis 900 pl ethanol (70 %, -20 °C) was added to 0.4x10° tumor cells
resuspended in 100 ul PBS. After incubation of at least 20 min at -20 °C the cells were centrifuged at
300 x g at room temperature. The pellet was resuspended in 500 ul PBS and the cells were
permeabilized by adding 500 ul permeabilization buffer for 5 min. After centrifugation the cell pellet
was resuspended in 500 pl DNA staining solution containing Pl and RNase and was then incubated for
30 min at room temperature in the dark. At least 0.2x10° cells were analyzed with a CytoFLEX S flow
cytometer. The gating in the Kaluza analysis software (Figure 7) was done as follows: doublets were
excluded by plotting PI-A against PI-H and debris was excluded based on FSC/SSC properties. G1- S-
and G2/M-phases were gated based on the DNA content (Pl staining intensity). Degraded DNA of

dying tumor cells below G1 phase was labeled sub-G1.
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Figure 7: Gating strategy of the cell cycle analysis. Doublets were excluded by plotting PI-A against PI-H and debris in the
FSC/SSC plot. G1-, S- and G2/M-phases were gated based on the DNA content (Pl staining intensity). Everything below G1-
phase was regarded as sub-G1. Grey arrows with a “+” indicate subgating of the previous population.
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2.2.5.3 Immune checkpoint ligands

The surface expression of immune checkpoint ligands on tumor cells was analyzed by flow
cytometry. For this, 4x 0.2x10° cells were resuspended in 50 pl Fc-block solution in a 96-well
V-bottom plate and incubated for 10 min at room temperature to block unspecific binding of staining
antibodies. After centrifugation at 400 x g for 4 min the supernatant was discarded, the cells were
resuspended in 50 pl antibody mix of “checkpoint panel 1”, “checkpoint panel 2”, or the respective
autofluorescence control (AF ctrl) mix only containing the viable/dead stain and incubated for 30 min
at 4 °C. The cells were then washed two times with FACS buffer and analyzed with a CytoFLEX S flow
cytometer. The gating in the Kaluza analysis software (Figure 8) was done as follows: in the pre-
gating doublets (FSC-A/FSC-H) and dead cells (FSC/SSC) were excluded. Additionally, it was gated on
viable cells based on a viable/dead stain. As irradiated tumor cells tend to have a higher
autofluorescence (AF) than untreated cells the median fluorescence intensity (MFI) of each immune
checkpoint ligand in the stained sample was corrected for this background with the AF ctrl. Thus, the

AMFI was calculated by subtracting the MFI of the AF ctrl from the MFI of the stained sample.
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Figure 8: Gating strategy of the immune checkpoint analysis. After pre-gating on singlets (FSC-A/FSC-H) and viable cells
based on morphological properties (FSC/SSC) and live/dead stain (Zombie Aqua’), the median fluorescence intensity (MFI)
of each checkpoint ligand was analyzed. To correct for a higher autofluorescence of irradiated tumor cells the MFI of each
stained sample was subtracted by the MFI of the same sample which was not stained for the checkpoint ligands (AF ctrl).
PD-L1 and PD-L2 analysis is shown exemplarily for all immune checkpoints. Grey arrows with a “+” indicate subgating of the
previous population.
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2.2.5.4 Immune phenotyping of blood and tumor infiltrating immune cells

Leukocyte subtypes infiltrating into tumors after radioimmunotherapy combinations and in
the peripheral blood were analyzed on day 10 of the treatment period. First, blood was drawn from
the retro-orbital sinus of isoflurane anesthetized mice with a hematocrit capillary. Part of it was
collected in Microtainer serum tubes to obtain serum by centrifugation at 10,000 x g for 2 min. The
mice were then sacrificed by cervical dislocation and the tumors were excised. The tumors were
weighed before dissociation with the tumor dissociation kit (Miltenyi) according to the
manufacturer’s instructions in gentleMACS C tubes on a gentleMACS dissociator. The tumor mass
was filtered through a 70 um cell strainer, washed with RPMI and resuspended in MACS buffer. The
volume corresponding to up to 0.3 g of tumor was centrifuged (300 x g, 5 min) and resuspended in
270 ul MACS buffer. To isolate immune cells from the multitude of tumor cells by MACS separation
45 ul of CDA45 (TIL) MicroBeads were added to the cell suspension. Following steps were performed
according to the manufacturer’s instructions. The flow through, predominantly containing tumor
cells, was collected and the cells were stored in TriFast for further analyses. The eluted immune cell
fraction was equally distributed to three wells of a 96 well plate for the immune phenotyping. For the
immune phenotyping of the blood erythrocytes of 100 pl whole blood were lysed using a TQ-Prep
Workstation. After one washing step with PBS the cells were equally distributed to three wells of a
96 well plate, as well. Both, tumor and blood samples were resuspended in 50 ul Fc-block solution
and incubated for 10 min at room temperature to block unspecific binding of staining antibodies.
After centrifugation at 400 x g for 4 min the supernatant was discarded, the cells were resuspended
in 50 ul antibody mix of “immune phenotyping panel 1” (IPP1), IPP2, or IPP3 (without the FoxP3
antibody) and incubated for 30 min at 4 °C. The cells stained with IPP1&2were then washed two
times with FACS buffer and analyzed with a CytoFLEX S flow cytometer. For the intracellular staining
of IPP3 for FoxP3 the cells were fixed and permeabilized using the FoxP3 staining buffer set according
to the manufacturer’s instructions. After the staining for 30 min at 4 °C and one washing step with
FACS buffer these samples were also analyzed with the CytoFLEX S flow cytometer.

The gating of IPP1 in the Kaluza analysis software (Figure 9) was done as follows: after pre-
gating on singlets (FSC-A/FSC-H) and viable cells (FSC/SSC, Zombie') all immune cells were gated as
CD45". Neutrophils (CD11b*, Ly6G") and plasmacytoid dendritic cells (pDCs; PDCA-1*, Ly6C’) were
identified and excluded from further analysis by Boolean gating. Eosinophils (CD11b", Siglec-F*) were
pre-gated on CD45*, SSC" and also excluded from further analysis. DCs (MHC-II*, CD11c") were
excluded from monocytes/macrophages (CD11b"*, Ly6C") gating and vice versa. DCs were further
subdivided in conventional typ 1 DCs (cDC1; CD11b’, SSC°) and cDC2 (CD11b*, SSC™). In the

monocyte/macrophage compartment monocytes (MHC-II, Ly6C") were distinguished from mature

53



Material & Methods

tumor associated macrophages (mTAMs; MHC-II", Ly6C*) and immature TAMs (Ly6C) (Etzerodt et al.,
2019).
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Figure 9: Gating strategy of the immune phenotyping panel 1. After pre-gating on single (FSC-A/FSC-H) viable cells
(FSC/SSC, Zombie?) all immune cells were gated as CD45". Ly6G, CD11b™ plasmacytoid dendritic cells (pDCs) were identified
as Ly6C", PDCA-1*. Neutrophils were gated as CD11b*, Ly6G®, Eosinophils as SSC™, CD11b", Siglec-F, DCs as MHC-II*, CD11c"
and subdivided in conventional type 1 DCs (cDC1s; CD11b, SSC'°) and cDC2s (CD11b", SSChi). After pre-gating on CD11b"
cells Monocytes (MN) were identified as MHC-II', Ly6C’, immature tumor associated macrophages (iTAM) as MHC-II*, Ly6C"
and mature TAMs (mTAM) as Ly6C. Major subtypes are highlighted with colored frames. Grey arrows with a “+” indicate
subgating of the previous population. The exclusion of the previously gated population from further analysis by Boolean
gating is indicated by red arrows with a “-”.

The gating of IPP2 in the Kaluza analysis software (Figure 10) was done as follows: the same
pre-gating on single viable immune cells as for IPP1 was applied. First basophils (FceR1a" CD49b*) and
then B cells (CD19%) were identified and excluded from subsequent analysis. T cells (CD49b~ CD3%)
were further subdivided in CD4" and CD8" T cells and analyzed for PD-1 and CD62L expression.
NK cells were gated as CD49b* SSC'° CD3” and NKT cells as CD49b* SSC*° CD3".

The gating of IPP3 in the Kaluza analysis software (Figure 11) was done as follows: the same
pre-gating on single viable immune cells as for IPP1 was applied. y6 T cells were identified as CD3"

TCRy&" and Tregs as CD3" CD4" CD25" FoxP3".
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Figure 10: Gating strategy of the immune phenotyping panel 2. After pre-gating on single (FSC-A/FSC-H) viable cells
(FSC/SSC, Zombie') all immune cells were gated as CD45". Basophils were identified as FceR1a® CD49b*, B cells as CD19",
T cells as CD49b CD3", NK cells as CD49b* SSC'° CD3” and NKT cells as CD49b" SSC° CD3". T cells were further subdivided in
CD4" and CD8" T cells and analyzed for PD-1 and CD62L expression. Major subtypes are highlighted with colored frames.
Grey arrows with a “+” indicate subgating of the previous population. The exclusion of the previously gated population from
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further analysis by Boolean gating is indicated by red arrows with a “-”.
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Figure 11: Gating strategy of the immune phenotyping panel 3. After pre-gating on single (FSC-A/FSC-H) viable cells
(FSC/SSC, Zombie') all immune cells were gated as CD45". y§ T cells were identified as CD3" TCRy8" and Tregs as CD3" CD4"
CD25" FoxP3". Major subtypes are highlighted with colored frames. Grey arrows with a “+” indicate subgating of the
previous population. The exclusion of the previously gated population from further analysis by Boolean gating is indicated
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As one sample was evenly distributed to the three immune phenotyping panels the cell
numbers were multiplied by 3 and divided by the tumor mass used for MACS cell separation to get

concentrations of tumor infiltrating immune cells per gram of tumor.

2.2.6  Protein analyses

2.2.6.1 Preparation of tumor lysates

To prepare tumor lysates for protein analyses the tumors were excised and weighed. A
volume of 2.5 ml tumor lysis buffer per 0.1 g of tumor was added in a gentleMACS M tube and the
tumors were dissociated with a gentleMACS dissociator. After centrifugation (4,000 x g, 5 min) the
supernatant was transferred into a new tube. To completely remove cell debris the lysate was
centrifuged two more times at 12,000 x g for 5 min at 4 °C. The protein concentration was
determined with the Pierce BCA Protein Assay Kit of a 1:10 dilution of the lysate according to the

manufacturer’s instructions.

2.2.6.2 Enzyme Linked Immunosorbent Assay (ELISA)

To examine cytokines in cell culture supernatants and tumor lysates the following ELISAs
were performed according to the manufacturer’s recommendations unless stated otherwise:
HSP70 (supernatants, undiluted), HMGB1 (supernatants, undiluted), CXCL1 (supernatants, undiluted),
IFN-B (supernatants, undiluted; tumor lysate, 100 pg total protein). The IGFBP-6 ELISA was
performed for undiluted supernatant and serum. 100 pug total protein of the tumor lysates and the
standard was diluted in 1 % BSA. For the blocking and the dilution of the detection antibody and
streptavidin-HRP 5 % Tween was used. The reaction was stopped with sulfuric acid (2 N) and the OD
at 450 nm and 540 nm as reference wavelength was recorded with an Epoch Microplate

Spectrophotometer.

2.2.6.3 Multiplex ELISA
For the analysis of several cytokines in tumor lysates and in serum with the V-PLEX
Proinflammatory Panel 1 Mouse Kit tumor lysate samples were adjusted to a 1 mg/ml concentration
with H,0 and 25 pul of this tumor lysate or 25 ul of serum were used. The assay was conducted
according to the manufacturer’s instructions and the plates were read on a MESO QuickPlex SQ 120.
Another spectrum of cytokines and proteins in the tumor lysates was analyzed with the
membrane-based Mouse Cytokine Array C3. Therefore, 300 ug total protein of three tumor lysates

was pooled for one membrane (100 pg each). Primary tumors irradiated with 2x8 Gy (RT) and
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abscopal tumors of the same mice, or primary and abscopal tumors of the RT plus HHP vaccination
group were analyzed (Figure 12). To identify differences in the cytokine milieu in abscopal tumors of
the RT + aPD-1 group that do respond to the treatment vs. the ones that don’t, the three smallest
(“responder”) and largest abscopal tumors (“non-responders”) were pooled. The respective primary
tumors were analyzed as well. The assay was performed according to the kit’s instructions with an
overnight incubation of the samples on the membranes at 4 °C. The membranes were imaged on an

iBright FL1000 Imaging System and were analyzed with the iBright Analysis Software and the RAYBIO

Analysis Tool.
primary abscopal
e : 2 . RT
e s s .. .
:: .
.
' , *~  RT+aPD-1
B s e ‘v .+ . .. ‘“non-responder”
.. . se P g ® s o
: **** _ RT+aPD-1
o : B “responder”
. : o
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Figure 12: Mouse Cytokine Array C3. Tumor lysates of three 2x8 Gy (RT) irradiated primary tumors and abscopal tumors of
the same mice, or primary and abscopal tumors of the RT plus HHP vaccination group were pooled together on one
membrane. For the RT + aPD-1 group the three smallest (“responder”) and largest abscopal tumors (“non-responder”) were
pooled.
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2.2.7 Quantitative real-time PCR (qPCR)

2.2.7.1 RNA isolation

The phenol/chloroform isolation of RNA from samples resuspended in TriFast was
performed according to the manufacturer’s protocol. Glycogen was added RNA precipitation step
with 70 % isopropanol. RNA pellets were resuspended in RNase free water and the concentration

and purity was determined with a P330 nanophotometer.

