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Introduction

1. Introduction

1.1. Liver cancer

Among all the types of tumor, liver cancer is the fifth most common and one of the
major causes of death (1). Hepatocellular carcinoma (HCC) is the most prevalent
primary liver cancer with a growing incidence rate worldwide, accounting for
approximately 75% of all cases (2-4). The major risk factors for HCC development are
genetic background, HBV/HCV induced hepatitis, obesity, alcohol abuse,
non-insulin-dependent diabetes, and non-alcoholic fatty liver diseases (5, 6). The liver
is also a common site for distal metastases derived from colorectal, breast, cervical,
and prostate cancer (7-10). Although different options are available for clinical
management of hepatic malignancies, treatment is often complexed by a series of
elements, such as the tumor size, the clinical stage of the cancer, the patient age and
general health, the location of blood vessels (11). Liver transplant and surgery are
regarded as the best treatment options with a 5-year survival rate of over 50% (12).
However, surgical resection or transplant are suitable for only fewer than 20% of
patients diagnosed with liver cancer since the majority are already at an advanced
stage of the disease by the time the symptoms are shown (13). For those patients not
eligible for curative measures, alternative treatments, including radiation therapy,
chemotherapy and targeted therapy, are still an option. Radiotherapy, or radiation
therapy (RT), has become one of the leading treatment methods for unresectable liver
cancer patients (14, 15). RT, including radioembolization and brachytherapy, involves
the implementation of radioactive microspheres or X-rays targeted to liver lesions,
inducing damage of cellular DNA and selective death of cancer cells (16). RT is
mostly a local, targeted treatment, thereby minimizing the damage of surrounding

normal liver tissue (17).

1.2 Brachytherapy and Yttrium-90 (Y*°)-radioembolisation (RE)

Brachytherapy is a widely used RT modality characterized by a high safety profile and
minimal invasiveness. In particular, image-guided interstitial high-dose-rate
brachytherapy (HDRBT) was introduced by Ricke et al. into a clinical setting (18, 19).
To destroy the tumor, the source of radiation is temporarily placed inside or near the

targeted lesion via radioactive implants (20). The entire procedure is guided through
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advanced imaging methods such as MRI or CT scan. HDRBT delivers radiation at a
high dose directly to the target lesion in a single fraction while protecting adjacent

healthy tissues from exposure (21).

Radioembolization (RE), also known as selective internal radiation therapy (SIRT), is
a type of brachytherapy, where Yttrium-90 (*°Y)-coated microspheres are injected
under image guidance by a transarterial catheter in the hepatic arteries (22). The
mechanism underlying this technical practice is that, while the portal vein supplies
normal liver parenchyma, liver tumors are preferentially fed by arterial blood vessels
(23, 24). Once they have reached the target lesion, the blood supply is blocked by the
isotope-loaded particles, while the radioactive isotope releases a high dose of
radiation directly in the lesion, sparing the adjacent healthy liver tissue (25). A
schematic description of the technical modalities characterizing brachytherapy and

radioembolization is provided in figure 1.

catheter

radiation
source

---------- + brachytherapy

catheter

hepatic artery

microspheres .
portal vein

Figure 1. Schematic representation of SIRT (left hepatic lobe) and brachytherapy (right
hepatic lobe). In the circumstance of SIRT, Py isotope encapsulated by microspheres is
injected under imaging guidance through a transarterial catheter. The specific liver artery only
supplying the tumor is blocked, therefore minimizing the damage to the nearby healthy tissues.
In the case of brachytherapy, the radioactive source, releasing high doses of radiation to the
targeted lesion, is directly applied to the tumor.
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Not only has RT proven to alleviate symptoms and improve the quality of patients’
lives (26), it has also demonstrated antitumor efficacy by downsizing the lesion,
slowing tumor progression (23, 27), and prolonging overall survival (28, 29). In
comparison to other palliative treatments, the most attractive advantages of RT are
higher efficacy, fewer side effects, and better safety over time (30, 31). In particular,
the invasiveness of RT is minimal as no surgical incision is necessary (26). For this
reason, in advanced metastatic malignancies, RT and especially brachytherapy can
be combined with other second-line treatments, such as chemotherapy or used as a
neoadjuvant therapy prior to surgery, thus enhancing the patient response to therapy
(32). Despite a lower complication rate and a high technical success and, long-term
benefits of RT are still damped by the relapse of local and distal lesions. This is
largely contributed by either the incomplete tumor ablation or technical limitations in
phase of dose delivery (33, 34). Therefore, the reduction of recurrence, especially in

the distant site, currently remains a clinical challenge.

1.3 Abscopal effect

The word “abscopal” derives from the Latin “ab scopus”, which means “away from the
target”. Abscopal effect refers therefore to a secondary effect induced by RT on distal,
not yet treated lesions. In particular, ionizing radiation can induce an indirect immune
response in the non-irradiated site, leading to a size reduction of the untreated lesions.
In this case, the effect is defined as positive abscopal effect (AE). Biologically, AE is
based on an immune-mediated response triggered by RT (figure 2A) (35). The
antigens released by the irradiated tumor cells induce the activation of the
antigen-presenting cells (APCs), boost the recruitment of tumor-infiltrating
lymphocytes (TILs) and promote the secretion of immune-stimulatory chemokines,
functioning as an in situ vaccine against the untreated lesion (36, 37). However, AE
induced solely by RT is a very rare event (38, 39) and it is usually limited only to a few
types of malignancy, such as HCC (40), melanoma (41) and breast cancer (42). AE is
frequently repressed by the presence of a highly immunosuppressive tumor
microenvironment (TME), mostly infiltrated by negative regulators, such as regulatory

T cells, tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells
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(MDSC) (35, 43). These cells can weaken the inflammatory effects exerted by
radiation and even inhibit the immune cells from targeting and eliminating tumor cells.
In addition, as a consequence of radiation, damaged tissues release
immune-inhibitory factors such as damage-associated molecular pattern molecules
(DAMPs), the tumor growth factor (TGF-R) and galectin-1 that together play a
pro-tumorigenic effect, further suppressing T cell infiltration and activity (figure 2B)
(44). As a consequence, these aforementioned negative regulators of AE, including
immune-suppressive cell components and cytokines, cannot prevent the enlargement
of the yet untreated lesions and potentially inhibit the occurrence of AE (figure 2C). In
conclusion, the shift in the immune pattern induced by RT is able to define the

direction of AE (43, 45, 46).

A. Positive Regulators

Irradiation

[
00, s
® & Non-irradiated site

Irradiated tumor /, Y/

A\ 4

"'\
. Activated T cells/-

C. Abscopal Effect \ Lymph e
APC . .

Negative Positive Nalve lis
regulators regulators ]l
-

* [ o =2 1w
== we =88 ow
Tregs,MDSC, TAM TiLs .. Lymphatic vessel
B e e o1 == wou
(CD4, CDB T cells) B

\ B. Negative Regulators

cvtok:‘: e;n#g:%? immune stmuony Inhibited L
cytokines (L-6,g) immune cells > =
[ ]

9 &
g .. \ e
radiation abscopal effect [ RN Sece
@ - [ .
Radiation , T kele?
° ,o‘ Non-irradiated ®
° site L
a2 L
O
" Yom DAMPs B
M \’ TGF-8 ‘
.‘Q galectin-1 TAM
¢ MDSC

Irradiated tumor J Treg recruitment

Figure 2. Possible mechanisms of RT-induced abscopal effect. (A) In the case of a positive
abscopal effect, radiation induces the release of antigen from damaged tumor cells. Antigens
are taken up by APCs and then travel to the lymph node. There, naive T cells interact with
APCs displaying antigens. As a result, primed and activated T cells can then recognize and
target tumor cells in both the irradiated lesion and the non-irradiated distant site. (B) In the
circumstance of massive existence of negative regulators, radiation destroys tumor cells and
helps to elicit immune-suppressive cytokines (TGF-B, galectin-1, etc), therefore dampening
the activity of immune cells, promoting the recruitment of macrophages, MDSCs and Tregs as
well as facilitating the growth of the tumor. (C) The interplay between positive and negative
regulators modulates the direction of abscopal effect after radiation.
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1.4 Tumor-infiltrating lymphocytes (TILs)

In humans, the immune response is driven by the innate and adaptive immunity,
which work together as a cooperative system to eliminate foreign pathogens (47). In
innate immunity, the clearance of a pathogen is conducted by non-specific defense
mechanisms such as physical barriers, inflammatory processes and the complement
system. In case the innate immunity is not able to target and eliminate the pathogen, ,
the adaptive immune system is therefore stimulated (48). In this case, the major
cellular components of adaptive immunity, namely T and B lymphocytes, act against
specific antigens carried by the pathogen, enabling a stronger and more targeted
immune response (48, 49). Upon encounter of antigens, B cells progress towards
differentiation into plasma cells and release antibodies which by binding to the
specific antigen, contributes to clearance of the antigen from the host immune system.
Furthermore, cytotoxic T cells (CTL) are activated to boost the elimination of
corresponding antigens, while T helper cells, involved in both pathways, release
related cytokines to facilitate both B cell and T cell-mediated immune response (48,

50) (Figure 3).
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Figure 3. Overview of adaptive immunity. T and B lymphocytes are derived from lymphoid
stem cells. After interaction with antigens, activated T helper cells (Th) release cytokines to
boost the transition from T cytotoxic (Tc) cells to CTL. The differentiation of B cells to
antibody-producing plasma cells is also promoted by activated T helper cells, which further
mediates the clearance of antigens.

In cancer immunity, it is soundly proven that TILs play an irreplaceable role in the fight
against cancer. Several studies have correlated TILs' activities to clinical prognosis in
a variety of human cancer types (51-53), including liver metastasis (54). In particular,
five subtypes of TILs including cytotoxic (CD8+)-, T helper (CD4+)-, regulatory
(FOXP3+)- and memory (CD45+)-T cells and B (CD20+)- cells interact with tumor
cells and their dynamic interplay within TME can influence the balance between a pro-

and anti-tumor effect played by the immune system (55) (figure 4).

FOXP3* Regulatory T cells
-
cytokines
Tumor cell APC ;
CD8* cytotoxic
z T cells CD45RO*
ﬁ . - memory T cells
Differentiate
CD4* Th cells
CD45RO*
Differentiate memory T cells
Differentiate
\
Plasma cell * Tumor antigen * MHCII
CD20* B cells «MHC1 — * Antibody
* FC receptor h *TCR

Figure 4. lllustration of the immune microenvironment. Physiologically, CD8" cytotoxic T cells,
CD4" T helper cells, CD20" B cells, CD45RO" memory T cells and FOXP3" regulatory T cells
are crucial players within the immune microenvironment. Tumor cells are eliminated either by
the specific antibody secreted by plasma cells or directly through CD8" cytotoxic T cell-led
pathway. Cancer cells are commonly attacked and eliminated through an intricate
collaboration and interplay between the different types of immune cells.
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Accumulating evidence also suggests that TILs are involved in the modulation of AE
(56). Hence, the analysis of TlLs in TME could shed light on the cellular and molecular

mechanisms leading to RT-induced AE.

1.4.1 CD4' T helper cells

T helper (CD4+) cells are mainly involved in the adaptive immune response displaying
the CD4 (cluster of differentiation 4) glycoprotein as a major surface receptor (57, 58).
CD4" cells are activated through the interaction with the major histocompatibility
complex (MHC) class Il expressed on APC or B cells and are major regulators of the
inflammatory process. They are crucial in modulating overall immune response
against pathogens (59). Multiple studies have shown that CD4" cells have a pivotal
effect in the immune reaction to cancer (57, 60). However, their biological activities
heavily depend on the nature of TME and therefore their prognostic value is
controversial. For example, in HCC (61) and pancreatic cancer (62, 63), CD4" cells
activate CD8" cells through the secretion of cytokines. Therefore, they support an
anti-tumor immune response and predict a favorable clinical outcome (64). On the
contrary, in colorectal cancer liver metastasis (CRCLM), CD4" cells can impair the
tumor-attacking function of CD8 cells; in this case, a high amount of CD4" cells in the

lesions predicts a worse clinical outcome (65).