2.2.7.2 cDNA synthesis

Genomic DNA was digested with DNase | before reverse transcription of the RNA into cDNA
following the supplied protocol. 1 pug RNA from in vitro tumor cell experiments and 0.7 ug from in
vivo experiments were then transcribed with the High-Capacity cDNA Reverse Transcription Kit as
described in the protocol. Additionally, non-reverse transcription (NRT) controls were prepared. The

transcribed cDNA was diluted 1:4 with Yellow Sample Buffer (40X) and RNase free water for gPCR.

2.2.7.3 qPCR

Pre-designed Prime PCR Primers from Bio-Rad were used for all gPCR reactions. The qPCR
analysis was carried out with the DyNAmo ColorFlash SYBR Green ¢gPCR Kit with the following
components (Table 17) and program (Table 18) on a CFX96 Real-Time System:

Table 17: qPCR components

Component
2X SYBR Green Mix 1X
20X PrimePCR Primer Mix 1X
cDNA 25 ng
Nuclease free water ad 20 pl

Table 18: gPCR cycling conditions

Temperature [°C] Time
95 7 min
95 10s
40X
60 15s

60 to 95 in 0.5 °C increments S5s
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The gPCR results were analyzed with the Bio-Rad CFX Manager software and the gene
expression was calculated as normalized gene expression or relative expression normalized to

housekeeping genes only (ACq) or housekeeping genes plus control samples (AACq).

2.2.8 Statistical analyses

Statistical analysis was performed with the GraphPad Prism software. Unless indicated
otherwise, in most of the cases a Kruskal-Wallis test was calculated to compare all treatment groups
against the untreated control with Dunn’s correction for multiple testing and a Mann-Whitney U test
to compare two treatment groups. For the analysis of the tumor growth a two-way ANOVA with
Geisser-Greenhouse correction and for the survival a log-rank test with Holm-Sidak correction for
multiple testing was applied. Significances were indicated as follows: *p < 0.05, **p < 0.01,

*4xp < 0,001
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3. Results

Part of this work, as indicated in the figure legends, has been previously published in the following

article:

Seitz C., Riickert M., Deloch L., Weiss E.-M., Utz S., lzydor M., ... Frey, B. (2019). Tumor Cell-Based
Vaccine Generated With High Hydrostatic Pressure Synergizes With Radiotherapy by Generating
a Favorable Anti-tumor Immune Microenvironment. Frontiers in Oncology, 9(August), 1-12.
https://doi.org/10.3389/fonc.2019.00805

Additionally, data have been presented at the following conferences as a poster:

Frey B., Seitz C., Riickert M., Weiss E.-M., Wunderlich R., Schliicker E., Schaft N., Fietkau R., Gaipl U.
S. (2016). Combination of ionizing radiation with an autologous whole tumour cell-based
vaccine induces immunogenic melanoma and colorectal cancer cells and significantly retards
tumour growth in syngenic mouse models. Strahlentherapie Und Onkologie, 192(51), 1-161.
https://doi.org/10.1007/s00066-016-0974-z
22. Jahrestagung der Deutschen Gesellschaft fiir Radioonkologie (DEGRO)

Riickert M., Frey B., Fietkau R., Gaipl U. S. (2017). Immunological basis of abscopal antitumor
responses induced with radio-immunotherapy. Strahlentherapie Und Onkologie, 193(S1), 1-
194. https://doi.org/10.1007/s00066-017-1137-6
23. Jahrestagung der Deutschen Gesellschaft fiir Radioonkologie (DEGRO)

Frey B., Seitz C., Weiss E. M., Ruckert M., Schlicker E., Schaft N., Fietkau R., Gaipl U. S.. (2017).
Autologous whole tumor cell-based vaccines generated with high hydrostatic pressure bear
immunogenic potential and act synergistically with radiotherapy to retard tumor growth.
European Journal of Immunology, 47, 1-333. doi:10.1002/eji.201770300
47. Jahrestagung der Deutschen Gesellschaft fiir Immunologie (DGfl)

Riickert M., Frey B., Fietkau R., Gaipl U. S. (2018). Anti-tumor immune responses in primary and
abscopal tumors differently depend on radiotherapy fractionation and immunotherapy
modalities. Strahlentherapie Und Onkologie, 194(S1), 1-222. https://doi.org/10.1007/s00066-
018-1301-7
24. Jahrestagung der Deutschen Gesellschaft fiir Radioonkologie (DEGRO)

Riickert M., Seitz C., Deloch L., Weiss E.-M., Utz S., Izydor M., Ebel N., Schlicker E., Fietkau R., Gaipl
U.S., Frey B. (2019). Mit hydrostatischem Hochdruck generierte Ganzzell-Tumorvakzine
erzeugen in Kombination mit Strahlentherapie ein immunogenes Tumor-Mikromilieu.
Strahlentherapie Und Onkologie, 195(S1), 1-218. https://doi.org/10.1007/s00066-019-01465-2
25. Jahrestagung der Deutschen Gesellschaft fiir Radioonkologie (DEGRO)
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3.1 High hydrostatic pressure treatment of tumor cells generates a
whole tumor cell vaccine that synergizes with RT to retard

melanoma and colon carcinoma growth

3.1.1 High hydrostatic pressure of at least 200 MPa fully inactivates tumor cells

Applying whole tumor cells as therapeutic tumor vaccines in patients always bears the risk
of newly formed tumors if some of the injected tumor cells remain viable. Therefore, high
hydrostatic pressure (HHP) used to generate whole tumor cell vaccines first needs to be proven to be
a suitable method to fully inactivate tumor cells in a reproducible manner. To address this issue, we
treated B16-F10 melanoma cells with various pressures from 100 to 500 MPa (1,000 to 5,000 bar)

and analyzed the viability and their ability to form colonies in vitro or tumors in vivo.
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Figure 13: High hydrostatic pressure (HHP) of at least 200 MPa completely inactivates tumor cells. A-C: B16-F10
melanoma cells were treated with a pressure of 100-500 MPa for 300 s. The viability of HHP treated tumor cells was
analyzed 24 h after the treatment with AnnexinV-PI staining (A). The ability of HHP treated cells to form colonies in vitro (B)
or tumors in vivo (C) was determined by colony formation assay and subcutaneous injection of 2x10° tumor cells into three
syngeneic C57BI/6 mice per group, respectively. Data from at least three independent experiments are presented as mean
+ SD. These results have been previously published in (Seitz et al., 2019).

B16-F10 melanoma cells pressurized with 100 MPa for 300 s remain viable (Figure 13A) and
clonogenic (Figure 13B). 24 h after the treatment with a pressure of 200 MPa or more almost no
viable tumor cells are detectable with AnnexinV-FITC/PI staining anymore. 200 MPa and above HHP-
treated tumor cells completely lose the ability to form colonies in vitro and tumors in vivo after

subcutaneous injection into syngeneic C57BI/6 mice (Figure 13C).
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3.1.2  HPP vaccines synergize with radiotherapy to retard B16 tumor growth

To investigate the therapeutic potential of HHP-generated whole tumor cell vaccines we
subcutaneously injected HHP treated B16 melanoma cells right next to established B16 tumors
(Figure 14A). The experiments above (Figure 13) and previous work in our group (Weiss, Frey, et al.,
2010; Weiss, Meister, et al., 2010) and by others (Urbanova et al., 2017) showed promising results
and the safety of HHP vaccines generated with 200 MPa. Therefore, in all following in vivo
vaccination approaches the tumor cells were prepared at this pressure level. As ionizing radiation has
immunostimulatory properties on the tumor microenvironment (Rlickert et al., 2018) we
hypothesized that RT synergizes with HHP vaccines to form an even more potent anti-tumor immune

response, thus, we compared single treatments with a combined approach.
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Figure 14: Whole tumor cell-based vaccines generated with high hydrostatic pressure (HHP) synergize with radiotherapy
to retard tumor growth. A-C: C57BI/6 mice were subcutaneously injected with 1x10° viable B16-F10 cells. After eight days
established tumors were locally irradiated with 2x5 Gy on days 0 and 2 or were left untreated. Additionally, some mice
were vaccinated on day 3 with 5x10° HHP (200 MPa) treated B16-F10 cells by peritumoral injection. On day 7 an immune
phenotyping (IPT) by multi-color flow cytometry of immune cells infiltrating into the tumors and in the blood was
performed. The tumor growth (B) and the survival of the mice (C) were monitored. Data are presented as mean = SEM. For
the tumor growth a two-way ANOVA with Geisser-Greenhouse correction and for the survival a log-rank (Mantel-Cox) test
was calculated to compare the 2x5 Gy with the 2x5 Gy + HHP group; *p < 0.05; n = 7-11 animals per group from two
independent experiments. These results have been previously published in (Seitz et al., 2019).
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Irradiation of B16 tumors with 2x5 Gy achieved tumor control for about one week
compared to untreated tumors (Figure 14B). Although the HHP vaccine alone had no effect,
vaccination synergized with RT to retard the tumor growth significantly longer than sole RT. The
benefit of the combined treatment for the tumor control was also reflected by a significantly longer

survival of the mice in comparison to RT alone (Figure 14C).

3.1.3 Combined HHP and RT treatment results in increased intratumoral immune cell

concentrations

To see which tumor infiltrating immune cells might be involved in the anti-tumor immune
response of the combined RT and HHP treatment we sacrificed mice of each treatment group at day
7 and performed a flow cytometric immune phenotyping of a broad range of leukocyte subtypes.
Furthermore, we wanted to know if T cells are potentially inactivated by the tumor cells via the
PD-1/PD-L1 axis and if the PD-1 expression is acquired in the tumor or is already present in the
peripheral blood.

Only RT plus HHP vaccination significantly enhanced the immune cell concentration of all
leukocytes in general compared to untreated tumors (Figure 15A). This mostly originated from
significantly increased concentrations of NK cells, T cells and the monocyte/macrophage
compartment (Figure 15E-G) in those tumors. Additionally, all other cell types such as neutrophils,
eosinophils and DCs, except B cells, showed this trend, however not significant (Figure 15B-D). B cell
numbers per gram of tumor were significantly reduced in tumors treated with RT + HHP which was
similar after RT alone (Figure 15H). In accordance with the higher concentration of T cells in general,
all analyzed T cell subtypes were also present to a higher extent in tumors of the combined
treatment (Figure 151-M) with significant alterations for NKT cells, CD4+ T cells and Tregs (Figure 15,
K, M). Additionally, CD4+ and CD8+ T cells were analyzed for their PD-1 expression in blood and
tumors. Whereas hardly any T cells positive for PD-1 were detectable in the blood in all treatment
groups (Figure 15N), the majority of tumor infiltrating T cells showed PD-1 expression (Figure 150).
The percentage of PD-1+ CD4+ T cells increased to about 60 % in irradiated tumors and was
significantly elevated in the combined treatment group compared to untreated controls with 35 %.
No significant changes were observed for CD8+ T cells and even in control tumors about 70 % of the

cells were PD-1+.
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Figure 15: Combined treatment of tumors with radiotherapy and HPP vaccination increases immune cell concentrations.
On day 7 after first irradiation four animals of each group were sacrificed and immune cells infiltrating into the tumors and
circulating in the blood were analyzed by multi-color flow cytometry. A-M: The concentration of immune cells per gram of
tumor is displayed. Immune cell subtypes were identified as follows: all immune cells CD45+ (A); neutrophils CD11b+, Ly6G+
(B); eosinophils CD11b+ Siglec-F+ (C); dendritic cells (DCs) MHC-lI+, CD11c+ (D); monocytes/macrophages CD11b+, Ly-6C+
(E); natural killer (NK) cells CD49b+, CD3— (F); total T cells CD3+ (G); B cells CD19+ (H); NKT cells CD3+, CD49b+ (I); y6 T cells
CD3+, y6TCR+ (J); regulatory T cells (Tregs) CD3+, CD4+, CD25+ FoxP3+ (M). CD4+ (K) and CD8+ (L) T cells in blood (N) and in
tumors (O) were analyzed for PD-1 expression. Data are presented as box plots with whiskers from minimum to maximum
values and Mann-Whitney U test was calculated to compare groups RT + HHP and untreated; *p < 0.05; n = 4 animals per
group. Parts of these results have been previously published in (Seitz et al., 2019).
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3.1.4  HHP vaccines in combination with RT significantly retard CT26 colon carcinoma

growth

For the investigation if the synergistic effect of the combined RT and HHP treatment is
melanoma-specific, we treated Balb/c mice bearing palpable CT26 colon carcinoma tumors 14 days

after injection the same way as the C57BI/6 mice with B16 tumors (Figure 16A).
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Figure 16: HHP vaccines synergize with radiotherapy in the CT26 tumor model as well. A-D: Balb/c mice were
subcutaneously injected with 1.2x10° viable CT26 cells. After 14 days established tumors were locally irradiated with 2x5 Gy
on days 0 and 2 or were left untreated. Additionally, some mice were vaccinated on d3 with 5x10° HHP (200 MPa) treated
CT26 cells by peritumoral injection. The tumor growth (B, C) and the survival of the mice (D) were monitored. The time until
tumors reached a volume of 750 mm? is presented as box plots with whiskers from minimum to maximum values and
Kruskal-Wallis test with Dunn’s correction for multiple testing was calculated to compare treatments with untreated
controls. For the survival a log-rank (Mantel-Cox) test was calculated to compare the 2x5 Gy with the 2x5 Gy + HHP group;

*p < 0.05, **p < 0.01; n= 6-9 animals per group from three independent experiments. These results have been previously
published in (Seitz et al., 2019).
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In the CT26 model both, RT alone and in combination with HHP, significantly delayed the
tumor growth (Figure 16C). However, only half of the mice profited from the additional vaccination

(Figure 16B) and the survival was not significantly improved (Figure 16D).

3.2 RIT-combinations differently affect primary and abscopal tumor

growth and the tumor microenvironment

3.2.1 RT-mediated local tumor control can be improved with immunotherapies but

abscopal responses are only induced together with anti-PD-1

In consequence of the promising results regarding the tumor growth retardation, we aimed
to investigate if RT plus HHP vaccine combinations are also capable of inducing systemic anti-tumor
immune responses in an abscopal tumor setting with B16 melanoma. Based on the high percentage
of PD-1+ T cells after the therapy we also included anti-PD-1 immune checkpoint blockade in the
treatment schedule (Figure 17A). Therefore, C57Bl/6 mice were injected with one tumor on each
flank at a timely distance of 4 days and only the first injected primary tumor was locally irradiated.
Anti-PD-1 mAbs were administered concurrently with the RT and the HPP vaccine was applied twice
by subcutaneous injection in the neck.

Although injected distantly from the primary irradiated tumor the HHP vaccine was also
capable to retard the tumor growth in the abscopal setting beyond the RT-mediated growth
inhibition (Figure 17B). Even though RT plus anti-PD-1 had a similar effect, the triple combination did
not further improve the treatment outcome. In contrast to RT alone the addition of anti-PD-1
retarded the tumor growth of the non-irradiated abscopal tumor in about half of the mice. HHP
vaccination had no effect on the abscopal tumor growth and could not improve RT plus anti-PD-1-
mediated abscopal responses. These results are also reflected by the time until the abscopal tumors
reached a volume of 500 mm>. Only RT plus anti-PD-1 significantly delayed the abscopal tumor
growth compared to the untreated control (Figure 17C). The survival of the mice was significantly

prolonged in the triple combination and RT plus anti-PD-1 group (Figure 17D).
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Figure 17: HHP-vaccines act systemically but only on previously irradiated tumors and fail to improve RT+PD-1 induced
abscopal responses. A: C57BI/6 mice were subcutaneously injected with 0.2x10° B16-F10 tumor cells into the right flank.
Four days afterwards a second tumor was injected on the left flank which later served as the non-irradiated abscopal
tumor. The mice received one of the following treatments or combinations thereof. Only the first injected primary tumor
was irradiated with 2x8 Gy on dO seven days after injection and on d3. Beginning with the first irradiation on d0, the mice
were intraperitoneally injected with 200 pg anti-PD-1 antibody (aPD-1) every three to four days for a total of four
injections. Additionally, HHP vaccine (5x106 cells) was injected twice subcutaneously into the neck on days 2 and 8. Tumor
and blood samples were collected from some animals on day 8 for cytokine analyses and on day 10 for immune
phenotyping (IPT). B: Individual tumor growth curves are depicted. For a better comparability of the treatment groups
green and blue areas indicate retarded tumor growth beyond the mean of primary and abscopal tumors of the control
group, respectively. C: The time until the abscopal tumors reached a volume of 500 mm? is depicted as box and whiskers
plot. A Kruskal-Wallis test with Dunn’s correction for multiple testing was calculated to compare treatments with untreated
controls. D: For the survival a log-rank (Mantel-Cox) test was calculated with Holm-Sidak correction for multiple testing to
compare the treatments with the control group. *p < 0.05, **p < 0.01; n = 6-12 animals per group from two independent
experiments.
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3.2.2 Immune cell profiles differ between primary and abscopal tumors and between

the treatment groups

As primary and abscopal tumors responded differently to the immunotherapies we
hypothesized that the immune cell composition will differ between primary and abscopal tumor and
between the treatment groups. Therefore, we performed multi-color flow cytometry on day 10, one

week after the last fraction to identify tumor infiltrating leukocyte subtypes in primary and abscopal

tumors.
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Figure 18: 2x8 Gy plus anti-PD-1 increases tumor-infiltrating leukocyte concentrations in primary and abscopal tumors.
On day 10 after first irradiation mice were sacrificed and immune cells infiltrating into the tumors were analyzed by multi-
color flow cytometry. The total amount of all immune cells (CD45+) per primary and abscopal tumor (A) and the
concentration per gram of tumor (B) is displayed. Immune cell subtypes were identified as follows: neutrophils CD11b+,
Ly6G+ (C); eosinophils CD11b+ Siglec-F+ (D); basophils FceR1a+, CD49b+ (E); plasmacytoid dendritic cells (pDCs) CD11b-,
Ly6G-, PDCA-1+, Ly6C+ (F); natural killer (NK) cells CD49b+, CD3- (G); B cells CD19+ (H); total T cells CD3+, CD49b- (1). Data
are presented as box plots with whiskers from minimum to maximum values. A Kruskal-Wallis test with Dunn’s correction
for multiple testing was used to compare the primary and abscopal tumors of all treatment groups with the respective
untreated control (w/o) tumors. Additionally, a Mann-Whitney U test was calculated to compare RT + anti-PD-1 and RT
groups; *p < 0.05, **p < 0.01, ***p < 0.001; n = 5-8 animals per group from two independent experiments.
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Although the total amount of immune cells (CD45+) in the primary tumors after any form of
treatment was generally less than that in untreated controls (Figure 18A), the concentration of
CD45+ cells per gram of tumor mass, was significantly increased in primary tumors of the RT plus
anti-PD-1 group (Figure 18B). Additionally, in this treatment group, that also showed the most
pronounced abscopal responses, the total amount of immune cells and the concentration in the
abscopal tumor was significantly higher than after RT alone. The same trends in primary and abscopal
tumors were found for T cells (Figure 18l). Higher concentrations of pDCs and NK cells were detected
in primary tumors that had been treated with RT and concentrations even further increased after the
addition of anti-PD-1 (Figure 18F, G). No significant changes were observed for all granulocyte
subtypes (neutrophils, eosinophils and basophils) and B cells (Figure 18C-E, H). However, in all
irradiated primary tumors the concentrations of neutrophils and B cells tend to be decreased.

Additionally, T cells were further subdivided and analyzed for their PD-1 and CD62L
expression.

The concentration of NKT cells, Tregs and both, CD4+ and CD8+ T cells in primary tumors of
the RT plus anti-PD-1 treatment group was significantly higher than that in untreated control tumors
(Figure 19A, B, D, G). Although not significant, the same trend was observed for y& T cells (Figure
19C). Only CD8+ T cells were found in higher concentrations in abscopal tumors of the RT plus anti-
PD-1 treatment group compared to RT alone (Figure 19G). RT increased the proportion of PD-1+ and
CD62L- cells among CD4+ and CD8+ T cells in primary tumors, albeit only to significant degree in
some treatment combinations including RT (Figure 19E, F H, 1). In abscopal tumors only the
percentage of CD62L- CD4+ T cells was significantly increased in the RT and RT plus anti-PD-1 groups
(Figure 19F).
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Figure 19: 2x8 Gy plus anti-PD-1 increases the concentration of tumor-infiltrating T cell subpopulations in primary and
abscopal tumors. On day 10 after first irradiation mice were sacrificed and immune cells infiltrating into the tumors were
analyzed by multi-color flow cytometry. A-D, G: The concentration of immune cells per gram of primary and abscopal tumor
is displayed. Immune cell subtypes were identified as follows: NKT cells CD3+, CD49b+ (A); regulatory T cells (Tregs) CD3+,
CD4+, CD25+ FoxP3+ (B); y6 T cells CD3+, y8TCR+ (C); CD4+ T cells (D), CD8+ T cells (G). CD4+ (E, F) and CD8+ (H, 1) T cells
were analyzed for their PD-1 (E, H) and CD62L (F, 1) expression. Data are presented as box plots with whiskers from
minimum to maximum values. A Kruskal-Wallis test with Dunn’s correction for multiple testing was used to compare the
primary and abscopal tumors of all treatment groups with the respective untreated control (w/o) tumors. Additionally, a
Mann-Whitney U test was calculated to compare RT + anti-PD-1 and RT groups; *p < 0.05, **p < 0.01, n = 5-8 animals per
group from two independent experiments.

Furthermore, DCs and the monocyte/macrophages compartment was analyzed.

In the RT plus anti-PD-1 treatment group significantly increased concentrations of DCs were
detected in primary and abscopal tumors (Figure 20A), but only in primary tumors the percentage of
the cDC1 subtype was significantly higher after irradiation and even higher with addition of anti-PD-1
(Figure 20B). In addition, the amount of monocytes/macrophages per gram of primary or abscopal
tumor was significantly higher in the RT plus anti-PD-1 group (Figure 20C). When analyzing the
composition of this compartment, no changes were observed for the percentage of monocytes
among all treatment groups (Figure 20D). In primary tumors treated with RT plus anti-PD-1 the

fraction of iTAMs significantly increased accompanied with a decrease in mTAMs (Figure 20E, F).
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Figure 20: 2x8 Gy plus anti-PD-1 increases the concentration of tumor-infiltrating DCs and Monocytes/Macrophages in
primary and abscopal tumors and alters the composition of their subtypes. On day 10 after the first irradiation mice were
sacrificed and immune cells infiltrating into the tumors were analyzed by multi-color flow cytometry. A, C: The
concentration of immune cells per gram of primary and abscopal tumor is displayed. Immune cell subtypes were identified
as follows: dendritic cells (DCs) MHC-ll+, CD11c+ (A); monocytes/macrophages CD11b+, Ly-6C+ (C). DCs were further
subdivided in CD11b- cDC1s (B) and monocytes/macrophages in Ly6C+, MHC-II- monocytes (MN, D), Ly6C+, MHC-Il+
immature tumor associated macrophages (iTAM, E) and Ly6C- mature TAM (mTAM, F). Data are presented as box plots with
whiskers from minimum to maximum values. A Kruskal-Wallis test with Dunn’s correction for multiple testing was used to
compare the primary and abscopal tumors of all treatment groups with the respective untreated control (w/o) tumors.
Additionally, a Mann-Whitney U test was calculated to compare RT + anti-PD-1 and RT groups; *p < 0.05, **p < 0.01, ***p <
0.001; n = 5-8 animals per group from two independent experiments.
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Figure 21: 2x8 Gy changes the composition of immune cells in primary and abscopal tumors. The composition of major
immune cell types in primary and abscopal tumors is displayed as a pie chart with the mean of each cell type.
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As depicted in Figure 21 neutrophils, T cells and monocytes/macrophages together make
up more than 75 % of all identified major immune cell types in the untreated primary tumor. Among
all treatment groups this composition in primary tumors is predominantly changed by RT
characterized with less neutrophils, B cells and more monocytes/macrophages, DCs and NK cells. The
percentage of T cells is almost not affected. Primary and abscopal tumors in the untreated control
group vary to some degree. However, the composition in abscopal tumors is not drastically changed
in the treatment groups.

Since not all mice responded equally to the treatment with RT plus anti-PD-1 we aimed to
identify cell types that might be involved in mediating the abscopal effect by correlation analysis of

the abscopal tumor weight and the tumor infiltrating immune cell concentrations.
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Figure 22: The abscopal tumor growth in the 2x8 Gy + anti-PD-1 group correlates with the infiltration of multiple
immune cells. A-E: Spearman correlation was calculated for the abscopal tumor weight of the RT + anti-PD-1 group with
concentration of y6 T cells (A), NKT cells (B), CD4+ T cells (C), monocytes/macrophages (D) and B cells (E). F: The Spearman
correlation of neutrophil with B cell concentrations among all tumors and treatment groups is depicted.

In the RT plus anti-PD-1 treatment group a significant negative correlation of the abscopal

CD4+ T cells and

tumor weight with the concentration of y6 T cells, NKT cells,
monocytes/macrophages was found (Figure 22A-D). In contrast, the presence of B cell positively
correlates with the tumor mass (Figure 22E). As the regulation of neutrophil and B cell
concentrations was very similar in all treatment groups (Figure 18B, G) we additionally wanted to
know if there is a general correlation between both cell types. We found the amount of B cells per
gram of tumor to be significantly correlated with the concentration of neutrophils across all tumors

(primary and abscopal) and treatment groups (Figure 18F).