1.4.2 CD8" cytotoxic T cells (CTL)

Cytotoxic (CD8+) T cells are considered the most efficient fighters against cancer in
adaptive immunity (66). These cells display the CD8 (cluster of differentiation 8)
glycoprotein and are commonly activated by cytokines released from CD4" cells as
well as by the interaction with antigens expressed on the surface of APC and
associated with the tumor or directly with tumor cells (67, 68). CD8" cells induce the
apoptosis of target cells through the FAS/FAS L pathway. In particular, the FAS ligand
(FAS L), expressed on CD8" cells, binds to the receptor FAS on tumor cells, inducing
cellular death (69). Additionally, CD8" cells promote the anti-tumor immunity by
secreting immune-stimulatory cytokines, for example tumor necrosis factor o (TNF-a.)
and interferon y (INF-y). TNF-a and IFN-y (70). Based on multiple studies, the
importance of CD8" cells in cancer immunity has been largely proven. Growing

evidence shows that a higher amount of CD8" cells in TME is associated with a better
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therapy response and prolonged survival in various types of cancers, including
metastatic colorectal, gastric, breast cancer and HCC, indicating a strong antitumor

role played by CD8" cells in frame of the immune microenvironment (71-74).

1.4.3 FOXP3" regulatory T cells (Tregs)

Regulatory (FOXP3+) T cells represent a subpopulation of CD4" T cells expressing
the transcription factor Forkhead box P3 (FoxP3) (75). Tregs are involved in
modulating the immune system, maintaining self-tolerance and preventing
autoimmune diseases (76). In TME, Tregs act as immune-suppressive cells, inhibiting
the anti-tumor activity of CD8 cells via the release of cytokines, for example TGF-,
IL-10 and IL-35 (77-79). As a consequence, Tregs contribute to progression of the
primary tumor as well as development of distant metastases (80), and therefore can
be associated with a poor prognosis in different types of cancers, including HCC
(81-84). However, in other malignancies, such as in colorectal cancer, increased
infiltration of Tregs in the tumor correlates to a better prognosis (85). Thus, the role of
Tregs in cancer immunity is still not thoroughly clarified and remains controversial

(75).

1.44 CD45RO" memory T cells

Memory (CD45+)-T cells are derived from naive T cells. After antigen-induced
activation, naive T cells are then differentiated into memory T cells and effector T cells
(86). While pathogens are killed and eradicated by effector T cells, after the first
elimination of antigen, memory cells maintain in the host immune system preparing to
initiate a stronger or more intense immune response once they re-encounter a same
antigen (87). Research on numerous types of cancers, including HCC and CRC,
indicates that patients with a higher infiltration level of CD45RO" cells tend to have an

improved prognosis (88-94).

1.4.5 CD20" B cells

The maijority of B cells extensively express a pan-B cell marker- CD20. B cells have
multiple functions ranging from antibody production to antigen presentation and
cytokine release (95, 96). Most importantly, B cells contribute largely to the

antigen-specific immune response as precursors of plasma cells. After the interaction
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with CD4" cells, they start to produce antibodies that, in the case of cancer, can
directly target tumor cells present in the TME (97, 98). B cells also work as
antigen-presenting cells in support of activated CD8" cells, thus further contributing to
the elimination of malignant cells (99). Finally, B cells can promote anti-tumor
immunity by targeting cancer cells directly through the secretion of
immune-stimulatory cytokines such as granzyme B (100, 101). Despite a clear
anti-tumor activity recognized to B cells, the prognostic value of B cells is still under
debate (102). For example, in HCC (103), a high infiltration of B cells is correlated to
favorable prognosis, while in breast cancer (104), B cells could instead promote tumor
progression and have a negative effect on overall survival. Therefore, the clinical

relevance of B cells remains uncertain and needs to be further explored.

1.5 Immune exhaustion and immune regulators

In chronic infections or tumor microenvironment, immune response can also be
potentially impaired and therefore the immune system fails to work as intended. In this
regard, immune exhaustion, known as a dysfunctional state of T cells, has been
recently highly noted (105). In adaptive immunity, naive T cells are differentiated into
short-lived effector T cells, which are rapidly deactivated after the peak of immune
response (106). This kind of homeostasis, aiming to maintain immune tolerance, is
mostly modulated through expression on the T cell surface of specific inhibitory
receptors called immune checkpoints such as cytotoxic T lymphocyte-associated
protein 4 (CTLA-4), programmed death ligand 1 (PD-1), programmed cell death
protein 1 (PD-L1), and T cell immunoglobulin and mucin domain-containing protein-3
(Tim3). These proteins act as natural brakes of T cells, keeping them inactive and
therefore downregulating the immune response (107, 108). In the TME, the initiation
of immune exhaustion is also triggered by the persistent exposure of T cells to
tumor-associated antigens, inducing the higher expression of immune inhibitory
receptors on T cells. As a result, dysfunction or even death of T cells can take place,
impairing their anti-tumor immunity (109, 110). Immune checkpoint inhibitors are
widely used clinically as a powerful strategy to interrupt immune exhaustion and

reinvigorate the functionality of T cells (111, 112).
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PD-L1 is expressed broadly on immune cells, such as T and B cells, and
antigen-presenting cells, whereas PD-1 is mainly expressed on T and B cells (113,
114). In physiological conditions, the binding of PD-L1 and PD-1 induces a decreased
proliferation of T cells, ultimately suppressing the over-activation of the immune
system and preventing autoimmune diseases (115, 116). However, in TME, tumor
cells can overexpress PD-L1 as a mechanism to escape the immune response (114,
117). By binding to the PD-1 receptor expressed by T cells via PD-L1, cancer cells are
able to deactivate or even exhaust T cells (118, 119), therefore hampering the
anti-tumor activity in the immune system (120). Studies have shown that PD-1 and
PD-L1 are highly expressed in a wide range of tumor types (114, 117). Additionally,
the expression level of PD-L1 or PD-1 has a mostly negative association with overall

survival of patients (121, 122) (figure 5A).

T cell immunoglobulin and mucin domain-containing protein-3 (Tim3) is ordinarily
identified as a receptor expressed on effector T cells, as well as other types of cells,
for example macrophages and NK cells (123). In normal physiology,
HLA-B-Associated Transcript 3 (Bat3), a negative regulator, binds to Tim3 to form a
stable complex on the membrane of T cells, therefore preserving the function of
activated T cells and averting its exhaustion. In TME, galectin9, a receptor of Tim3, is
expressed by tumor cells. The binding of galectin 9 to Tim3 induces the release of
Bat3 from Tim3, with consequent exhaustion of T cells and inactivation of the immune
response (124). The expression of Tim-3 has been detected in various tumor entities
(123, 125, 126). Several independent studies have also demonstrated that in TME,
high expression levels of Tim3 accelerate the dysfunction or exhaustion of T cells;

thus, correlating to a poorer overall survival rate (127, 128)(Figure 5B).
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Figure 5. Role of PD-1/PD-L1 pathway and Tim3. (A) In healthy microenvironments, inhibitory
receptors, such as PD-1, on activated T cells, interact with its ligand PD-L1 present on APC.
The binding of PD-L1 and PD-1 leads to the suppressed function of T cells, thus suppressing
the over-activation of the immune response and maintaining a self-tolerance. In TME, PD-L1
expressed by tumor cells binds to PD-1 on T cells, inducing the exhaustion and the apoptosis
of T cells and preventing tumors from being eliminated. (B) In healthy conditions, Tim3 on
activated T cells binds to its ligand on APC in order to maintain homeostasis. In TME, Tim3 is
over-expressed on T cells, resulting in T cell exhaustion and apoptosis. Meanwhile, the
cytokines released by exhausted T cells promote growth and invasion of tumors, which in
return exacerbate further impairment or exhaustion of T cells.

1.6 TILs as biomarkers for liver cancer

Despite the impressive progress made in cancer treatment based on RT, the
recurrence rate in distant, untreated sites remains high and the prognosis poor.
Nevertheless, under certain circumstances, a positive abscopal effect is likely to be
induced after radiotherapy, with the regression of the distal, yet not treated lesions.
The mechanism behind this systemic effect of RT is still poorly understood (38).
However, mounting evidence suggests that TME and TILs could be at least in part

involved in modulating the abscopal effect induced by RT (129).
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Although helpful in most clinical cases, the tumor-node-metastasis (AJCC/UICC-TNM)
clinical classification system has a limited predictive value and fails to anticipate
potential benefits of the therapy patients receive (130). Therefore, a robust evaluation
system for better stratification of patients and early prediction of clinical outcome is
still required. Recent studies have raised interest into the investigation of the “immune
contexture”, as found in the TME (75). It has been reported that immunoscores based
on TILs’ relative ratios can offer more precise information on therapy response and
clinical outcome (94, 131). While immunoscores based on single markers do not fully
reflect the immune landscape and have a limited prognostic role (132, 133),
immunoscores based on the ratio between two different markers (for example
CD8/CD3, CD8/CD4 and CD8/FoxP3) have been shown to better and more
comprehensively define the immune contexture and to become stronger prognostic
markers. For example, Galon et al. showed that an immunoscore based on a
CD8/CD3 T cells ratio (CD3 being a receptor expressed on all mature T cells) is a
favorable predictor of clinical outcome in CRC (132, 134). Similarly, others have
shown that a high CD8/FoxP3 ratio is correlated to a better clinical outcome in
CRCLM and rectal cancer (135, 136). However, immunoscores do not always provide
clear information and sometimes lead to conflicting results, probably due to different
features and components of TME. One example can be given by the CD8/CD4 ratio in
CRCLM, where different groups found contradictory results (65, 137). Until now, the
predictive and prognostic value of immunoscores in liver metastasis has not yet been

fully clarified. Therefore, our study intends to address this gap in knowledge.
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1.7 Main hypothesis and objective of the study
The hypothesis of this study was that RT treatment of hepatic lesions has an indirect
effect on the composition and distribution of TILs in adjacent, not yet treated lesions,

therefore influencing patient response to therapy.

The evaluation of the predictive and prognostic significance of TILs in liver
metastases and in HCC was the main goal of the present study. The examined
immune panel included cytotoxic (CD8+)-, T helper (CD4+)-, regulatory (FOXP3+)-
and memory (CD45+)-T cells and B (CD20+)- cells. Changes in TlLs composition,
density and spatial distribution were evaluated in separate lesions receiving
sequential therapy sessions. Therefore, the immune profile we established, which is
composed of the aforementioned five subtypes of TILs, could have the potential to
predict the occurrence of an abscopal effect providing early information in terms of

patients’ clinical outcome.