3.2.3 Immune cell concentrations in the peripheral blood are reduced after RT

To investigate if the changes in the tumor infiltrating immune cell concentrations can be
detected in the periphery as well, immune phenotyping of the blood was performed on the same

day.
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Figure 23: Immune cell numbers drop in the peripheral blood after irradiation with 2x8 Gy. On day 10 after first
irradiation mice were sacrificed and immune cells in the blood were analyzed by multi-color flow cytometry. A-O: The
concentration of immune cells per 100 pl blood is displayed. Immune cell subtypes were identified as follows: all immune
cells CD45+ (A); neutrophils CD11b+, Ly6G+ (B); monocytes/macrophages CD11b+, Ly-6C+ (C); natural killer (NK) cells
CD49b+, CD3- (D); plasmacytoid dendritic cells (pDCs) CD11b-, Ly6G-, PDCA-1+, Ly6C+ (E); dendritic cells (DCs) MHC-II+,
CD11c+ (F); eosinophils CD11b+ Siglec-F+ (G); basophils FceR1a+, CD49b+ (H); B cells CD19+ (l); total T cells CD3+, CD49b-
(J); CD4+ (K) and CD8+ (L) Tcells; NKT cells CD3+, CD49b+ (M); y6 T cells CD3+, y8TCR+ (N); regulatory T cells (Tregs) CD3+,
CD4+, CD25+ FoxP3+ (0). Data are presented as box plots with whiskers from minimum to maximum values. A Kruskal-
Wallis test with Dunn’s correction for multiple testing was used to compare all treatment groups with the untreated control
(w/o); *p < 0.05, **p < 0.01; n = 6-8 animals per group from two independent experiments.
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In general, the concentration of immune cells (CD45+) in the blood dropped in all treatment
groups compared to untreated control mice (Figure 23A). The effect was significant in the RT
treatment group, and highly significant with the addition of anti-PD-1 and in the triple combination.
More precisely, similar trends were observed for neutrophils, NK cells, DCs and basophils (Figure 23B,
D, F, G). In contrast, no changes were detected for the concentrations of eosinophils, NKT cells and
Tregs (Figure 23G, M, O). T cells in general, as well as CD4+, CD8+ and y& T cells were only
significantly less abundant in the blood of those mice whose treatment included anti-PD-1 (Figure
23J-L, N). Monocytes/macrophages concentrations showed a declining trend in all treatment groups
except RT plus HHP (Figure 23C). RT plus PD-1 was the only treatment that significantly decreased
B cell concentrations in the blood (Figure 231) and pDCs were the only cell type that showed a

positive regulation which was detected in the RT plus HHP treatment group (Figure 23E).

3.2.4 Radioimmunotherapies increase the expression of immune checkpoint ligands in

primary tumors

Next to the infiltration of immune cells into the tumors, the tumor microenvironment they
migrate into is also of relevance for the induction and the effector phase of the anti-tumor immune
response. Therefore, we analyzed the mRNA expression of immune checkpoint ligands in the tumor
microenvironment. The samples for gPCR were taken from the flow through of the CD45+ MACS
separation for the immune phenotyping and thus contain all cells of the tumor with the exception of
immune cells.

The expression of Cd274 (PD-L1) in primary tumors was about two-fold higher in the RT and
triple combination groups and up to three-fold higher in the RT plus anti-PD-1 or plus HHP vaccine
groups compared to untreated controls (Figure 24A). Similar trends were observed for the other two
inhibitory immune checkpoint ligands Pdcd1/g2 (PD-L2) and Tnfrsfi4 (HVEM) (Figure 24B, C), albeit
the Pdcd1lg2 (PD-L2) expression was only significantly elevated after RT plus HHP vaccination and the
overall expression of this ligand was quite low. In contrast, the changes in the expression of the
stimulatory immune checkpoint ligands Cd70, 4-1BBL, Tnfsf9 (OX40L) and Tnfsf4 (ICOS-L) were less
pronounced (Figure 24D-G). Only the mRNA expression of OX40L was significantly higher in the
primary tumors of RT plus PD-1 or plus HHP. In abscopal tumors the expression levels remained
largely unchanged. RT significantly decreased the CD70 expression in the abscopal tumors compared
to the untreated control and 4-1BBL was significantly higher expressed in the RT plus anti-PD-1 group
compared to RT alone although both expression levels remained within the range of the untreated

control group.
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Figure 24: Radioimmunotherapies affect the expression of immune checkpoint ligands in primary tumors. On day 10
after first irradiation of the 2x8 Gy irradiation mice were sacrificed and the primary and abscopal tumors were dissociated.
The flow through of the CD45-MACS containing all non-immune cells was collected for gPCR analysis. A-G: The expression
of Cd274 (A), Pdcd1lg2 (B), Tnfrsf14 (C), Cd70 (D), Tnfsf9 (E), Tnfsf4 (F) and Icoslg (G) is displayed as normalized expression
to the three housekeeping genes Hprt, Tbp and Rps18. Data are presented as median + interquartile range. A Kruskal-Wallis
test with Dunn’s correction for multiple testing was used to compare all treatment groups with the untreated control (w/o).
Additionally, a Mann-Whitney U test was calculated to compare RT + anti-PD-1 and RT groups; *p < 0.05, **p < 0.01,
***p < 0.001; n = 4-8 animals per group from two independent experiments.

3.2.5 Radioimmunotherapies change the cytokine profiles of primary and abscopal

tumors and their serum levels

Cytokines represent another important factor in the tumor microenvironment. To
investigate how the combination of each individual immunotherapy with RT modulates the cytokine
profile in the tumor and how these influence the infiltration of immune cells, we generated tumor
lysates for multiplex-ELISA two days before the immune phenotyping time point on day 8 of the

treatment. Additionally, the concentration of those cytokines was analyzed in the serum.

76



Results

A B E IFN-y F IL-1p
IFN-y IL-1B
= . = 10 = =
E 3 e £ E £
2 I 2 g £
B T e 5 5
] ] . N = =
s = g g
£ g 4 £ E
[=3] = L . 3 H
8 r £ 3 2 - T e . s s E
c e c o = af =
i | w | ] JURRE e 5l o o
5 |3 E Hp . g, = il
hd T T T T T T T T T T T T T T T
&yb & Qc:‘ Q;ig aoi‘ub & QQ’\ e\ﬂ “’b\ab & Qq‘\ ‘,@Q @e@b & QQ’\ Q;?‘Q
& A & o X s & AX KX
& L& § &€ & L& e F &€
[ Primary Abscopal 3 Primary Abscopal
cxcLt TNF-a cxcL1 TNF-o
— 800 25
—E-, 1 -5, 8 E Exn
&0 . 2 | Beoo B
5 5+ 5 w0 551 .
=] - = N = =
g e B Ej T . . £ * * Eo{mis &
T 204 T T " o £, E] v [a] [ H 8
] + = H HE 3 B el R bt g 8 200 3
c 4 . c e w Be e c c 5
3 - T 3 g = s g . S
3 i =] -
— T T T — T T — T
a's‘&b Q‘-\QO‘\,“? 3 @b éqo’kiszg e""@b éQQ.\ 3 (ﬁé@b q-‘Qo’\ ‘gg & 3 ‘a‘q
o R & & K ¢ S & & &
& & § &€ & & e & &€
[ Primary Abscopal [ Primary Abscopal

Figure 25: Radioimmunotherapies change the cytokine profils of primary and abscopal tumors and of the serum. On
day 8 after first irradiation of the 2x8 Gy irradiation mice were sacrificed for the analysis of cytokines in tumors (A-D) and
the serum (E-H) with multiplex-ELISA. Data for IFN-y (A, E), IL-1B (B, F), CXCL1 (C, G) and TNF-a (D, H) are presented as box
plots with whiskers from minimum to maximum values. A Kruskal-Wallis test with Dunn’s correction for multiple testing
was used to compare the treatment groups with the respective untreated control (w/o). Additionally, a Mann-Whitney U
test was calculated to compare RT + anti-PD-1 and RT groups; *p < 0.05, **p < 0.01, ***p < 0.001; n = 3-10 animals per
group.

The concentration of IFN-y and TNF-a was found to be significantly higher in primary
tumors of the RT plus anti-PD-1 treatment group than in untreated control tumors (Figure 25A, D).
No changes were detected in abscopal tumors. In serum the level of IFN-y but not TNF-a in the RT
plus anti-PD-1 was significantly elevated as well (Figure 25E, H). Although CXCL1 was not regulated in
primary and abscopal tumors, significantly less CXCL1 was detected in the serum of mice treated with
RT and RT plus HHP vaccine (Figure 25C, G). IL-1B concentrations are decreased in primary and
abscopal tumors of all treated mice but most pronounced in the RT plus anti-PD-1 group (Figure 25B).
Compared to the untreated control group, IL-1B serum levels were only significantly lower in the RT

group (Figure 25F).
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3.3 The total number of 8 Gy fractions has impact on tumor control and

multiple pathways

3.3.1 Hypofractionated irradiation with 3x8 Gy improves primary tumor control but

fails to induce abscopal effects

Not all mice responded to the treatment with RT plus anti-PD-1 and HHP vaccination did
not further reduce the abscopal tumor growth. By increasing the total irradiation dose we aimed to
set a more potent stimulus for the abscopal anti-tumor immune response resulting in an improved
treatment outcome. Therefore, we added another fraction of 8 Gy to the treatment schedule on

day 1 (Figure 26A).
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Figure 26: Hypofractionated irradiation with 3x8 Gy improves primary tumor control but fails to induce abscopal effects.
A: C57BI/6 mice were subcutaneously injected with 0.2x10° B16-F10 tumor cells into the right flank. Four days afterwards a
second tumor was injected on the left flank which later served as the non-irradiated abscopal tumor. The mice received one
of the following treatments or combinations thereof. Only the first injected primary tumor was irradiated with 3x8 Gy on d0
seven days after injection and on days one and three. Beginning with the first irradiation on dO the mice were
intraperitoneally injected with 200 pg anti-PD-1 antibody (aPD-1) every three to four days for a total of four injections.
Additionally, HHP vaccine (5x106 cells) was injected twice subcutaneously into the neck on days 2 and 8. The growth of the
primary (B) and abscopal (C) tumors as well as the survival (D) was analyzed. For the tumor growth a two-way ANOVA with
Geisser-Greenhouse correction was calculated to compare the treatment groups with the untreated control. For the
survival a log-rank (Mantel-Cox) test was calculated with Holm-Sidak correction for multiple testing to compare the
treatments with the control group. *p < 0.05, ***p < 0.001; n = 5-12 animals per group from two independent experiments.
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3x8 Gy further improved the local tumor control of the primary tumor. However,
immunotherapies had no additional effect on the tumor growth (Figure 26B). The abscopal tumor
growth was not affected by any treatment (Figure 26C). The survival of the mice was significantly

prolonged in the RT plus anti-PD-1 group and with the triple combination compared to untreated

control mice.

3.3.2  3x8 Gy has only minor additional effects on cytokine levels in tumor and serum

The addition of another fraction of 8 Gy to the treatment schedule completely abrogated
the abscopal effect in the RT plus anti-PD-1 group. Therefore, we wanted to know if the cytokine
levels in tumors and in the serum changed compared to 2x8 Gy and analyzed the same cytokine

panel as before.
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Figure 27: Radioimmunotherapies change the cytokine profils of primary and abscopal tumors and of the serum. On day
8 after first irradiation of the 3x8 Gy irradiation mice were sacrificed for the analysis of cytokines in tumors (A-D) and the
serum (E-H) with multiplex-ELISA. Data for IFN-y (A, E), IL-1B (B, F), CXCL1 (C, G) and TNF-a (D, H) are presented as box plots
with whiskers from minimum to maximum values. A Kruskal-Wallis test with Dunn’s correction for multiple testing was used
to compare the treatment groups with the respective untreated control (w/0). Additionally, a Mann-Whitney U test was
calculated to compare RT + anti-PD-1 and RT groups; *p < 0.05, **p < 0.01; n = 3-10 animals per group.

Although the concentration of IFN-y was higher in some primary tumors after the
treatment with RT plus anti-PD-1 no significant changes were observed in any treatment group
(Figure 27A). In the serum however, IFN-y was found in significantly higher concentrations after RT

compared to RT plus anti-PD-1 (Figure 27E). IL-1B concentrations in tumors was not regulated,
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whereas the concentration in the serum after RT plus anti-PD-1 was significantly lower (Figure 27B,
F). Compared to RT alone CXCL1 was significantly less abundant in abscopal tumors and in the serum
than after RT plus anti-PD-1 treatment (Figure 27C, G). TNF-a levels in primary tumors after RT and
RT plus HPP were elevated and significantly higher in primary and abscopal tumors of the RT plus
anti-PD-1 group compared to untreated control tumors (Figure 27D). In the serum the TNF-a
concentration was lower in the control group than in any treatment group but only significant for the

RT and RT plus HHP group (Figure 27H).