The ultimate goal of the study was to contribute to the optimization of radiological
treatment regimens in liver cancer patients based on individualized immune profiles,
providing a more precise stratification of the patients and therefore offering
personalized oncological therapies in combination with other adjuvant treatments

when necessary.
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2. Materials and Methods

2.1 Material

2.1.1 Instrumentation

Autoclave/ VX-95

Computer& monitor for microscope/
-Cooler Master TEAC

Microtome/Leica RM 2245

Microscope/ Leica DM 2500 DM IL LED
Microwave/ HF24M541
Micro-centrifuge/ 5418 R

Oven/INE 500 (Model 100-800)
pH-meter/ Material No.: 30266658
Pipettes/Research Plus®

Quantitative Pathology Imaging System
Vectra Polaris™ Automated

Vortex/ G560E

Water bath/ WNB 14

Water bath for microtome/ GFL 1052

21.2 Chemicals and Reagents
10% buffered formalin

20X Citrate buffer, pH 6.0

DAB (3-3’- Diaminobenzidine) - staining
DAB (3-3’- Diaminobenzidine) - staining
99.8% Ethanol

96% Ethanol

70% Ethanol

Eosin-G

32% Hydrochloric Acid

30% Hydrogen peroxide

Mayer’'s hemalum

Mounting Medium (Neo-mount)

Systec, Nuremberg, Germany

Leica, Wetzlar, Germany

Leica, Wetzlar, Germany

Leica, Wetzlar, Germany

Siemens, Munich, Germany
Eppendorf, Hamburg, Germany
Memmert, Schwabach, Germany
Mettler Toledo, Columbus, OH
Eppendorf, Hamburg, Germany
AKOYA Biosciences, Marlborough, MA
AKOYA Biosciences, Marlborough, MA
Benchmark, NYC, NY

Memmert, Schwabach, Germany

GFL, Burgwedel, Germany

SIGMA, St. Louis, MO

Life Technologies, Waltham, MA

Cell Signaling Technology, Danvers, MA
Dako, Santa Clara, CA

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Applichem GmbH, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
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Normal Goat Serum

Neoclear

Opal 7 ™ Tumor Infiltrating Lymphocyte Kit
10X SignalStain® EDTA Unmasking Solution
Sodium chloride

Trizma Base

Tween-20

21.3 Consumables
Centrifuge falcon (15mL)
Cover slips

Superfrost microscope slides
Parafilm

Pipette tips

Reaction tubes (1mL)

Vectashield Mounting Medium

2.1.4 Buffers and Solutions
1x AR9/ARG retrieval buffer

3% hydrogen peroxide

10x TBS buffer (pH 7.5)

1x TBST buffer

4% buffered formalin

Blocking Solution

1x Citrate buffer

Cell Signaling Technology, Danvers, MA
Merck KGaA, Darmstadt, Germany
Akoya Bioscience, Marlborough, MA
Cell Signaling Technology, Danvers, MA
Applichem GmbH, Darmstadt, Germany
SIGMA, St. Louis, MO

Bio Rad Laboratories, Hercules, CA

SARSTEDT, Numbrecht, Germany
Thermo Fisher Scientific, Waltham, MA
Thermo Fisher Scientific, Waltham, MA
Bemis, Neenah, WI

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
BIOZOL, Eching, Germany

90 ml dH,0

10 ml 10x AR9/ARG retrieval buffer
900 ml dH0

100 ml 30% Hydrogen Peroxide
91g Sodium chloride

60g Trizma Base

1L dH,0

1800 ml dHO

200 ml 10x TBS buffer

2 ml Tween-20

300 ml dH20

200 ml 10% buffered formalin
500 pl Normal Goat Serum

10 m1X TBST

190 ml dH20
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DAPI solution

1x EDTA unmasking solution

Opal Fluorochrome stock solution

2.1.5 Antibodies

Staining kit (CD4,CD8,CD20,FoxP3,CD45R0)
PD-L1 (E1L3N) XP (rabbit mAb)

PD-1 (NAT105) (mouse mAb)

Tim3 (EPR22241) (rabbit mAb)

21.6 Software
Vectra Polaris
Phenochart™

inForm ®

Image J

SPSS Statistics Version 21.0.0

https://biorender.com

10 ml Citrate buffer (20X) pH 6.0
2ml1x TTBS

4 drops DAPI stock solution

180 ml dH,O

20ml  SignalStain® EDTA Unmasking
Solution (10X)

100 pl 1x Amplification Diluent

2 yl Opal fluorochrome

Akoya Bioscience, Marlborough, MA
Cell Signaling Technology, Danvers, MA
Abcam, Cambridge, UK

Abcam, Cambridge, UK

AKOYA Biosciences, Marlborough, MA
AKOYA Biosciences, Marlborough, MA
AKOYA Biosciences, Marlborough, MA
NIH, Bethesda, MD
IBM, New York, NY

Biorender, Toronto, Canada
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2.2 Methods

2.2.1 Preparation of paraffin sections

Biopsies collected from target lesions were fixed in 10% formalin and shipped to the
Department of Pathology (LMU Klinikum, Munich, Germany) for tissue processing and
paraffin embedding. Cold paraffin blocks were cut at desired thickness (1.5 ym) on a
microtome, placed in a preheated (42 °C) water bath for a few seconds before drawing them
onto the surface of Superfrost microscope slides. Slides were dehydrated at 20°C overnight

and preserved at 4°C for further use.

2.2.2 Hematoxylin and Eosin staining (H&E staining)

Paraffin sections were dried overnight at 55°C, then deparaffinized and rehydrated according
to standard procedure (3 times for 10 minutes in xylene substitute Neo-Clear, 2 times for 5
minutes in 100% ethanol, 1 time of 3 minutes each in 96%, 90%, 80% and 70% ethanol and
2 times for 5 minutes in distilled water), followed by nuclear staining in Mayer’'s hemalum
solution for 5 minutes. Finally slides were rinsed in distilled water, followed by a last washing
step in running water for 10 minutes. For cytoplasmic staining, slides were incubated in
Eosin-G for 2 minutes, rinsed with tap water and incubated briefly in 80% ethanol for
differentiating. After dehydrating the specimens in a graded series of ethanol and Neo-Clear
(1 time of 30 seconds each in 90% and 96% ethanol, 2 times for 5 minutes in 100% ethanol,
2 times for 5 minutes in Neo-Clear), slides were covered with Neo Mount embedding
medium and then microscopically examined at 40x magnification by two independent

reviewers.

2.2.3 Immunophenotyping

Paraffin sections were dried overnight at 55°C, then deparaffinized and rehydrated according
to standard procedure (2 times for 15 minutes in 100% xylene, 1 time of 5 minutes each in
100%, 96 %, 70% ethanol and distilled water), followed by fixation in 4% buffered formalin
solution at RT for 20 minutes. For heat-induced antigen retrieval, slides were cooked in a
specific antigen retrieval buffer (AR6 or AR9) for 15 minutes at 96°C, let to cool for 15
minutes at RT, rinsed in 1x TTBS buffer 3 times for 2 minutes. For each antibody (anti- CD4,
-CD8, -CD20, -FoXP3 and —CD45R0), a complete cycle including blocking (10 minutes at

RT), primary antibody incubation (1 hour at RT), secondary antibody incubation (10 minutes
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at RT), Opal Fluorochrome incubation (Opal 520-CD4, Opal 570-CD8, Opal 540-CD20, Opal
620-FoxP3 or Opal 650-CD45RO for 10 minutes at RT) and antigen removal (15 minutes at
96°C) was performed (table 1 and figure 10). In between the steps, slides were washed 3
times in 1xTTBS buffer for 2 minutes at RT. At the end of cycle 3, slides were immersed in 1
x TTBS buffer overnight at 4°C. Slides were then washed in 1x TTBS buffer 2 times for 2
minutes on the following day before cycle 4 was initiated. At the end of cycle 5, nuclei
staining was performed by incubating the slides with DAPI reagent for 5 minutes at RT in a

dark chamber. Finally, slides were covered with Vectashield mounting medium and image

acquisition was performed.

Color/Filter

Opal Dilution

Antibody retrieval

buffer

CD4 Green/FITC
CD8 Yellow/Cy3
CD45R0O Magenta/Cy5
FoxP3 Orange/Cy5
CD20 Cyan/Texas Red

520 1:200
570 1:300
650 1:300
620 1:450
540 1:200

AR9
AR9
ARG
ARG
ARG

Table 1: Overview of used antibodies in the multiplex staining of five markers

Incubation

Deparaffinization Antigen
and Fixation Removal
Opal
Fluorochrome
Incubation
Repeat cycle
A for 5 markers
Secondary
Antibody

at the end of cycle 5

—— DAPI
\ staining

Blocking

—

Primary
Antibody
Incubation

Scanning and
images
aquisition
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Figure 6. Schematic overview of the immunophenotyping protocol using the Opal 7 Tumor Infiltrating
Lymphocytes kit (Akoya Bioscience, Marlborough, MA).

2.2.4 Immunohistochemistry (IHC)

Paraffin sections were dried overnight at 55°C, then deparaffinized and rehydrated according
to standard procedure (2 times of 5 minutes each in xylene substitute Neo-Clear, 2 times of 5
minutes each in 100% ethanol, 1 time of 5 minutes each in 95%, 70% ethanol and distilled
water). For heat-induced antigen retrieval, slides were brought to boiling temperature in 1x
EDTA unmasking solution (for PD-L1 and Tim3 staining) or in 1x Citrate buffer (for PD-1
staining) using a microwave and maintained at a sub-boiling temperature for 15 minutes.
After cooling on the bench-top for 30 minutes, slides were washed in distilled water and 1x
TTBS buffer each by immersion for 5 minutes at RT. Slides were then incubated with 3%
H,O, for 20 minutes at RT followed by incubation in blocking solution (TBST/ 5% normal
horse serum) for 1 hour at RT. Primary antibodies were diluted in blocking solution
(anti-PD-L1, dilution 1:200; anti-Tim3, dilution 1:250, anti-PD-1, dilution 1:50) and then
added to the sections and incubated in a humidified chamber overnight at 4°C. On the
following day, slides were then washed three times in 1x TTBS buffer and further processed
using the Boost IHC Detection Reagent for 30 minutes at RT. Antigen detection was
obtained by a chromogenic reaction with DAB (3-3’- Diaminobenzidine)-staining for 30
minutes at RT. The sections were counterstained with Mayer's hemalum solution for 2
minutes and finally covered with Neo-Mount medium. Representative regions in the stained
slides were selected under 10x magnification, and positive cells were counted under 40 x

magnifications in five fields of view. The slides were analyzed by two independent reviewers.

2.2.5 Digital Imaging
The stained tissue sections were processed for the whole slide scanning of in a pathology
imaging system- Vectra Polaris. Whole slide images were obtained and reviewed by a

Phenochart™

software. For downstream analysis, fluroscent images of regions of interest
(ROI) were subsequently annotated at 20x magnification in the inform® tissue analysis
software. One region of interest was selected for each tissue section by a board-certified
pathologist. Filters as FITC, Cy3, Texas Red, and Cy5 were utilized to detect specific opal

dyes. One unstained sample was used in each round in order to subtract autofluorescence
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and reduce background noise in the inForm software. The number of cytotoxic (CD8+)-, T
helper (CD4+)-, regulatory (FOXP3+)- and memory (CD45+)-T cells and B (CD20+)- cells in
ROIls were manually quantified by two board-certified pathologists (figure 7 and 8). The
counts of five subtypes of immune infiltrates in the examined area were subsequently

normalized by the size of ROI (698 ym x 931 pym, a default value in the software).

Figure 7. Multispectral representative pictures of ROl (20x magnification). The sample was taken from
a pancreatic cancer liver metastasis tissue. Green, yellow, magenta, orange and cyan represent the
distribution of cytotoxic (CD8+)-, T helper (CD4+)-, regulatory (FOXP3+)- and memory
(CD45+)-T cells and B (CD20+)- cells respectively with the blue background as nuclear staining.
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Figure 8. Multiplexed IHC stained liver tissue sample (20x magnification). Staining patterns of
individual markers are illustrated in a high-resolution ROI with each cell type represented by a specific
color. The composite image encompassing all six colors simultaneously was acquired (A). In five
separate channels, distinct markers of CD4 (B, green), CD20 (C, cyan), CD8 (D, yellow), FoxP3 (E,
orange) and CD45RO (F, magenta) plus DAPI (dark blue) were characterized, identified and
quantified. Four markers (CD4, CD20, CD8 and CD45R0Q) are located on the cell membrane while
FoxP3 as a transcription factor sits in the nucleus.