3.3.3 The number of 8 Gy fractions varies cytokine and immune checkpoint ligand

expressions

As an additional fraction of 8 Gy did not improve abscopal immune responses but
completely abrogated them, we aimed to investigate the impact of various fractions of 8 Gy on cell
death, DAMPs, immune checkpoint ligands and cytokine expression in vitro. Therefore, B16 cells
were irradiated in the same intervals as in the in vivo setting or with a single fractions of eight or

20 Gy and were analyzed 24 h after the last irradiation (Figure 28A).

A B Cell cycle C Cell death
. 8 100
analysis
1x8Gy/20Gy 751
2x8Gy = 504
3x8Gy 25
) ) ) ) )
0 1 2 3 4 & o & o o
day N Y T
. G2M E= S 1 G1 E=E SubG1 W necrotic @ apoptotic [ viable
D HSP70 E HMGB1 F Cxcl1 G CXCL1

2
v =

&
&
aQF

=

S o
Qc’ %0

T
o o
P

2

@ & o o & o & & &

t T T T
S @ & o
o o » < oF o & & oS

< R
Figure 28: 3x8 Gy increases cell death, cell cycle, DAMP release and CXCL1 expression. A: B16-F10 cells were seeded 16 h
before d0. The 2x8 Gy treatment group was irradiated on d0 and d3. One additional fraction of 8 Gy was applied on d1 in
the 3x8 Gy group. Single fraction groups were irradiated with 8 Gy or 20 Gy on d3. 24 h after the last irradiation cell-free
supernatants were harvested for ELISA and the cells for flow cytometry and gqPCR. The cell cycle (B) and cell death (C)
analyses are shown as stacked bar charts showing the mean + SD. The concentration of the two DAMPs HSP70 (D) and
HMGB1 (E) and CXCI1 (G) in the cell culture medium is depicted as box plots with whiskers from minimum to maximum
values. The expression of Cxcl1 (F) is displayed as normalized expression (median % interquartile range) to the three
housekeeping genes Hprt, Tbp and Rps18. A Kruskal-Wallis test with Dunn’s correction for multiple testing was used to
compare the treatment groups with the respective untreated control (0 Gy). Additionally, a Mann-Whitney U test was
calculated to compare 2x8 Gy and 3x8 Gy groups; *p < 0.05, **p < 0.01, ***p < 0.001; n=5.

80



Results

Irradiation of B16 cells with a single dose of either 8 Gy or 20 Gy resulted in a significantly
larger proportion of cells in the G2/M phase of the cell cycle (Figure 28B) 24 h after the last
irradiation. In contrast, fractionated irradiation led to a significantly higher percentage of cells with
degraded DNA (sub-G1). However, there was no significant difference between 2x8 Gy and 3x8 Gy.
As detected by AxV/PI staining, only fractionated irradiation induced significant amounts of cell
death that was predominantly characterized by apoptosis and was significantly higher after
irradiation with 3x8 Gy (Figure 28C). Although the release of the danger signal HSP70 into the cell
culture medium was lower after any irradiation scheme than from untreated cells, only fractionated
irradiation significantly decreased the concentration in the medium (Figure 28D). The other DAMP
HMGB1 was detected only in small amounts in the cell culture medium of untreated and 8 Gy or 20
Gy irradiated cells (Figure 28E). B16 cell released significantly more HMGB1 when irradiated with 3x8
Gy than with 2x8 Gy. In the cell culture medium of non-irradiated and one time irradiated cells CXCL1
was not detectable, even though low level expression was found in qPCR analysis (Figure 28F, G).
After fractionated irradiation mRNA expression significantly increased and protein release was
detectable by ELISA. Furthermore, CXCL1 was significantly more abundant in the medium of 3x8 Gy
than 2x8 Gy irradiated B16 cells.

The surface expression of immune checkpoint ligands after irradiation was analyzed by flow
cytometry and qPCR analysis.

Even though untreated B16 already cells express PD-L1 on the cell surface, it is further up-
regulated by irradiated cells in general. Especially fractionated irradiation with 3x8 Gy further
increases PD-L1 expression significantly more than 2x8 Gy. The same pattern could be confirmed by
gPCR analysis (Figure 29l). Although Pdcd1lg2 (PD-L2) was significantly higher expressed on mRNA
level after fractionated irradiation, no changes were found for the surface expression (Figure 298, J).
Furthermore, expression levels detected by both methods were very low. Similar to PD-L1 the
highest surface expression of the other two inhibitory immune checkpoint ligands Galectin-9 (Figure
29C) and HVEM (Figure 29D) and the stimulatory counterparts CD70 (Figure 29F), ICOS-L (Figure 29G)
and OX40-L (Figure 29H) was found in B16 cells irradiated with 3x8 Gy. Unlike the other checkpoint
ligands, 4-1BBL was significantly higher expressed on single dose irradiated cells than on untreated

cells and after fractionated irradiation (Figure 29E).
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Figure 29: 3x8 Gy increases immune checkpoint ligand expression. B16-F10 cells were seeded 16 h before d0. The 2x8 Gy
treatment group was irradiated on d0 and d3. One additional fraction of 8 Gy was applied on d1 in the 3x8 Gy group. Single
fraction groups were irradiated with 8 Gy or 20 Gy on d3. 24 h after the last irradiation cells were harvested for flow
cytometry and gPCR. A-H: The autofluorescence corrected AMFI (median fluorescence intensity) of PD-L1 (A), PD-L2 (B),
Galectin-9 (C), HVEM (D), 4-1BBL (E), CD70 (F), ICOS-L (G) and OX40L (H) is shown as box plots with whiskers from minimum
to maximum values. The expression of Cd272 (1) and Pdcd1lg2 (J) is displayed as normalized expression (median *
interquartile range) to the three housekeeping genes Hprt, Thp and Rps18. A Kruskal-Wallis test with Dunn’s correction for
multiple testing was used to compare the treatment groups with the respective untreated control (0 Gy). Additionally, a
Mann-Whitney U test was calculated to compare 2x8 Gy and 3x8 Gy groups; *p < 0.05, **p < 0.01, ***p < 0.001; n=3-5.

Vanpouille-Box and colleagues reported that the secretion of IFN-B, which is important for
the initiation of anti-tumor immune responses, is mediated by the cGAS/STING pathway. cGAS
senses DNA released into the cytosol after irradiation. The exonuclease Trex1l which is expressed
after the irradiation at higher doses degrades the cytosolic DNA and thereby inhibits the expression
of IFN-B (Vanpouille-Box et al., 2017). We therefore wanted to know if genes of the proteins in this
pathway are expressed in vitro in B16 cells as well, if they are regulated by the different
fractionations and if IFN-B can be found in different concentrations in the tumor lysates of the in vivo

experiments.
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Figure 30 3x8 Gy has no impact on the cGAS/STING related IFN-B pathway. B16-F10 cells were seeded 16 h before dO.
The 2x8 Gy treatment group was irradiated on d0 and d3. One additional fraction of 8 Gy was applied on d1 in the 3x8 Gy
group. Single fraction groups were irradiated with 8 Gy or 20 Gy on d3. 24 h after the last irradiation cell-free supernatants
were harvested for ELISA and the cells qPCR. A-D: The expression of Cgas (A), Tmem173 (B), Trex1 (C) and Ifnb1 (D) is
displayed as normalized expression (median * interquartile range) to the three housekeeping genes Hprt, Tbhp and Rps18.
The concentration of IFN-B in the cell culture medium (E) and in tumor lysates (RT = 2x8 Gy) (F) is depicted as box plots with
whiskers from minimum to maximum values. A Kruskal-Wallis test with Dunn’s correction for multiple testing was used to
compare the treatment groups with the respective untreated control (0 Gy). Additionally, a Mann-Whitney U test was
calculated to compare 2x8 Gy and 3x8 Gy groups; *p < 0.05, **p < 0.01; n=3-5 in vitro, n = 3-10 animals per group in vivo.

The mRNA expression of Cgas was found to be significantly down-regulated after
fractionated irradiation with 2x8 Gy and 3x8 Gy (Figure 30A). In contrast, irradiation had no effect on
the expression of Trex1 and Tmem173 (STING) (Figure 30B, C). Although the expression of Ifnbl
(Figure 30D) was significantly increased in the cells irradiated with 3x8 Gy compared to the untreated
control cells, no IFN-B protein (Figure 30E) could be detected in the cell culture medium. In all
irradiated primary tumors IFN-B appeared to be less abundant than in untreated control tumors
(Figure 30F). However, those changes were not statistically significant and the different treatment

groups did not change the concentrations in the abscopal tumors as well.
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3.4 Intra- and extracellular IGFBP-6 has different effects on tumor cell

growth

3.4.1 The IGFBP-6 concentration correlates with the response of abscopal tumors to

2x8 Gy plus anti-PD-1 therapy

To gain a broader overview over the cytokine milieu in primary and abscopal tumors after
the different radioimmunotherapies (Figure 17), we performed a membrane-based cytokine array.
Additionally, we wanted to investigate the difference between abscopal tumors that respond to the
treatment with 2x8 Gy and anti-PD-1 and the ones that do not. Therefore, we separated the mice of
this treatment for the analysis in two groups defined by the smallest (“responders”) and largest
abscopal tumors (“non-responders”) at the time of analysis.

Almost all of the cytokines were detectable in most of the tumors (Figure 31A). However,
IGFBP-6 was the most promising candidate cytokine in terms of different regulation between
abscopal tumors of the responder and non-responder group was (Figure 31B). A high level of IGFBP-6
was exclusively detected in abscopal tumors of the 2x8 Gy plus anti-PD-1 responder group. The
concentration of IGFBP-6 in individual tumors and additionally in untreated tumors was determined
by ELISA and is depicted without differentiation between “responders” and “non-responders” in
Figure 31C. Although no significant changes were detected between the treatment groups, the
abscopal tumors of the 2x8 Gy plus anti-PD-1 group showed a large spread in the concentration of
IGFBP-6. In these tumors the concentration of IGFBP-6 significantly correlated with the tumor weight
(Figure 31D): the higher the IGFBP-6 concentration was in the tumors, the smaller was the tumor. In
contrast, no correlation was detected for abscopal tumors of mice treated with 3x8 Gy and anti-PD-1

(Figure 31E).
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Figure 31: The IGFBP-6 concentration correlates with the response of abscopal tumors to 2x8 Gy plus anti-PD-1 therapy.
On day 8 after first irradiation of the 2x8 Gy irradiation tumor lysates were prepared for a membrane-based multiplex
cytokine array. Primary and abscopal tumors of the RT, RT + HHP and RT + aPD-1 group were analyzed. Therefore, the
lysates of three tumors of each group were pooled. The tumors of the RT + aPD-1 treatment were divided in two groups
with the three smallest and the three largest abscopal tumors and were thereby defined as the “responder” and “non-
responder” group. The normalized signal intensity of all cytokines is displayed as a heat map (A) and the one of IGFBP-6
additionally as a bar graph (B). The IGFBP-6 concentrations of individual tumors were determined by ELISA and are
presented as box plots with whiskers from minimum to maximum values (C). A Spearman correlation was calculated for the
concentration of IGFBP-6 with the weight of the abscopal tumor of the RT + aPD-1 treatment group with 2x8 Gy (D) or
3x8 Gy (E) fractionations.
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3.4.2  Extracellular IGFBP-6 hast no impact on the viability of B16 cells

IGFBP-6 binds the insulin-like growth factor 2 (IGF-2) and thereby regulates the availability
of IGF-2 for its receptors IGF1R and IGF2R (Liso, Capitanio, Gerli, & Conese, 2018). We wanted to
know if the expression of these proteins is altered by ionizing radiation and if there is a difference
between irradiation with 2x8 Gy and 3x8 Gy. As before (Figure 28), the experimental set-up was
designed according to the in vivo irradiation interval. Higher concentrations of IGFBP-6 were found in
smaller tumors. Thus, we additionally investigated if IGFBP-6 is released by B16 cells and if it has

direct effects on the viability of B16 cells in vitro.
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Figure 32: IGFBP-6 is not secreted by irradiated B16 cells and extracellular IGFBP-6 hast no impact on the viability of B16
cells. A-E: B16-F10 cells were seeded 16 h before d0. The 2x8 Gy treatment group was irradiated on dO and d3. One
additional fraction of 8 Gy was applied on d1 in the 3x8 Gy group. Single fraction groups were irradiated with 8 Gy or 20 Gy
on d3. 24 h after the last irradiation cell-free supernatants were harvested for ELISA and the cells for gPCR. The expression
of Igf2 (A), Igfbp6 (B), Igfir (C), and Igf2r (D) is displayed as normalized expression (median * interquartile range) to the
three housekeeping genes Hprt, Tbp and Rps18. E: The concentration of IGFBP-6 in the cell culture medium detected by
ELISA is depicted. F: B16 cells were seeded in increasing concentrations (0-1 pg/ml) of recombinant IGFBP-6 and the
viability/proliferation was analyzed 24 h and 48 h afterwards using an MTT assay. A Kruskal-Wallis test with Dunn’s
correction for multiple testing was used to compare the treatment groups with the respective untreated control (0 Gy).
Additionally, a Mann-Whitney U test was calculated to compare 2x8 Gy and 3x8 Gy groups; *p < 0.05, **p < 0.01,
**¥*p < 0.001; n=4-5
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Only fractionated irradiation with 2x8 Gy or 3x8 Gy increased the expression of Igf2 but
higher expression levels were found after the irradiation with 3x8 Gy (Figure 32A). Although Igfbp6
was expressed on mRNA level and the expression was significantly higher after irradiation especially
with 8 Gy as a single dose (Figure 32B), IGFBP-6 could not be detected in the cell culture medium
under any treatment condition (Figure 32E). Fractionated irradiation and a high single dose of 20 Gy
lowered the expression of Igfir (Figure 32C). In contrast, the expression of Igf2r was not significantly

changed (Figure 32D).

3.4.3 IGFBP-6 knockdown delays tumor growth in vivo and induces cell death in vitro

IGFBP-6 did not exhibit a direct inhibitory effect on B16 cells in vitro. Hence, we wanted to
know if the absence of IGFBP-6 affects the abscopal tumor growth in vivo. As high concentrations of
IGFBP-6 in abscopal tumors correlated with a good abscopal response only after treatment with
2x8 Gy plus anti-PD-1 we hypothesized that siRNA mediated knockdown of IGFBP-6 would abrogate
the abscopal effect just like with a 3x8 Gy fractionation. We treated mice with 2x8 Gy and anti-PD-1
and injected Igfbp6 or negative control siRNA into abscopal tumors (Figure 33A).