2.2.5.1 Automatic Counting

In the Vectra Polaris scanning system, a trainable machine-learning algorithm can be set up
to carry out automatic cell counting. However, a very high quality of sections and staining is
required to enable an automated tissue analysis. In our case, a high variance was present
among the samples in terms of thickness and staining density, therefore an algorithm for cell
identification and analysis could not be applied. Quantitative counting was therefore

performed manually (figure 9).
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Figure 9. Automatic counting by Vectra Polaris imaging system. All pictures were taken under a
microscope with a 20x magnification. (A) digital image of a specific ROl (HCC); (B) image of the same
ROI (shown in A) featured by automatic counting; (C) digital image of a specific ROl (pancreatic
cancer liver metastasis); (D) image of the same ROI (shown in C) featured by automatic counting. The
different colors separate the stained cell phenotypes. Results from automatic machine counting of cell
markers indicated a remarkable inconsistency with images obtained under fluorescent microscopy.

2.2.5.2 Manual counting

Multispectral images of ROl were exported from the Inform software and positive cells were
qualified and quantified by three independent reviewers using the open source ImageJ
analysis program (138). Images were magnified (40x) and adjusted to an optimal degree for

better visualization. Stained positive cells in ROIs were then identified and counted manually.

2.2.6 Statistical Analysis

All statistical analyses were performed with IBM SPSS Statistics 21.0.0. The log-rank test
was used to compare different patient groups and the Kaplan-Meier method was performed
to evaluate overall survival (OS). Overall survival (OS) was calculated for all 27 patients from
the date of first radiotherapy until the date of death or of the last traceable follow-up before

October 2020. In terms of the relative number of TILs (low TILs subgroup: under the median,
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high TILs subgroup: above the median), patients were categorized into two groups for five
cell types. The comparison between therapy response and TILs density was analyzed using
the Wilcoxon matched-pairs signed-rank test. The non-parametric Mann-Whitney U test was
performed to compare two responder groups in terms of the number of TILs both before and
after therapy. All tests were carried out two-sided. A p-value <0.05 was considered

statistically significant.



Material and Methods

2.3. Study design

2.3.1 Patient selection

Two cohorts of 27 primary and secondary liver cancer patients (median age (years): 67,
range 33-85) from the THIAMAT trial (German Clinical Trials Register-ID: DRKS00010560)
and AROMA trial (German Clinical Trials Register-ID: DRKS00009744) were
retrospectively recruited in our study. All patients were reviewed during the period from
February 2017 to January 2019 in the Department of Radiology, LMU Klinikum (Munich,
Germany). Included patients from these two trials suffered from advanced, unresectable
hepatocellular carcinoma (n=4) or hepatic metastasis (n=23). The study was approved by
the institutional ethical board and carried out in the framework of the Declaration of Helsinki.
Informed consent was provided by all participants. The trial design of the AROMA and

THIAMAT trials and the consort chart are given in Figure 10.

A Mutiplex
Immunophenotyping
." v'.
Biopsy | Biopsy |
4 A
Recruitment Screening First Therapy Second Therapy Follow Up
Inclusion criteria CT/MR : :
Exclusion criteria AROMA | —> YO-RE  —> brachytherapy —— T
Informed consent 4m 4m
Assignment : : :
to Trial

THIAMAT [—> brachytherapy—>§ brachytherapy — B —

i v v

B Patient cohort
n=11 (AROMA study)
n=16 (THIAMAT study)

excluded due to
tissue verification

(n=6)
Study population: n=21
_ _ . breast pancreatic cervix prostate stomach
€ec (n=2) HCC (n=4) CRC (n=8) cancer (n=3) cancer (n=1) cancer (n=1) cancer (n=1) cancer (n=1)

Figure 10. Study design. (A) schematic overview of the clinical workflow. Trial participants who met
the inclusion criteria were assigned to the AROMA or THIAMAT arms. Patients included in these two
[IT trials went through two sequential therapies. Biopsies of patients were taken before the two
therapies respectively. CT or MRI images were collected at three time points: right before the second
therapy, 4m follow-up and 8m follow-up, in order to monitor progression of disease. (B) consort chart,
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a total of 27 patients was originally recruited in our study, 6 were then excluded due to biopsy control.
(Abbreviations: HCC: Hepatocellular carcinoma; CRC: colorectal cancer; CCC, cholangiocellular
carcinoma; YQO-RE, Ygo-radioembolization)

2.3.2 Patient inclusion and exclusion criteria

Patients’ inclusion criteria were:

1) Primary liver cancer or hepatic metastatic cancer (predominantly metastatic colorectal

carcinoma)

2) Male or female, > 18 years

3) Indication for radioembolization and High Dose Rate (HDR) -brachytherapy in two

sessions

4) Approval of all study procedures

5) Signed informed consent

6) Chemotherapy break for at least two weeks before inclusion
)

7) Cortisone paused for at least two weeks before inclusion

Patients’ exclusion criteria were:

1) Life expectancy< 3 months

2) Extrahepatic tumor manifestation before local ablation treatment
3) Hepatic tumor load >70%

5) Pronounced ascites

)
)
)
4) Chronic infections (except HBV/HCYV infections in HCC patients)
)
6) Contraindication for angiography, MRI contrast media, X-ray contrast media, MRI and
CT
7) Liver cirrhosis (in HCC allowed)
8) Status post papilla resection or DHC stent or biliary manipulation
9) Severe cardiovascular disease (NYHA 11I/1V)
10) Thrombotic or embolic events in the past 6 months (stroke/TIA)
11) Severe hemorrhages within last 3 months
12) Secondary malignomas within last 5 years
13) Immune suppressive therapy or disease (e.g. status post organ transplantation, HIV,
corticosteroids)

14) Autoimmune disease or inflammatory bowel disease

15) Cortisone therapy duration
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2.3.3 Therapy scheme and biopsy collection

To prevent radiation-induced disease, a six-to-eight week interval was enforced for patients
received sequential micro-interventional therapy (MIT). Patients recruited into the
THIAMAT trial (n=16) received solely brachytherapy. Patients included into the AROMA
trial (n=11) were treated sequentially with brachytherapy and *°Y-radioembolization. Tumor
specimens from the treated lobe (L1) and distal, untreated lobe (L2) were taken right before
the first and the second therapy (figure 11). Biopsy samples were then stored in 10%
Formalin and transferred to the Department of Pathology (LMU Klinikum, Munich,

Germany).

<« Day -1 First Biopsy
Radiation X Day0

« Day X Second Biopsy

Radiation Day X
(5-51)

'
&

Figure 11. Schematic illustration of liver biopsy. The first and second biopsy were respectively
collected at L1 (lesion 1) and L2 (lesion 2) shortly before each therapy.

2.3.4 Classification of response to treatment
The Response Evaluation Criteria in Solid Tumors 1.1 guidelines (RECIST 1.1 criteria)were
applied for assessment of patients’ radiological response to treatment (139). Patients

were sub-grouped and defined as follows:
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* Non-responders (NR) (n=14, 58%): patients with progressive disease at 3 months
(PD, more than 20% increase in size)

» Transient responders (TR) (n=5, 21%): patients with complete response (CR, no
lesion), partial response (PR, more than 30% decrease at 3 months) or stable disease
(SD, either less than 30% decrease or lower than 20% increase in size) at 3 months
but progressed to PD at 6 months.

» Sustained responders (SR) (n=5, 21%): TR patients without PD at 6 months.
While SR and TR were defined as good responders, NR was considered bad
responders.

For three patients, time point imaging was incomplete.
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3. Results

3.1 Histological pre-evaluation of lesions

In this study n=27 patients (mean age (years +SD) 62 + 13, range 37-83) were
recruited from the prospective studies AROMA (n=11) and THIAMAT (n=16). Mean
overall survival was 13 months (range 2-37) and mean progression free survival
(PFS) was 5 months (range 1-16). Histological analysis of all samples was
performed by H&E staining. In 6 cases, biopsies were excluded from the study after
H&E evaluation due to extensive tumor necrosis (figure 12A), fragmentation of
tissue (figure 12B) or small sample size (smaller than 4x1mm size or fewer than
100 malignant cells in the entire section) (figure 12C). The remaining 21 cases were
instead included in our study for further immunophenotyping and

immunohistochemical analysis (figure 12D).

T ’.t-
k‘:k '\‘f-:\‘.\ v }E\\(
Vil P4

Figure 12: H&E evaluation of the bioptic material collected from patients. 54 samples were
analyzed corresponding to 27 patients; few samples were excluded from further analysis
due to: (A) extensive necrosis and small tumor cluster (arrow); (B) the presence of
fragmented tumor clusters without stromal areas; or (C) small tumor cluster (arrow) with
stromal fragments. Biopsy samples that showed sufficient tumor tissue and presence of
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immune cells in between tumoral areas were instead included (D) Larger images were
investigated at 20x magnification, while small images were investigated at 5x magnification.
All scale bars are equal to 50um.

3.2 Clinical characteristics of patients

n=15 liver metastasis patients were diagnosed with colorectal (n=8, 52%), breast
(n=3, 20%), cervical (n=1, 7%), pancreatic (n=1, 7%), stomach (n=1, 7%), and
prostate (n=1, 7%) cancer as primary tumor. Patients with cholangiocellular
carcinoma (n=2) were included into the non-HCC subgroup as well. In addition, 4
primary HCC patients were included in the cohort as a separate sub-group. Patient

details and primary tumor characteristics are presented in table 2.
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Characteristics No. of patients (%)
Organ with primary cancer Pancreatic Stomach Colon Prostate Cervix
Total number 3 1 1 8 1 1 2 4
Age,y
MeantSD 6816 73 63 58+11 73 79 56126 59+12
Range 52-80 73 63 38-71 73 79 33-84 50-79
T stage
pT1-T2 2 (67) 0 (0) 0(0) 1(13) 0(0) 0(0) 0(0) -
pT3 0(0) 1(100) 1(100) 4 (50) 1(100) 0(0) 1(50) -
Unknown 1(33) 0(0) 0(0) 3(37) 0(0) 1(100) 1(50) -
N stage
NO 1(33) 0(0) 0(0) 1(13) 0(0) 0(0) 0(0) -
N1 1(33) 1(100) 1(100) 4 (50) 1(100) 0(0) 0(0) -
N2 0(0) 0(0) 0(0) 1(13) 0(0) 0(0) 0(0) -
Unknown 1(33) 0(0) 0(0) 2 (24) 0(0) 1(100) 2(100) -
UICC(Stadium) BCLB stage
0-1 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 1(50) A 0(0)
\% 0(0) 0(0) 0(0) 5 (63) 0(0) 0(0) 1(50) B-C 4(100)
Unknown 3(100) 1(100) 1(100) 3(37) 1(100) 1(100) 0(0)
Histological grading CP
G1-2 1(33) 0(0) 1(100) 2 (24) 0(0) 0(0) 1(50) A 1(25)
G3 1(33) 1(100) 0(0) 1(13) 1(100) 1(100) 0(0) B 1(25)
Unknown 1(33) 0(0) 0(0) 5 (63) 0(0) 0(0) 1(50) C 2(50)
VELIPI PVI
No 0(0) 0(0) 0(0) 2 (24) 0(0) 0(0) 0(0) 1(25)
Yes 0(0) 1(100) 1(100) 1(13) 1(100) 0(0) 1(50) 3(75)
Unknown 3(100) 0(0) 0(0) 5 (63) 0(0) 1(100) 1(50) 0(0)
Tumor marker
AFP High na na na na na na 2(100) 3(75)
low 0 1(25)
PSA high na na na na 1(100) na na na
CA15-3 high 2 (67) na na 1(13) 1(100) na na na
low 1(33) 7 (87) 0 (0)
CA19-9 high na 1(100) 0(0) 6 (76) na 0(0) 0(0) na
low 0(0) 1(100) 2 (24) 1(100) 2(100)
Pre-treatment
No 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 1(50) 4(100)
Yes 3(100) 1(100) 1(100) 8 (100) 1(100) 1(100) 1(50) 0(0)
Mutation na na na KRAS 3 na na na na
(37)
Hormone receptor status
Negative 1(33) na na na na na na na
Positive 2 (67)
HER2 status
Negative 1(33) na 1(0) na na na na na
Positive 2 (67) 0(100)
lung Cirrhosis 3 (75)
Other - - - metastasis Gleison - - HCV 1(25)
3(37) p=7 NASH 1(25)

BCLC, Barcelona Clinic Liver Cancer; CP, Child-Pugh; PVI, portal vein infiltration; Nash, non-alcoholic steatohepatitis;
VELIPI: vascular emboli (VE), lymphatic invasion (LI), perineural invasion (Pl), alone or in combination; na, not available

Table 2. Clinico-pathological characteristics of the patients
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Patients with multiple lobular lesions (n=6, 29% with <5 lesions, n=15, 71% with >= 5
lesions, mean size 3.6cm, range 1.5-7.6) received two sequential cycles of therapy (SIRT
followed by brachytherapy for the AROMA sub-cohort and two successive brachytherapies
for the THIAMAT sub-cohort) within a time frame of 5-51 days (mean: 16 days). Table 3

displays a summary of the patient clinical characteristics.