Intratumoral injection of Igfbp6 siRNA into abscopal tumors had no effect on the primary
tumor growth (Figure 33B). However, IGFBP-6 knockdown significantly delayed the tumor growth of
the abscopal tumor compared to control siRNA (Figure 33C). The protein level of IGFBP-6 in abscopal
tumors and in the serum was not affected by the siRNA knockdown 4 days after siRNA injection

(Figure 33D, E).
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Figure 33: IGFBP-6 knockdown delays the growth of abscopal tumors in vivo. A: C57BI/6 mice were subcutaneously
injected with 0.2x10° B16-F10 tumor cells into the right flank. Four days afterwards a second tumor was injected on the left
flank which later served as the non-irradiated abscopal tumor. Only the first injected primary tumor was irradiated with
2x8 Gy on dO seven days after injection and on d3. Beginning with the first irradiation on d0 the mice were intraperitoneally
injected with 200 pg anti-PD-1 antibody (aPD-1) every three to four days for a total of four injections. 2.5 nmol Igfbp6
siRNA, 2.5 nmol negative control siRNA (ctrl siRNA) or PBS was administered via intratumoral injection into abscopal tumors
on days 0, 4 and 8. The growth of the primary (B) and abscopal (C) tumors was analyzed and is shown as mean + SD. For the
tumor growth a two-way ANOVA with Geisser-Greenhouse correction and Dunnett’s multiple comparisons test was
calculated to compare the treatment groups with the ctrl siRNA group. The concentration of IGFBP-6 in lysates of abscopal
tumors (D) and in the serum (E) detected by ELISA is depicted. *p < 0.05; n = 5-12 animals per group from two independent
experiments.

To investigate if the siRNA knockdown of IGFBP-6 has a direct effect on the proliferation or
viability of B16 cells we performed IGFBP-6 knockdown in vitro. Because the siRNA knockdown did
not reduce the IGFBP-6 protein concentration in the tumors in vivo we additionally wanted to check
if the knockdown works in vitro and thereby rule out that the observed results were only due to off-

target effects of the siRNA.
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Figure 34: IGFBP-6 knockdown induces cell death in vitro. 5x10* B16 cells were seeded and incubated with a final
concentration of 10 nM Igfbp6 siRNA, 10 nM negative control siRNA (ctrl siRNA), only the Lipofectamine transfection
reagent (lipo), or medium (w/o0). After 48 h the cells were harvested for flow cytometry and qPCR. A: The total cell count
was normalized to the untreated medium control and is presented. The cell death (B) and cell cycle (C) analyses are shown
as stacked bar charts. D: The mRNA expression of Igfbp6 was normalized the housekeeping gene Rps18 and the untreated
control (AACq). All data are presented as mean + SD. A Kruskal-Wallis test with Dunn’s correction for multiple testing was
used to compare the treatment groups with the respective untreated control (w/0). Additionally, a Mann-Whitney U test
was calculated to compare ctrl siRNA and Igfbp6 siRNA groups; *p < 0.05; n=4

Addition of the transfection reagent alone already reduced the harvested cell numbers by
about 25 %. Both, ctrl siRNA and Igfbp6 siRNA further decreased the cell numbers significantly to
about 50 % compared to the untreated control (Figure 34A). However, only Igfbp6 siRNA induced
apoptotic and necrotic cell death to a statistically significant extent (Figure 33B). Cells treated with
siRNA showed a slightly higher proportion of cells in the G1 phase of the cell cycle (Figure 33C). In
comparison to untreated cells incubation with Igfbp6 siRNA led to a significantly higher percentage of
cells with degraded DNA (sub-G1). The mRNA expression of Igfbp6 was significantly reduced by the
Igfbp6 siRNA to about 20 % of the level in untreated cells (Figure 33D).
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4, Discussion

4.1 HHP vaccines are safe and synergize with RT to retard tumor growth

by modulating the tumor microenvironment

Using autologous whole tumor cells as a cancer vaccine has the advantage to provide all
relevant patient-specific tumor antigens that do not have to be identified in advance. However,
besides its advantage regarding its immunogenicity, one major aspect of such a vaccine would be its
safety (Weiss et al.,, 2012). High hydrostatic pressure treatment with 200 MPa has been
demonstrated to be an appropriate way to inactivate human cancer cell lines and to activate DCs
when they take up HHP killed tumor cells (Frey et al., 2004; Fucikova et al., 2014). Applying pressure
of at least 200 MPa also fully inactivated B16 melanoma cells and thereby prevented the formation
of tumors after injection of the vaccine into mice (Figure 13). A fully computer-controlled and
monitored system, such as the one we used (Figure 4), can guarantee the reproducibility of the
tumor cell inactivation and vaccine generation process.

Unlike neoantigens, tumor-associated antigens, which are aberrantly expressed self-
antigens, need to break self-tolerance to activate low affinity T cells, thus vaccines would require
repeated immunization or adjuvants and co-stimulation (Hollingsworth & Jansen, 2019). Hradilova et
al. have recently shown that HHP vaccines of human lung cancer cell lines profit from the adjuvant
poly(l:C) to mature monocyte-derived DCs from NSCLC patients which subsequently activated tumor
antigen-specific CD4+ and CD8+ T cells in vitro (Hradilova et al.,, 2017). The same group has
demonstrated that DCs pulsed with HHP-killed prostate cancer cells retard orthotopic tumor growth
as efficiently as chemotherapy (Mikyskova et al., 2016). Further, they currently test HHP-treated
tumor cells as therapeutic cancer vaccines in clinical trials (NCT03657966, NCT02470468,
NCT02111577) where they load monocyte-derived DCs (MoDCs) from patients with HHP-treated
allogeneic tumor cell lines (DCVAC) ex vivo followed by the injection of these pulsed DCs back into
the patient. We hypothesized that with the induction of ICD and its immunostimulatory properties,
RT similarly acts as an adjuvant and co-stimulant. Therefore, we followed a different vaccination
approach where we directly injected HHP-killed tumor cells alone in syngeneic mice thus mimicking
an autologous vaccination targeted to DCs in vivo without the addition of any adjuvant and combined
it with RT instead. In contrast to the DCVAC approach, this would obviate the need for the generation
of MoDCs which have been used almost exclusively in many clinical trials for cancer vaccines because
they were the only DC subtype producible in vitro in adequate numbers and under clinical-grade
conditions (Tacken, de Vries, Torensma, & Figdor, 2007; Wimmers, Schreibelt, Skold, Figdor, & De
Vries, 2014; Garg, Coulie, Van den Eynde, & Agostinis, 2017). However, in contrast to other DC

subtypes (i.e. conventional type 1 DCs) MoDCs have limited capabilities to migrate to lymph nodes
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and are prone to become immunosuppressive and thus, in most of the cases, adoptive cell transfer of
MoDCs in clinical trials achieved only disappointing results (Cancel, Crozat, Dalod, & Mattiuz, 2019).

Whole tumor cell vaccines in general might suffer from a kind of antigen dilution effect as
immunogenic tumor antigens are provided along all other normal self-antigens of the tumor cells (Hu
et al., 2018). Indeed, HHP vaccine monotherapy had no effect on the growth of B16 melanomas. In
the combined treatment however, HHP vaccine synergized with RT to significantly exceed RT induced
tumor growth retardation and prolonged survival (Figure 14). To exclude a melanoma-specific effect,
we conducted the experiment additionally with the CT26 colon carcinoma model and observed the
same synergism, albeit the response to the combined treatment was more heterogeneous (Figure
16).

To date it is unknown which specific T cell numbers are needed for effective cancer
vaccination and they probably vary between antigens, T cell receptor affinity and, tumor type
(Hollingsworth & Jansen, 2019). Thus we analyzed the concentration and quality of tumor-infiltrating
immune cells following RT and vaccination by immune phenotyping. In tumors treated with both,
irradiation and vaccination, leukocytes in general were found in significantly higher concentrations
(Figure 15) which is generally associated with good prognosis for most solid tumors (Vano, Petitprez,
Giraldo, Fridman, & Sautes-Fridman, 2018), including melanoma (Saldanha, Flatman, Teo, &
Bamford, 2017). However, a variety of immune cells of the innate and adaptive immune system were
detected which can have diverse effects on tumor progression. B cells were the only cell type that
was significantly reduced in irradiated tumors. Their role in melanoma is not clear yet, as B cell
infiltration is partly associated with good prognosis but in other studies with tumor progression and
lymph node metastases (Selitsky et al., 2019; Helmink et al., 2020). The concentration of some
immune cells was not affected by the treatments whereas monocytes/macrophages, T cells, NKT
cells and NK cells made up the group of significantly more abundant cells infiltrating tumors of the
combined treatment. The latter have been shown to be the important mediators of anti-tumor
immunity in a humanized melanoma model (Ferrari de Andrade et al., 2018) and we previously
demonstrated that NK cell depletion after immunization led to a significantly accelerated melanoma
growth (Finkel et al., 2016). NKT cells are not only important cells in tumor immunosurveillance but
also stimulators of innate and adaptive immune cells in the tumor microenvironment (Krijgsman,
Hokland, & Kuppen, 2018). All of the T cell subsets we analyzed were more abundant after RT
combined with the HHP vaccine. Similarly, in experiments with immunocompetent mice They et al.
demonstrated that CD8+, CD4+ and y&6 T cells infiltrate B16 melanomas once the tumor
microenvironment is modulated in a favorable way by immunotherapy (They et al., 2017). However,
effector subtypes of those cells showed an exhausted phenotype of PD-1 and TIM-3 expression in the

tumor which could be restored by anti-PD-1 treatment. In our experiment the majority of CD8+
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T cells and after irradiation also the majority of CD4+ T cells expressed PD-1 on the surface while
PD-1+ T cells were almost absent in the blood. That the tumor microenvironment drives the
upregulation of PD-1 is also indicated by an enrichment of PD-1+ T cells found in tumors of patients
with metastatic disease (Ahmadzadeh et al., 2009). Nevertheless, PD-1 expression can also be a sign
of effectively primed T cell responses may be regarded as an activation marker as exhausted T cells
are only a subset of PD-1+ T cells (Wei, Duffy, & Allison, 2018). Tumor-specific CD8+ T cells were
shown to be enriched in the population of PD1+ T cells in the blood of patients with melanoma (Gros
et al., 2016). Fernandez-Poma et al. adoptively transferred T cells selected for positive or negative
PD-1 expression in mice bearing solid tumors (Fernandez-Poma et al., 2017). Only the fraction of
PD-1+ T cells exhibited anti-tumor reactivity and the tumor growth was further inhibited by anti-PD-1
treatment.

Taken together, these results highlight high hydrostatic pressure treatment as a suitable
method to reproducibly inactivate tumor cells for the preparation of safe whole tumor cell vaccines.
HHP vaccines are well-combinable with RT and together induce anti-tumor immune responses
irrespective of the tumor type by modulating the tumor microenvironment. Furthermore, the high

proportion of PD-1+ T cells in tumors suggests a triple-combination with ICls.

4.2 HHP-vaccines act systemically but only on previously irradiated
tumors and fail to improve RT + anti-PD-1 induced abscopal

responses

Based on the synergistic effect of RT and HHP vaccination we observed when injecting the
vaccine peritumorally, we aimed to investigate if HHP vaccines can induce systemic immune
responses after injection distant to the tumor. For this, we used an abscopal tumor model where we
injected one tumor on each flank of the mouse and irradiated only one of the tumors (Figure 17A).
Ohlfest et al. demonstrated in a murine glioma model that the anti-tumor immune response was
more effective the farther away from the tumor they injected the vaccine. This was dictated by the
presence of the tumor itself as the T cell priming efficiency was irrespective of the injection site in
tumor-free mice (Ohlfest et al., 2013). These limitations can be explained by the immunosuppressive
microenvironment of tumor draining lymph nodes mediated by Tregs and cytokines, in which tumor
antigens are cross-presentation leads to tolerization (Munn & Mellor, 2006). Additionally, repeated
injection has been proven to be beneficial to break self-tolerance with appropriate adjuvants. In
another pre-clinical experiment we demonstrated that repeated immunization with tumor cells that
had been killed by RT in combination with heat is superior to single vaccination (Finkel et al., 2016).

Therefore, we injected the HHP vaccine in the abscopal model twice and distant from the tumors
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subcutaneously in the neck. It was previously shown in animal models that doses per fraction of
about 8 Gy are immunogenic and synergize with ICls to induce local and abscopal anti-tumor immune
responses (Schaue et al., 2012; Vanpouille-Box et al., 2017; X. Zhang & Niedermann, 2018).
Therefore, we have chosen to increase the dose per fraction to 8 Gy in this treatment schedule and
combined RT and HHP vaccination with further immune checkpoint inhibition using monoclonal anti-
PD-1 antibodies in a concomitant treatment as suggested by the pre-clinical trial of Dovedi et al.
(Dovedi et al., 2014).

Irradiation with 2x8 Gy achieved considerable local tumor control but did not induce
abscopal effects (Figure 17B). Although injected distantly from the tumor, the HHP vaccine further
delayed the tumor growth of the primary irradiated but not the abscopal tumor. The primary tumor
response to RT plus anti-PD-1 was similar to RT plus HHP. However, the tumor growth retardation
was not further improved in the triple combination. Abscopal effects in the non-irradiated tumors
were observed with RT and anti-PD-1 but the response was heterogeneous with responders and non-
responders. Surprisingly, the addition of the HHP vaccine partly abrogated the abscopal response. In
accordance with the single tumor model, immune phenotyping of primary tumors revealed that the
concentration of immune cells was increased after radioimmunotherapies, especially after RT plus
anti-PD-1 (Figure 18B). This combination with the most pronounced abscopal effects was the only
treatment in which the concentration of CD45+ cells was also increased significantly in abscopal
tumors. These results suggest that first, HHP vaccines act systemically, but only when the tumor
microenvironment is modulated by previous irradiation of the tumor. Second, as also observed for
many immune cell subtypes (Figure 18-20), the concentrations of the triple combination resembles
more the RT plus HHP treatment rather than RT plus anti-PD-1, indicating that the vaccination is
somehow dominant and that the outcome of combining multiple (immuno)therapies is not

necessarily the sum of their individual effects.

4.3 RT plus anti-PD-1 induced abscopal anti-tumor immune responses

are associated with an increased infiltration of CD8+ T cells

In the literature, tumor-infiltrating immune cells are almost exclusively presented as a
concentration of cells per gram of tumor or as a percentage of a parent population. Looking at the
total number of immune cells in primary and abscopal tumors (Figure 18A) however suggests that an
increased concentration (Figure 18B) is not always equivalent to a higher infiltration of those
immune cells into the tumor after a certain treatment. While we observed elevated concentrations
of leukocytes in primary irradiated tumors and an even significantly higher one when anti-PD-1 was

added, total numbers dropped after RT and seemed to even further decrease with vaccination. In a
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melanoma model it was found that when a peptide vaccine was injected together with incomplete
Freund’s adjuvant to form an antigen depot the T cells were attracted to the site of vaccination and
not to the tumor resulting in impaired tumor control (Yared Hailemichael et al., 2013). At the site of
HHP vaccine injection usually a nodule can be seen for several days probably consisting of residual
tumor cells (not shown), indicating that the vaccine might be encapsulated instead of cleared by
phagocytes and APCs. Similar to the results of Hailemichael et al., T cells, including most of the
subsets and especially NKT cells, were the only cell type of which the concentration in primary
tumors was negatively affected by vaccination (Figure 18I, Figure 19A, D, G). Peritumoral injection of
the vaccine in the single tumor model might have bypassed this problem as in this case, T cells were
among those that were significantly more abundant after combined treatment (Figure 15I). Why
distant injection of HHP vaccines still improved the control of locally irradiated tumors even though
T cell infiltration was impaired remains to be investigated. With regard to the dynamic of the T cell
infiltration into tumors (Frey, Riickert, Weber, et al., 2017) one could speculate that this is a matter
of the time point of analysis. Although not significant, T cell concentrations in abscopal tumors
tended to be lower than those in the untreated group which corroborates the hypothesis that T cells
are sequestered by HHP vaccine depots.

Additionally to the lower immune cell numbers in irradiated tumors, most of the immune
cells decreased in the peripheral blood after RT as well (Figure 23). Leukopenia and impaired
functionality of lymphocytes, monocytes and neutrophils has also been reported during and after RT
of patients with cervical, rectal, oral and breast cancer (van Meir et al., 2017; Dovsak et al., 2018; Y. J.
Lee et al., 2018). Further, from the conditioning of patients suffering from hematologic malignancies
for bone marrow transplantation with total body irradiation it is known that RT is very
immunosuppressive and toxic for immune cells (Paix et al., 2018). Therefore, immune cells have long
been considered to be upon the most radiosensitive cells in the body and indeed, we have previously
shown ex vivo that human immune cells are susceptible even for single doses of ionizing radiation
but the radiosensitivity differs between immune cell types. Monocytes appeared to be the most
resistant cell type while lymphocytes and NK cells died even after irradiation with doses typically
used for the irradiation of tumors. However, even at higher doses T cells were not fully eradicated
suggesting that the surviving fraction could still exert their tumor killing activity even after irradiation
(Falcke et al., 2018). Arina et al. investigated this issue in a very elegant in vivo setting using a mouse
model where they differently labeled T cells in the tumor and in the periphery to discriminate pre-
existing T cells from those that newly infiltrated after RT. In accordance with our results they found
that fractionated irradiation or a high single dose decimated pre-existing T cells in the tumor but the
majority remained viable and new T cells infiltrated after RT. However, they have shown that these

newly tumor-infiltrating T cells contribute to the anti-tumor immune response but pre-existing
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irradiated T cells can do so as well. Blocking the egress of T cells from lymph nodes with FTY720 just
before RT and thereby also the subsequent infiltration into tumors had no negative impact on the
tumor growth. Although the proliferative capacity of the surviving T cells was diminished, they
retained their motility and produced even more IFN-y than non-irradiated T cells (A. Arina et al.,
2019). Activated and memory T cells have been shown to be more radioresistant than naive T cells
(P. L. Dunn & North, 1991; Grayson, Harrington, Lanier, Wherry, & Ahmed, 2002) and Arina et al.
additionally found TGF-B in the tumor microenvironment to contribute to the resistance of tumor
infiltrating T cells (A. Arina et al., 2019). We conclude that although ionizing radiation is harmful for
immune cells, the net outcome for the tumor control after IR is positive as it increases the
functionality of surviving or newly infiltrating leukocytes and provides the basis for efficient
immunotherapies.

In contrast to primary tumors, the significantly higher concentration of CD45+ cells in the
abscopal tumors of the RT plus anti-PD-1 group was accompanied with a higher total number. The
higher concentrations in the primary tumors therefore likely originated from an enhanced tumor
growth inhibition or tumor cell killing by RT and immune cells which decreases the tumor cells to a
greater extent than the immune cells. However, this does not exclude that there is no infiltration
after RT at all. Abscopal tumors of RT plus anti-PD-1 in contrast seem to show a true immune cell
infiltration as both, total numbers and concentration increased. These newly infiltrating immune cells
largely consisted of monocytes/macrophages (Figure 20C), DCs (Figure 20A) and T cells (Figure 18I) of
which CD8+ T cells were the main subset (Figure 19G). According to their main function as
phagocytes, APCs and effector cells, respectively, one could assume that infiltrating CD8+ T cells first
killed tumor cells and this cell death subsequently attracted both other cell types. In line with our
findings, the success of immune checkpoint blockade with anti-PD-1 in basal or squamous cell
carcinoma patients was mediated by novel T cell clones which had not been present in the same
tumors before (Yost et al., 2019), underlining the different mechanisms in abscopal and primary
irradiated tumors.

Equivalent to the single tumor model the percentage of PD-1+ T cells in the tumors was
high (Figure 19E, H). The minority of CD4+ T cells in untreated primary and all abscopal tumors
expressed PD-1 but this percentage was significantly increased after RT. For CD8+ T cells the
proportion was already high in untreated tumors but was further elevated upon irradiation. CD62L is
another marker of T cell activation and effector functions. In a melanoma model Yang et al.
demonstrated that CD62L which is found on naive T cells is shedded upon T cell activation and is
associated with lytic activity (S. Yang, Liu, Wang, Rosenberg, & Morgan, 2011). In our model, the
percentage of CD4+ and CD8+ T cells negative for CD62L significantly increased in irradiated tumors

(Figure 19F, 1) indicating increased T cell functionality.
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In primary and abscopal tumors of mice treated with RT and anti-PD-1 we detected
significantly higher concentrations of DCs than in untreated or solely irradiated tumors (Figure 20A).
All irradiated primary tumors, and especially those where anti-PD-1 was added, were further
enriched for CD11b- DCs (Figure 20B). This subset of DCs can be referred to as conventional type 1
DCs (cDC1s) which are specialized to cross-present antigen to CD8+ T cells and stimulate NK, NKT and
CTLs by producing high amounts of IL-12 (Cancel et al., 2019). In the tumor microenvironment cDC1s
are associated with the recruitment of effector CD8+ T cells and thus better prognosis for several
tumor entities (Broz et al., 2014). Further, in pre-clinical trials cDC1s have been shown to be essential
for the treatment with ICIs as the treatment efficacy is abrogated in cDC1 deficient Batf3”" mice
(Spranger & Gajewski, 2015; Sanchez-Paulete et al., 2016). As cDC1s express receptors specific for
the recognition of dead and dying cells (Audsley, McDonnell, & Waithman, 2020) they might not only
be important to initiate CTL responses in irradiated tumors where ICD is induced but might also be
required for the cross-presentation of HHP vaccines and could be targets for further improvements
of those vaccines.

TAMs are generally thought to contribute to tumor progression and immunosuppression by
various mechanisms such as supporting metastasis, angiogenesis or T cell inhibition (Jiang, Li, & Zhu,
2015). Some subsets however, are associated with good prognosis. Etzerodt et al. classified three
different monocyte and macrophage subsets in the TME based on their Ly6-C and MHC-II expression.
These are monocytes (MN), immature TAMs (iTAM) and mature TAMs (mTAM) which contained a
very suppressive CD163+ TAMs subset. In a melanoma model tumor infiltrating MNs were polarized
towards immunosuppressive mTAMs. Depletion of these CD163+ cells resulted in increased
infiltration of iTAMs which had an inflammatory phenotype and subsequently activated T cells were
attracted to promote tumor regression (Etzerodt et al., 2019). Similar to CD163+ mTAM depletion RT
and anti-PD-1 significantly shifted the balance towards more iTAMs and less mTAM in primary
tumors (Figure 20D-F).

Both, monocytes/macrophages and DCs were found together with CD8+ T cells in higher
concentrations in tumors with abscopal responses. This might indicate that first CTLs, which were
primed in consequence of irradiation of the primary tumor and checkpoint inhibition, infiltrated into
abscopal tumors and killed tumor cells as seen by reduced tumor growth. Subsequently tumor cell
death might have attracted these phagocytes and APCs.

The most abundant cell type found in untreated primary tumors were neutrophils followed
by monocytes/macrophages and T cells (Figure 21). Abscopal tumors which were injected four days
after the primary tumor were infiltrated by less neutrophils and T cells but more
monocytes/macrophages DCs and NK cells. Comparable immune cell compositions for untreated B16

tumors at about the same time point after tumor injection have been found by others as well
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(Courau et al., 2016). Irradiation of primary tumors changed the immune cell composition drastically.
Monocytes/macrophages were now, by far, the dominant cell type and NK cell percentages markedly
expanded whereas B cells and neutrophils largely disappeared. Further immunotherapies had little
impact on this composition. Only minor changes in abscopal tumors across all treatment groups were
observed compared to the untreated controls. This indicates that RT is the main stimulus that
changes the immunological tumor microenvironment on the cellular level.

As the response of abscopal tumors to RT plus anti-PD-1 was quite heterogeneous we
analyzed which cell types might contribute to abscopal responses by correlating the immune cell
concentrations with the weight of the abscopal tumor (Figure 22). Additionally to the generally
increased infiltration of monocytes/macrophages and T cells in those tumors, higher concentrations
of monocytes/macrophages and the y6, NKT and CD4+ T cell subsets correlated with good abscopal
responses (lower tumor weight) in those tumors. In contrast, B cell numbers positively correlated
with abscopal tumor growth. Thus, immune cells seem to have differential roles in abscopal
responses even though functional tests are missing.

In line with the in vitro results for the immune checkpoint ligands (Figure 29), RT up-
regulated the expression of PD-L1, HVEM and OX40L in primary but not abscopal tumors (Figure 24).
Adding either of both immunotherapies further enhanced this effect. Similarly, Dovedi et al. showed
that PD-L1 was significantly more abundant on tumor cells of CT26 tumors up to seven days after
fractionated RT in combination with anti-PD-L1. In vitro they found that the surface expression was
dependent on IFN-y and could be further increased with TNF-a (Dovedi et al., 2014). Both are
cytokines which we found in higher concentrations in tumor lysates of primary tumors treated with
RT or RT plus anti-PD-1 (Figure 25).

In conclusion, tumor growth retardation of locally irradiated primary tumors was
accompanied by changes of the immunological microenvironment. The total number of immune cells
per tumor was reduced mainly by the elimination of B cells and neutrophils. Although the addition of
either HPP vaccines or anti-PD-1 did not change immune cell numbers, primary tumor growth was
further reduced. Immunotherapies thus seem to have improved the functionality of immune cells
present in the tumors. In contrast, the most prominent difference which we observed between
abscopal tumors of treatment combinations that failed to elicit abscopal effects and RT plus anti-
PD-1 was the elevated CD8+ T cell infiltration. Other changes in immune cell infiltration, cytokine
milieu and immune checkpoint ligand expression were rather small. This suggests that among all
effector cells, including NK cells and the other T cell subsets which we investigated, only CD8+ T cells
mediated abscopal responses and that these are probably newly infiltrating cells rather than pre-

existing ones.