. T Primary PFS 4m 8m = biggest Number
Tumor (M) (M) RECIST RECIST lesion(cm) of lesion
AROMA
1 RAD202 m 53 HCC 7 4 PD PD NR 3.1 Multiple
2 RAD206 f 71 Pancreatic 4 1 PD PD NR 2.8 Multiple
3 RAD208 f 31 CCC 27 3 PD PD NR 3 Multiple
4 RAD207 f 75 Breast 10 6 SD PD TR 4 Multiple
5 RAD210 f 50 Breast 7 2 PD PD NR 2.3 Multiple
6 RAD209 f 63 Sigma 16 13 SD SD SR 3.7 Multiple
7 RAD212 m 65 Sigma 2 2 PD PD NR 7.6 Multiple
8 RAD215 f 61 Rectal 5 1 PD PD NR 6.1 Multiple
9 RAD502 m 68 Sigma 13 10 SD SD SR 3.1 3
10 RAD504 f 62 Cecum 37 4 PD PD NR 2.8 Multiple
11 RAD531 m 37 Sigma 23 4 PD PD NR 2.8 Multiple
12 RAD557 f 62 Rectal 4 4 NA NA NA 3.3 5
13 RAD558 m 50 Rectal 12 2 PD PD NR 3.8 Multiple
14 RAD509 m 77 HCC 17 8 PR PR SR 3.7 2
15 RAD511 m 56 HCC 17 5) SD PD TR BY5) Multiple
16 RAD561 m 50 HCC 11 11 PR PR SR 3.8 3
17 RAD544 f 63 Stomach 12 2 PD PD NR 3.9 4
18 RAD518 f 78 Cervix 7 2 PD PD NR 2 Multiple
19 RAD519 f 79 Breast 25 3 PD PD NR 4.7 4
20 RAD520 m 71 Prostate 26 16 PR CR SR 1.5 4
21 RAD524 m 83 CcC 13 4 SD PD TR 45 5

m, male; f, female; HCC, hepatocellular carcinoma; CCC, cholangiocellular carcinoma; NET, neuroendocrine
tumor; OS, overall survival; PFS, progression-free survival; PR, partial response; PD, progressive disease; SD,
stable disease; NR, non-responder; TR, transient-responder; SR, sustained responder; RS, response status; NA,
not available.

Table 3. Patient journey of enrolled patients.



Results

3.3 Radiotherapy induces changes in the immune landscape

In order to evaluate the local immune response to radiotherapy, immune infiltration was
analyzed on FFPE (formalin fixed and paraffin embedded)-tissue samples from adjacent
tumor lesions (lesion 1, L1 and lesion2, L2) by quantification of the expression of five
different markers for TlLs (CD20, CD4, CD8, CD45R0 and FoxP3) in the region of interest.
L1 and L2 were considered to be histologically comparable before the first therapy was
induced. Median values of TILs densities in L1 and L2 were as follows (/mm?): CD20: 27.73
(95%CI= 81.2 £ 53.1) and 15.41(95%Cl= 81.2 + 53.1); CD4: 40.06 (95%CI= 104.5 + 53.7)
and 30.82 (95%Cl= 97.0 £ 67.1); CD45R0O: 132.51(95%Cl= 225.7 + 99.6) and 101.69
(95%Cl= 163.2 + 67.8); CD8:117.69 (95%CIl= 136.2 = 43.8) and 70.88 (95%CIl= 143.8 +
69.4); FoxP3: 7.70 (95%CIl= 19.1 + 11.7) and 6.16 (95%Cl= 16.5 + 11.4), whereas the
mean values of TILs density at both time points (/mm?) were as follows: CD20: 81.16 and
39.31; CD4: 104.53 and 97.05; CD45R0: 225.74 and 163.18; CD8:136.16 and 143.82;
FoxP3: 19.08 and 16.46 (table 4).
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Time Cell count(/mm?)
Pat No. frame
(d) CD20 CD4 CD45RO cD8 FOXP3
AROMA Tumor L1 L2 L1 L2 L1 L2 L1 L2 L1 L2
2 55 Pancreatic b 86,29
3 26 CCC b 6,16
4 28 Breast 6,16
5 15 Breast y 0,00
6 27 Sigma d b 7,70
7 33 Sigma y 0,00
8 29 Rectal y b 0,00 0,00 7,70 0,00
1 30 HCC y g 132,51 215,72 825,89 117,70 b d
9 14 Sigma 6,16 9,24 86,29 488,44 137,13
10 14 Cecum ! 18,49 0,00 84,75 30,82 b 35,44
1 5 Sigma 12,33 21,57 7,70 192,60 237,29
12 19 Rectal 171,54 390,38 221,54 333,08 160,38
13 13 Rectal 200,38 506,67 235,38 428,72 226,15
17 24 Stomach 367,69 358,46 294,62 333,85 96,92
18 16 Cervix b 123,27 30,82 132,51 30,82 112,48 32,36
19 14 Breast 97,07 63,17 217,26 226,50 292,76 283,51
20 14 Prostate 40,06 21,57 118,64 92,45 73,96 60,09
21 1 CCC 18,49 63,93 382,13 184,90 32,36 7,70
14 23 HCC 38,52 3,08 599,38 4,62 224,96 53,93
15 15 HCC 115,56 35,44 425,27 69,34 137,13 229,58
16 14 HCC 367,69 166,92 325,00 230,38 177,69 122,31
MEDIAN 16 40,06 30,82 132,51 101,69 117,69 70,88
MEAN 21 104,53 97,05 225,74 163,18 136,16 143,82
SD 11.72 116,54 59,08 117,97 147,75 218,88 148,98 96,12 152,45 25,70 25,08
P 0.095 0.481 0.288 0.759 0.863

Table 4. Quantification of TILs in lesion 1 and lesion 2. Five TILs subtypes were counted, normalized
by the size of region of interest in both L1 and L2. Median value, mean value and standard deviation
(SD) were calculated for each cell type. Increase and decrease in TILs density were indicated in red
and in blue respectively.

Intra-patient analysis showed that in more than 50% of the patients from the non-HCC
cohort the relative number of the analyzed TILs decrease or did not show any difference in
in L2 compared to L1. A similar trend was also observed in HCC patients (figure 13).
Despite a decline seen for more than half of the patients in both cohorts, an increased
immune infiltration was still demonstrated in 29% (CD20), 41% (CD4), 47% (CD45R0),
41% (CD8), and 35% (FoxP3) of liver metastasis cohort as well as 25% (CD20), 25%
(CD4), 0% (CD45R0), 25% (CD8) and 50% (FoxP3) in the HCC group.
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Figure 13. Amount of TILs in L2 compared to L1. The percentage change of CD20, CD4, CD45R0O,
CDS8 and FoxP3, and TILs subgroups in both the non-HCC cohort and the HCC cohort.

Irrespective of the primary tumor, the most represented cell type in both lesions was
CD45R0O (41% in L1 and 45% in L2), followed by CD8 (36% in L1 and 31% in L2), CD4 (12%
in L1 and 14% in L2), CD20 (9% in L1 and 7% in L2) and FoxP3 (2% in L1 and 3% in L2)
(figure 14).
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Figure 14. Percentage of TILs distribution in tumor microenvironment. The relative amounts of
CD20", CD4", CD45RO", CD8" and FoxP3" TILs were calculated at both time points. CD8" and
CD45RO" took up the largest proportion in the investigated tumor microenvironment, followed by
CD4", CD20" and FoxP3".

3.4 Immune cell infiltrates distribution within the tissue

To evaluate the distribution of TILs in the lesions, the localization pattern of TILs in ROl was
analyzed for each sample. Prominent variations in the density and distribution pattern were
observed both at the center of tumor (CT) and in the invasive margin (IM). In several cases
of liver metastasis, the tissue analysis evidenced a clear concentration of immune infiltrates
in IM of the intra-tumoral or peri-tumoral areas while they were missing almost completely
in CT. In addition, in contrast to biopsies from HCC where extensive and diffuse immune
infiltration was observed, a higher grade of TILs infiltration was present only in the

peripheral area of liver metastasis (figure 15).



Results

Breast

Figure 15. Representative examples of TILs infiltration in primary and secondary liver cancer. In
liver metastasis, (A) TILs were distributed only in the invasive margin of intra-tumoral or peri-tumoral
regions while TILs were almost absent in the core region of the tumor. (C) On the contrary, a
homogenous infiltration of TILs in the whole tissue was detected in HCC. (B and D) H&E staining
was performed on the same tissues as control.

3.5 Prognostic value of TILs

To evaluate the prognostic value of TILs detected in the lesions, Kaplan-Meier analysis was
performed. We observed that the amount of CD20 in L2 was negatively associated with OS
(p=0.048), which suggested that patients holding a higher amount of CD20" TILs in L2
could have a worse prognosis. No association was detected between overall survival and
other single cell markers at both time points. The ratios based on two cell subgroups out of
CD4", CD8", CD20", CD45R0O" and FOXP3" TILs were also calculated in both lesions L1
and L2. In L1, although it was not statistically significant, high CD8/CD45R0O and low
CD20/CD8 ratios showed a borderline (p=0.093 and p=0.080, respectively) association
with a favorable clinical outcome. In L2, a trend was observed that a high CD4/CD45R0O
ratio correlated to a worse prognosis (p=0.068). No other significant results were found
(table 5). HCC patients were not included for analysis in this case, due to the small cohort

size.
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Marker L2
Nzﬁwdclyirt]hg)s p-values Nzﬁwdclyirt]hg)s p-values
cbD4*
High 10 0.829 8 0.670
Low 14.5 13
cDs*
High 23 0.334 17.5 0.477
Low 1 12
CD45RO"
High 12 0.993 12.5 0.235
Low 13 10
FoxP3"
High 7 0.660 12 0.746
Low 13 13
CD20"
High 13 0.201 13 0.048
Low 8.5 10
CcD4":CcD8"
High 8.5 0.157 12 0.458
Low 16 14.5
CD4%:CD45"
High 12 0.682 7 0.068
Low 12.5 14.5
CD4%:CD20"
High 12 0.180 10 0.380
Low 13 14.5
CD20":CD8"
High 13 0.080 18 0.143
Low 11 12
CD20":CD45"
High 18 0.150 10.5 0.642
Low 12 12
CD8":CD45"
High 24 0.093 24 0.839
Low 7 12
Foxp3":CD20"
High 8.5 0.792 7 0.937
Low 13 13

Table 5. Correlation between TILs and clinical outcome.

3.6 Correlation between the density of TILs and therapy response

In our cohort, patients who received radiotherapy were classified into three subgroups: SRs,
NRs and TRs. These patients were further defined as good responders (SRs) and bad
responders (NRs and TRs) respectively. No significant difference was discovered in any
investigated cell subgroup when two groups of responders were compared (all p>0.05).