97



Discussion

4.4 The sum of small changes in the immunological and oncogenic
phenotype and cytokine secretion of B16 cells after irradiation with

an additional fraction of 8 Gy (3x8 Gy) abrogates abscopal effects

Albeit the local tumor control of primary irradiated tumors was improved by adding
another fraction of 8 Gy, the abscopal anti-tumor immune responses we observed when we treated
mice with 2x8 Gy and anti-PD-1 (Figure 17) were completely abrogated using 3x8 Gy (Figure 26). To
investigate the underlying mechanism on the tumor cell level we used the same irradiation schedules
in vitro compared to a single irradiation with 8 Gy or a single high dose (20 Gy) and analyzed the cell
death, DAMPs and cytokine secretion, immune checkpoint expression and the cGAS/STING pathway.
Cell death in 3x8 Gy irradiated B16 cells was higher than with 2x8 Gy which was characterized by a
significantly increased rate of apoptosis (Figure 28B-C). The phagocytosis of apoptotic cells was
shown to polarize macrophages towards an immunosuppressive phenotype (W. J. Zhang & Zheng,
2005) and thus contributes to tumor progression (Werfel et al., 2019). As one of the best known
DAMPs and characteristics of ICD, HMGB1 is a potent stimulus for immune responses (Kang, Zhang,
Zeh, Lotze, & Tang, 2013). The release of HMGB1 by irradiated tumor cells that we have detected
especially with 3x8 Gy (Figure 28E), was however shown to promote proliferation of living tumor cells
(He et al., 2018). CXCL1, a chemokine originally identified in melanoma, is associated with
oncogenesis, tumor progression and metastasis across several tumor entities (C. Yang et al., 2019) by
recruiting tumor-associated neutrophils (Yuan et al., 2016). Moreover, CXCL1 expression was
reported to be higher in immunotherapy-resistant tumor cell clones (Li et al., 2018). Cxcl1 expression
was low in B16 cells but increased upon fractionated irradiation (Figure 28F) and only there CXCL1
could be detected in the cell culture supernatant in significant higher amounts with 3x8 Gy (Figure
28G). In the serum of patients with colorectal cancer CXCL1 is a predictive marker for lung and liver
metastases (Divella et al., 2017). Although tumor levels were not affected by the different treatments
(Figure 25C, Figure 27C) we found significantly lower serum concentrations of CXCL1 in most of the
mice that had been treated with 2x8 Gy or 3x8 Gy with or without additional immunotherapies
(Figure 25G, Figure 27G). Albeit ionizing radiation, administered either fractionated or as a single
dose, increased the surface expression of most of the immune checkpoint ligands on B16 cells, it
were predominantly the immunosuppressive ones (PD-L1, Galectin-9 and HVEM) that were up-
regulated. Further, the very same were significantly higher after 3x8 Gy compared to 2x8 Gy whereas
no differences between both fractionations were found for the stimulatory ligands 4-1BBL, CD70,
ICOS-L and OX40L (Figure 29), in sum indicating a more suppressive tumor cell phenotype at 3x8 Gy.
Additionally, we detected higher IFN-y levels in tumors irradiated with 2x8 Gy plus anti-PD-1
checkpoint inhibition (Figure 25A) than in the counterparts irradiated with 3x8 Gy (Figure 27A). IFN-y
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has been found to be a predictive marker for the efficiency of radiotherapy in a murine model
(Gerber et al., 2013) and breast cancer patients (Weichselbaum et al., 2008) as well as anti-PD-1
therapy in multiple tumor entities including melanoma (Ayers et al., 2017; Karachaliou et al., 2018).
Vanpouille-Box et al. reported that upon irradiation (e.g. 3x8 Gy) DNA is released into the cytosol of
the cell which is sensed by the cGAS/STING pathway and ultimately leads to the secretion of the
inflammatory cytokine IFN-B. If the dose is too high (e.g. 20 Gy) however the exonuclease Trex1 is
expressed and degrades cytosolic DNA and thereby shuts down the type | IFN response (Vanpouille-
Box et al., 2017). Therefore, we have investigated this pathway and compared the fractionated
schedule to a single dose of 20 Gy. While Ifnb1 expression on mRNA level was significantly increased
in B16 cells irradiated with 3x8Gy, no IFN-B could be detected in the cell culture supernatant at any
condition and the cytokine level inside the tumor in vivo was not affected by any treatment (Figure
30), suggesting that this pathway does not play a role in B16 melanoma.

Although most of the differences between irradiation with 2x8 Gy and 3x8 Gy in vitro and in
vivo were significant, the absolute changes were however little and so far no further experiments
were conducted to clarify the importance of each mechanism. Nevertheless, these effects eventually
might sum up and together contribute to the failure of 3x8 Gy to elicit abscopal effects. In the work
by Zhang et al. a comparable irradiation scheme with 3x9.18 Gy plus anti-PD-1 checkpoint inhibition
was able to induce abscopal anti-tumor immune responses in the B16-CD133 model. When they used
the B16 wildtype model without exogenous antigen however, similar to ours results, no abscopal

effects were observed (X. Zhang & Niedermann, 2018).

4.5 Knockdown of IGFBP-6 expression but not extracellular IGFBP-6

induces tumor cell death in B16 melanomas in vitro and in vivo

The deregulation of insulin-like growth factors (IGFs), which are essential for normal growth
and development, is associated with diseases, such as neurodegeneration, diabetes or cancer.
Migration, proliferation and survival of several cell types is influenced by binding of IGF-I and IGF-II to
their receptors, including IGF-IR and IGF-IIR and many cancers overexpress IGF-Il. The availability of
IGFs is regulated by a family of six IGF binding proteins (IGFBP-1-6). IGFBP-6 has a much higher
affinity for IGF-Il than for IGF-I and therefore primarily regulates mitosis, proliferation and survival in
an IGF-ll dependent manner. In many adult and pediatric cancers IGFBP-6 was demonstrated to
inhibit tumor growth and survival. However, IGF-independent actions on proliferation and apoptosis
have been shown for IGFBP-6 as well. The role of IGFBP-6 in tumors and its cellular source is however

largely unknown (Reviewed by (Liso et al., 2018)).
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We detected similar concentrations of IGFBP-6 in tumor lysates of irradiated primary as
well as abscopal tumors. Only in abscopal tumors of the 2x8 Gy plus anti-PD-1 group we found a
correlation of a high IGFBP-6 concentration with a smaller tumor mass, representing those mice with
good abscopal responses (Figure 31). Therefore, we wanted to know if IGFBP-6-related proteins are
expressed in B16 cells and if IGFBP-6 has direct effects on the tumor cells. B16 cells expressed both
IGF-II receptors IGF-IR and IGF-IIR, but IGF-Il only to a small extent after fractionated irradiation
(Figure 32A, C, D). IGFBP-6 was expressed on mRNA level in untreated B16 melanoma cells and even
higher after irradiation but no extracellular protein could be detected under any condition in the cell
culture supernatant by ELISA, indicating that the tumor cells are not the source of intratumoral
IGFBP-6 (Figure 32B, E). Single-cell RNA-Seq data of B16 tumors, which are available in the Single Cell
Expression Atlas, reveal that IGFBP-6 (ENSMUSG00000023046) is highly expressed by a subset of
cancer-associated fibroblasts (Davidson et al., 2018a, 2018b). The addition of recombinant IGFBP-6
to the cell culture had no impact on B16 growth and survival, as detected by a MTT assay (Figure
32F). In contrast, although similar IGFBP-6 mRNA expression was detected in TS/A mammary
carcinoma cells, protein was released especially after fractionated irradiation (data not shown).
However, also these cells did not respond to the addition of IGFBP-6 (data not shown). These results
suggest that no direct effect of extracellular IGFBP-6 on B16 cell growth or survival is responsible for
the smaller tumor mass with higher IGFBP-6 concentrations.

IGBP-3, 5 and 6 have nuclear localization sequences and overexpression of IGFBP-6 led to
apoptosis in rhabdomyosarcoma cells independent of IGF-Il (losef, Gkourasas, Jia, Li, & Han, 2008).
Very recently, Zhao et al. found a correlation of decreased IGFBP-6 expression with poor survival in
patients with colorectal cancer and an increased migration, proliferation and invasion in vitro (C.
Zhao et al., 2020). Additionally, Kuo et al. reported that overexpression of IGFBP-6 increased
apoptosis in nasopharyngeal carcinoma cells and suppressed their proliferation, invasion and
metastatic activity (Kuo, Tang, Lu, Wu, & Lin, 2010). These results indicate a putative role as a tumor
suppressor gene. Further, in vitro IGFBP-6 was shown to have chemoattractant features towards
monocytes, T cells and neutrophils (Liso et al.,, 2017; Conese et al., 2018). To address these
mechanisms we performed in vivo knockdown of IGFBP-6 by injecting siRNA into abscopal tumors of
mice treated with 2x8 Gy plus anti-PD-1 which should abrogate the abscopal effect. Surprisingly,
IGFBP-6 knockdown resulted in delayed tumor growth and did not diminish protein levels in the
tumor (Figure 33A-D). As IGFBP-6 in humans is found in cerebrospinal fluid and serum (Levitt Katz,
Rosenfeld, & Cohen, 1995) we also checked serum levels and detected high concentrations
unaffected by the knockdown (Figure 33E), indicating that intratumoral IGFBP-6 levels might be
replenished by serum IGFBP-6 after the knockdown. In vitro transfection of B16 and TS/A cells with
the siRNA confirmed the successful IGFBP-6 knockdown and although control siRNA inhibited the
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proliferation as well, only Igfbp6 siRNA led to significant amounts of apoptosis and necrosis (Figure
34, data not shown). Cell death induction and reduced proliferation upon IGFBP-6 knockdown was
also reported for human fibroblasts (Micutkova et al., 2011). Thus, knockdown experiments argue
against IGFBP-6 as a tumor suppressor gene in melanoma and mammary carcinoma tumor models.

In conclusion, there might be two different mechanisms for IGFBP-6 underlying our results.
In vitro and IGFBP-6 knockdown experiments suggest intracellular actions of IGFBP-6 involved in cell
survival. However, these results are contradictory to our initial finding that high concentrations in
tumor lysates were associated with smaller tumors. Extracellular IGFBP-6 had no direct inhibitory
effect on B16 cells in vitro but other IGF-1l independent mechanisms, such as attraction of immune

cells cannot be excluded.

4.6 Conclusions and outlook

Altogether, our results highlight high hydrostatic pressure as a safe method to generate
whole tumor cell vaccines. Potent anti-tumor immune responses are elicited across different tumor
entities by combining radiotherapy with HHP vaccines which can be either injected peritumorally or
at distant sites. However, in the abscopal tumor model, HHP vaccines had systemic effects only on
previously irradiated tumors. Furthermore, vaccination partly abrogated abscopal effects induced by
RT and anti-PD-1 checkpoint inhibition, indicating that both immunotherapies act through different
mechanisms which negatively influence each other. These limitations might be overcome in the
future by improving HHP vaccines with adjuvants such as poly(l:C) (Cicchelero, de Rooster, &
Sanders, 2014) or anti-CTLA-4 to aid in the priming of CTLs (Y. Hailemichael et al., 2018).

Urbanova et al. have previously shown that antigens start to degrade after the treatment
with HHP (Urbanova et al., 2017). So far, we generate the vaccine one day prior to the injection.
Immediate injection or preservation of the pressurized cells until injection might further improve the
immunogenicity of the vaccine. The amount of cells injected might be another point for optimization.
To prevent the formation of a depot which redirects T cell to the injection site instead of the tumor,
injecting less HHP treated cells might ensure that the vaccine is taken up completely. Conventional
type 1 DCs which we found to be more abundant in irradiated tumors, are becoming increasingly
recognized for their importance to prime and activate CD8+ T cells by the uptake and cross-
presentation of tumor antigens (Audsley et al., 2020). Direct targeting of those cells or relocating the
injection point to a peritumoral injection of the vaccine after irradiation, a point where cDC1s are
already present, might additionally improve HHP vaccine efficiency.

Initially we hypothesized that primary and abscopal tumors of different treatment groups

differ in their tumor microenvironment. Indeed, we found that RT has great impact on the immune
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cell composition, immune checkpoint expression, and the cytokine milieu in primary tumors and
even in the peripheral blood. Abscopal tumors however were not changed by RT alone. Although the
addition of HHP vaccines ameliorated primary tumor growth retardation, no further changes were
observed. In contrast, anti-PD-1 mostly amplified RT-mediated effects in primary tumors. The latter
combination of RT plus anti-PD-1 was the only treatment which had an effect on the abscopal tumor
microenvironment which was characterized by the infiltration of CD8+ T cells,
monocytes/macrophages and DCs. These results suggest that the immunotherapies profit from the
RT-induced TME modulations but instead of pure infiltration of immune cells in general or specific
subsets it is rather a functional alteration of pre-existing or newly infiltrating immune cells that
mediate the improved anti-tumor immune response. In the future we will thus focus on the
activation status and functionality of immune cells to further investigate the underlying mechanisms
of local tumor control and abscopal effects induced by RIT combinations. As we have previously
shown, immune cell infiltration upon irradiation is a very dynamic process (Frey, Riickert, Weber, et
al., 2017). Looking at earlier time points after RIT might give further insight into the time course of
local and abscopal anti-tumor immune responses.

Finally, although we could not find a causative mechanism for the correlation of high
intratumoral IGFBP-6 levels with abscopal responses, targeting of intracellular IGFBP-6 expression

might emerge as new strategy for the treatment of melanoma.
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