Meanwhile, no significant change was detected for each TIL type within each individual
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responder group (all p>0.05). The whole cohort (including HCC patients) and the non-HCC

group only were used for the analysis.

3.7 Quantification of exhaustion markers PD-1, PD-L1 and Tim3

In order to investigate the possible mechanism behind the changes in the immune
landscape after patients received therapy, the expression level of three well-established
immune exhaustion markers PD-L1, PD-1 and Tim3 was examined individually. The
presence of the three markers was also evaluated with respect to their distribution in both
tumor cells and in tumor microenvironment at both lesions. The expression level of Tim3
positive tumor cells was significantly higher in L2 (p=0.012). Additionally, tumor cells
positive for PD-L1 declined substantially after the therapy (p=0.016). On the contrary, no
significant change was revealed in terms of the expression of PD-1 positive tumor cells
between L1 and L2 (figure 16). The positive cells for each of the three markers in TME were
quantified analogously. No other statistically significant difference was shown comparing
two lesions (p>0.05). The HCC cohort was not included for the analysis due to the small

cohort size (only two patients were eligible for staining of exhaustion markers).
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Figure 16. Expression of Tim3, PD-1 and PD-L1 in liver metastasis. The expression of the markers
was evaluated based on staining of tumor cells and tumor microenvironment. (A) Low concentration
of Tim3 in tumor cells in L1; (B) high concentration of Tim3 in tumor cells in L2; (C) high
concentration of PD-1 in TILs and macrophages in L1; (D) low concentration of PD-1 in TILs and
macrophages in L2; (E) high concentration of PD-L1 in tumor cells in L1; (F) low concentration of
PD-L1 in L2.

To explore the correlation between clinical outcome and each type of exhaustion markers,
Kaplan-Meier analyses were performed at both time points. Patients showing higher
numbers of PD-1 positive cells in TME in L2 were shown to have a longer overall survival
(p=0.045) (Figure 17). However, no significant correlation between overall survival and the

expression level of Tim3 and PD-L1 was detected in both lesions (all p>0.05).
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Figure 17. Kaplan-Meier plot of OS according to high and low PD-1 expression in TME. Patients
presenting a higher amount of PD-1 positive cells in TME in L2 had a prolonged survival rate
(p=0.045).

3.8 Detection of abscopal effect
To detect the occurrence of a possible positive abscopal effect in the cohort chosen for the

study, and to evaluate a possible association with the lymphocyte infiltration of the
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untreated lesion L2, the CT and the MRI images obtained shortly before the first and the
second therapy were reviewed to measure changes in the size of the lesion according to
the RECIST criteria. Only 7 patients had images traceable at aforementioned two time
points. Among them, 4 patients showed Progressive Disease (PD, an increase in diameter
higher than 20%) in L2 after the first therapy. The remaining three patients displayed Stable
Disease (SD, neither sufficient shrinkage nor enlargement) in L2. To better illustrate the
features of MRI images and the corresponding changes in immunophenotyping, three

specific cases are discussed. An overview of patients' history is given in Table 6.

Patient 3 (female, age 75) (Fig 21) 1999 First diagnosis of breast cancer
08.2014 Detection of liver metastasis
12.02.2018 Implementation of SIRT
13.03.2018 Implementation of brachytherapy
03.05.2018 Stable disease
03.08.2018 Progressive disease

Patient 13 (female, age 62) (Fig 22) diagnosis of colorectal cancer (date not available)
12.2015 Detection of liver metastasis
31.08.2017 Implementation of first cycle of brachytherapy
14.09.2017 Implementation of second cycle of
brachytherapy
21.12.2017 Progressive disease

Patient 14 (male, age 77) (Fig 23) 10.2017 diagnosis of HCC
08.01.2018 Implementation of first cycle of brachytherapy
31.01.2018 Implementation of second cycle of
brachytherapy
24.04.2018 Partial response

21.06.2018 Partial response

Table 6. Patient clinical history

Case 1(patient 3, AROMA) (figure 18)

The patient was diagnosed with breast cancer liver metastasis and classified as a TR (4m
RECIST SD, 8m RECIST PD). After radiotherapy, a reduction in TILs number was
observed in L2 with respect to L1 (CD4 -96%, CD45R0O -13%, CD8 -41%, FoxP3 -75%
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while no difference was detected for B cells. In MRI images, PD (Progressive Disease, an

enlargement of 30% in the size) was noted in L2.

Figure 18. T1w contrast-enhanced hepatobiliary phase MRI images of patient 3 (breast cancer liver
metastasis). (A) L1 before the first therapy; (B) L1 before the second therapy; (C) L2 before the first
therapy; (D) L2 before the second therapy. The dynamic change in the size of L2 (C—D) was shown
whereas a decrease in lesion 1 (A—B) was displayed. The diameter of L2 increased from 1.03 cm (C)
to 1.41 cm (D) (an increase of 30%) after the first therapy.

Case 2 (patient 13, THIAMAT) (Figure 19)

The patient was diagnosed with colorectal cancer liver metastasis and classified as a NR
(4m RECIST PD). The immunophenotyping results showed a decrease for all cell
subgroups (CD20 -95%, CD4 -100%, CD45R0O -64%, CD8 -65%), while no change was
observed for FoxP3" T cells (0%). A minimal change of only 0.4% (T1 2.40cm, T2 2.41cm)

in the size of L2 was seen in MRI images.
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Figure 19. T1w contrast-enhanced hepatobiliary phase MRI images of patient 13 (colorectal cancer
liver metastasis). (A) L1 before the first therapy; (B) L1 before the second therapy; (C) L2 before the
first therapy; (D) L2 before the second therapy. The diameter of L2 increased from 2.40 cm (C) to
2.41 cm (D) (an increase of 0.4%) after the first therapy.

Case 3 (patient 14, THIAMAT) (Figure 20)

The patient was diagnosed with HCC and classified as a SR (4m RECIST PR, 8m RECIST
PR). A clear reduction of CD20 (-60%) and CD45R0O (-70%) was observed in L2, while in
the same lesion a strong increase of CD4 (+484%), CD8 (+203%) and FoxP3 (+133%) was
observed. In MRI images, a slight decrease of 12% (T1 1.63cm, T2 1.43cm) in the size of
L2 was detected. However, being less than 30% in the change of the size, this reduction

cannot be qualified as Partial Response (PR).
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Figure 20. T1w contrast-enhanced MRI images of patient 14 (HCC). (A) L1 before the first therapy;
(B) hepatobiliary phase L1 before the second therapy; (C) L2 before the first therapy; (D)
hepatobiliary phase L2 before the second therapy. The diameter of L2 decreased from 1.63 cm (C)
to 1.43 cm (D) (decrease of 12%) after the first therapy.
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4. Discussion

It is proven that in rare circumstances, radiation not only directly affects the treated lesions,
killing the tumor cells, but can also indirectly modulate the immune infiltration in distant
lesions present in the same organ, inducing a positive abscopal effect with a reduction of the
lesion. The aim of the study was to investigate the effect that radiation therapy has on
lymphocyte infiltration in adjacent, yet untreated lesions, and to evaluate how such an

infiltration can affect clinical outcome in patients diagnosed with liver cancer.

4.1 An immunosuppressive tumor microenvironment within the tissue

In this study, the results, analyzing tissue samples from patients with primary and
secondary liver cancer, showed an average immune depletion in more than half of the
cohort after in-depth immunophenotyping of TILs subgroups. The underlying mechanism
behind the change in immune signature remains complicated and largely unknown. It is
assumed that this phenomenon is nurtured by multiple factors. The occurrence of
immunodepletion suggests an immunosuppressive tumor microenvironment for most of the
patients after receiving radiotherapy (140). To our knowledge, the effect of radiotherapy on
the tumor microenvironment is still under discussion. Radiotherapy mediates the release of
chemokines and cytokines, modifying the balance between immune-inhibitory or
immune-stimulatory effects (141). Under certain circumstances, TME after radiotherapy is
characterized by increased infiltration of immunosuppressive cells, which include Tregs, M2
macrophages, MDSCs (Myeloid-derived suppressor cells) and NK cells as well as
tolerogenic cytokine cascades such as IL-10 and TGF-3 (142, 143). These elements are
responsible for the complexity of an immune-inhibitory TME (141). In addition, the
tumor-tolerant microenvironment could also be exacerbated by environmental factors (e.g.
the presence of hypoxia, pH) after radiotherapy (144). We hypothesize that in our cohort,
radiotherapy contributes to an immune-suppressive environment where the functionality
and density of immune cells is stamped out by a combination of negative regulators,
explaining a later drastic decrease in TILs phenotypes for most patients. At the same time,
the immune landscape of individual patients has distinct features with relevant

heterogeneity as an increased immune infiltration in several cases was also observed.
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4.2 The role of time frame with regard to treatment regimen

We also found that only one CRCLM patient whose time window between two therapies
was shorter than 10 days experienced an increased infiltration in all TILs subtypes after
radiotherapy, despite the tendency for an immunodepletion seen in the rest of the cohort.
Meanwhile, it is also worth mentioning that this patient happened to be the single case in
the study whose time frame was less than 10 days. The rest of patients, experienced either
a reduction in TILs count or a mixed rise and fall for the five markers. This particular case
may be an indicator that the peak for immune infiltration might appear much earlier,
possibly immediately after the first radiotherapy. In addition, we could hypothesize that if
the second therapy is induced at a later time point where the peak of immune infiltration has
passed and the antitumor response is weaker, the probability of detecting a positive
abscopal effect is much lower. This assumption is supported by several reported cases that
show that the peak of immune infiltration, such as FOXP3" and CD8" T cells, emerges
within 10 days after the radiotherapy is first induced (145, 146). Nevertheless, relevant
experiments were mostly performed on animal models (mice) and very few data from

clinical studies on humans is available so far.

To validate this hypothesis on humans, a study with a larger patient cohort and a shift of the
observational window between the two therapy sessions within the range of three to five
days would be necessary. In this setting, patients may show a higher degree of immune
infiltration after the first therapy instead of an immunodepletion. However, one CRCLM
patient in our cohort demonstrated an immune spike with a 13-day interval. Meanwhile, a
study investigating HCC patients who underwent %Y radioembolisation revealed that an
immune activation including an increase in the number of TILs, was observed both 1 month
and 3 months post-therapy (147). Despite focused solely on primary liver cancer, this
finding suggested that an immune boost could appear at a much later time point (possibly
beyond a 10-day interval). As a consequence, these two cases put the role of time frame in
the backdrop of clinical settings even more into question. So far, the rationale behind this
remains undetermined. We cannot rule out the possibility that an immune boost still exists
after radiotherapy, even if in most cases the peak could be dampened by other
immunosuppressive factors, such as presence of macrophages and monocytes in the

tumor microenvironment. The number of cases in our cohort is too limited to reach definite
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conclusions in this context. More evidence needs to be gathered in order to fully

comprehend the role of time frame among different tumor entities.

4.3 The effect of chemotherapy

In addition, patient history before they received radiotherapy was also reviewed. Most
patients in our cohort received pre-treatment (chemotherapy, immunotherapy, hormone
therapy or even previous radiotherapy sessions) before they were recruited. Of note, most
of them were treated with chemotherapy within less than 8 months before they were
included in our study. It is widely acknowledged that after chemotherapy, patients are
expected to experience a wide spectrum of immunosuppression, especially for CD8" T cells,
CD4" T cells, and B cells (148). The short-term and long-term effects of chemotherapy on
the immune system are largely influenced by the regime of chemotherapy and the
response of individuals who receive the therapy. However, in an observational study
published by Verma et al (149), it is demonstrated that the compromise of a patient’s
immune system could last up to 9 months post-therapy. Although this study only focused on
breast cancer patients, it still gives a glimpse of how the immune landscape could be
altered by chemotherapy in the long-run. In particular, it is stated that B cells and CD4" T
cells experienced a dramatic depletion after chemotherapy. Furthermore, it's shown that
the level of B cells and T cells was still not comparable to a pre-treatment level even after
nine months of recovery. In light of the limited number of treatment-naive patients in our
study, it is almost impossible to exclude the game-changing role of chemotherapy before
the investigation of targeted radiotherapeutic effects. Chemotherapy can be a potential
contributing factor to the dysfunction and depletion of lymphocytes. However, it is
established that in a clinical setting, most liver malignancies, especially CRCLM, undergo
two or more rounds of chemotherapy before radiotherapy, which serves as a standard

treatment. (22)

4.4 Possible mechanism behind immunodepletion

Our data showed an elevated expression level of Tim3 positive tumor cells in L2 compared
to L1. A substantial decrease was observed in the number of PD-L1 positive tumor cells
after radiotherapy. At the same time, we found that a higher amount of PD-1 positive cells
in TME correlated to longer overall survival. Overexpression of immune exhaustion

markers in the tumor microenvironment, such as PD1, PD-L1 and Tim3, is shown to be the
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major cause of physical death of T cells. This could probably explain the rationale behind

the observed immune depletion in most cases.

In healthy individuals, moderate levels of inhibitory molecules like PD-1 and its ligands exist
as a defense mechanism. Upon the activation of T cells, PD-1 and PD-L1 are upregulated
to avoid autoimmunity and maintain hemostasis (150). Evidence has shown that
overexpression of T cell exhaustion markers hinders immune response and promotes the
progression of cancer (151). Therefore, immunotherapy, such as anti PD-1/PD-L1 inhibitors,
has been extensively deployed to disrupt T cell exhaustion, block tumor evasion and
subsequently eliminate tumor cells. Immunotherapy proved to be clinically effective in a
broad range of malignancies and serve as one of the most successful checkpoint inhibitors
(152). Based on our hypothesis, an upregulation of PD-L1 on tumor cells or an upregulation
of PD-1 on immune cells from L1 to L2 could be expected. Surprisingly, in our cohort, most
patients displayed a substantial downregulation of PD-L1 positive tumor cells after
radiotherapy. Meanwhile, very little expression of PD-1 in TME was observed (around
1~2%). Most of the cases also did not show a significant change of PD-1 expression,
indicating that our hypothesis with regard to PD-L1/PD-1 is in contradiction to the results. It
also suggests that the PD-L1/PD-1 pathway is at least not the only pathway to account for
the decline of TILs in most cases. This has been confirmed by the marginal efficacy of
PD-1/PD-L1 inhibitors in liver metastasis due to their limited expression (153). Although
radiotherapy in combination with PD-1/PD-L1 inhibitors proved to prompt the anti-tumor
response of the immune system, it still holds true that based on the feature of a specific
tumor microenvironment, combining RT with other pathway checkpoint blockades could

have higher efficiency in clinical practice.

Moreover, an increased expression level of Tim3 after radiotherapy may indicate its crucial
role in the tumor microenvironment. Tim3, an emerging co-inhibitory receptor, has been
increasingly seen as a novel candidate involved in immunotherapy. Although no significant
correlation with regard to OS was revealed in our cohort, largely due to the small cohort
size, the controversial role of Tim3 is still worth noticing. Findings concerning the prognostic
value of Tim3 hugely differ when various tumor entities and other clinical parameters were
taken into consideration (154, 155). Tim3 is reported to act as a negative regulator and

unfavorable prognostic marker in a range of cancers, including HCC and colon cancer (123,
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156). On the contrary, especially in renal carcinoma (157, 158), patients with a higher
number of Tim3 positive tumor cells are shown to have a better clinical outcome. Despite
prognostic relevance revealed in a range of studies (159, 160), the function and molecular

signaling mechanism of Tim3 has not been fully elucidated.

In addition, a positive prognostic value of PD-1 in TME was discovered in our study.
Nevertheless, the prognostic role of PD-1 is still under controversy. Studies showed that for
example, in breast, renal cell cancer or CRC, a favorable prognostic significance of PD-1 is
in line with our finding (161-163). However, even in the same type of cancer, such as CRC,
the role of PD-1 as a negative prognostic marker has also been reported (122, 164, 165).
Furthermore, evidence has been accumulated that co-expression of multiple cell surface
inhibitory molecules is a critical and most indicative feature of exhausted T cells rather than
expression of an individual marker. All of these Immune cell co-inhibitory receptors, such as
PD-1/PD-L1, CTLA-4, LAG3 (lymphocyte activation gene 3 protein), TIGIT (T cell
immunoreceptor with Ig and ITIM domain) and Tim3 are implicated in regulating the
exhaustion of T cells and therefore dampen host immune response to cancer (106) (figure
22). This could partly explain that results solely concerning PD-1/PD-L1 or Tim3 were not
adequate to support our theory of immune depletion. In this regard, combined blockades of
multiple molecular pathways could maximize its efficacy in restoring the functionality of T
cells (151). In the future, it would be of great interest to further explore other types of

immune inhibitors for a deep understanding of the immune microenvironment.
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Figure 21. The contributing factors of immune exhaustion. The phenomenon of immune exhaustion
is complicated by existence of environmental factors (e.g. pH, hypoxia), upregulation of inhibitory
markers (e.g. PD-1/PD-L1), and release of immunosuppressive cytokines (e.g. IL-10) as well as the
surge in regulatory cells (e.g. Tregs/ Bregs).
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Figure 22. The expression of immune exhaustion markers. The co-expression of surface receptors
on T cells is a cardinal feature of exhausted T cells. The degree of immune exhaustion largely
depends upon the expression level as well as the types of exhaustion markers.

4.5 Infiltration pattern of TILs

Representative regions of interest demonstrated that in a few observed cases of liver
metastasis immune infiltrates were mainly clustered in the invasive margin of peri- or
intra-tumoral areas while nearly absent in the core tumor region. By contrast, in HCC, a
distinct distribution pattern of extensive infiltrates was noted in both IM and CT regions.
These findings were also consistent with what was revealed in other studies, for example, it
has been shown that in secondary lesion sites, immune density is higher in the invasive
margin than in the tumor center (166). Besides, Halama et al. found that in the invasive
margin in patients with colorectal cancer liver metastasis, immune cells are even

exclusively present in the invasive margin (71). Interestingly, studies have also suggested
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that in metastasis, the distribution of immune infiltrates is ordinarily mirroring the one in the
primary lesion. Yet, immune infiltration in metastases is weaker than that in a primary lesion
(167). Importantly, growing evidence provides support that primary liver cancer (HCC), an
immunogenic tumor, is commonly abundantly infiltrated with lymphocyte infiltrates,
including CD8 and Tregs (168). Nevertheless, the mechanism behind this observation is
not well understood yet. We hypothesize that the dense and compact structure of
metastasis itself possibly contributes to the lower immune cell infiltration in secondary
tumor sites. Compared to the relatively loose structure of a primary tumor, the solid tumoral
structure of metastatic sites may hamper immune cell infiltrates to reach the core region of
a lesion. Furthermore, metastatic cells may exhibit increased immune resistance after
escaping from the immune reaction in primary malignant sites (169). Hence, it adds extra
difficulty for penetration of TILs into the tumor center and leads to a notoriously poor

response to immunotherapy. This hypothesis also needs validation by future studies.

4.6 Prognostic value of TILs

We found that patients with a higher count of CD20" B cells in L2 tend to have a shorter
overall survival. Nevertheless, the role of CD20" B cells in the TME still remains unclear.
Even though a favorable prognostic value of CD20" B cells was indicated in more than half
of relevant studies (170), evidence has surfaced that CD20" B cells can also have a
negative effect in the immune microenvironment (171). In recent years, regulatory B cells
(Bregs), an important subtype of B cells, have been found to be commonly involved in
cancer progression. Bregs are capable of impairing the activation of T cells by producing
anti-inflammatory factors (IL-10, etc.), thus negatively regulating or suppressing anti-tumor
immune response (172). However, to date no clear definition and classification of Bregs
has been agreed upon (173), nor specific markers for Bregs have been identified (174).
Hence, the qualification and quantification of Bregs remain as an unsolved challenge. Here,
we hypothesize that the negative correlation obtained between CD20" B cells and clinical
outcome is attributable by the presence of large amounts of CD20" regulatory B cells in
TME after radiotherapy. It is presumed that radiotherapy triggers the shift from regular
CD20" B cells toward the differentiation of regulatory CD20" B cells, which could explain
the negative prognostic value of CD20" B cells revealed in our study. Nevertheless, the

mechanistic reasoning behind it remains elusive and still needs further proof (172).
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A negative prognostic role of CD20/CD8 ratio was also discovered in our group. To our
knowledge, the notion of CD20/CD8 ratio has been referred to scarcely, therefore further
investigations are required to validate our results. Although in one study, it was confirmed
that a higher T and B cell score (CD8/CD20) in colorectal cancer patients is associated with
a longer overall survival (175). This was concordant with our finding regarding CD20/CD8
ratio. We also found that patients with a higher CD4/CD45R0O ratio tend to have worse
clinical outcomes. On the contrary, a high CD8/CD45RO ratio was associated with a longer
survival. Overall, very few studies were carried out regarding the clinical value of
CD4/CD45R0O or CD8/CD45RO0 ratio. Due to discrepancies in the feature of the tumor
microenvironment, the antitumor trait of CD8" T cells is extensively acknowledged while the
prognostic value of CD4 is still controversial (176-178). In addition, it has been proven that
CD45R0 serves as a favorable prognostic marker in a wide range of solid tumors (179). As
a memory T cell marker, CD45RO" T cells (mostly CD4°CD45RO" T cells and
CD8'CD45RO" T cells) are differentiated from naive CD4" or CD8" cells after they
encounter foreign antigens in order to prepare for future immune responses (87). However,
aforementioned CD4/CD45, CD8/CD45 or CD20/CD8 ratio were shown to have a weak
correlation to OS (0.05<p-value<0.1). The borderline significance we observed was largely
due to the small cohort size and heterogeneity of patients in our study. Although our results
require further validation, this finding can nevertheless provide some clue about the
relationship between distinct markers. In light of the heterogeneity in terms of tumor entity
in our cohort, it is challenging to elaborate an immunoscore which can be applicable to all
patients. Nevertheless, these results could serve as a basis for constructing a future

immunoscore once more data is available.

4.7 Investigation of a possible abscopal effect

No case of positive abscopal effect was discovered in our small cohort. We found that one
HCC patient showed a small decrease in the size of the distal lesion. However, being less
than 30% in reduction, this change did not qualify for a Partial Response (PR). As it has
been reported, most clinical cases of abscopal effect are more likely to appear in tumors
with high immunogenicity, such as melanoma (180). It is therefore plausible that a slight
shrinkage was observed in an HCC patient given the fact that HCC is an immunogenic
tumor type as well (181, 182). The rest of the cohort displayed either growth or a minimal

change distant to the treated site. For cases where a narrow change was seen in the size of
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the untreated lesion, one can assume that either the time frame in between two therapy
sessions was too short for any change to be detected or the force of tumor-attacking
immune cells and malignant cancer cells is more or less in equilibrium. It is also revealed in
multiple studies that a positive abscopal effect is an extremely rare occurrence when
radiotherapy is induced alone. Also, only 46 well-documented clinical cases of abscopal
effect have been reported in the period of 1969 and 2014. A retrospective study
investigating patients with hepatic metastases who received radioembolization recently
showed that only one positive abscopal effect was identified out of 907 originally
investigated cases (183). In view of the small number of patients ultimately included in our
observation, great care is needed when it comes to the identification of a possible abscopal
effect. The rarity of this event can be expected as immune cells induced via radiotherapy
have to overcome a strong immunosuppressive barrier in order to elicit a robust systemic
immune response or even a positive abscopal effect in untreated lesions (35). Furthermore,
probability of a positive abscopal effect is much higher when radiotherapy is combination
with immunotherapy as it is validated by other studies (38, 184, 185). In this circumstance,
lymphocytes are more likely to be primed and activated to override the
immune-suppressive nature of the tumor microenvironment through the synergistic

anti-tumor effects of radiation and immunotherapy (immune checkpoint inhibitors).
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4.8 Limitations

The limitations of this retrospective study are mostly contributed by the small cohort size as
well as the heterogeneity of our patients. The main goal of our explorative study was to
provide a general outlook of the immune profile beyond different cancer types, to explore
an optimal therapy regime and add clues for the establishment of a potential immune
pattern. This also explains the variability in time interval between therapy sessions in our
study. These factors greatly accounted for the strenuous interpretation of results. With
respect to the occurence of a possible abscopal effect, MRI images of recruited patients at
two time points (shortly before 15 and 2" radiotherapy) were examined. However, only a
few patients met the recruiting requirements whereas the imaging data of most recruited
patients were irretrievable. This also adds to the difficulty in the investigation of the
abscopal effect. In future-related studies, well-written records concerning characteristics of
the investigated lesion and documentation of imaging data need be taken into account.
Although we hypothesized that the immune landscape of two distant lesions before the first
therapy should be histologically comparable, there is still a chance that they could be highly
divergent. In addition, the localization in the organ (intra-tumoral, peri-tumoral or stroma
area) where a biopsy sample was taken also greatly affects our evaluation and

interpretation of the results.

4.9 Future direction and perspectives

Our study is unique in two aspects: 1) we attempted to examine the value of TILs across a
variety of cancer types. 2) This is one of the very few studies that sought to explore a
possible existence of positive abscopal effect in a clinical setting. To further interrogate the
immune microenvironment through the immunophenotyping, a larger cohort composed of a
more homogeneous group of patients is urgently required. The role of the time interval
between two therapy sessions remains largely unclarified, therefore it is essential to
establish an optimal time interval based on cell or animal models before therapy regimes
are deployed on humans. Also, the evaluation of multiple immune inhibitor markers is
needed to elucidate the complex interplay between various components in the tumor
microenvironment. The tumor microenvironment is a complicated and dynamic network of
cellular and molecular elements. Consequently, investigation of the expression level of

macrophages (CD68, CD86, and CD163), a T cell marker (CD3) as well as other potential
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markers could shed some light to the makeup and dynamics of the examined tumor
microenvironment. A more complete and comprehensive immune profile can therefore be

established for navigation of personalized treatment and individualized medicine.

Eventually, the phenomenon of immune depletion present in most cases as well as the
results concerning the prognostic value of TlLs are a reflection of a mixture of confounders.
Hence, a precise assessment of the tumor microenvironment is challenging in our study.
Importantly, biopsy samples are a static snapshot reflecting the proportional components of
the tumor microenvironment at time points where certain TILs subgroups are more
dominant than others. The role of an individual cellular type is in constant development
along the timeline in the progression of the disease. Therefore, biopsy samples in
combination with other examination methods (e.g. miRNAs) could bring a clearer picture of
the complex immune landscape. Liver cancer, especially liver metastasis, is notoriously
difficult to treat. Therefore, the positive abscopal effect, a systemic response inducing the
shrinkage in a distal and untreated lesion, has significant and profound clinical implications.
However, as a rare clinical event shown in both literature and our study, the underlying
rationale for this phenomenon requires further investigation in order to establish a possible

pattern or method with repeatability and reproducibility.
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5. Conclusion

In the present study, an average immune depletion was observed for TILs subpopulations
after radiotherapy. In addition, evidence is provided that CD20" B cells acted as an
independent prognostic marker while ratios based on CD8/CD45, CD20/CD8 and
CD4/CDA45 also had prognostic value with regard to overall survival. Although our study is
exploratory, it strongly suggests that analysis of tissue samples, particularly regarding TILs,
could help create an immune profile to assist stratification of patients for therapy. This study
also points towards future studies based on a larger and more comprehensive cohort with
fewer variables in therapy regime, offering novel guidance for interventional strategies in

personalized combined treatment regimes.
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6. Summary

Background: Liver cancer is a highly heterogeneous malignant disease. Radiotherapy is a
treatment eligible for patients with liver cancer who are at advanced stages and not suited
for curative treatments such as liver transplantation or surgical resection. However, in the
light of high mortality rates for liver cancer and frequent recurrence or progression after
radiotherapy, it remains relevant for oncologists and radiologists to adjust the treatment
regime longitudinally. It is proven that under rare circumstances, a positive abscopal effect
can be induced after radiotherapy, therefore leading to the regression of distant, untreated
lesions and bringing survival benefits to patients. Our study aimed to investigate the effect of
radiotherapy on the dynamic changes of TILs in adjacent, untreated lesions and explore the
prognostic value.

Methods: n=21 primary and secondary liver cancer patients were retrospectively recruited
into the study from the AROMA and THIAMAT study format. Biopsy samples (n=42) were
available from two distant lesions at two different time points (pre-1% therapy in irradiated
lobe and pre-2"™ therapy in non-irradiated lobe). Tissue samples were processed by a
multiplex immunophenotyping approach featuring a panel of immune markers (CD4, CD8,
CD20, CD45R0O and FoxP3). TILs in liver tissues were qualitatively and quantitatively
assessed at both lesions accordingly. Prognostic value of single cell markers and ratios
based on two markers were investigated. We also compared infiltration patterns within the
tissue in HCC and liver metastasis. Furthermore, immune exhaustion markers were also
examined and quantified using immunohistochemistry analysis.

Results: In our study, an average decrease in the number of TlLs was observed after the
first radiotherapy. Additionally, in liver metastasis, immune infiltrates were mostly observed
in the invasive margin of peri-tumoral and intra-tumoral areas while absent in the core region.
CD20, CD4/CD45, CD20/CD8 and CD8/CD45 showed the most significant outcomes. A
high density of CD20" B cells were inversely associated with a worse clinical outcome
(p=0.048). Also, a borderline significance was found between ratios and overall survival. A
higher CD4/CD45 (p=0.068) and CD20/CD8 (p=0.080) were seen to have a negative effect
on survival rate. A higher CD8/CD45 (p=0.093) ratio was associated with longer survival.
Conclusions: Under certain circumstances, radiation therapy was proven to lead to a
depletion of TILs in the tumor microenvironment. Multiple factors, including an
immune-suppressive TME, a prolonged time window in between therapy sessions, an

inducement of previous chemotherapies and an over-expression of immune exhaustion
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markers (Tim3, PD-L1/PD-1 pathway), could potentially contribute to this phenomenon.
However, any individual element among them was found not entirely responsible for
immunodepletion. CD20" B cells as well as CD8/CD45, CD20/CD8 and CD4/CD45 ratios
are considered independent predictors of overall survival. Furthermore, the therapeutic
stimulus of radiotherapy alone remains insufficient to evoke a positive abscopal effect. A
combination of radiotherapy and immunotherapy may serve as a potential strategy to
increase pro-immunogenic response. In the future, our experiments could help to provide
clues for clinical evaluation of patients, thus contributing to stratification of patients for

individualized therapy.
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7. Zusammenfassung

Hintergrund: Primare und sekundare Lebermalignome sind eine heterogene Gruppe von
Tumoren, bei denen im fortgeschrittenen Stadium die Strahlentherapie eine wichtige Rolle
spielt, wenn kurative Behandlungsansatze wie eine chirurgische Resektion oder
Lebertransplantation nicht in Frage kommen. Angesichts der hohen Sterblichkeitsrate bei
Lebertumoren und des haufigen Wiederauftretens oder Fortschreitens nach einer
Strahlentherapie, ist es aulerst wichtig, das Behandlungsregime so gut wie mdglich zu
gestalten und anzupassen. Es ist erwiesen, dass in seltenen Fallen nach einer
Strahlentherapie ein positiver abskopaler Effekt auftreten kann, der zu einer Schrumpfung
entfernter, unbehandelter Lasionen fiihrt und den Patienten einen Uberlebensvorteil
verschafft. Ziel unserer Studie ist die Untersuchung der Auswirkungen der Strahlentherapie
auf die dynamischen Veranderungen der TILs in benachbarten, unbehandelten Lasionen
und die Ermittlung ihrer prognostischen Aussagekraft.

Methoden: n=21 Patienten mit primaren und sekundaren Lebertumoren wurde retrospektiv
aus den AROMA und THIAMAT Studienpatienten fir die Studie rekrutiert. Biopsieproben
(n=42) der Patienten standen von zwei Lasionen zu zwei verschiedenen Zeitpunkten zu
Verfigung (vor der ersten Therapie im bestrahlten Lappen und vor der zweiten Therapie im
nicht bestrahlten Lappen). Die Gewebeproben wurden mit
Multiplex-lImmunphanotypisierung auf Immunmarker (CD4, CD8, CD20, CD45RO und
FoxP3) gefarbt. Die TILs im Lebergewebe wurden qualitativ und quantitativ erfasst. Die
prognostische Aussagekraft einzelner Zellmarker und die des Quotienten zweier Marker
wurden untersucht. Auflerdem wurde das Infiltrationsmuster innerhalb des Gewebes beim
Hepatocellularen Karzinom und Lebermetastasen untersucht. Darliber hinaus wurden
Marker der Erschopfung des Immunsystems mit immunhistochemischer Analyse untersucht
und quantifiziert.

Ergebnisse: In unserer Studie wurde ein Riickgang der Anzahl der TILs nach der ersten
Strahlentherapie festgestellt. Darliber hinaus wurden bei Lebermetastasen Immuninfiltrate
hauptsachlich am invasiven Rand der peri-tumoralen und intra-tumoralen Bereiche
beobachtet, wahrend sie in den zentralen Tumoranteilen fehlten. CD20, CD4/CD45,
CD20/CD8 und CD8/CD45 zeigten die signifikantesten Ergebnisse. Die Dichte der CD20"
B-Zellen zeigte eine inverse Korrelation mit dem klinischen Outcome (p=0,048). Eine
grenzwertige Signifikanz wurde zwischen den Quotienten und dem Gesamtiiberleben

festgestellt. Ein hoherer Quotient aus CD4/CD45 (p=0,068) und CD20/CD8 (p=0,080) wirkte
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sich negativ auf die Uberlebenswahrscheinlichkeit aus. Ein héheres CD8/CD45-Verhéltnis
(p=0,093) wurde mit einem langeren Uberleben in Verbindung gebracht.

Schlussfolgerungen: Die Strahlentherapie fiihrt zu einer signifikanten Verminderung der
TILs im Mikromilieu des Tumors. Mehrere Faktoren, darunter eine immunsuppressive
Tumormikroumgebung, ein langes Zeitintervall zwischen den Therapien, eine Induktion
durch vorangegangene Chemotherapie und eine Uberexpression von Markern der
Erschopfung des Immunsystems (Tim3, PD-L1/PD-1-Signalweg), kdénnten wesentlich zu
diesem Phanomen beitragen. Es hat sich jedoch gezeigt, dass kein einzelnes Element allein
fur die Immunerschopfung verantwortlich ist. CD20" B-Zellen sowie das Verhaltnis von
CD8/CD45, CD20/CD8 und CD4/CD45 gelten als unabhangige Pradiktoren flir das
Gesamtuberleben. Darliber hinaus reicht die alleinige Durchfiihrung einer Strahlentherapie
nicht aus, um einen positiven abskopalen Effekt hervorzurufen. Eine Kombination aus
Strahlentherapie und Immuntherapie konnte bessere Ergebnisse erzielen. In Zukunft
kdnnten unsere Experimente dazu beitragen, Anhaltspunkte fiir die klinische Bewertung von
Patienten zu liefern, und damit einen Beitrag zur Stratifizierung von Patienten fir eine

individualisierte Therapie leisten.
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